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Abstract Ceria nanocrystals were synthesized by template
free and cost effective method for highly efficient adsorp-
tion of U(VI) from aqueous solutions. In this study we
investigated the factors influencing the adsorption behavior
of U(V]) onto the ceria nanocrystals like pH, dosage, time
of contact and initial metal ion concentration. The mech-
anism of adsorption was elucidated based on the isothermal
and kinetic studies. A monolayer surface adsorption of
uranyl ions onto the ceria nanocrystals with an adsorption
capacity of 270 mg/g involving adsorptive pore filling and
electrostatic interactions was indicated. The ceria
nanocrystals could be regenerated and reused without sig-
nificant reduction of adsorption capacities.

Keywords Ceria nanocrystals - Uranium(VI) - Isotherms -
Kinetics - Adsorption capacity

Introduction

Environmental pollution crisis due to the industrial revo-
lution has become one of the most formidable challenges
gaping at the human society at large. The intense devel-
opment in the field of nanoscience and nanotechnology is
significant and a mammoth step forward in the field of
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removal of toxic and heavy metal ion contaminants like
Cr(VI), As(V), Pb(I), Zn(Il), Cd(I) and U(VI) from var-
ious industrial effluents including nuclear industry as well
as potable and ground water. They exhibit features superior
to bulk materials for adsorption primarily due to properties
like quantum size effect contributing to large specific sur-
face area and enhanced density of surface defects pro-
moting large number of active sites for various applications
[1, 2]. So far, various nanosized materials have been
reported for the environmental detoxification which
includes iron oxide [3], magnesium oxide, mixed valence
manganese oxides, aluminium/titanium/zinc oxides [4],
nanosized cerium oxide [5], etc. Particularly detailed
studies of U(VI) adsorption on various nanoscale adsor-
bents like hollow SiO, microspheres functionalized with
amidoxime [6], nanoscale zero valent iron on activated
charcoal [7], diamine functionalized hollow silica micro-
spheres [8], hydrous TiO, [9] and graphene oxide [10] have
been reported extensively.

The emphasis in the field of industrial application of
nanosized materials in environmental remediation is on the
development of cost effective, simple and rapid methods for
designing novel non-toxic nanosized materials which can
efficiently and selectively remove various concomitants pre-
sent in the environment and also can be easily recovered and
reused for several cycles. Amongst various nanosized mate-
rials used, rare earth oxides like ceria [11] have been a sig-
nificant contributor with a difference. Properties of ceria vary
significantly with different morphologies, sizes, shapes, sur-
face areas and exposed crystal phases which are further
enhanced and newer properties introduced when reduced
particularly to nano size [12]. The distinctive feature of CeO, is
the easily accessible oxidation states of cerium ions (Ce(IIT)/
Ce(IV) accompanied by generation of oxygen vacancies [13].
Based on this inherent property cerium oxide nanoparticles are
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efficient free radical scavengers and are considered as a potent
therapeutic option for the treatment of ROS mediated disorders
like neurodegenerative disorders, retinal disorders, cancer and
can also act as a potent drug delivery agent [14]. The 3D flower
like ceria nanocomposite structures synthesized via micelle
supported route has been used for remediation of industrial
effluents for As(V) and Cr(VI) [11]. Similarly Peng and
coworkers [15, 16] showed that CeO,-CNT nano materials
were effective adsorbents for As(V) and Cr(VI). Ceria hollow
nanospheres produced by template free microwave assisted
hydrothermal method showed adsorption capacity of 22.4 mg/
g for As(V) and 15.4 mg/g for Cr(VI) [17]. Chemically syn-
thesized CeO, powder has been used for the adsorption of zinc
and cadmium ions from aqueous waste solutions [18]. Ceria
hollow nano spheres, flower like ceria and commercial bulk
ceria with BET surface areas of 72, 34.1 and 2 (mZ/g),
respectively, exhibited maximum removal capacity of
As(V) and Cr(VI) varying between 0.3 to 22.4 mg/g for
As(V) and 0.37 to 15.4 mg/g for Cr(VI) respectively [17].
Though detailed literature survey as mentioned above indi-
cates that there have been several adsorption and decontami-
nation studies with respect to uranium and other toxic elements
in presence of a variety of nano adsorbents but no specific and
elaborate adsorption studies with ceria nanocrystals of the
chemically toxic radionuclide uranium in aqueous medium has
been reported so far.

