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concentration, adsorbent dosage, ionic strength and temperature on sorption
efficiency was studied using batch technique. It was found that sorption of Eu(l11)
and Ce(l11) ions on synthesized adsorbents could be described more favorably by
pseudo-second-order kinetic model. Sorption data have been interpreted in terms
of both Freundlich and Langmuir isotherms. Desorption of Eu(lll) and Ce(lll)
ions from loaded samples was studied using different eluents. The data suggest
the possible use of synthesized sorbents for separation of these lanthanides from
their aqueous solutions.

Introduction

Lanthanide elements enter environment through different
pathways as a result of the rapid increase in their usage
in several fields of modern industry, as well as a variety
of applications in nuclear fields [, As a representative
member of lanthanides, europium typically appears in
the oxidation state +3 and in some cases the oxidation
state +2 1. The radioisotopes of europium are used as
burn up monitors to evaluate the performance and
characteristics of reactors fuels [, 152154 Ey is one of the
most hazardous contaminants presents in radioactive
wastewaters due to its relatively high energy (hard y-
emitter) and long half-life (13.54 and 8.5 y).

Cerium is one of the rare earth elements (REEs) which is
used extensively in chemical processes, luminescence,
catalysis, nuclear energy, metallurgy, microelectronics,
and therapeutic applications [, Cerium, like other REEsS,
is considered to be toxic, but its toxicity is in low to-
moderate range P,

Various methods such as selective precipitation, ion
exchange [, solvent extraction ', membrane filtration (!
and adsorption ¥ have been employed for separation of
different lanthanide elements from agueous solutions.

* Corresponding author.
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Sorption approach is widely used in treatment of rare
earth elements-bearing solutions due to its multiple
superiorities of easy operation, low cost, high availability
and favorable removal performance .

Various materials like zeolite, clay minerals, polymeric
materials, iron oxide nanomaterials, and activated
carbons, etc. were commonly used as adsorbents for
these lanthanide elements M1, However, many of these
materials encountered some drawbacks that limit their
application in practice, such as low adsorption capacity,
low efficiencies and separation inconvenience [12,
Therefore, it is necessary to develop novel sorbents to
overcome these disadvantages.

Graphene is a kind of typical quasi two-dimensional
laminar carbon material. Graphene oxide (GO), the
oxidized form of graphene, is one of the most important
graphene-based materials that holds many oxygen
functional groups such as epoxy, hydroxyl and
carboxylic groups between the lamellas. GO exhibits
high sorption capacity for removal of heavy metal ions,
cationic dyes and organic pollution from aqueous
solution M3, Zhao et al. [ prepared few-layered
graphene oxide (FGO) and proved that FGO exhibits
higher sorption capacity for Pb(ll).
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Manganese (Mn) is one of the most abundant elements
in Earth’s crust that easily oxidized to various Mn
oxide/hydroxides as a-MnOz, 8-MnO,, B-MnO2, ao-
MnOOH, 6-MnOOH, and y-MnOOH. Manganese
dioxide (MnOy) is one of the most stable manganese
oxides which have excellent physical and chemical
properties under ambient conditions %, These Mn
oxides/hydroxides play important roles in the fate and
transport of heavy metal ions and/or radionuclides in the
natural water and soil environment. They were used to
pre-concentrate some naturally occurring radioisotopes
from their natural sources [l In addition, Warwick et
al. 11 studied the sorption of Eu(lll) by MnO; and
observed quantitative sorption at all pH wvalues.
Combining MnO2 with carbon based materials such as
graphene oxide can improve its physico-chemical
properties 118, Hence, many investigations were carried
out on synthesis of GO-MnO; composite and applying it
as sorbent for separation of different metal ions from
aqueous solutions [191,

The objective of the presented work is to investigate the
preparation a new and effective sorbent such as: GO,
MnO; and GO-MnO, composite for sorption of 152+154
Eu and #'Ce from their aqueous solutions. The effects
of pH, contact time, initial metal concentration and
temperature on Eu(lll) and Ce(lll) sorption onto
synthesized sorbents were studied. Adsorption Kinetics,
isotherms and thermodynamic parameters were also
evaluated and reported.

Subjects and Methods

Chemicals and Reagents

All chemicals used were of analytical grade purity and
were used without further purification. Graphite (fine
powder extra pure) was purchased from Merck Co.,
Germany. A stock solution of 1000 mg L Eu(lll) ions
was prepared by dissolving the required amount of
europium oxide in a definite volume of concentrated
hydrochloric acid and re-dissolved in double distilled
water to obtain a clear solution. While Ce(lll) ions were
prepared by dissolving the required amount of cerium
oxide in a definite volume of a mixture of HNO3 and
H20 (1:1 ratio by volume), and re-dissolved in double
distilled water to obtain a clear solution.

