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Abstract

An adsorbent GO/TiO2 nanocomposite has been synthesized and characterized. FTIR, XRD, TGA, TEM, SEM and
EDX were used to characterize the prepared composite. In a batch method, the adsorption properties of the prepared composite
against thorium ions were examined. Th(IV) adsorption kinetics study on GO/TiO2 suggests that the adsorption equilibrium
attained within 240 min and depends on the pH value. The adsorption results were expressed mathematically by using Langmuir
and Freundlich sorption models. The nanocomposite showed the highest Th(IV) adsorption of 292.32 mg/g at pH 2.5 and 25
°C. The thermodynamic results indicated a thermodynamically favorable, random and exothermic nature of the adsorption
process. The obtained results demonstrate that GO/TiO2 nanocomposite can be regarded as a fast, effective and convenient
water-based adsorbent for adsorption of Th(IV). This study suggests that nanocomposite can be a promising candidate for the

removal of Th(IV) from aqueous solution.
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1. Introduction

Thorium as one of the normally occurring
radioactive components has a wide dispersion of
minor or follow sums in an enormous number of
minerals. Diverse thorium applications [1], [2]
produce different wvaporous, fluid and strong
radioactive pollutants. The characteristic radioactivity
of the most inexhaustible thorium radioisotope (Th-
232) and the advancement of its radioactive daughter
products (Rn, Po, Bi, Ra) are the most significant
restricting elements in most of thorium modern uses
[3], [4]. Besides, in view of the two its radioactivity
and harmfulness, thorium is a notable component to be
cancer-causing and  dangerous  poison  [5].
Subsequently, exceptional consideration has been
given to remove and isolate thorium from wastewater
in a conservative and safe way from the perspective of
ecological assurance. The potential utilization of
graphene oxide (GO) in the extraction of heavy metals
[6], [7] , colored dye atoms and radionuclides from
aqueous media [8]-[10] has pulled in significant
enthusiasm because of its high specific surface area
(hypothetical estimation of 2630 m?/g) with lamellar
structure and the presence of oxygen containing
groups (hydroxyl, epoxy, carbonyl and carboxyl).
Kadam et al. discovered GO membrane adsorption
capacity of 380 mg/g for Cd(I1) or 580 mg/g for Cu(ll)
at pH 4.0 when KMnO. was nine time higher than

graphite [7]. Jie Li et al. indicated that the spatial
element changes the particular adsorption of Th(IV)
on GO from the Th(IV)/U(VI) double particle
arrangement, from which we found that the interlayer
separation of GO-adsorbed U(IV) was decreased
contrasted with that of GO [11]. In the literature, the
tendency of titanium dioxide (TiO2) to adsorb other
ions and radionuclides effectively together with
thorium, cesium, strontium, fluoride and uranyl has
been confirmed [1], [12]-[16]. Many studies were
conducted on the evaluation of GO and TiO; based
hybrid content in optical, catalytic, electrical and
sensing purposes. However, no work has been
conducted on the direction of this composite material
to extract thorium or other ions within the literature. In
this study, GO/TiO, hybrid nanocomposite was
synthesized using a facile method to evaluate its ability
to remove thorium from aqueous media.
2. Materials and methods
2.1. Preparation of thorium stock solution

Stock solution of thorium (1000 mg L) was
freshly prepared by dissolving specific amount of
Th(NO3)4.4H,O (WINLAB company) in 7 ml of
concentrated nitric acid (Merck company). The
prepared solution was diluted to 1 liter using DI water
and the desired concentration (20 — 200 mg L) was
prepared from the stock. The experimental work was
carried in Safeguards analytical laboratory at the
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Egyptian Nuclear and Radiological Regulatory
Authority (ENRRA).
2.2. Synthesis of GO/TiO2 hanocomposite

For the synthesis of  GOITiO;
nanocomposites (Scheme 1) 0.09 g of GO (prepared
by modified Hummer’ method as reported in our
previous work [17]) was dispersed by sonication in 60
ml of ethanol (Sigma-Aldrich company) for 60 min,
then 15 ml of Titanium  isoperoxide
([Ti(OCH)(CHas)2]a, Merck) was added. The resultant
solution was then agitated for 30 min at room
temperature. After that 0.5 ml HCI (1 M, Honeywell)
and 15 ml of DI water were added dropwise with
stirring the reaction at room temperature for 24 hrs. In
order to remove any remaining organic traces, the
sample was then centrifuged and washed with DI
water. Finally, the prepared GO/TiO, nanocomposite
dried at 80°C.

TiO:
coon
eo

- c

Scheme 1. The synthesis route of GO/TiO;
nanocomposite and photocatalytic experiment.
2.3. Characterization

The crystalline nature of the prepared
samples were examined using X-ray diffractometry
(XRD) using wide angle X-ray scattering (Bruker axs
D8, Germany, Egyptian Petroleum Research Institute)
from a Cu-k, radiation at 298 K. ATR-FTIR spectra
were recorded using a Nicolet Nexus 470 spectroscope
(Orion, USA, Egyptian Petroleum Research Institute),
equipped with a ZnSe ATR crystal (at an incident
angle of 45°). Thermal gravimetric and differential
thermal analysis was acquired using (TGA 6200, SlI
thermogarvimetric analyzer from seiko Instrument
Inc., Japan, Cairo University). Each sample was
placed into aluminum crucible for measurement.
Rheometric science from 20 to 1000 °C at a heating
rate of 10°C min'* and a nitrogen flow of 200 mL min
. Transmission electron microscopy (TEM) was
performed with JEOL (TEM-1230, Japan, National
Research Center) operating at acceleration voltage of
100 kV. Samples that dispersed in deionized water
were transferred to carbon coated copper grids and left
to dry before testing. The surface morphology of the
synthesized nano-sized composite was investigated by
scanning electron microscope (SEM, JEOL6510LA,
with accelerating voltage 30 kV, Japan, Egyptian
Nuclear and Radiological Regulatory Authority
(ENRRA). The composites were sputtered with gold
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before imagining. EDX detector was attached to the
SEM system which used to examine the element that
are present in the nanocomposite.
2.4. Batch adsorption experiment