Herein, we report a template free, low cost and eco-
friendly method of preparation of ceria nanocrystals with a
BET surface area of 41 m*/g which accommodates very
efficiently the uranyl ion yielding a Qu.x (maximum
adsorption capacity) of 270 mg/g. The large surface area
achieved due to the scaling down to nanosize and the
resulting efficient mass transfer of the metal nuclei on to
the surface/subsurface active sites, has resulted into a very
efficient uranium remediation methodology for contami-
nated water like mine effluents. This optimized method can
also be applied for the preconcentration of uranium in sea
water like environment. This study includes a detailed
understanding of the equilibrium adsorption mechanism of
U(VD) ions on ceria nanocrystals by investigating the
influence of different experimental parameters affecting the
adsorption process and capacity of the synthesized adsor-
bent. Kinetic and isothermal modeling of the system has
been attempted in detail for a better understanding of the
equilibrium mechanism.

Experimental
Materials

All chemicals were of AnalR grade and were used without
any further purification. UO,(NO3),-6H,O (ACS grade),
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Merck Germany was used to prepare U(VI) ion stock
solution. 10% HNOj; and aq NH,OH were used to adjust
pH of the working solution. The concentration of the metal
ion in the supernatant after adsorption was determined
using Inductively Coupled Plasma Atomic Emission
Spectroscopy [Jobin—Yvon 2000(2)] and LED flourimeter
(Quantalase). Deionsed water was used for all experiments
obtained from MilliQ (Millipore Corporation) water
purification system. Some of the anions and the cations in
real samples (Na, K) were measured using Flame Pho-
tometer (Elico India make), Ca and Mg by titrimetry, sul-
phate by turbidimetry and fluoride using Ion selective
electrode (Extec India make), respectively. The pH of all
solutions was measured by pH meter (Elico India make).

Synthesis of ceria nanocrystals

Nanosized cerium oxide was prepared [19] by adopting a
co-precipitation method using cerium nitrate [Ce(NO;);-
6H,O 99.9% Aldrich] as the precursor. The required
amount of precursor was dissolved in double distilled water
under mild stirring condition. Hydrolysis of metal salt to
hydroxides was carried out by drop wise addition of
aqueous ammonia solution until pH of the solution reached
9.5. The obtained light yellow colored precipitate was
decanted, filtered and washed with double distilled water
multiple times to remove the weakly adhered nitrate ions
from the surface. Further, it was oven dried at 393 K for
12 h. The oven dried sample was further crushed using an
agate mortar and calcined at 773 K for 5 h.

Characterization of ceria nanocrystals

The powder X-ray diffraction patterns were recorded on a
Rigaku diffractometer using Cu K4 radiation (0.15418 nm)
radiation source and a scintillation counter detector (SCD).
The scattered intensity data were collected from 26 values
of 2°-80° by scanning at 0.02° steps with a counting time
of 2.4 s at each step. The XRD phases present in the
sample was identified with the help of Powder Diffraction
File-International Center for Diffraction Data (PDF-
ICDD). The average crystallite size (D) of the sample was
determined with the help of Scherrer equation from line
broadening which was estimated by a standard cubic
indexation method using the intensity of the most promi-
nent peak (111). The Brunauer—-Emmett-Teller (BET)
method was utilized to calculate the specific surface areas.
UV-Vis DRS measurements were performed in the range
of 200-800 nm using a GBS-Cintra 10e UV-Vis NIR
spectrophotometer with an integration sphere diffuse
reflectance attachment. The samples under study were
diluted with KBr matrix by pelletization and the data col-
lected was referenced to a pure KBr pellet to determine the
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baseline spectrum. X-ray photoelectron spectroscopy
measurements were carried out on a PHI 5400 instrument
with a 200 W Mg-Ka probe beam. SEM image was
observed by a JEOL JSM 5410 scanning electron micro-
scope, operating with an accelerating voltage of 15 kV.

Batch adsorption experiments

Batch adsorption studies were carried out in 100 mL
polyethylene beakers. The stock solution of uranium of
1000 mg/L was diluted as required and pipetted following
which the pH of the solution was adjusted with aqueous
ammonia and 10% HNOj; as required, maintaining a total
aqueous volume of 50 mL. To this a specified weight of
the absorbent was added and the beakers were placed on
the magnetic stirrer with a fixed setting to achieve a
constant speed of 750 rpm at room temperature for a
given time interval. The adsorbent dosage and the contact
time were optimized by continuous shaking on the mag-
netic stirrer. The adsorption process was studied as a
function of pH (1-9), initial U(VI) concentration
(10-50 mg/L), adsorbent dosage, aqueous volume
(50-800 mL) and contact time (0-60) min. The concen-
tration of uranium in the supernatant was measured by
LED fluorimeter/ICP-AES.

