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a b s t r a c t

Dicalcium phosphate nanoparticles (DCP-NPs) was synthesized chemically and used for adsorptive
removal of uranyl ions from aqueous solutions in a batch system. A commercial grade of DCP (monetite)
was also employed for comparison. The synthesized and commercial adsorbents (S-DCP and C-DCP) were
characterized by FT-IR, SEM and XRD techniques. The investigation of adsorption isotherms indicated
that the maximum adsorption capacities (qm) for C-DCP and S-DCP were 714.3 and 666.7 mg g�1 (at
293 K), respectively. The experimental kinetics were well-described by the pseudo-second-order kinetic
and the equilibrium data were fitted with both Langmuir and Freundlich adsorption models. Thermo-
dynamic studies indicated that the adsorption of uranyl ions on the monetite surface was a spontaneous
exothermic process. The exhausted adsorbents could be regenerated by washing with 0.10 mol L�1 NaOH.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Among the various heavy metals, uranium is one of the most
dangerous for humans due to its toxicity and chemical radioactivity
[1]. It enters into the water bodies through mining and milling
procedures, applications of phosphate fertilizers to soils and the
development of nuclear industries [2,3]. Uranium appears in the
oxidation states of þ2, þ3, þ4, þ5 and þ 6 in the nature, but the
most common and stable oxidation states for this heavy metal are
the tetravalent and hexavalent states which exist in acidic aqueous
solutions as the linear uranyl ion eUO2

2þ-. Uranium (IV) is not sol-
uble in water and usually precipitates, while uranium (VI) forms
soluble ions, thus, it can be ingested and cause serious risks for
human beings [4]. Uranyl ions can be retained in some body parts
such as lung, bone, kidneys and liver and caused several health
problems, including renal damage and different cancers [5].
Therefore, recently, several techniques have been tested for the
removal of uranyl ions from aqueous solutions, including chemical

precipitation [6], co-precipitation [7], solvent extraction [8],
membrane dialysis [9], chromatographic extraction [10], ion ex-
change [11], flotation [12], and adsorption [13e19]. Compared to
the other preceding methods which are expensive and time-
consuming, adsorption is a low-cost method. It is also the most
efficient method in terms of simplicity and feasibility with high
potential for the removal, recovery and recycling of metal ions like
uranyl from wastewaters [20e22].

Several studies about the application of the adsorption method
for uranyl ion removal from aqueous solutions by various adsor-
bents are reported. Until now, the uranyl ion adsorption capacities
of graphene oxide nanosheets [1], some pure and modified clays
[23], Penicillium citrinum [24], magnetic chitosan [15], carboxyl-
mesoporous carbon [25] surface modified magnetic Fe3O4 parti-
cles [26], melanin [27], and polymeric materials [28] have been
evaluated. These studies revealed that adsorption process strongly
depends on adsorbents characteristics and solution properties.
Although these adsorbents provide some advantages, some of them
are expensive. Hence, the aim of this research is to obtain low-cost
and environmentally benign adsorbents [29e31].

Recently different minerals have been reported to remove ura-
nyl ions from water resources [23,32]. Among them, those con-
taining phosphate groups aremore effective due to the formation of
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stable uranyl-phosphates crystalline structures [33]. A devious sign
of the relationship between uranyl ions and phosphate was also
been detailed by Abu-Hilal [34]. A lichen, Peltigera, has been used
to take up uranyl ions with internal inorganic phosphate to create
uranyl-phosphate crystals [35]. Citrobacter, a genus of Gram-
negative coliform bacteria in the Enterobacteriaceae family, pre-
cipitates uranyl ions on its surfaces as uranyl phosphates [36].

Among the more common candidates in this regard, nano
dicalcium phosphate anyhydrate (NDCPA, monetite, CaHPO4), due
to having phosphate groups, high surface area, avoiding pollutant
release into the environment and low cost was chosen as adsorbent
for uranyl removal. NDCP is one of the most stable phases of the
dicalcium phosphates, which have attracted considerable attention.
Lately, some researchers used monetite as an adsorbent for puri-
fication of aqueous solutions. Adsorption of malathion from
aqueous solutions on monetite [37] and efficient removal of fluo-
ride from drinking water using well-dispersed monetite bundles
has also been reported recently [38].