Synthesis of Graphene Oxide (GO)

Graphene oxide (GO) was synthesized according to the
modified Hummers method 2, In detail, 69 ml of
concentrated H.SO4 (98 %) was added to a mixture of
graphite (1.5 g) and NaNOs (1.5 g) with continuously
stirring in ice bath until a uniform paste was formed.
After that, KMnOs (9.0 g) was added gradually to the
above paste while keeping the temperature less than
20°C to prevent overheating and explosion. The mixture
was removed from ice bath and stirred at room
temperature for 2 h. The color of the suspension would
become bright brown. Then, 90 ml of distilled water was
added. The temperature of the suspension would reach
quickly to 98°C and the color would change to yellow.
The diluted suspension was stirred at 98°C for 12 h and

30 ml of 30 % H»0, was added to the mixture to ensure
the completion of reaction with KMnO4. The
suspension was then filtered and washed several times
with distilled water. After that, the suspension was
centrifuged at 4000 rpm for 6 min. To fully exfoliate
GO sheets, the resulting solution was sonicated using a
tabletop ultrasonication cleaner for 1 h. After that, the
remaining solid material was dried at 80°C for 24 h.
Synthesis of manganese dioxide (MnOy,)
Manganese oxide was prepared by dissolving 0.5 g of
KMnO4 was dissolved in 30 ml of bi-distilled water. To
this solution, 10 ml of ethanol was added drop-wise
where brownish precipitate of MnO, was formed
according to the following reaction:
4KMnO4 + 3CH3CH20H — 3CH3COOK + 4MnO; +
KOH + 4H,0
The precipitate was filtered and washed extensively
with bi-distilled water until pH of the water is 7. Then,
the precipitate was dried at 100°C [21,
Synthesis of GO-MnO, composite
GO-MnO- composite was synthesized by mixing of GO
with MnO; on a weight ratio of 5:1. A black-brown
powder, with uniform color, was obtained. The obtained
powder was immersed in bi-distilled water and
irradiated with ultrasonic waves for 1 h. No additional
washing was needed and the final yield was denoted as
GO-MnO; 221,
Preparation of radioisotopes
152+154Ey and 4'Ce isotopes were produced by neutron
irradiation using the Egyptian Research Reactor ARE-
RR-2 at Inshas, Egypt. An accurate weight of europium
and cerium oxides were separately wrapped in a thin
high purity aluminum foil and placed in a thick
aluminum irradiation capsule which was then subjected
to pile neutrons in the reactor. The irradiated targets
were left for a period of time to cool. After cooling, the
irradiated europium oxide was dissolved in a minimum
volume of concentrated hydrochloric acid. While
cerium oxide was dissolved in a mixture of HNO3 and
H20. (1:1 ratio). After complete dissolvation, the
solutions were heated to dryer, then redissolved in bi-
distilled water. The prepared isotopes were used as
tracers in equilibrium and kinetic measurements. The
radioactivity of the prepared isotopes was -
radiometrically assayed using a single channel analyzer
supplied with a well type Nal (TI) detector.
Characterization methods
The morphology of the synthesized sorbents was
depicted using Jeol scanning electron microscope,
model JSM-6510A from Japan. The system operates
with primary beams have electrons ranged from 5 to 30
keV. Fourier transformer infrared (FT-IR) of type
Nicolet is10 spectrometer from Meslo, (USA) was used
to analyze the surface functionality of prepared samples
using disc technique. The sample was thoroughly mixed
with KBr as a matrix. The spectrum was recorded at a
wavelength of 400-4000 cm™. X-ray diffraction of
Model XRD 490, Japan, was employed to determine the
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crystalline phase. The scanning was measured at values
of 20 in the range from 10 to 80°, using a CuK, radiation
of an incident beam (A = 0.15406 nm) monochromator.
Shimadzu TGA-DTA system of type TGA-DTA-50,
Japan, was used for measuring the weight loss and phase
changes of samples, respectively. The heating rate was
10°C mint in presence of nitrogen gas to avoid thermal
oxidation of sample. Raman analysis was carried out
using a Horiba Jobin Yvon HR 800UV with a 532 nm
He—Ne laser as a light source. MICROMERITICS
GEMINE 2375 surface area analyzer, (USA), was used
for measuring the specific surface area of the
synthesized sorbents using the standard adsorption of N;
gas.