The amount of U(VI) ion adsorbed onto the adsorbent
0. (mg/g) was calculated as follows:

Q.= (Ci—Ce) x V/W (1)

Q. is the heavy metal ions concentration adsorbed by an
adsorbent at equilibrium (mg of metal ion/g of adsorbent),
C; is the initial concentration of metal ions in the solution
(mg/L), C. is the equilibrium concentration or final con-
centration of metal ions in the solution (mg/L), W is the
weight of the adsorbent in grams, V is the volume of
aqueous solution in litres.

The percentage of adsorption is calculated using the
following equation:

% adsorption = (C; — Ce)/C; x 100% (2)

Results and discussion
Characterization of ceria nanocrystals

The powder X-ray diffraction was used for characterization
of the synthesized ceria nanocrystals, XRD spectra was
obtained as shown in Fig. 1. The diffraction peaks can be
indexed to (111), (200), (311), (222), (400), (331), (420)
and (422) crystal faces, corresponding to the face-centered
cubic-phase of CeO, (JCPDS, Joint Committee on Powder
Diffraction Standards 34-0394). The broadened diffraction
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Fig. 1 Powder X-ray diffraction pattern of ceria nanocrystals
calcined at 773 K temperature

peaks indicated the small size of the nanocrystals [20]. The
average crystalline size of the nanocrystal was ca. 8.9 nm,
as calculated from the width of diffraction peaks using the
Scherrer formula. BET studies showed that the specific
surface area of the nanocrystalline ceria was 41 m%/g
compared to 2 m*/g of commercial bulk ceria [21].

SEM measurements were performed to assess the
external morphologies of the ceria nanocrystal as shown in
Fig. 2. As observed from the SEM images, the sample
consists of typical spherical form within the narrow size
range. X-ray photoelectron spectroscopic (XPS) study of
Ce 3d electron core level spectra has been depicted in

Fig. 2 SEM image of ceria nanocrystals calcined at 773 K
temperature
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Fig. 3 XPS spectra of ceria nanocrystals calcined at 773 K
temperature
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Fig. 4 UV-Vis DR spectra of ceria nanocrystals calcined at 773 K
temperature

Fig. 3. These XPS studies indicated the presence of both
Ce** and Ce*" ions in the ceria nanocrystals.

UV-Visible DRS technique [22] provided information
of the changes in bulk surface coordination and different
oxidation states of ions in the adsorbent which exhibited
three peaks at 255, 285 and 342 nm corresponding to
[0~ — Ce**,0* — Ce**] , charge transfer (CT), and
interband transitions (IBT) in the wavelength range of
250-342 nm as shown in Fig. 4. Hence, reconfirming the
presence of Ce®" and Ce*' in the crystal lattice of
nanocrystalline ceria.

@ Springer

Effect of initial pH

The proton concentration of the aqueous phase is a sig-
nificant parameter that affects the adsorption process. The
species of the metal ion existing in solution and the surface
charge of the adsorbent are both pH dependent [23].
Experiments were conducted in the pH range of 1-8 and
the results have been depicted in Fig. 5. All metal oxides
become charged by the adsorption of H' ions or OH™ ions
while remaining neutral at a specific pH. This pH value at
which the zeta potential, the mode used to measure the
surface charge, equals zero is called the isoelectric point
(IP) and is used to assess adsorbent surface charge quali-
tatively. The published values of IP measured in ultra pure
water for determination of point of zero charge of ceria
nanocrystals varied from 5.8 to 7.9 [24]. The deviations
from the IP values of ceria nanocrystals as reported [25]
occur due to various parameters like type of impurity on
the NP surface, purity of material, method of synthesis,
particle size and design of titration experiment. In the
present study, the IP value for ceria nanocrystal was con-
sidered to be pH ~ 5 which is consistent with such deviated
values of the point of zero charge of ceria nanocrystals
reported [26, 27]. As a result of which quantitative
adsorption of the existing uranyl ion species [28]
(UO),)5(OH)5, ((UO)»)4(OH)7, and UO,(OH), was
observed between pH range of 5-7. The uranyl species
from pH 1-4 is predominantly positively charged UO,*"
ion [28] and hence the approach of this metal species
towards the positively charged adsorbent surface remains
unfavorable in the acidic pH range. Beyond pH 8 the trend
shows gradual decrease because of the tendency of uranyl
ion to remain in solution as negatively charged carbonyl
species U02(CO3)%_, UO2(CO3)§_ in the open system
under study [29] and the approach of which is repelled by
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Fig. 5 pH varying, initial U(VI) concentration of 10 mg/L, total
aqueous volume 50 mL and total adsorbent weight of 0.01 g
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the negative surface charge of the increasingly deproto-
nated adsorbent surface. Thus for further studies the opti-
mum pH chosen was 6.