In this work, adsorption of uranyl ions on the synthesized nano
monetite particles was studied and the effect of the principle fac-
tors including pH, adsorbent dosage, contact time, initial concen-
tration, ion Strength and desorption was evaluated for significant
removal of uranyl ions from the aqueous solution. The adsorption
kinetics, isotherms, thermodynamics and regeneration of the ad-
sorbents have also been investigated. Finally, the uranyl ions
adsorption performance of nano monetite particles was also
compared with a commercial grade monetite (C-DCP) which can be
used as a feed supplement in the Poultry industry.

2. Experimental

2.1. Materials and methods

All chemicals were of analytical grade reagent. A stock standard
solutionwas prepared by dissolving an accurately weighed amount
of UO2(NO3)2$6H2O (Fluka) in distilled water to yield 500 mg L�1 of
uranyl ion. Various concentrations of uranyl ion from 10 to
400 mg L�1 were prepared by subsequent dilution of the stock
solution. Arsenazo (III) used for spectrophotometric determination
of uranyl ions was obtained from Aldrich.

The initial pH of the working solutions was adjusted by addition
of HCl or NaOH solution. Hydrochloric acid, sodium hydroxide,
calcium oxide, orthophosphoric acid solution and absolute ethanol
were purchased from Merck. Double distilled water was used to
prepare all the solutions.

2.2. Determination of uranium contents in the solution and
procedure

A simple and sensitive spectrophotometric method based on
colored complexes with Arsenazo (III) in aqueous medium was
used for the determination of uranyl ions [39]. Known amounts of
the standard solutions were placed in a 10 mL volumetric flask and
completed to the final volumewith double distilled water. The final
concentrations of these solutions varied between 1.00-
10.00 mg L�1 versus to uranyl ions. The calibration curve was
constructed with several points as absorbance versus different
uranium concentrations. The uranyl ions react with the Arsenazo
(III) ions (0.10 g L�1) to produce the blue-violet complex. The
absorbance was measured at 650 nm against a blank for uranyl ion.
The linear regression equation obtained from the calibration curve
was A ¼ 0.0741 CU(VI) - 0.0086 (R2 ¼ 0.9987) in the concentration
range of 1.00e10.00 mg L�1. Beer's law is obeyed over the con-
centration range of 1.00e10.00 mg g�1 with a detection limit of
0.025 mg g�1.

2.3. Preparation of nano monetite (NDCPA)

In a successful synthesis procedure to yield only single-phase
monetite, 100 mL of ethanol was first placed into a 100 mL pyrex
media bottle containing a Teflon-coatedmagnetic stir bar. 1.657 g of
CaO powder (0.0296 mol Ca) was added into ethanol and the
formed opaque suspension was magnetically stirred at room tem-
perature for 5 min. Finally, 4 mL of H3PO4 (0.0592mol P) was added
into the calcite suspension, the glass bottle was tightly capped and
the bottle contents were stirred at room temperature for 3 h. At the
end of 3 h, the bottle was opened; the precipitates were filtered
(Whatman No. 42 paper) and washed with 25 mL of ethanol. The
precipitates was finally dried overnight at 37 �C in a static air oven
[40].