Sorption experiments

The sorption experiments were carried out using batch
technique. The experiments were performed by
contacting 0.01 g of the synthesized sorbents and 5 ml
solution of europium or cerium ions have 50 mg. L*
initial concentration and traced with 152*1%4Eu or 41Ce
radionuclides in sealed glass bottle. The mixtures were
stirred at room temperature (25 = 1°C) for 2 h using a
flask shaker (SF1, stuart scientific, UK).

After equilibrium, sorbents were separated by
centrifugation and supernatants were subjected to -
radio assay. The activity of supernatants was measured
using a single channel analyzer supplied with a well-
type Nal(TI) detector. To explore the role of different
experimental parameters, numbers of experiments were
carried at different conditions. For pH experiments, the
initial pH was varied between 2 and 7 and the values
were adjusted using solutions of NaOH and/or HCI.
Also, samples were taken at different time periods
ranged from 5 min to 48 h to determine the time at
which sorption equilibrium was attained. The sorbent
dosage was varied in the range 0.005 - 0.1 g. Sorption of
studied lanthanides was carried out at different initial
concentrations ranged from 25 to 300 mg. L. A set of
sorption experiments were also carried out at 20, 30, 40,
50 and 60°C to determine the sorption thermodynamic
parameters. The uptake percent in our investigations
were determined according to:

Uptake percentage (U%) =

(Co-Ce)/Cox100 1)

where: C, is the initial concentration and C. is the
concentration at equilibrium.

The adsorbed amount of metal ions was calculated as
follows:

0= (Cs—Ce) XVIm ()

where: ge is the amount of metals ions adsorbed by the
synthesized sorbents (mg.g?), V is the initial solution
volume (L) and m is the sorbent dose (g).

Results and Discussion

Characterization

The synthesized GO, MnO; and GO-MnQO; composite
were characterized using different techniques as using
FTIR spectroscopy, scanning electron microscope,
thermal analysis, X-ray diffraction, and Raman
spectroscopy and revealed data are discussed below.

FT-IR analysis

The IR spectra of GO, MnO; and GO-MnO; composite
are presented in Fig. 1. The spectra show bands at 3400
cm™' could be assigned to the hydroxylic group of
moisture, or carboxylic groups on the surface of the
synthesized sorbents 23, The peaks detected around
2925-2851cm™ may due to asymmetric and symmetric
C—H stretching vibrations in aliphatic —CH originating
from the surface of GO sheets [?4l. The bands revealed at
1730, 1620 and 1400 cm™' could be attributed to the
stretching vibrations of carbonyl groups C=0, C=C and
carboxyl =C-O groups, respectively. The band observed
at 1335 cm™' may be ascribed to bending vibration of
the hydroxyl group of COOH. The peak exhibited at
1035 cm™!' may due to stretching vibration of epoxy —-C—
O group @1 It is indicated that abundant oxygen
containing functional groups exist on the surface of GO
sheets GO-MnO, composite 26, The IR spectrum of
MnO: in Fig. 1b show peak at 1625 cm™' is due to the
O-H bending vibration 2], the peaks at 509 and 460
cm ! are referred to Mn—O vibration 6], Compared with
Fig. 1b, Fig. 1c shows an additional sharp peak around
510 cm™! which can be attributed to the Mn—O and Mn—
O—Mn vibration of MnO; 28, So, the FT-IR spectrum
reveals that MnO; particles were decorates the GO
sheets.

SEM study

Fig. 2 shows the SEM images of GO, MnO; and GO—
MnO; composite. MnO. image exhibited almost
spherical morphology with large aggregates and a
typical flower structure of MnO; with rough
agglomeration 1, GO and GO-MnO; exhibited similar
lamellar wrinkled structures and MnO; ultrathin flakes
are loosely assembled and closely anchored on both
sides of GO sheet, representing a multilayer flake
structure, but the sheets of GO stacked together due to
its strong inter-planar interactions and GO sheets have
been exfoliated and decorated randomly with structure
the MnO, [19.29],

Surface area measurements

Surface area and porosity are two important physical
properties that impact the quality and utility of any
adsorbent material. The Brunauer, Emmett and Teller
(BET) technique is the most common method for
determining the surface area of powders and porous
materials of any solid sorbent. Nitrogen gas adsorption
and desorption isotherms were applied in measuring the
surface area and pore volume of synthesized sorbents
and the corresponding results are listed in Table 1. BET
surface area was determined by a multipoint BET
method using the adsorption data in relative pressure
(P/Py) ranged from 0.05 to 1.09. The nitrogen
adsorption volume at the relative pressure (P/P,) of
0.9865 was used to determine the pore volume and
average pore size for synthesized samples.