Effect of adsorption dosage
Variation in total weight of adsorbent

Under the experimental conditions, initial concentration of
U(VI) ions in aqueous phase being 10 mg/L at a pH of 6 and
total aqueous volume of 50 mL, the effect of total weight of
the adsorbent on adsorption of U(VI) ions were studied and
the results have been plotted in Fig. 6. Removal efficiency of
ceria nanocrystals increased with increasing adsorbent
amount which is due to the large number of vacant adsorption
sites and the greater available surface area favoring increased
U(VI) adsorption. The quantitative removal of metal ion was
achieved at 0.2 mg/mL (0.01 g in 50 mL), and hence the
weight maintained for further study was the same. This effect
emphasized the economic usage of the adsorbent and hence
foresees the cost effective usage of this method at an
industrial scale [30, 31].

Variation in total sample volume

In order to study the dependence of the adsorption process
on the total aqueous volume [32], the removal ratio and the
adsorption capacity were plotted with initial total volume
in Fig. 7 maintaining the optimized parameters such as
concentration of metal ion 10 mg/L, pH 6.0, contact time
60 min and weight of the adsorbent as 0.01 g with varia-
tion in volume of aqueous phase from 50 to 800 mL. This
plot showed that there is decrease in the percentage
adsorption and increase in the equilibrium adsorption
capacity of the adsorbent with increase in the total volume
of aqueous phase which simultaneously exhibits decrease
in the adsorption dosage i.e. total weight of adsorbent per
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Fig. 6 Adsorbent weight: varying, initial uranyl ion concentration of
10 mg/L, pH 6.0, total aqueous volume 50 mL
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Fig. 7 Total aqueous volume: varying, initial U(VI) concentration
10 mg/L, pH 6.0, adsorbent weight 0.01 g, contact time: 60 min

unit volume. The decrease in percent adsorption as depic-
ted in Fig. 7 is attributed to the decrease in the specific
weight of the adsorbent as the aqueous phase volume
increases. The increase in adsorption capacity with increase
in total volume is in accordance with Eq. (1).

Effect of contact time on uranium adsorption

It is important to establish the time dependency for removal
of contaminants in a solid phase adsorption process to
prove the efficiency of the process. The role of time of
contact on the adsorption of uranyl ion on the ceria
nanocrystal was studied under the stirring conditions, for
instance 750 rpm, initial uranyl ion concentration of
10 mg/L, pH of 6.0, total aqueous volume 50 mL and the
total adsorbent weight of 0.01 g. The results have been
plotted in Fig. 8. The removal ratio and adsorption capacity
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Fig. 8 Contact time: varying, initial U(VI) concentration of 10 mg/L,
pH 6.0, total aqueous volume 50 mL, total adsorbent weight 0.01 g
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sharply increased as the time increased initially. However
the increase became gradual after a period of 10 min
beyond which the adsorption gradually reached
equilibrium.

Figure 8 depicts the residence time of the metal ion and
defines the efficiency of the adsorbent, respectively. Ini-
tially, the rapid removal of uranyl ion was perhaps due to
the vacant vast surface area of the nanocrystals and the
associated available active sites responsible for the inter-
action with the metal ion. As the adsorption proceeded, the
rate of removal of metal ion from the aqueous phase
became gradual reaching a maximum within 40 min of
contact time after which it remained constant as equilib-
rium was reached. Hence a contact time of 60 min has been
maintained for all further studies.

Effect of initial uranium concentration and isotherm
modeling

The relation between the initial concentration of the metal
ion in the aqueous phase and the equilibrium concentration
of the adsorbate on the adsorbent is very important in
optimizing the adsorption process and the adsorption
behavior. The adsorption capacity of the adsorbent
increased with the initial metal ion concentration as
depicted in Fig. 9. As uranium concentration increased in
solution, a higher fraction of the ceria nanocrystal active
sites were involved in the adsorption process resulting in
increase in the adsorption capacity of the nanocrystals. A
maximum was reached beyond which further study was
restricted due to the hydrolysis of uranyl ion at the pH
considered [33].