2.4. Batch adsorption

Using a batch system, the effects of experimental factors such as
pH, initial concentration, contact time, salt concentration and
temperature were optimized in order to acquire the maximum
adsorption. The pH was studied first in order to find out the
maximum removal efficiency. The pH values were measured by a
Denver digital pH meter during the experiments. In order to study
the effect of adsorbent dosage, 25.0 mL of uranyl solutions (400mg/
L) were mixed with different dose of adsorbents (10.0e30.0 mg) at
pH ¼ 5, and room temperature for duration of 30 min. In order to
find out the equilibrium time, fixed amounts(15.0 mg) of the
employed adsorbents were mixed with uranyl solutions at room
temperature at various exposure times (5e45 min) accompanied
by shaking (250 rpm). For adsorption isotherm investigation, ali-
quots of 50 mL of uranyl solutions with various initial concentra-
tions (10e500 mg/L) were agitated separately for duration of
30 min at room temperature. Thermodynamics studies were car-
ried out by mixing adsorbents (10.0 mg) with uranyl solutions
(50.0 mL) with initial concentration of 150 mg/L at three different
temperatures (278, 298, 318, and 323 K). The contact time was kept
as 30.0 min. When the adsorption process completed, the adsor-
bents were removed from the solution by filtration through a filter
paper. The concentration of the adsorbed uranyl ions was deter-
mined from the difference between the initial and final concen-
trations of uranium in aqueous solution using a model Perlkin-
Elmber Lambda EZ 201 UV-Vis spectrophotometer. Each experi-
ment was repeated three times and the reported results are the
average of these values. The following expressions were used to
calculate the sorption percentage and sorption capacity (qe). The
special expressions were as Eq. (1, 2):

%Sorption ¼ C0 � Ceq
C0

� 100 (1)

qe ¼ C0 � Ceq
m

� V (2)

where C0 and Ceq are the liquid-phase concentrations of uranyl ions
at initial and equilibrium time, respectively; m is the mass of the
adsorbents (m), V is the volume of the suspension (L) and qe (mg
g�1) is the amount of adsorbed uranyl ions on the adsorbents.

3. Results and discussion

3.1. Characterization of adsorbents

The FT-IR spectrum of monetite powder before and after uranyl
ion adsorption is represented in Fig. 1. Fig. 1 a shows the spectrum
of monetite. As can be seen in this figure, the band that occurs at
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3437 cm�1 belongs to OeH stretching vibration of residual free
water. Bands around 2928 and 2855 cm�1 correspond to (P) OeH
stretching mode. The band at 1628 cm�1 belongs to HeOeH
bending vibration mode. The bands of around 1124 and 1066 cm�1

are due to PeO stretching mode, and the band at 891 cm�1 belongs
to PeO(H) stretching vibrationmode. The band of around 570 cm�1

belongs to OePeO(H) bending mode. These observations indicate
that all the corresponding bands of monetite are present in its
spectrum and confirm that monetite has been synthesized suc-
cessfully [41,42]. Fig. 1b shows FT-IR spectrum of uranium nitrate
and FT-IR spectrum of monetite after uranyl ion adsorption is
shown in Fig. 1c. As it can be seen (Fig.1b) after adsorption of uranyl
ions, some decrease in the intensity of the characteristic peaks of
monetite, attributed to P-O stretching (1066 and 1124 cm�1), and
also the peaks attributed to (P)OeH stretching (2928 and
2855 cm�1), indicate that the phosphate groups are the main active
sites for uptake of uranyl ions onto monetite [43,44].

The representative XRD pattern of monetite is shown in the
inset of Fig. 2. The observed positions of diffraction lines were in
agreement with the corresponding values for monetite (CaHPO4,
JCPD 09e0080). Monetite was identified by the appearance of well-
defined peaks at the 2Ɵ angles of 13.1�, 26.4�, 26.6� and 30.2� [45].

Fig. 3 displayed the SEM images of nano monetite powders

produced in 100mL absolute EtOH using 0.0296mol of precipitated
CaO powder and 0.0592 mol H3PO4 as the starting materials.
Especially, the inset of Fig. 3 clearly exhibited the nanoparticles of
monetite stacked together to form the spherical particles. The
average particle size was found to be in the range of 40e90 nm.

3.2. Studies of optimal conditions

3.2.1. Immersion technique for determination of pHpzc

Suspensions of 10.0 g/L of monetite powder were put into
contact with 0.010 mol L�1 NaCl solutions adjusted at different pH
values from 2.0 to 11.0 using dilute HCl or NaOH solutions
(0.10mol L�1). Then, they were agitated using a shaker at a speed of
250 rpm until an equilibrium pH value was reached. As shown in
Fig. 4, the change of pH (DpH) during equilibration was calculated
and the pHpzc was identified as the initial pH with minimum DpH
[46].

