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Abstract

Co(II)-Fe(III) Layered double hydroxide (LDH) was prepared by co-precipitation methods for recovery of *Mo(VI) from
aqueous solutions. The data showed that **Mo(VI) anions are efficiently adsorbed (R% ~ 98), in the pH range 2.5-11. The
kinetic data showed that about 82% of *’Mo(VI) are adsorbed onto the synthesized LDH in the first ten minutes, while the
equilibrium is attained at 120 min. The thermodynamic parameters (AG®, AH® and AS®) are estimated in the temperature
range 20-50 °C. The effect of different foreign anions, (C1~, SO,*~, CO,*"and NO™) at various concentrations is evaluated.
The synthesized adsorbent showed maximum adsorption capacity of 255.175 mg g~' for *’Mo(VI) at pH= 3.5, which is

mostly higher than those reported in literature.
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Introduction

Molybdenum-99 (**Mo (VI), t;,,=66 h) is essentially
produced as a fission product from U?** with high yield
(6.13%) and high specific activity (> 104 Ci/g) [1-3]. Its
decay to *™Tc (t,;,,=6 h), renders it one of the most impor-
tant radionuclides. This daughter is the best radioactive iso-
topes applied in radiopharmaceuticals in nuclear medicine,
accounting for closely 80-85% of all nuclear diagnostic tests
and has not yet been substituted with any other radionuclides
[4-6]. This is because of its relevant nuclear properties, such
as its relatively low -ray energy at peak 140.5 keV, short
half-life (6.0 h), and low radiation exposure [2, 7]. From
the economic point of view, it is important to recover of
% Mo(VI) radionuclides from solutions. For industrial appli-
cations, molybdenum is used as a reactor vessel, alloying
agent in steels cast iron and in special batteries [8].

Ion exchange, solvent extraction, co-precipitation, mem-
brane separation and adsorption as the conventional methods
applied for recovery of *Mo(VI) from aqueous solutions
[9-15]. The last one is the most commonly used methods one
due to its simplicity and excellent performance. Adsorption
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of 99Mo(VI) onto different adsorbents was studied [3, 7, 8,
16-19]. Owing to its high affinity towards molybdenum as
well as its high radiation, thermal and chemical stability,
alumina (AlL,O5) is efficiently applied in nuclear institutions
for molybdenum recovery. However, alumina has a rela-
tively low molybdenum adsorption capacity ranging from
2 to 20 mg g~! [19]. Many attempts have been studied to
improve the capacity of Al,O, for adsorption of *Mo(VI).
Denkova.et al. synthesized mesoporous aluminum oxides
Al-TUD-1 and achieved maximum adsorption capacity for
Mo 112 mg g~! at pH range 25 [6] Chakravarty et al. syn-
thesized nanocrystalline y-Al,O; which a maximum sorp-
tion capacity for Mo 200+ 5 mg g~! at pH=3[16]. Saptiama
et al. synthesized mesoporous alumina spheres using post-
synthesis water—ethanol treatment and reaching Mo adsorp-
tion capacity of 56.2 mg g~! at pH 3 [20].

One of the most important materials adsorbed is layer
double hydroxides (LDH) which consist of two valance metal
ions, usually in the 2+ and 3+ oxidation state balanced with
hydroxide and another counter ion [21]. The general for-
mula for LDH is principally composed of positively charged
host layers and exchangeable interlayer anions, which can
be represent by: [M,_**M, **(OH),(A"),,,-mH,0],
where M?* represents a divalent metal cation such as
Mg**, Ca*t, Mn?*, Cu?*, Zn?*, Ni** and M>* is a trivalent
metal cation, such as AI’*, Mn?*, Fe3*, Cr**, and Co®*. A"
is an inorganic anion, such as C1~, NO;~, CO32‘ and SO42‘
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or an organic anion, [22-24]. Organic and inorganic anions
can be presented between hydroxide layer by ion exchange
or precipitation.

LDHs are important in technology, such as medical sci-
ence, separation technology, optics and catalysis [25] and
also used in commercial products act as polymer stabiliz-
ers and anion exchange [26]. They have several advantages
such as, anion exchange capacity, pH-sensitivity response
excellent biocompatibility, biodegradability, easy surface
modification and biomedical application such as cancer
therapy ant anti-bacteria [27]. Recently many LDHs were
prepared for adsorption of some anions such as iodine ani-
ons by prepared Mg/Fe and Co/Cr LDH nanostructured
[28], arsenate using a novel LDHs consisted of (Cu/Mg/
Fe/La-LDH) [29], nitrate anion from artificial nitrate solu-
tion using Zn/Al chloride LDH which was synthesis and
physicochemical characterization [30], estimated different
controls on molybdate, arsenate, and selenite anions uptake
by hydrotalcite-like layered double hydroxides (HT-LDHs)
[31], synthesize Zn—Fe (LDHs) by co-precipitation methods
to obtain vanadate-LDH and molybdate—LDH nanohybrids
[32], removal of molybdenum [33] and antimony [34] from
aqueous solution by synthesized Zn—Al sulphate (LDHs)
was studied.