According to BET method, the synthesized sorbents
have specific surface area of 34.27, 18.09 and 45.74
m2.g~' for GO, MnO, and GO-MnO, respectively. The
total pore volume attains the values 0.03, 0.02 and 0.05
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cmi.g! for GO, MnO; and GO-MnQO;, while their pore  These properties declare the promising surface
diameters have the values 1.61, 2.1land 3.91 nm,  characteristics of the GO-MnO, composite to be used as
respectively. It is obvious from these data that the GO—  novel sorbent for removal of different metal ions from
MnQO; composite have higher values of Sger, Ve and Dp  aqueous solution.

compared with that of their precursors GO and MnOs..
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Fig. 1: The FT-IR spectrum of the synthesized (a) GO, (b) MnO; and (c) GO-MnO; composite.

Fig. 2: SEM images of the synthesized (a) GO, (b) MnO- and (c) GO-MnO; composite.
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Table 1: Surface area parameters of the synthesized sorbents

Surface area parameters
Sorbents
Sger (M2 g7™) Ve (cmd. g™) Dp (nm)
GO 34.27 0.03 1.61
MnO: 18.09 0.02 2.11
GO-MnO2 45.74 0.05 3.91

Thermal analysis

The thermal stability of GO, MnO; and GO-MnO;
composite was studied using TGA and data are shown in
Fig. 3. The thermograms of GO is represented in Fig.
3a. The figure shows two distinct weight losses were
observed on the TGA profile of GO. An initial weight
loss was observed with rising temperature up to 170°C.
GO exhibited a loss in weight amounted to 13.98 %.
This loss could be attributed to the removal of physically
adsorbed water molecules %, The gradual weight
decreases in a temperature range of 170-250°C could be
attributed to the removal of the residual oxygenate
groups, such as hydroxyl, carboxyl, and carbonyl groups
on the surface of GO and the loss of interlayer water
molecules. This weight loss was amounted to ~ 67.91 %.
In the temperature range of 250—-630°C the weight loss
was amounted to ~ 14.48 %. This could be attributed to
the burning of carbon sketch of GO. The thermal
analysis of the MnO; particles is shown in Fig. 3b.
MnQO; particles shows two major weight losses between
50 and 800°C. The first weight loss (about 13.33 %) was
revealed below 200°C and could be attributed to
removal of physically adsorbed water molecules and
dehydration of MnO,. The second small weight loss
(about 6.56 %) occurred between 200 and 800°C and
could be attributed to the loss of lattice oxygen species
corresponding to the reduction of tetravalent manganese
[31]

It is clear that MnO; particles are stable within the
temperature between 25 to 800°C. The result of TG
analysis of the GO-MnO; composite is shown in Fig.
3c. A weight loss amount to 11.19 % was detected
below 200°C. This weight loss could be attributed to the
removal of surface-adsorbed water. Another weight loss
was observed at temperature ranged from 190 to 300°C.
This weight loss was amounted to 4.05 % and could be
attributed to the removal of interlayer water molecules
impeded in lattice structure 2. In addition, the
composite suffered from an additional loss in its weight
with rising temperature from 300-800°C. This weight
loss was amounted to 37.63 % and could be revealed to
the decomposition of carbon sketch through burning of
GO B2, From TGA analysis, it can conclude that,
addition of MnO; to GO improves thermal stability of
GO.

X-ray diffraction

The XRD measurements of graphite, GO, MnO; and
GO-MnO, composite are exhibited in Fig. 4. The
obtained diffractogram of graphite powder is given in
Fig.4a. This figure shows a very sharp diffraction peak
at 20 = 26.6° corresponding to the diffraction of (002)
plane and a diffraction peak at 26 = 53.5° corresponding
to the diffraction of (004) plane (JCPDS card no. 8-
415). These peaks are characteristic to the graphite
powder [, GO shows a strong and sharp diffraction
peak at about 20 = 10.6° corresponds to the (001)
reflection plane of stacked GO sheets as shown in Fig.
4b. Also, a peak detected at 20 = 43° that might be
attributed to the (100) crystal plane of graphene oxide.
MnO, particles exhibit four broad diffraction peaks
could be identified as (001), (002), (200) and (310)
diffractions for the birnessite MnO- structure (JCPDF
43-1456) 34 as shown in Fig. 4c It is important to note
that the (001) diffraction peak at 20 ~ 12.2° (for MnO>
birnessite) and (002) at 26 ~ 25° is a fingerprint of this
layered MnO. allotrope. Also, (200) and (310)
diffraction peaks at 20 ~ 37° and 20 ~ 66 ° are
commonly observed in manganese oxide diffraction
patterns [34 3%, Finally, GO-MnO; composite, the (001)
reflection peak of layered GO has almost weaken as
shown in Fig. 4d. This result correlated with the report
that the diffraction peaks of MnO, become weakened or
even disappears whenever the regular stacks of GO are
exfoliated [36],