3.2.2. Effect of pH on uranyl adsorption
The adsorption of uranyl ions on the studied adsorbent as a

function of pH is shown in Fig. 5. Monetite showed good uptake
over a broad pH range. The maximum removal was observed in the
pH range 3.0e7.0. As the results show, the pH dependence for C-
DCP and S-DCP is different from each other. However, in pH range of
3.0e7.0, the differences are not considerable. The removal per-
centages for C-DCP are nearly constant from pH¼ 3 to 10 except the
case of pH¼ 2. On the other hand, S-DCP shows removal percentage

Fig. 1. The FT-IR pattern of (a) S-DCP before adsorption, (b) Uranium nitrate, (c) S-DCP
after adsorption uranyl ions.

Fig. 2. XRD pattern of S-DCP.

Fig. 3. The SEM image of NPs of S-DCP.

Fig. 4. Experimental immersion technique curves corresponding to monetite com-
mercial and synthetic grades.
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at just pH ¼ 10 are much lower than those at other pH cases.
The observed decrease in the uptake of the uranyl ions at

pH > 7.0 can be explained on the basis of the formation of different
uranyl species with lower adsorption affinities. At pH > 7.0, various
oligomeric and monomeric hydrolyzed species of UO2

2þ are re-
ported [15]. These include [UO2OH]þ, [(UO2)3(OH)4]2þ,
[(UO2)3(OH)5]þ, [(UO2)2(OH)2]2þ, [(UO2)2OH]3þ, [(UO2)3(OH)]5þ,
[(UO2)4(OH)]7þ, [UO2(OH)4]2-, and [(UO2)3(OH)7]-. It was also re-
ported that in the presence of carbonate anions monomeric and
oligomeric carbonate species such as [UO2CO3]0, [UO2(CO3)2]2-,
[UO2(CO3)3]4-, and [(UO2)3(CO3)6]6- may also be formed. This dis-
solved carbonate and bicarbonate anions may form complex anions
with uranyl ions, thus resulting in a decrease in the adsorption
percentage [15,47]. In order to reasonably explain uranyl ion
sorption behavior, the relative distributed proportion of uranyi ion
species is illustrated in Fig. S1 [48].

Uptake of uranyl ions bymonetite at neutral or acidic conditions
may be explained via complex formation between uranyl ions and
the phosphate groups on the monetite. As the pH decreases
(pH < 3), the active sites (the phosphate groups) become proton-
ated and their ability to interact with uranyl ions (UO2

2þ) is
decreased. The points of zero charge (pzc) of both commercial
dicalcium phosphate (C-DCP) and synthesized dicalcium phosphate
(S-DCP) were found to be the same (pHpzc ¼ 7.0). At pH < 7, the
positive zeta potential of the adsorbent indicates that the surface of
the adsorbent becomes protonated. The negligible uptake of the
uranyl ions on C-DCP and S-DCP at pH < 3.0 can be explained by the
predominant electrostatic repulsion between the uranyl ions and
the positively charged active sites of the adsorbents.

As reported (Fig. S1), at pH about 5, uranyl ions exist as posi-
tively charged species (mostly UO2

2þ) and unexpected removal in-
crease, could be due to the high chemical affinity of uranyl ions to
phosphate groups in monetite.

3.2.3. Effect of adsorbent doses
The effect of the adsorbent amount on the sorption of uranyl

ions at C0 ¼ 400 mg L�1 was studied and the obtained results are
shown in Fig. 6. The sorption percent of uranyl ions from solution
obviously increased by increasing the adsorbent particles and then
after that it remained constant. While, the adsorption capacity
decreased with increasing the adsorbent dose (Fig. 6). The increase
in sorption with an increase in the amount of adsorbent can be
attributed to the availability of a larger surface area and more
adsorption sites. With increasing adsorbent content, the available
sites on the adsorbent surface increase and it provides more
sorption sites to adsorb, and thereby results in the increase of the

uranyl ions sorption. The decrease in the sorbent capacity may be
due to interference between binding sites and higher adsorbed
dose or deficiency of uranyl ions in the solution with respect to
available binding sites [48].