Despite the many advantages of LDH, its use as a solid
phase in separation processes of different anions faces some
problems. The incomplete phase separation of the solid from
the liquid is considered as one of these problems, where
some of LDH particles are suspended in the solution. So, it
is preferred to use a membrane in such separation processes.
To overcome this problem, iron is incorporated as a trivalent
cation in synthesis process of LDH to improve its mechani-
cal properties and acquire it some magnetic properties that
are benefits in separation process.

The present study aims to synthesis Co(II)-Fe(III) LDH
and apply it as magnetic materials for recovery of *Mo(VI)
radionuclides from aqueous solutions.

Experimental
Chemicals and materials

Ferric chloride hexahydrate (FeCl;-6H,0) and cobalt chlo-
ride hexahydrate (CoCl,-6H,0) used in this study were
obtained from Merck. Stock solutions of *’Mo(VI) 500
mg L~!, was prepared by dissolving the suitable amount
of sodium molybdate dihydrate (Na,MoO, - 2H,0, ACS
reagent, >99% sigma) in distilled water. The radioactive
“Mo(IV) was supplied from Radioisotope Production Facil-
ity (RPF), Egyptian Atomic Energy Authority at Inshas,
Cairo, Egypt and was used as a radiotracer for molybdenum
during adsorption experiments.
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Sodium chloride (NaCl), sodium carbonate (Na,CO5),
sodium sulfate (Na,SO,) and sodium nitrate (NaNO;) were
supplied from Sigma Aldrich. These salts were used as
source of CI~, CO32_, SO42_, NO;™ anions, respectively
to study the effect of foreign ions during adsorption and
desorption experiments. Hydrochloric acid (HCI, Sigma
Aldrich) and sodium hydroxide (NaOH, Chem-Lab) were
used to adjust the pH of the working solution during adsorp-
tion experiments.

Synthesis of Co(ll)-Fe(lll) LDH

In this study, the co-precipitation method was used to syn-
thesis the Co(II)-Fe(IIT) LDH material. Certain amounts of
CoCl,-6H,0 and FeCl;-6H,0 were separately dissolved in
250 mL distilled water to obtain concentrations of 0.3 and
0.1 mol/L, respectively. These solutions were mixed together
with stirring continuously. Then NaOH (1M) solution was
added drop wise until the pH of ~ 10.7 was reached and
the suspension was aged for 4 h at room temperature. The
resultant precipitates were left to settle for 48 h before being
filtered. After that, the precipitate was then washed with
distilled water until the pH of supernatant reached to 7,
separated by filtration and finally dried at 70 °C till constant
weight.

Characterization of prepared sample

The surface properties of Co(Il)-Fe(IIl) LDH were ascribed
by the standard adsorption of N, gas using a Quantachrome
NOVA 1000e surface area analyzer (USA).The Fourier
transform infrared (FTIR) spectrum of the synthesized
Co(II)-Fe(III) LDH obtained by a Nicolet iS10-FTIR spec-
trometer (USA) using KBr pellets in the range of 4000—400
cm™! at a resolution of 4 cm™!. The phase structure was
studied using an X-ray diffractometer (XRD) equipment of
Brukur advanced D8 Kristalloflex model using Ni-filtered
and CuK, radiation source.