The effect of initial uranium concentration in the range
of 0.5-70 mg/L on % adsorption (investigated under the
optimized conditions: initial pH 6.0, contact time 60 min,
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Fig. 9 Initial U(VI) concentration: varying, pH 6.0, total aqueous
volume 50 mL, total adsorbent weight 0.01 g, contact time: 60 min
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adsorbent dosage 0.01 g, total volume 50 mL) has also
been simultaneously plotted in Fig. 9. The percent removal
of the metal ion decreased with increase in the initial
concentration of uranyl ion. This gradual decrease in the
amount of adsorbate removed perhaps was due to the
progressive increase in the occupancy of the active sites of
the adsorbent.

Adsorption models

The adsorption isotherms are mathematical models signif-
icant in describing the nature of interaction between the
adsorbate and adsorbent, based on a set of assumptions
related to the heterogeneity/homogeneity of adsorbent, the
type of available acitve sites and possibility of inter
adsorbate interaction. Analysis of the experimentally
obtained equilibrium data represented in Eqgs. (4, 7) has
been applied here in two isotherm models which were
useful for practical design and operation of adsorption
systems.

The Langmuir isotherm model [34-36] assumes mono-
layer coverage of the adsorption sites on to a surface
containing finite number of adsorption sites of identical
strategies with no trans migration of adsorbate in the plane
surface. It indicates a reduction of the available interaction
sites as the metal ion concentration increases. The isotherm
is represented by the linear equation given below

Q. = (QmI<LCe)/(1 +KLCe) (3)
The linearised form being
Ce/Qe = 1/I(LQmax + Ce/Qmax (4)

0, s the maximum adsorption capacity or maximum metal
uptake (in mg/g), C. is the equilibrium concentration of
uranium in mg/L remaining in aqueous solution, Q. (mg/g)
is the amount of U(VI) adsorbed on per weight unit of ceria
nanocrystals after equilibrium. K (L/mg) is the Langmuir
equilibrium constant or the rate constant which is related
with the free energy change of the reaction or heat of
adsorption. The linear plot of specific adsorption (C/Q.)
against the equilibrium concentration C,. is depicted in
Fig. S1 and the parameters thus obtained have been tabu-
lated in the corresponding Table 1.

It is observed from Table 1 that the Langmuir equation
shows a significant correlation (R*> = 0.9897) with the
experimental data. The equilibrium adsorption capacity
(QOmax) obtained from Langmuir model (270 mg/g) is also
close to the experimentally observed saturation capacity
(265 mg/g). Hence the experimental results thus obtained
imply that the Langmuir adsorption model is in well cor-
respondence with the experimental data.

The essential features of Langmuir Adsorption isotherm
parameter can also be used to predict affinity between the
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Table 1 Isotherm parameters >
of uranium adsorption by ceria Model type Omax (Mgfe) Ki (L/mg) R K (mg/e) "
nanocrystal Theoretical Experimental - - -
Langmuir 270 265 0.5362 0.990
Freundlich 0.964 68.97 1.33

Table 2 R, value for uranium
adsorption obtained from

C, (initial uranium concentration in mg/L)

R, separation factor 1/(1 + KL.C))

Langmuir equation 0.5

1

10
20
50
60
70

0.781
0.640
0.151
0.082
0.034
0.029
0.025

Table 3 Uranyl adsorption

properties of various adsorbents Adsorbents Omax (Mg/g) References
Tin oxide nano particles 66.67 [38]
Magnesium silicate hollow spheres 121 [23]
Graphene oxide nano sheets 97.5 [39]
Silica 14 [40]
Aminosilica 16 [40]
Benzoimidazol-2-yl-phenylphosphinic acid-silica gel 27 [40]
Zero valent iron supported on activated charcoal composite 492.6 [41]
Nano Mg(OH), 12.1 [42]
Ceria nano crystals 270 Present study

adsorbate and the adsorbant using the calculated dimen-
sionless factor Ry tabulated in Table 2 called separation
factor or equilibrium parameter and expressed as

RL=1/(1+K.G) (5)

If R, = 0 isotherm is irreversible, linear if R; = 1, unfa-
vourable if Ry > 1 or favourable if 0 < R; < 1

Ry, values calculated for all the initial uranium concen-
trations with the obtained Ki value of 0.5362 (L/mg) lie
within 0 < Rp, < 1 [37] emphasizing that ceria nanocrystal
is a favorable adsorbent for uranium adsorption on ener-
getically identical sites within the ceria nano crystal moi-
ety. The adsorption capacities of different adsorbents have
been listed in Table 3 [23, 38—42] for comparison. The
maximum adsorption capacity for uranyl ions of the as-
prepared adsorbent is higher than most of the other listed
adsorbents.