3.2.4. Effect of contact time
Contact time is always can be considered as an important

parameter in all of the sorption systems. Additionally, from
studying this parameter, we can find out some important infor-
mation such as sorption kinetics, sorption mechanism and also
sorption capacity of an adsorbent. For this investigation, 15.0 mg of
the adsorbents were agitated with 25 mL of uranyl test solutions
with initial concentration of 200 mg/L for duration of various
exposure times (5e45 min) at room temperature separately. The
supernatant were analyzed for unabsorbed uranyl ions after each
selected exposure time. The results obtained were presented in
Fig. 7.

The amount of uranyl ion adsorbed per unit weight of the ad-
sorbents was determined at certain periods of time (qt). The uranyl
ion adsorption increased with time and got equilibrium quickly
within 10e15 min. A further increase in contact time has no effect
on the uranyl ion adsorption. Although the equilibrium time was
different for two adsorbents, it seems adsorption for both of them
completed within 15 min. As shown (Fig. 7) S-DCP showed higher
adsorption capacity toward uranyl ions compared to C-DCP.
Achieving quick sorption equilibrium in the case of both adsorbents
clearly implies that a great number of reaction active sites on
monetite for uptake of uranyl ions are available.

3.2.5. Kinetic modeling
Kinetic modeling not only allows estimation of sorption rates,

but also leads to suitable rate expressions characteristic of possible

Fig. 5. The effect of the pH on uranyl ion sorption (m ¼ 10.0 mg, V ¼ 25 mL, T ¼ RT,
t ¼ 30 min, C0 ¼ 200 mg L�1, rpm ¼ 250 min�1, pH ¼ 2e10).

Fig. 6. Effect of the adsorbent amount on uranyl ion sorption by monetite and
adsorption capacity. (pH ¼ 5.0 ± 0.1, V ¼ 25 mL, T ¼ RT, t ¼ 30 min, C0 ¼ 400 mg L�1,
rpm ¼ 250 min�1).

Fig. 7. Contact time effect on adsorption of uranyl ions and adsorption capacity
(pH ¼ 5.0 ± 0.1, V ¼ 25 mL, C0 ¼ 200 mg L�1, T ¼ RT, rpm ¼ 250 min�1, m ¼ 15.0 mg).
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reaction mechanisms. In this respect, two kinetic models including
the pseudo-first-order kinetics model and pseudo-second-order
kinetics models were investigated. A pseudo-first-order kinetic
equation is given by Eq. (3) [49]:

lnðqe � qtÞ ¼ log qe � k1
2:303

� t (3)

where qt is the amount of uranyl ion adsorbed at time t (mg g�1), qe
is the adsorption capacity at equilibrium (mg g�1), k1 is the pseudo-
first-order rate constant (min�1), and t is the contact time (min).
Using Eq. (3), ln(qe - qt) versus t can be plotted. In Pseudo-second-
order model, the rate-limiting step is the surface adsorption that
involves chemisorption, where the removal from a solution is due
to physicochemical interactions between two phases. The pseudo-
second-order kinetic equation is given by Eq. (4) [50]:

t
qt

¼ 1
k2q2e

þ 1
qe

� t (4)

where k2 is the pseudo-second-order rate constant of adsorption
[51]. The results obtained from the kinetics investigation are shown
in Fig. S2. The kinetics parameters calculated, are summarized in
Table 1.

Given that the correlation coefficients obtained for the pseudo-
second-order model are obviously higher than the pseudo-first
order model and the qe value of this model is consistent with
experimental results (qe.exp). Therefore, it can be concluded that
uranyl uptake using both of the applied adsorbents follows the
pseudo-second-order model. The mechanism of the removal is
chemisorption, involving valence forces through sharing or ex-
change of electron between the uranyl ions and the adsorbents
[27,44].

3.2.6. Effect of the initial uranium concentration
The effect of the uranyl ion initial concentration on the

adsorption ratewas studied by contacting a fixedmass of adsorbent
(20.0 mg) at room temperature (23 ± 2 �C) and pH (5.0 ± 0.1) using
different concentrations of uranyl ion ranging from 10 to
500 mg L�1. The results are given in Fig. 8. They reveal that the
percentage of uranyl ion adsorption increased by decreasing the
uranyl ion initial concentration, but it is not very sensitive to the
uranyl ion concentration. In other words, the removal percentage of
uranyl ion has been found to be favorably high in the studied
concentration range. This tendency shows strong affinity of mon-
etite toward uranyl ions, which seems phosphate groups are
responsible for these strong interactions.