Adsorption studies of *?Mo(VI) radioactive isotope

The batch technique was used to investigate the adsorption
behavior of *Mo(VI) on Co(II)-Fe(IIl) LDH material in
25 mL glass bottles using a thermostated water bath shaker
(model SW-20C/2 from Julobo laboratories GmbH (Ger-
many) at 30+ 1 °C (except effect of temperature experiment).
The kinetic experiments for adsorption of *’Mo(VI) onto the
Co(II)-Fe(IIT) LDH material were studied using 50 mg L™
as an initial concentration and time range of 1-165 min at pH
values of 3.5 and 9.5.The effect pH of the solutions on the
removal efficiency of *Mo(VI) by Co(I)-Fe(III) LDH was
achieved at pH ranging from 3.2 to 12.77 at initial concen-
tration of 50 mg L™! at temperature =30 + 1 °C and contact
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time=2 h. The pH of the solutions was adjusted to the desired
value by adding diluted HC1 or NaOH solution using pH meter
(model 59,003/digital, OAKTON (Portugal). The suspensions
were equilibrated for 2 h at 30+ 1 °C using a thermostated
water bath shaker. The effect of foreign anions (C1~, NO;™,
CO32‘ and SO42‘) on adsorption process of the P'Mo(VI)
onto Co(II)-Fe(Ill) LDH was achieved by mixing 5 mL of
%Mo(VI) at initial concentration of 50 mg L' with 0.04 g
Co(II)-Fe(Ill) LDH material at pH 3.5 and contact time of
2 h and different foreign ion concentrations. To determine the
suitable LDH mass necessary to achieve efficient adsorption
for “Mo(VI), different masses in the range (0.005-0.1 g) were
added to the 5 mL solution of *Mo(VI) at initial concentra-
tion 50 mg L™! and pH 3.5. The suspensions were equilibrated
for 2 h. The effect of temperature at different values (20, 40
and 50 °C) on the adsorption efficiency of PMo(VI) at initial
concentration 200 mg L! by Co(Il)-Fe(IIl) LDH was studied
at pH 3 and contact time of 2 h. Adsorption isotherm experi-
ments were performed with initial Mo(VI) concentrations
ranging from 4 to 350 mg L™\,

In order to study the Co(II)-Fe(III) LDHs experimental
maximum adsorption capacity (Q,,,,) for PMo(VI), 0.5 g of
the adsorbent were contacted with 5 mL of the adsorbates
solution for 2 h at 30 °C at initial concentration 144 mg L™,
After equilibration, the solid phase was separated by centrifu-
gation and the radioactivity of *’Mo(VI) in the supernatant was
assayed radiometrically by using a computerized multichan-
nel analyzer of CANBERRA Genie 2000 type, model 5504¢
(USA) connected to a well-type Nal scintillation detector.
The data obtained before and after the sorption process were
used to calculate the uptake percentage (uptake %), distribu-
tion coefficient (K; L g™') and adsorbed amount (q mg g™")
according to the following equations:

Ao—A
Uptake % = x 100
ptake % o (1)
Ao—A V
K, = X —
d A M @)

_ Uptake % X Cipyia X V
B 100 x M

3

where A, and A are the areas under the y-ray peaks of the
given radionuclide before and after adsorption onto the syn-
thesized Co(II)-Fe(III) LDH respectively. V is the volume of
the aqueous phase (mL) and M is the mass of Co(II)-Fe(III)
LDH (g).

Desorption experiments

For desorption studies, 0.04 g Co(Il)-Fe(III) LDH were con-
tacted with 5 mL **Mo(VI) at pH = 3.5 for 24 h. “Mo(VI)

loaded on LDH sorbent was separated by centrifugation.
The collected solid phases were contacted with 5 mL of
the desorbing agents (NaCl, Na,CO;, Na,SO, and NaNO5)
solutions at different concentrations (5 x 107°~1 x 102 M)
and aged under shaking for 24 h. After centrifugation and
measuring the radioactivity of *Mo(VI) radionuclides in
the supernatant, the desorption percentage (desorption %)
of the concerned radionuclide was calculated using the fol-
lowing equation:

Amount of adsorbate desorbed

Desorption % =
CSOTPHON % = mount of adsorbate adsorbed

x 100 (4)

Results and discussion
Characterization of Co(ll)-Fe(lll) LDH
Surface area measurements

The surface properties of Co(II)-Fe(III) LDH are con-
sidered one of the main factors that could affect sorption
process. The specific surface area and pore volume of syn-
thesized material before and after sorption of Mo(VI) ions
was measured using nitrogen gas adsorption and desorption
isotherms. The synthesized Co(II)-Fe(III) LDH attained a
high surface area of.

99 m%g~!. Also, the total pore volume was found to be
0.1 cm® g~!, while pore radius is 7.2 A°. The high surface
area and porosity could increase the sorption capacity of
material towards molybdate anions. The textural properties
of Co(II)-Fe(II) LDH are reduced after sorption of Mo(VI)
anions. This is might be due to the adsorption of some of
molybdate anions on the surface of Co(II)-Fe(III) LDH,
while the others were diffused into pores.