The Freundlich isotherm assumes a heterogeneous sur-
face with a nonuniform distribution of heat of adsorption
over the surface. Therefore, it describes an energetically
heterogeneous surface on which the adsorbed molecules

are interactive. The isotherm is represented by the equation
[43, 44]

Q. = Ki x C/" (6)

The logarithmic equation being:
Log Q. = Log K; + 1/n x 1/2.303Log C. (7)

where Ky is the Freundlich constant indicating adsorption
capacity and n is the adsorption intensity.

The ability of the Freundlich model to fit the experi-
mental data was examined by plots of Log Q. vs. Log C, as
shown in Fig. S2 on the basis of the linear form of the
Eq. 7. The K; and the n values were obtained from the
intercept and the slope respectively and tabulated in
Table 1. n value indicates degree of non linearity between
aqueous metal ion concentration and adsorption as follows:
if n = 1, then adsorption is linier, if n < /, then adsorption
is a chemical process, if n > I then adsorption is a physical
process. The value of n as tabulated in Table 1 is 1.33
which is indicative of the adsorption in this study being a
physical phenomenon [45]. From the data in Table 1 values
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of 1/n = 0.7533 and n = 1.33, indicate that the sorption of
UO,>" onto ceria nano crystals is favourable and R” value
is 0.964 [46]. Hence the sorption data fitted into Langmuir
and Freundlich isotherm models out of which Langmuir
isotherm model was found to have the highest regression
value (Rz), therefore the best fit.

Adsorption kinetics

The kinetics of adsorption describes the rate at which the
metal ion is adsorbed on the adsorbant which in turn
controls the equilibrium time and influences the adsorption
mechanism. The three typical processes taking place at the
solid liquid interface are external diffusion including bulk
and film diffusion, intraparticular diffusion and surface
interaction. Agitation at the rate of more than 400 rmp
negates the effect of external diffusion. The uptake kinetics
has been analyzed by various kinetic models like the
pseudo first order, pseudo second order kinetics and
intraparticle diffusion. The kinetics studies of uranyl
adsorption were carried out by batch adsorptions that for-
merly were used to determine optimum condition of con-
tact time.

Pseudo first order kinetic model can be expressed by the
equation

Log(Qe — Q1) = LogQ. — K11/2.303 (8)

where Q. and Q, (mg/g) are the concentration of uranium
adsorbed at equilibrium and at time ¢, K, (hfl) is the
pseudo first order rate constant [47].

The model parameters Q. and K; were obtained from the
linear plot of Log (Q. — O, against time (Fig. S3) have
been tabulated in Table 4.

Pseudo second order kinetics can be expressed as

/0 = 1/K:0% +1/Qc 9)

K, is the rate constant (g/mg/h) of this model. The equi-
librium adsorption capacity Q. and the second order rate
constant K, were obtained from the plot of #/(Q, against
t [45] as depicted in Fig. S4.

Intraparticle diffusion can be expressed as

0 = Kip(0)'? (10)

K;, is the intraparticle diffusion coefficient and the model
parameters were obtained from the linear plot of Q, versus
(n'"* as plotted in Fig. S5. The value of rate constants and
correlation coefficients for each model are shown in
Table 4. For the ceria nano crystal as depicted in Table 4
according to the correlation coefficients (R?) the pseudo
second order equation with a value of 0.9997 fits the
experimental kinetic data better than the pseudo first order
equation (R2 = 0.8813) and the intraparticular diffusion
model (R*> = 0.8664). In addition, the comparison made
between the experimental adsorption capacity (Q. experi-
mental) value and the calculated adsorption capacity (Q.)
values show that the calculated Q, value of 51.02 obtained
from the pseudo second order kinetic model is in good
agreement with the empirically obtained Q. value of
50.695, when compared with the value obtained from the
pseudo first order kinetic model of 12.68. The high corre-
lation coefficient value for the pseudo second order model
with a good compatibility between the experimental and
theoretical Q. values suggests that the adsorbant system in
this study can be best described by the pseudo second order
model. For the Weber Morris model of interparticular
diffusion represented by the Eq. (10) and the Fig. S5, it is
essential for the g, ~ #'/? plot to go through the origin if
the intraparticle diffusion is the sole rate-limiting step [48].
Therefore it can be concluded that the pseudo —second-
order model gives a better fit than the two other models