Raman spectroscopy

The Raman spectra of synthesized GO and GO-MnO;
composite are recorded in Fig. 5a&b. The figure
clarifies Raman band at 1584 cm™' for GO which is
denoted as G band (Graphite band). It was related to the
C—C bond vibration of the carbon material with a sp?
orbital structure 7). This band was shifted to 1597 cm™!
in GO-MnO, composite, fig. 5b. The Raman band
appeared at 1338cm™! was denoted as D band (Disorder
band) for GO and GO-MnO; composite, respectively.
This band could be attributed to the disorder-induced
vibration of C-C bond in the graphitic layers 8. The
Raman band appeared at ~ 630 cm™! could be referred
to Mn-O vibration in GO-MnO; composite. This band
confirms the formation of a composite between GO and
MnO particles 9,
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Fig. 5: Raman spectra of the synthesized GO and GO-MnQO; composite.

Sorption study

The sorption of Eu(lll) and Ce(lll) ions from aqueous
solutions onto the synthesized GO, MnO; and GO-
MnQO; composite was carried out using batch technique.
The various parameters affecting the sorption of these
lanthanides were investigated individually to optimize
their sorption on the synthesized samples. The results
obtained are discussed in the following sections:

Effect of pH

The solution pH is an important factor affecting both the
sorbate and sorbent properties. The effect of pH on
sorption of Eu(Ill) and Ce(Ill) onto the synthesized
samples was carried out at different pH values ranged
from 1 up to 7 and the data revealed are given in Fig. 6.
The plots clarify that sorption of Eu(lll) and Ce(lll)
increases with increasing pH up to ~ 2.5 for Eu(lll) and
~ 3 Ce(lll). It was observed that at low pH values,
sorption of Eu(lll) and Ce(lll) ions was low which is
probably due to protonation of surface active sites and
the increase of HszO* ions concentration in aqueous
solution. Thus, the competition between HsO* and both
Eu(lll) and Ce(l11) ions for the available binding surface
active site decreased Eu(l11) and Ce(l11) uptake (%1, With
increasing the initial pH values, the concentration of
HsO* ions decreased and the protonation of the function
groups in sorbent surface increased, attaining a negative
charge . Hence, the attraction between the surface of
the metal ions and the positively charge site in sorbent
surface was enhanced. At pH value > 4, the adsorption
percentage continuously increased and that could be
attributed to the precipitation of REE as hydroxides.
Effect of contact time

The effect of contact time on sorption of Eu(lll) and
Ce(Il1) lanthanides onto the surface of the synthesized
samples was studied at different agitating times, and the

data obtained are represented in Fig. 7.

At the initial stage of contact, the sorption rate of
Eu(lll) and Ce(I11) was relatively rapid and the sorption
was highly increased with increasing contact time up to
1 h. The sorption of Eu(lll) ions by the synthesized GO
and GO-MnO; composite increased with time till
reached equilibrium after ~ 2 h, the sorption extent still
constant up to 24 h. In contrast, sorption Eu(ll) and
Ce(lll) onto MnO; sorbent was occurred through a
relatively low rate and extended up to 24 h to attain
equilibrium. Generally, 24 h was considered as a
suitable contact time to reach equilibrium in the rest of
other experiments.

The sorption of Ce(Ill) onto GO and GO-MnO, composite
was slightly increased with time up to 5 h, while 24 h to reach
equilibrium in sorption onto MnO sorbent. The uptake
percentages of Eu(lll) onto the synthesized GO, MnO. and
GO-MnO; composite are 98.03, 75.67 and 98.42%,
respectively. The values 88.94, 74.36, and 91.26 % were
recorded for Ce(lI1) sorption onto the synthesized GO, MnO;
and GO-MnO; composite, respectively. The rapid sorption at
initial contact time is related to the availability of a large
number of active sites on the adsorbent surface. The plots also
clarify that the further increase in contact time beyond 2 and 5
h for sorption of Eu(ll) and Ce(lll) ions onto GO and GO-
MnO; composite, and 24 h for their sorption onto MnO;
particles slightly increased uptake percentages. Generally, an
equilibration period of 24h was selected for all further
experiments.