FT-IR spectra

The FT-IR spectra of Co(I)-Fe(III) LDH before and after
%Mo(VI) adsorption are shown in Fig. 1. It can be notice
from this figure a broad strong absorption peak around 3390
Cm™! is attributed to stretching vibrations of interlayer water
molecules and hydroxyl group in LDH [35, 36]. Another
smaller absorption peak appeared at around 1621 cm™! is
corresponding to bending mode of water molecules. The
absorption bands at 656, 568 and 473 cm~! are attributed
to the Fe—O and Co—-O lattice vibrations [37]. As can be
notice from Fig. 1 the spectrum for Co(II)-Fe(Ill) LDH
before adsorption of Mo is similar to that after adsorption.
This means that there is no chemical reaction between the
synthesized LDH and **Mo(VI).
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Fig. 1 FTIR spectrum of Syn-
thesized Co(IT)-Fe(I1T) LDH 100  after
before and after adsorption of
PMo(VI)
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XRD diffraction L g7!,2hand 30+ 1 °C, respectively. The obtained results

Figure 2 represents XRD pattern of the synthesized material.
This figure shows the appearance of diffraction peaks at 20
values of 11, 23, 31, 36, 60 and 64 which are characteristics
for layer double hydroxide materials [30].

Effect of the solution pH

For studying an adsorption system, it is well- known that the
pH of the solution is one of the most important parameters
that should be investigated. This is because it not only affects
the aqueous speciation of the adsorbate but also the surface
chemistry of the adsorbent. Accordingly, the effect of the
solution pH on the adsorption process of “’Mo(VI) onto the
synthesized Co(II)-Fe(IIT) LDH is studied in the pH range
3-13 at V/m ratio, equilibrium time and a temperature of 0.1

(Fig. 3a) show that almost complete uptake percentage is
achieved in the pH range of 3—11. Furthers increase in the
pH giving rise to a sharp decrease in the uptake percentage
that reached to about 15% at pH 13.

For interpretation of the data given in (Fig. 3a), the aqueous
species of “’Mo(VI) at the studied pH range is calculated using
phreeqi software and the data are shown in (Fig. 3b). Based
on these calculations, it is found that H,MoO,, HMoO,™ and
MoO42_ are the dominant species of “’Mo(VI) in the pH range
3-6. While, MoO,~ is the dominant one at pH values higher
than 6. For the employed adsorbent CoCl, and FeCl, were
used as precursors during synthesis of Co(II)-Fe(IIl) LDH.
This implies that C1” ions are intercalated at the interlayer
region. Therefore the removal achieved for P'Mo(VI) ani-
onic species (HMoO,~ and MoO,*") could be attributed to
the anion exchange of these species with CI™ at the interlayer

Fig.2 XRD diffraction of Syn-
thesized Co(1)-Fe(I1l) LDH .

intensity (a.u.)

/\M/\MM o
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Fig. 3 Effect of pH on *Mo(VI) adsorption on LDH (a), and specia-
tion of Mo(VI) at different pH values (b) (C,=50 mg L', contact
time=2h, Temp.=30+1°C and V/m=0.1L g™")

region. While the competition between OH™ and MoO,>~ can
be considered the main reason for the reduction in *Mo(VI)
uptake at pH values higher than 11. At the lower studied pH
values, particularly at pH 3, the data given in Fig. 11 confirm
the efficiency of the synthesized LDH to uptake *’Mo(VI)
where uptake percentages ~ 99% are obtained although 60%
of ®Mo(VI) presents in the aqueous solution as HyMoO,. The
uptake of this species is ascribed to the formation of hydrogen

Fig.4 Schematic representa-
tion of the proposed adsorption
mechanism of Mo(VI) onto

the synthesized Co(II)-Fe(III)
LDH OH OH

| l

+  +  +  + o+
Ccr CIl- CI-
cr G ¢ Cr

_+  + ¥ + o+
| I
OH OH

bonds with hydroxyl groups at the LDH surface. Based on
these results and discussion, the adsorption mechanism of
%“Mo(VI) onto the synthesized Co(II)-Fe(III) LDH is sug-
gested and represented in Fig. 4.