3.2.7. Adsorption isotherm studies
The adsorption data were analyzed with two sorption iso-

therms, namely Freundlich and Langmuir. The Langmuir model is
characterized by an asymptotic shape while the Freundlich model
supposes an exponential trend. The Freundlich equation predicts
that the ion concentrations on the adsorbent will increase as long
as there is an increase in the ion concentration in the liquid. The
empirical model was shown to be consistent with an exponential
distribution of active centers, characteristic of heterogeneous

surfaces. The amount of solute adsorbed at equilibrium, qe, is
related to the concentration of solute in the solution, Ce, as Eq. (5):

qe ¼ KFC
1
n
e (5)

This expression can be expressed by the Eq. (6):

ln qe ¼ ln KF þ
1
n
ln ce (6)

where KF and n are the Freundlich constants, which represent
sorption capacity and sorption intensity, respectively. A plot of lnqe
versus lnce would result in a straight line with a slope of 1/n and
intercept of log KF as seen in Fig. S3a. Freundlich constants are given
in Table 2. According to the Langmuir model, adsorption occurs
uniformly on the active sites of the sorbent, and once a sorbate
occupies a site, no further sorption can take place at this site. Thus,
the Langmuir model is given by the Eq. (7):

1
qe

¼ 1
qm

þ 1
bqm

� 1
Ce

(7)

where qm and b, the Langmuir constants, are the saturated mono-
layer sorption capacity and the sorption equilibrium constant,
respectively. A plot of 1/qe versus 1/ce would result in a straight line
with a slope of 1/bqm and intercept of 1/qm as seen in Fig. S3b. The
Langmuir parameters given in Table 2 can be used to predict the
affinity between the sorbate and the sorbent using the dimen-
sionless separation factor, RL, expressed as in the following Eq. (8)
[52].

Table 1
Pseudo-first and pseudo-second-order constants and values of R2.

Adsorbent Pseudo-first order Pseudo-second order

qe,exp(mg g �1) qe,cal (mg g�1) k1ads (min�1) R2 qe,cal (mg g�1) k2ads (min�1) R2

C-DCP 303.38 9.44 3.1 � 10�1 0.9013 303.03 3.6 � 10�2 1
S-DCP 343.66 6.20 3.7 � 10�1 0.9173 344.82 4.2 � 10�2 1

Fig. 8. Effect of initial uranium concentration on uranyl ion sorption and separation
factor (RL). C0 ¼ 10e500 mg L�1, pH ¼ 5.0 ± 0.1, T ¼ RT, m ¼ 20.0 mg, rpm ¼ 250 min�1,
V ¼ 50 mL, t ¼ 30 min).

Table 2
Isotherm constants and values of R2.

Adsorbent Langmuir isotherm Freundlich isotherm

qm (mg g�1) b (L mg�1) R2 KF (mg1þn/g Ln) n R2

C-DCP 714.28 0.58 0.995 242.25 1.24 0.9959
S-DCP 666.66 0.53 0.995 192.84 1.31 0.9958
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RL ¼
1

ð1þ bC0Þ
(8)

The value of RL indicates the type of isotherm to be irreversible if
RL ¼ 0, favorable if 0<RL < 1, linear if RL ¼ 1 or unfavorable if RL > 1.
The values of RL for adsorption of uranyl ions onto the both ad-
sorbents are shown in Fig. 8. They indicate that the adsorption of
uranyl ions on the adsorbents is more favorable at higher uranyl ion
initial concentrations than at lower ones.