Table 4 Parameters of kinetic
equations

(pseudo-first-order and intraparticle diffusion models)
Kinetic equations Q. (mg/g) K, (min~ 1) K> (g/mg min) Kip (min~") R?
Psedo first order reaction 12.64 0.111 0.881
Pseudo second order reaction 51.02 0.0404 0.997
Interparticle diffusion model 1.5038 0.866

Q.. K1, K, Kj, and R? calculated from Kinetic plots, Q. (eperimental): 50.69

Table 5 Uranium conc.10 mg/

L, pH 6, wt of ceria Number of cycles

Uranium added (mg/L)

Adsorption (%) Uranium leached (%)

nanocrystals: 0.01 g, contact

. First cycle 10
time: 1 h
Second cycle 10
Third cycle 10
Fourth cycle 10
Fifth Cycle 10

98.7 -
97.7 -
92.2 -
90.1 -
88.0 97.6

@ Springer



J Radioanal Nucl Chem (2017) 313:101-112

109

Table 6 Effect of diverse anions and cations: pH 6, volume 500 mL,
weight of ceria nanocrystal 0.05 g, time of contact 2 h

Cation/anion Ion concentration in supernatant (mg/L)
Before adsorption After adsorption
U 5 0.1
0.5
0.2
Na 75 72
130 130
10830 10800
K 4 4
5 4
345 343
Ca 85 70
295 290
500 495
Mg 35 30
55 50
1315 1280
Cl 160 155
200 195
31240 30400
Nl 60 55
110 100
2450 2440
F 0.4 04
0.6 0.6
0.5 0.5

suggesting that chemisorption may be partially con-
stributing to the rate limiting step involving valency forces
through sharing or exchange of electrons between sorbent
and sorbate providing best correlation of the data [49].

Adsorption mechanism

The detailed study of the adsorption process of uranyl ions
onto the ceria nanocrystal surface revealed that the mech-
anism is pH dependent and hence the adsorption mecha-
nism was partially contributed to the electrostatic forces of
attraction of the charged nanocrystal surface towards the
neutral and the cationic uranyl species present in the
aqueous medium at the specified pH. From the isothermal
studies it could be concluded that the empirical values
correlated well with Langmuir model of adsorption indi-
cating monolayer coverage of the adsorbate on the adsor-
bent. The kinetic plot as depicted in Fig. 8 indicated an
instant adsorption initially, followed by a steep rise in
percent adsorption and then a gradual increase till the
equilibrium was reached, which have been attributed to two
mechanistic approaches. The reversible change in the
oxidation state of cerium ions Ce(IV) to Ce(Ill) creating
neutral surface/subsurface oxygen vacancies in ceria is a
well established defect which increases with decrease in
size and reducing atmosphere [13]. This has also been
confirmed by the studies which show an increase in the
concentration of Ce(IIl) as the crystallite size decreases
[49] The rapid increase in adsorption at a very short time
interval has also been contributed to the physisorption of
uranyl ion into the surface oxygen vacancies and diffusion

Table 7 Application to real

samples: pH 6, wt of ceria Cation/anion Concentration in aq phase AMD-1 AMD-2 AMD-3 AMD-4  AMD-5
nanocrystal 0.05 g, contact time (077 ) Initial 160 338 247 138 200
20 h; volume of sample 500 mL .
After adsorption 4 3 4 2 4
Leaching with 5% NH,HCO; 151 330 241 129 195
Na(mg/L) Initial 750 1111 1350 445 840
After adsorption 748 1110 1344 440 840
K(mg/L) Initial 30 5 3 3 4
After adsorption 30 5 3 3 4
Ca(mg/L) Initial 100 185 230 155 225
After adsorption 85 172 221 140 200
Mg(mg/L) Initial 75 200 210 85 295
After adsorption 70 192 200 83 290
Cl(mg/L) Initial 802 1995 1850 655 2080
After adsorption 702 1900 1800 620 2000
SO,* (mg/L)  Initial 612 1611 1350 400 630
After adsorption 600 1600 1325 389 620
F~ (mg/L) Initial 0.7 1.3 0.6 1.4 0.9
After adsorption 0.7 1.3 0.6 1.4 0.9
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into the non- uniformly formed nanopores within the ceria
nanocrystal moiety. The stage of further gradual increase in
adsorption is assumed to be controlled by intra-particle
diffusion. This is also confirmed by the linear plot of Q. vs.
1"* (Fig. S5). The intercept obtained by the extrapolation of
the linear plot onto the Y-axis provided the measure of the
boundary layer thickness which implies that there is some
degree of boundary layer control between the aqueous
medium, uranyl ions and the ceria surface active sorption
sites. This boundary layer control is assumed to be related
to the rate controlling mechanism and involves electrostatic
interactions [49-51].