Effect of contact time

The impact of contact time, in the range of 1-1440 min, on
the adsorption of PMo(VI) onto LDH sorbent material is
investigated at pH values of 3.5 and 9.3. The results obtained
are represented in Fig. 5. The data given in this figure dem-
onstrate that adsorption of *Mo(VI) onto the synthesized
Co(II)-Fe(IlI) LDH was a rapid process particularly in the
first five minutes where uptake percentage of 82% and 54% are
achieved at pH values of 3.5 and 9.3, respectively. Thereafter,
the uptake percentage is gradually increase with increasing
contact time and the equilibrium is attained at 100 and 120
min with maximum uptake percentage values of about 80%
and 98% at pH values of 9.3 and 3.5, respectively. The rapidity
of ®Mo(VI) adsorption in the first five minutes suggests the
potential utilization the synthesized Co(II)-Fe(IIl) LDH as a
good generator for ®™Tc, which will be the future work in our
laboratory. Based on the data depicted in Fig. 5, the adsorption
experiments conducted in the present work were equilibrated
for 120 min.

Modeling of kinetic data

Generally, it is known that estimating the kinetic parameters
facilitates the design of an adsorption experiment. The kinetic
data of ®Mo(VI) onto LDH material Fig. 5 are analyzed by
two commonly used adsorption kinetic models. These mod-
els are pseudo-first-order (Eq. 5) and the pseudo-second-order
(Eq. 6) equations which are expressed as follow [38]

ln(QE - Qt) = lnqe - klt (5)
Lo
4 kq e ©
(IDH
oO=Mo=0

Via Hydrogen

|
bond _H/O
7 T

T+ o+ + + o+
- kA pH 3.5 HMoOs ¢  CF
otvh Cr CI Mooz CF

P + + + +

Via anion
exchange OH OH

Chloride intercalated Co-Fe LDH
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Fig.5 Effect of contact time on the adsorption of *’Mo(VI) on
LDH at different pH (3.5+0.05 and 9.3+0.05) (C,;=50 mg L,
Temp.=30+ 1 °C and V/m=0.125L g™}
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Fig.6 Pseudo-first- order kinetic plots for the sorption of *Mo(VI)
on LDH (Co=50 mg L™}, pH=3.5+0.05, and V/m=0.125L g™")

where q, and q, are the amount of adsorbate uptake by the
adsorbent at equilibrium (mg g™!), at a given time (t) respec-
tively, while K, and K, are the rate constants (min™Y).

Figures 6 and 7 depict linear fits of the experimental
kinetic data of ®Mo(VI) onto the LDH to the two previ-
ous kinetic models and Table 1 lists the calculated kinetic
parameters and correlation coefficients (R?).

According to the data given in this Table 1, it can be
observed that the pseudo—second order kinetic model exhib-
ited a higher correlation coefficient value (R?=0.996) than
the pseudo first order one (R>=0.766). Herein, it is con-
cluded that the present adsorption process of *’Mo(VI) onto
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Fig. 7 Pseudo-second-order kinetic plots for the sorption of *Mo(VI)
on LDH (Co=50 mg L™}, pH=3.5+0.05, and V/m=0.125L g™")

Table 1 Adsorption kinetic parameters for adsorption of *’Mo(VI)
onto Co(II)-Fe(II) LDH

Kinetic model Parameters Value

Pseudo-first-order K, min~! 0.019
g mg ¢! 1.469
R? 0.766

Pseudo-second-order K,, g mg~! min™! 0.0624
g mg g 6.041
R? 0.996

the synthesized LDH is well-fitted by the pseudo second
order kinetic model.

Effect of adsorbent mass

Determining the lowest adsorbent mass necessary to achieve
the best removal efficiency of an adsorbent toward an adsorb-
ate material is often significant from the economic and waste
management points of view. Therefore, the effect of the
V/m ratio (0.05-1 L g™!) on the adsorption of *Mo(VI) at
pH=3.5 onto Co(II)-Fe(IIl) LDH is studied and the results
obtained are shown in Fig. 8. As can be observed from
this figure, decreasing the LDH V/m from 1 to 0.05 L g™*
increased the uptake % from 45 to 98% whereas decreased
the adsorbed amount from 23 to 2.5 mg g~'. The increase
of uptake percent with decreasing V/m values is attributed
to the increase of the number of functional groups at the
Co(I)-Fe(II) surface. The probability of collisions between
LDH particles at higher adsorbent masses increased particles
aggregation and the diffusion path length while the surface
area of the solid phase decreased. Accordingly, the adsorp-
tion capacity of the synthesized LDH towards *’Mo(VI) is
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Fig.8 Effect of V/m (L g’l) on the adsorption of “Mo(VI) on
LDH (C,=50 mg L', contact time=2 h Temp.=30 + 1 °C and
pH=3.5+0.05)

decreased with decreasing the V/m value. Based on the data
given in Fig. 8, 0.125 L g~! was chosen to be the optimum
V/m value for conducting the adsorption experiments of this
work.