The maximum sorption capacity of synthesized samples for
sorption of Eu(lll) and Ce(lll) ions from aqueous solutions
was compared with other sorbents reported in the literature
and the data are given in Table 2. From the data, it indicates
that GO-MnO; composite has a high sorption capacity
comparing with other adsorbents.
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Fig. 6: Effect of initial pH on sorption of a) Eu(lll) and b)
Ce(111) ions onto synthesized sorbents (Co = 50 mg.L?, teq = 24

Fig. 7: Effect of contact time on sorption of a) Eu(lll) and b)
Ce(l11) ions onto the synthesized sorbents (Co, = 50 mg.L?, V/m
=500 mL.g%, pH = 3.01).

h, V/m =500 mL.g%).

Table 2: Comparison between Eu(l11) and Ce(l11) sorption capacity with other adsorbents reported in literature

Element adsorbent gmax(mg/g) Reference
GO 81.22 Present work
MnO, 70.75 Present work
GO-MnO; 103.43 Present work
Eu(lll) Fes04/GO 70.15 [42]
Al,Os/expanded graphite 5.14 [43]
(Poly acrylamide-acrylic acid)-Kaolin 54.64 [44]
Magnetic GMZ bentonite 40.50 [45]
Natural bentonite 14.9 [46]
GO 735 Present work
MnO; 67.11 Present work
GO-MnO; 101.71 Present work
Ce(llD) acetylacetone-modified silica gel 19.40 [47]
Uranium Antimonate 34.4 [48]
Activated carbon 9.66 [49]
Cladophora hutchinisia 74.9 [50]
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Sorption kinetics

The experimental results were fit to pseudo-first-order
and pseudo-second-order models to analyze the sorption
kinetics of Eu(lll) and Ce(lll) ions on the synthesized
samples.

A simple pseudo-first-order model was used to correlate
the rate of reaction and it was expressed as follow 3;

0g(qe = ) =l0g qe ~ 5703t 3)
where: q. and q, are the amounts of metal ion sorbed on
sorbents at equilibrium and time t (mg. g7'), ks is the
pseudo-first-order rate constant (min~!). Plotting the
relation of log (ge —qt) versus t for sorption of Eu(lll)
and Ce(l11) ions onto synthesized samples gave straight
lines. The constants of pseudo-first-order model were
graphically estimated, and data are given in Table 3.

In addition, Pseudo-second-order model was used to
describe sorption kinetics studies using the following
equation [2;
i — L + l t (4)
a  ksqz q.

where: g, and q, are the amounts of metal ion sorbed on
the sorbent at equilibrium and time t (mg. g'),
respectively, kg is the pseudo-second-order rate constant
(g- mg~t. min1).
The pseudo-second-order constant (Ks) along with the
correlation coefficient were graphically determined and
are listed in Table 3. The obtained results clarify that the
correlation coefficient (R?) is extremely high and closer
to unity for pseudo-second-order model compared to
that of pseudo-first-order model. Also, the amounts of
metal ion sorbed (ge) determined using pseudo-second-
order model are near to the experimental ge values. This
indicates that the kinetic of pseudo-second-order model
fit the revealed experimental results. In addition, the
sorption of studied REEs on applied sorbents may
attained through a chemisorptive process. The rate-
determining step in sorption system may be chemical
sorption involving valency forces through sharing or
exchange of electrons between sorbate and sorbent.
Sorption isotherms
Sorption  isotherms  express the  mathematical
relationship between the concentration of a sorbate in
liquid phase and its sorption degree onto a sorbent
surface at a constant temperature. The experimental data
were analyzed using Langmuir and Freundlich isotherm
models. Freundlich model was selected to fit the
revealed experimental results of Eu(lll) and Ce(lll)
sorption onto synthesized sorbents. The model equation
in non- linear form is represented as [°3:

qe = KrC'™ (5)
where: C. is the equilibrium concentration of metal in
solution (mg.L?), ge is the amount sorbed of metal
ion(mg.g%), Ks is Freundlich isotherm constant (mg®-
UM Yngl), 1/n is a Freundlich isotherm exponent
constant related to the sorption intensity.

The values of Freundlich isotherm model parameters
were determined. These values, in addition to the values
of the correlation coefficients (R?), are given in Table 4.
Langmuir model is based on the assumption of
monolayer formation of adsorbate ions on the
homogeneous adsorbent surface. The model equation in
non- linear form is given as [4I;