Reusability and recovery studies

In order to evaluate the further efficiency in application of
the methodology to real samples the repeated practicability
of the CeO, nanocrystals for U(VI) adsorption was also
studied via many cycles of adsorption by repeated addition
of 10 mg/L U(VI) through multiple cycles at the specified
optimized parameters. This was followed by measurement
of supernatant metal ion concentration by ICP-OES/LED.
After each cycle the uranium concentration in the aqueous
phase was monitored. After five such consecutive cycles
the sum total of the uranium adsorbed on the nano adsor-
bent was quantitatively leached with 5% (w/v) ammonium
bicarbonate and the desoprtion efficiency thus obtained
was depicted in Table 5. After the cycles of adsorption—
desorption the adsorbent was centrifuged and washed
thoroughly with deionised water and ethanol to neutrality
at room temperature and separated at a speed of 1500 rpm.
Following which the adsorbent was dried under infrared
lamp and thus reconditioned for adsorption in the suc-
ceeding cycles. Thus a satisfactory uranium recovery
method after five cycles was obtained. The results of the
above study also demonstrate that CeO, nanocrystals have
a potential application prospect for preconcentration of
U(VI) from large volumes of aqueous solutions in course of
removal of uranium contamination.

Effect of diverse anions and cations

To study the effect of various cations and anions commonly
occurring in major quantities in potable, effluent and marine
water samples, the adsorption of U(VI) on ceria nanocrystals in
presence of the cations like Na (~100-10,000 mg/L), K
(~10-400 mg/L), Ca(~ 100-500 mg/L), Mg (~50-1500 mg/
L), Cl (~150-30,000 mg/L), SO, (~50-2500 mg/L) and F
(~0.5-1.0 mg/L) were studied as shown in Table 6 at the
optimized parameters. The observations suggested a staggered
adsorption of uranium in the real sample environment. This could
not largely be attributed to competitiveness for the active sites of
the adsorbent between the metal ion and the others as there was
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no drastic difference in the concentrations of the other ions in the
supernatant after adsorption equilibrium was reached. This
proved the high selectivity of the adsorbent even when the ions
were present in the ratio of 1:10,000.

Application to mine effluent samples

An attempt was made to apply the study to mine water
samples received from exploratory mine areas of uranium.
500 mL of sample aliquot was taken with varying uranium
concentrations. Experiments were conducted at pH 6 and a
total contact time of 20 h including 4 h shaking on the
magnetic stirrer. Uranium and other major anions and
cations concentrations were monitored in the supernatant
as tabulated in Table 7. As is depicted in this study ceria
nanocrystals could be successfully used as an efficient
selective adsorbent for removal of uranium contaminant
which could be then be quantitatively recovered after
leaching with 5% NH4HCOs3. Hence this methodology can
be further applied for preconcentration studies along with
remediation on a larger scale.

Conclusion

The ceria nanocrystals were synthesized using a template
free and ecofriendly methodology and were successfully
applied for the selective adsorption of U(VI) ions from
aqueous solutions at a near neutral pH. The experimentally
observed adsorption results confirm the high efficiency of
the nanosized material towards the remediation and pre-
concentration of the radionuclide in presence of varying
aqueous environments through multicycles. The nanosized
adsorbent by the virtue of its high surface area, mixed
surface valency resulting in easily accessible oxygen
vacancies and cavities of varying morphology and geom-
etry in it’s moiety, are very favorable for uranium
adsorption. The experimental results in batch experiments
were in good agreement with pseudo second order kinetic
model [52]. The empirical data of the variation of con-
centration of the metal ion fitted better with Langmuir
adsorption isotherm model when compared to the Freu-
dlich model [53]. Hence the above methodology studied
and optimized for uranium adsorption using ceria
nanocrystals is economical, selective and environmentally
benign. The study can be further scaled up for industrial/
potable water remediation as well as preconcentration of
the radionuclide from secondary sources of uranium like
sea water.
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