Effect of foreign anions

One of the most important parameters that should be studied
is the factor of foreign ions. Based on this parameter the abil-
ity of the adsorbent LDH material to remove *’Mo(VI) from
liquid waste containing coexisting anions could be estimated.
Therefore, The impact of the foreign anions (C17, NO;™,
SO, and CO;™?) at different concentrations on adsorp-
tion of *’Mo(VI) on LDH is investigated at C,=50 mg L™,
pH=3.5, contact time=2 h and V/m=0.125 L g~!. The
results obtained are shown in Fig. 9. This figure represents
that C1™ ion mostly had no effect on the adsorption effi-
ciency of *’Mo(VI) where recovery value more than 90% are
achieved at the studied concentration range. For NO;™ and
SO,*" anions, it is found that the recovery value decrease
from 99 to about 80% with increasing these concentration
from 5x 10 to 1 mol L™, on the other hand, adsorption of
%Mo(VI) radionuclides when coexisted with CO;>~ anions
resulted into a sharp decrease in the recovery percentage.
This sharp decrease can be attributed to the alteration of
the solution pH to higher values. Accordingly, the aqueous
species of Mo(VI) at pH 3.5(H,Mo00,, HMoO,~, MoO,*",
H;M00,,*~and Mo,0,,%7) are changed to MoO,>~ which is
the predominant species at pH values higher than 6. Herein
the abrupt reduction in the recovery percentage of “Mo(IV)
is ascribed to the competition between *Mo0,*~ and
CO32_ for intercalation into Co(II)-Fe(III) layered double
hydroxide. For the other studied anions, it is found that
thesis coexistence with *Mo(VI) had no influence on the

00 01 02 03 04 05
Conc. (M)

Fig.9 Effect of foreign anions on adsorption of *Mo(VI) on LDH
(C,=50 mg L pH=3.5+0.05, contact time=2 h and V/m=0.125
Lg™h

solution pH. Therefore, this deleterious effect is attributed to
the competition between the predominant *Mo(VI) anionic
species at pH 3.5 (HMoO,~ and Mo0O,?") and the foreign
anions (C17, NO;™ or S0,%7). Since these anion slightly
decrease the recovery percentage of *’Mo(VI) this comple-
tion with thesis completion with this anionic species only,
it can be concluded that about 45% of *Mo(VI) that exist at
pH 3.5 as H,MoO, are adsorbed onto Co(II)-Fe(III) layered
double hydroxide via formation of hydrogen bond rather
than anionic exchange.

Thermodynamic studies

The influence of temperature on adsorption of *’Mo(VI) on
the synthesized LDH was investigated in the rang 20-50 °C,
and the results are presented in Fig. 10. This figure shows
that temperature played a significant role in the present
adsorption process. By increasing temperature from 20 to
50 °C, the distribution coefficient value is increased from
0.75to 3 L g~'. this enhancement in the K, value suggested
that adsorption of *?Mo(VI) onto Co(II)-Fe(IIT) LDH is
endothermic process.

Based on the data given in Fig. 10, free energy change
(AG®) of the present adsorption process is calculated using
the following equation [39]

AG° = —RTInK, @)

where R is the universal gas constant (R=0.008314 kJ/
mol) and T is the absolute temperature in Kelvin. While
the other thermodynamic parameters enthalpy change (AH )
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Fig. 10 Effect of temperature on sorption of “’Mo(VI) on LDH
(C,=200 mg L™, pH=3.5+0.05, Contact time=2 h and V/m=0.1
Lg™h

and entropy change (AS°) are calculated according to the
following relation [39]:

AS®  AHC
"R RT ®)

InK, =

Values of AS° and AH® are estimated by from inter-
cept and slope of the linear plot of Ln K, versus %, respec-
tively. The obtained values are recorded in Table 2. This
table shows that the free energy change exhibited a positive
value (AG°=0.691 kJ/mol) at 20 °C while negative val-
ues (AG°=—1.847 and — 3.160 kJ/mol) at higher tempera-
tures. These data indicate that adsorption of *’Mo(VI) onto
Co(II)-Fe(IIT) LDH was more spontaneous and thus more
favorable at higher temperatures. Besides, the AG values
especially at the higher studied temperatures suggested that
physical adsorption was the main mechanism for recovery
of 99Mo(VI) by the concerned adsorbent. On the other hand,
the positive value of enthalpy change (AG°=37.873 kJ/mol)
confirmed that the present adsorption process was endo-
thermic in nature. Eventually, the positive entropy change
(AS°=0.127 kJ/mol K) indicated the increase of random-
ness at the solid- liquid interface.