— 4max KL Ce
e~ "1 ke, ©)

where: K is Langmuir constant related to the intensity
of adsorption (L.mg?) and gmax is the maximum
adsorbed amount of Eu(lll) and Ce(lll) ions (mg.g?).
The relation C. and ge for sorption of Eu(l11) and Ce(lI)
ions onto synthesized samples in non-linear form for
Freundlich and Langmuir isotherm models are
represented in Fig. 8&9. The constants of Langmuir
isotherm model were graphically determined and their
values along with correlation coefficients (R?) are listed
in Table 4.
Comparing the calculated correlation coefficients (R?) for
Freundlich and Langmuir models listed in Table 4, it could be
concluded that, the correlation coefficients (R?) of the
Langmuir and Freundlich models for the adsorption of
Eu(ll1) and Ce(lll) ions on the synthesized GO,
MnO;, and GO-MnO; composite are nearer to 0.99.
Also, the amounts of metal ion sorbed on sorbents
ge calculated from Langmuir model near to
experimental e, indicating a better fit with the
adsorption Process follows the Langmuir model.
This result indicates that the monolayer adsorption
of Eu(lll) and Ce(ll1) ions on the synthesized GO,
MnO; and GO-MnO; composite is expected [40],
Sorption thermodynamics
In any sorption process the thermodynamic
parameters should be considered to determine what
processes  will  occur spontaneously. The
parameters (Gibbs free energy change (AG®),
enthalpy change (AH®) and entropy change (AS®)
was calculated using the following equation (7):
AG° = —RT InK, (7)
where: R is the ideal gas constant (8.315x10-
kJ.mol-t. K1) and T is the absolute temperature in
Kelvin (K). Based on changing the distribution
constants with temperature, the relation between Ky
and the thermodynamic parameters AH® and AS°
can be described by Van’t Hoff equation [55I:

AS° " AH°
Ink, = (8)

R RT

The relation between In Kg, 1/T is represented in
Fig. 10. The values of the parameters AH® and AS®
were graphically estimated from the slopes and
intercepts of the linear plots of In Ky versus 1/T
and summarized in Table 5. The positive values of
AH® indicate the endothermic nature of sorption
process. The negative AG® values indicate the
uptake of Eu(l1l) and Ce(ll1) ions on synthesized
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samples were achieved through a favorably spontaneous
process 8. The positive values of AS® also demonstrate the
increase in degree of randomness at the solid-liquid interface
during sorption of Eu(l1l) and Ce(lll) ions onto the applied
samples 571,

Desorption study

Desorption of Eu(lll) and Ce(lll) ions from loaded
synthesized GO, MnO, and GO-MnO, samples was
performed using different organic and inorganic eluents.
The used organic eluents were Oxalic, Malonic, Mandelic,
Citric, Succinic acids and EDTA, while the inorganic eluents
were HzPOg4, HCI, MnCly, FeCl; and AICIs. The results are
shown in Fig. 11.

The plots illustrate that Eu(l11) and Ce(lII) ions were hardly
eluted from the adsorbent surface using organic eluents as
0.01 M oxalic acid, 0.001 M Malonic acid, 0.01 M Mandelic
acid, 0.01 M Citric acid, 0.01 M Succinic acid. Also, the
inorganic eluents 0.001 M HzPOs, 0.001 M HCI hardly
eluted Eu(l11) and Ce(l11).

In contrast, both metal ions were easily desorbed with using
0.01 M EDTA, 0.01 M AICI3, 0.1 M FeClz and 0.1 M
MnCI; solutions. The percentages of Eu(lll) eluted from GO
were 90.98, 88.99, 83.80 and 29.04 % with using 0.01 M
EDTA, 0.01 M AICI;, 0.1 M FeClz and 0.1 M MnCly,
respectively. The amounts of Eu(lll) eluted from MnO;
using the previously mentioned eluents were 75.08, 58.85,
71.94 and 21.35 %, respectively.

Also, the amounts of Eu(lll) eluted from GO-MnO,
composite using the same eluents were 90.51, 23.08, 73.52
and 13.33 %, respectively. The percentages of Ce(lll) eluted
from GO using the previously mentioned eluents were
97.21, 59.86, 98.90 and 58.02 %, respectively. The amounts
of Ce(11l) eluted from MnO; using the previously mentioned
eluents were 43.96, 81.31, 85.58 and 51.43 %, respectively.
Finally, the amounts of Ce(lll) eluted from GO-MnO;
composite using the previously mentioned eluents were
46.92, 98.55, 97.22 and 39.46 %, respectively. This may be
to ion exchange of Al(ll1), Fe(lll) and Mn(ll) with Eu(llT)
and Ce(lIl) ions. The amounts of Ce(lll) eluted from GO,
MnO, and GO-MnO, composite using 0.01 M citric acid
were 22.35, 36.55 and 24.85 %, respectively. On other hand,
this eluent has no effect on desorption of Eu(lll) ions from
these sorbents. From these data Eu(lll) ions were easily
eluted with 0.01 M EDTA than Ce(lll) due to EDTA form
complex with Eu(Ill) with stability constant 17.35 higher
than Ce(lIl) in which EDTA form complex with Ce(lll)
with stability constant 15.98. Also, Ce(lll) ions were easily
eluted with 0.01 M AICI3 than Eu(lll) due to ionic radius of
Ce(l11) (1.03 A°) is higher than ionic radius of Eu(lll) (0.95
A% and easily exchanged with Al(111) which has low ionic
radius(0.53 A°). This variation in desorption percentages
may be referred to the involved sorption mechanism and the
physico-chemical properties of these sorbents.