According to the experimental data for the adsorption of uranyl
ions and the values of isotherm constants listed in Table 2, the
adsorption of uranyl ions on the monetite surface follows both
Langmuir and Freundlich adsorption isotherm. The obtained
Langmuir monolayer adsorption capacity in the present study was
found to be 714.3 and 666.7 mg g�1 (at 293 K) for C-DCP and S-DCP,
respectively. Very well fitting of the Langmuir isotherm with the
experimental data may be due to the homogeneous distribution of
active sites on the adsorbent surface. Results show that monetite is
efficient for the uranyl ion removal. The tendency of hexavalent
uranyl ions to oxygen is high. Metal ions are classified by their
binding favorites, specifically whether they look for O-, N-, or S-
containing ligands. Pearson (1963) separated metal ions into the
hard acids (O-seeking) and the soft acids (N- or S-seeking) [53].
Hard acids typically form complexes through carboxylate, carbonyl,
alcohol, phosphate, and phosphodiester groups, while soft acids are
predicted to bind to the sulfur sites, thioether, and amino groups.
According to the theory of hard and soft acids and bases (HSAB)
defined by Pearson, the oxygen-donor adsorption sites of the sor-
bents can be categorized as hard bases. These sites coordinate
favorably with actinide ions ordered as hard acids. Uranyl ions
could act as the hard acids and form strong complexes with
oxygen-donor ligands existent in the phosphate groups of mone-
tite. This phenomenon can enhance the efficiency of uranyl ions
removal [44].

The qm values of monetite are compared to those of different
sorbents reported in the literature (Table 3). The monetite shows a
high qm (mg g�1), which is higher than single-layered graphene
oxide [1], zirconium-pillared clay [23], Penicillium citrinum [24],
magnetic chitosan [15], carboxyl-mesoporous carbon [25], mag-
netic Fe3O4 [26], melanin [27], and polyaniline coated magnetic
carboxymethylcellulose beads [28]. It is noteworthy that the af-
finity coefficient (b ¼ 0.58e0.53 L/mg) was relatively higher for
monetite compared to the above-mentioned sorbents. In the case of
uranyl ion sorption, the comparison of qm value of adsorbents used
in the present study with that obtained in the literature shows that

adsorbents used in the present study are more effective for this
purpose.

3.2.8. Thermodynamics studies
As shown in Fig. S4, the sorption of uranyl ions was investigated

as a function of temperature. It can be seen that the removal per-
centage of uranyl ions increased with the increasing temperature,
which suggested that the uranyl ions sorption process was favor-
able at higher temperature. The thermodynamic parameters ob-
tained for the sorption process were calculated using Eq. (9):

ln Kd ¼ DSoads
R

� DHo
ads

RT
(9)

where Kd is the distribution coefficient (mL g�1), DSoads is standard
entropy (J mol�1 K�1), DHo

ads is standard enthalpy (kJ mol�1), T is
the absolute temperature (K), and R is the gas constant
(8.314 J mol�1 K�1) [52]. The experiments were carried out at 278,
298, 313 and 333 K for 100mg L�1 uranyl ion solution. The values of
DHo

ads and DSoads were calculated from the slopes and intercepts of
the linear regression of lnKD versus 1/T (inset of Fig. S4). The
standard Gibbs free energy DGo

ads values (kJ.mol�1) were calcu-
lated from the Eq. (10):

DGo
ads ¼ DHo

ads � TDSoads (10)

The positive values of DHo
ads indicated an endothermic

adsorption process. The positive value of DSoads indicated that the
adsorption process was irreversible. In addition, the positive value
of DSoads is a favorable factor and the value of DHo

ads that is lower
than jT DSoadsj indicates that the adsorption process is dominated
by entropic rather than enthalpy changes [54]. The values of DGo

ads
obtained at different temperatures are given in Table 4. The nega-
tive value of DGo

ads indicated spontaneous nature of the adsorption
process. On the other hand, the observed increase in the negative
values of DGo

ads with elevated temperature implies that the
adsorption becomes more favorable at higher temperatures.

3.2.9. Effect of ionic strength
In this study, a series of experiments were carried out in various

NaCl concentrations (from 0.10-0.70 M) in order to follow the effect
of ionic strength. Aliquots of uranyl solutions (50 mL) with initial
concentration of 200 mg/L were mixed with NaCl to fix the desired
ionic strength. Then 10.0 mg of adsorbents were added. The mix-
tures were agitated at room temperature for duration 30 min. The
results obtained are depicted in Fig. 9. As the results interestingly
showed that removal of uranyl ionwas not affected by the presence
of NaCl. Generally, in sorption systems, removal via surface
complexation is independent on ionic strength whereas is more
dependent on the pH of the medium, whereas ion exchange is
highly dependent on the ionic strength [5]. According to this, it
could be concluded that the uranyl removal in the current work

Table 3
Maximum loading capacity of uranyl ion by different sorbents calculated from
Langmuir adsorption isotherm.