Table 2 Thermodynamic parameters for adsorption of “’Mo(VI) onto
Co(I)-Fe(Il) LDH

Tempera- AG° (kImol™")  AH° (kImol™)  AS° (kJ mol' K™
ture (K)

293 0.691 37.873 0.127

313 —1.847

323 —-3.160

@ Springer

Adsorption isotherm

The effect of the initial ion concentration of **Mo(VI)
in the range 4.5-350 mg L~! on its adsorption on
Co(II)-Fe(IIT) LDH is studied at pH=23.1. As can be
seen by the data depicted in Fig. 11, the uptake percent-
age of “Mo(VI) is significantly influenced by its initial
concentration in the working solution. By increasing the
initial concentration from 10 to 350 mg L~!, the uptake
percentage is decreased from 99.8 to 63%, which can be
ascribed to saturation of Co(I)-Fe(III) LDH sites. On
the contrary, the experimental data given in Fig. 11 show
that the adsorbed amount of *’Mo(V1) is greatly improved
with increasing is initial concentration. This enhancement
is attributed to the increase of the mass driving force of
PMo(IV) towards the synthesized LDH.

In current study, three non-linear isotherm models are
applied to analyze the adsorption isotherms of **Mo(VI)
onto Co(II)-Fe(IIT) LDH material. These models are Fre-
undlich (Eq. 9), Langmuir (Eq. 10) and Temkin (Eq. 11)
which are represented by the following equations [40]

q, = KC)" ©)
quLCe

9e = T~ 10
1+K;C, (10)

q, = ByLnA;C, (11)

where C, is the PMo(VI) equilibrium concentration (mg
LY, g, is the amount of adsorbate uptaken (mg g=') and q_,
is the maximum adsorption capacity (mg g~").

100
90—.
80—.
70—.
60—.
50

40 -

Uptake (%)

30

20

0 T T T T T T T
0 50 100 150 200 250 300 350 400

Initial Mo(VI) concentration (mg L'l)

Fig. 11 Effect of initial concentration on sorption of P'Mo(VI) on
LDH (pH=3.1+0.05, contact time=2 h and V/m=0.125L g~')
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Non Linear fitting of the experimental adsorption iso-
therm data of *Mo(VI) onto Co(II)-Fe(III) LDH, by the
non- linear method of analysis using Origin Pro 8.5 soft-
ware, to the aforementioned isotherm models (Eqgs. 8—10)
are represented in Fig. 12 values of the obtained isotherm
parameters, correlation coefficient R? and error functions,
reduced chi- square (Xz) and residual sum of square (RSS),
are recorded in Table 3. The significant low in the corre-
lation coefficient value resulted from evaluating Temkin
isotherm model (R*=0.667) for the present adsorption iso-
therm data suggested it’s in applicability. On the other hand,
Freundlichs isotherm model shows a higher correlation
value (R?=0.991) than Langmuir (R*=0.969), with lower
values for reduced chi-square (X2 equals 0.796 for Freun-
dlichs and 3.047 for Langmuir) and residual sum of square
(RSS equals 3.978 and 15.233 for Freundlichs and Lang-
muir, respectively).Based on these findings, it is concluded
that Freundlichs is the best isotherm models for describing
the present experimental adsorption data of ’Mo(VI) onto
the synthesized Co(Il)-Fe(III) LDH.

Maximum adsorption capacity and comparison
with other studies

The data given in the present research work indicate that
PMo(VI) was efficiently recovered by Co(I)-Fe(III)
through a wide pH range of 3—10.5. To further evaluated the
efficiency of the synthesized LDH, its maximum adsorption
capacity towards *’Mo(VI) radionuclides was experimentally
determined at pH 3.5. It is found that Co(II)-Fe(IIl) LDH
had a maximum adsorption capacity of 255.175 mg g~ for
“Mo(VI). By comparing this value with those reported in

30

B Data
— Freundlich
254 — Langmuir
—— Temkin

20

de (mg g™)

0 T T T T T T T T T T T T T
0 20 40 60 80 100 120 140

-1
Cp(mgL )

Fig. 12 Non-linear models Freundlich, Langmuir and Temkin

Table 3 Isotherm parameters for adsorption of PMo(VI) onto Co(Il)—
Fe(1II) LDH

Isotherm model Parameters and error functions Value
Langmuir qy, Model (mg g™ 38.117
K, (L mg™) 0.018
R, 0.425
R? 0.969
X’ 3.047
RSS 15.233
Freundlich Ky (mg -/ LV o1y 2.236
1/n 0.516
R? 0.991
X’ 0.796
RSS 3.978
Temkin Ky (Lgh 9.037
b (kJ mol™) 2.758
R? 0.667
X2 32.751
RSS 163.754

literature using other adsorbents Table 4, it is concluded
that the synthesized Co(II)-Fe(III) show a comparable value.