Table 3: Kinetic parameters and correlation coefficients (R?) of pseudo-first-order and pseudo-second-order kinetic
models for Eu(l11) and Ce(I11) sorption on the synthesized sorbents

Kinetic parameters ElEiEit
Eu(l11) Ce(l1)
Model Parameters GO MnO> GO-MnO> GO MnO> GO-MnO>
Pseudo- Kt (min™) 0.011 0.004 0.012 0.008 0.003 0.008
first ge (Mmg. g™ 2.745 9.829 3.299 13.75 18.98 17.33
order R? 0.889 0.906 0.784 0.868 0.949 0.903
S.D. 6.24x10% | 1.99x10* 9.53x10* | 4.92x10* | 1.14x10* 3.93x10*
ks (9.mg L. min™") 0.023 0.004 0.017 0.003 0.001 0.002
Pseudo- | h (mg.g'.min™) 14.43 1.50 10. 927 14 0.298 0.911
second ge (Mmg. g™ 24.894 17.547 25.05 21.83 16.2127 20.99
order R? 0.999 0.997 0.999 0.998 0.998 0.999
S.D. 6.23x10° | 9.96x10* 6.98x10° | 7.25x10* | 1.02x107 4.82x10*

Table 4: Freundlich and Langmuir isotherms constants for Eu(l11) and Ce(l11) ions sorption onto the synthesized sorbents

Element
Model Parameters Eu(lll) Ce(l11)
GO MnO2 GO-MnO> GO MnO: | GO-MnO2
ke 41.95 6.37 48.49 19.52 4.33 19.17
Freundlich constants | 1/n 0.244 0.394 0.239 0.251 0.522 0.291
SD 0.462 0.135 0.408 0.422 0.121 0.282
R? 0.941 0.986 0.952 0.961 0.983 0.974
Qmax 108.74 58.24 113.41 66.82 87.32 80.72
e KL 0.392 | 3330.023 0.674 0.113 0.013 0.081
SD 0.053 0.003 0.001 0.023 0.001 0.013
R? 0.981 0.989 0.975 0.961 0.993 0.974
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Fig. 9: Langmuir isotherm plots for sorption of a) Eu(lll)

Fig. 8: Freundlich isotherm plots for sorption of a) Eu(lll) / )
and b) Ce(lll) ions onto synthesized sorbents (pH = 3.01,
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Table 5: Thermodynamic parameters for for Eu(l11) and Ce(l11) ions sorption onto the synthesized sorbents

Thermodynamic parameters
Element Sorbents Temperature AG°- AS° AH°
(°C) (kJ.mol™?) (kJ.mol1.K1 (kJ.mol %)
20 5.642
30 6.282
GO 40 6.923 0.064 13.119
50 7.563
60 8.203
20 1.300
30 3.227
Eu(l1l) MnO: 40 7.754 0.453 133. 956
50 12.282
60 16.809
20 7.874
30 9.255
GO-MnO2 40 10.635 0.138 32.753
50 12.016
60 13.396
20 2.468
30 3.967
GO 40 5.449 0.148 40.919
50 6.931
60 8.412
20 0.607
30 3.483
Ce(111) MnO: 40 7.572 0.409 120.437
50 11.662
60 15.752
20 3.580
30 4.362
GO-MnO; 40 5.144 0.078 19.327
50 5.926
60 6.708
Conclusion 101.71 mg/g for Eu(lll) and Ce(lll), respectively. The

In this study, GO, MnQO; and GO-MnO, composite
were synthesized and applied as sorbents for some rare
earth elements. Sorption of Eu(lll) and Ce(lll) ions
from aqueous solutions have been carried out using
batch technique. The sorption behavior of Eu(lll) and
Ce(lll) ions at different experimental conditions has
been examined and the results obtained show that
sorption process is dependent on pH value. The
maximum sorption capacity of GO was 81.22 and
73.50 mg/g for Eu(lll) and Ce(lll), respectively, and
sorption capacity of MnO; was 70.75 and 67.11 mg/g
for Eu(lll) and Ce(lll), respectively, and sorption
capacity of GO-MnO, composite was 103.43 and
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