Sorbent material Uranyl ion sorption
capacity (mg g�1)

References

Single-layered graphene oxide 299 [1]
Humic acid-immobilized zirconium-

pillared clay
132.98 [23]

Penicillium citrinum 274.7 [24]
ion-imprinted magnetic chitosan resins 187 [15]
carboxyl-mesoporous carbon 250 [25]
surface modified magnetic Fe3O4

particles
151.80 [26]

Melanin 588.24 [27]
Polyaniline coated magnetic

carboxymethylcellulose beads
386.5 [28]

Commercial monetite 714.3 Present
study

Synthetic monetite 666.7 Present
study

Table 4
Thermodynamics parameters for adsorption of uranyl ions.

T (K) Kd(mL/g) DGo
ads (kJ mol�1) DSoads (kJ mol�1 K�1) DHo

ads(kJ mol�1)

T-DCP
278 114312.6 e26.62
298 411571.4 e31.722 0.254 43.970
318 1116538 e36.802
323 2798846 e40.612
S-DCP
278 110739.3 e26.63
298 388513.5 e29.61 0.268 47.870
318 1343148 e34.81
323 2075000 e38.71
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involved the formation of a complex onto the adsorbent surface.

3.2.10. Desorption study
To evaluate the reusability of the adsorbents, 20.0 mL of

20 mg L�1 uranyl ion solution was first mixed with a fixed amount
of the employed adsorbents and then the mixtures was shaken at
room temperature for 30 min. The adsorbents were separated and
the uranyl ion concentration in the supernatant was analyzed for
remained or unadsorbed uranyl. In order to desorb the uranyl ions-
loaded adsorbents, they were mixed with NaOH (0.10 M), ethanol
and acetone as eluents. The mixtures were shaken for 30 min.
Desorption percentage was calculated from the amount of uranyl
ions adsorbed onto the adsorbents and the uranyl ions concentra-
tion in the eluent solution using equation (11):

%Desorption ¼ m
m0

� 100 (11)

where m is the amount of uranyl ion-desorbed (mg) and mo is the
amount of uranyl ion-adsorbed (mg). Each adsorption and
desorption experiment was carried out in triplicate and the average
results are presented in this work. As indicate Table 5 desorption
was observed only in the case of NaOH solution as eluent.
Maximum desorption obtained was about 70% for both adsorbents.
Due to high affinity of the DCP adsorbents toward uranyl ions,
complete desorption cannot be achieved.

4. Conclusions

Here, monetite was synthesized chemically, characterized and
then used as effective adsorbents for the removal of uranyl ions
from aqueous solutions. Moreover, commercial monetite was pur-
chased and used for the removal of uranyl ions. The maximum
removal efficiency for both adsorbents was obtained at a broad
range of pH (pH ¼ 3e7), with the initial uranyl ions concentration
of 200 mg L�1. The isotherm analysis indicated that the equilibrium
data were well fitted to both Langmuir model (R2 ¼ 0.9937) and
Freundlich model (R2¼ 0.9989). Furthermore, maximum adsorption
capacity was found to be 714.3 and 666.7 mg g�1 (at 293 K) for C-
DCP and S-DCP, respectively. The kinetic data were fitted to the

pseudo-second-order model and the mechanism of adsorptionwas
chemisorption. Thermodynamic studies depicted that the adsorp-
tion of uranyl ions on the monetite surface was exothermic and
spontaneous. Desorption studies revealed that about 70% of the
adsorbed uranyl ions could be desorbed with 0.10 mol L�1 NaOH
solution obviously. Finally, comparison of two adsorbents with
others lately studied adsorbents showed that monetite (dicalcium
phosphate) can adsorb uranyl ions successfully due to having
functional groups such as ePO4 (phosphate) in its structure.
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