Desorption study

Desorption of ?Mo(IV) loaded onto Co(II)-Fe(IIl) LDH
is investigated using various desorbing agents (NaCl,
NaNO;, Na,SO, and Na,CO;) at the concentration range
of 5% 107*~1x 1072 mol L~!. The results obtained are
represented in Fig. 13. This figure demonstrates that C1~,
NO;~and SO,>~ mostly failed to desorb *’Mo(VI) ions even
at high concentrations where maximum desorption per-
centage of about 10% is recorded using 1x 1072 mol L~!
S0,>~.whereas, 42% of **Mo(VI) loaded onto Co(IT)—Fe(III)
LDH is desorbed using CO32_ at the higher studied concen-
tration, which is attributed to replacement of *Mo(VI) ani-
onic species (HMoO,~ and MoO,*") with CO;>~ ones. The
inability of CO32_ to completely desorb *’Mo(VI) loaded to
LDH is presumably attributed to adsorption of large amount
of *Mo(VI) as H,Mo0, species via formation of hydrogen
bond with the adsorbent.

Conclusions

Co(II)-Fe(IIT) LDH material was successfully synthesized
and employment as an adsorbent for uptake of *Mo(VI)
from aqueous solutions. The data showed that the synthe-
sized LDH had the efficiency to uptake *’Mo(VI), uptake
% =~ 98, through a wide pH range of 3—10. This implies
that Co(II)-Fe(III) LDH succeeded to adsorb the different

@ Springer
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Table 4 Comparison of the

) . . Sorbent Quax (Mg g7 References

maximum sorption capacity of

LDH for *’Mo(VI) with other Metal-organic framework UiO-66 335 [41]

sorbents Mesoporous aluminum oxides (mesoporous aluminum oxides) 112 [6]
Insoluble chitosan sorbent 123 [42]
Mg-Fe-NO;-LDH 21.3 [43]
Iron-based adsorbents 8.3126 [44]
Strong (Amberlite IRA-400) 177
Weak (Amberlite IRA-743) 208 [45]
Mesoporous aluminum oxides 112 [6]
Starch-acrylamide/nanohalloysite composite 524 [46]
ZnCl, activated carbon developed from coir pith 18.9 [47]
Co(II)-Fe(IIT) LDH 255.175 This work

predominant species of *’Mo(VI) present in aqueous solu-
tion which includeH,M00,, HM0O,~ and MoO,*~ in this
pH range. The kinetic data at pH 3.5 showed that 2 h were
sufficient to attain equilibrium and these data were better
fitted by the pseudo-second order kinetic model than the
pseudo — first- order one. Of the studied isotherm models,
Freundlich was the best one for fitting the adsorption equi-
librium data. Experimental determining of the adsorption
capacity of Co(II)-Fe(IIT) LDH toward **Mo(VI) at pH 3.5
resulted into a maximum value of about 255 mg g~'. The
calculated values of the free energy change revealed that
adsorption of “Mo(VI) onto LDH was more spontaneous at
the higher studied temperature and the enthalpy change value
(AH®=37.873 kJ/mole) indicated that it was an endother-
mic process. Although various desorbing agents at different
concentrations were evaluated for desorption of **Mo(VI)
loaded onto Co(II)-Fe(IIl) LDH, but maximum desorption

100

Il NaCl

80 -Na2804
70 [ NaNO,

60

90

50

401

Desorption %

30

20 1

- .

1%x10° M

0 ;
5x10* M
Desorbing agent concentration (mol L'l)

5x10° M 1x10> M

Fig. 13 Desorption of *’Mo(VI) by different concentration solutions

@ Springer

percentage of about 40% was achieved by 1x 107> mol L™!
Na,CO;. Adsorption of Mo(VI) onto the synthesized LDH
at pH 3.5 was suggested to proceed via formation of hydro-
gen bond (through H,MoO, species) and anion exchange
between its anionic species (HMoO,~ and MoO,*") and
CI™ anions at the inter layer region of Co(II)-Fe(III) LDH.
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