The thorium adsorption behavior as
functional of initial thorium  concentration,
temperature, ionic strength, pH and filtration time on
the prepared nanocomposite was investigated using
batch technique. Such tests were performed using 100
ml glass bottles adding different amounts of the
prepared adsorbent and 20 ml of Th(IV) solution. The
initial concentrations (Co) changed in the sequence
(20, 40, 80, 100, 140, 180, 200) mgL™. The glass
bottles were then sonicated for 10 min, and subjected
to shaking at 150 rpm at 25 °C. The solution’s initial
pH was modified using minimal amounts of 0.1 M
HNOs to optimal values. To ensure that adsorbents are
dispersed homogeneously in the solution and that the
kinetic adsorption is complete, the solution was stirred
at 150 rpm for 24 hrs. After that, the solid adsorbent
was separated by filtration, and the amount of Th(IV)
ions in solution was measured using inductively
coupled plasma optical emission spectroscopy(ICP-
OES) technique before and after adsorption process. In
order to test the adsorption of thorium by glass bottle,
a blank solution with the same content without any
adsorbent was prepared. The thorium adsorption
capacity was calculated using the following equation
(1):
q=(C —C)VIm 1)
where q is the capacity of the adsorbent in mg/g, V the
volume of the used sample in L, Co and C: is the initial
and final concentration of Th(IV) ion in mgL™, and m
is the adsorbent weight in g.

3. Results and discussion
3.1. Characterization of GO/TiO2 nanocomposite
The chemical compositions of the
synthesized GOITiO; nanocompsite were
characterized by XRD and FTIR. GO was used to
integrally elucidate GO/TiO; structure. As illustrated
in Figure la, the GO/TiO, XRD patterns are well
assigned to the standard rutile TiO, card (JCPDS 21-
1276). The peak of GO which can be due to pyrolysis
of high temperatures. No distinctive diffraction peaks
of other phases or impurities were found in the
patterns, thus suggesting the high purity of the
GOITiO, samples. The lattice fringes, as shown in
Figure 1la, indicated that the particles are in good
crystalline nature. The GO/TiO, nanocomposite FTIR
spectra (Figure 1b) show the absorption bands
corresponding to the 1050 cm™ C-O stretching; 1250
cmt C-O-C stretching; 1400 cm™ C-OH stretching;
1620 cm? C-C stretching; and 1720 cm? C=0
carbonyl stretching [18]. They appear to be similar the
GO’s FTIR spectra, except for a strong FTIR band at
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537.66 and 915.96 cm™* is due to the Ti — O and O-Ti—
C, a broad peak at 778.13 cm® corresponding to Ti—
O —Ti beside all adsorption peaks of graphene oxide
.That confirmed binary GO/TiO2 nanocomposite
prepared successfully, indicated that the TiO, was
fixed in graphene sheets as a result of the strong
chemical reaction between graphene oxide and TiO;
,also The presence of Ti—-O-C bonds suggests that the

(@) A l GO/TiO:
A GO,

Intensity (a.u.)

10 20 30 40 50 60 70 80
2 Theta (deg.)

—COOH moieties groups on the graphene oxide
surface firmly interacted with the surface —OH groups
of TiO; particles. Furthermore, the carboxyl group of
graphene oxide could also coordinate with the titania
surface through the bridging bi dentate mode Thus,
TiO, particles were chemically bonded onto the
graphene oxide surface.

(b)

GO
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Figure 1. (a) XRD patterns of GO and GO/TiO, nanocomposite; (b) FTIR spectra of GO and GO/TiO, nanocomposite.

SEM analysis of the samples GO/TiO;
nanocomposite was assessed. Results for the obtained
nanocomposites are shown in Figure 2a. This
micrograph shows the existence of TiO, and GO
agglomerates and the latter are less visible due to the
high amount of TiO; relative to the GO. The TiO,
nanoparticles are also expected to adhere completely
to their surfaces. The EDX result shows the present
of the element C, O, and Ti in the composites being
prepared (Figure 2b). TEM images further visualized

[
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the detailed morphology and microstructure of
GOITiO2 nanocomposites as shown in Figure 2c, d.
The photographs demonstrated the morphology and
internal structure of the composites resulting from it.
Remember that a thin nanocomposite of TiO2 has been
developed with a mean diameter about approximately
13.7 nm. Additionally, Figure 2c, suggested that a
thick layer of TiO. was doped to the graphene particle.
The TEM results obtained suggested that TiO, was
mounted efficiently on GO sheets.
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Figure 2. (a) SEM image; (b) EDX spectra and (c) TEM image of the synthesized GO/TiO2 nanocomposite.

Another important feature which should be considered is the thermal stability of the synthesized material.

A useful tool for investigating this subject is
thermogravimetric
analysis. This approach offers the opportunity to rese
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arch the materials ' proportion and decomposition pro
cess, in addition to determining the sample stability a
gainst temperature. Figure 3 illustrates the synthesized



1356 Eman Kamal et.al.

GO/TiO, nanocomposite thermogram curve, it
indicated three main steps of mass change, the initial
weight loss at the temperature lower than 150 °C is due
to the removal of water i.e the evaporation of
physisorbed and nanconfined water. The major loss of
the weight at 150-300 °C, is due to the loss of
functional groups with the release of COy species i.e
the degradation of the functional groups on graphene
oxide (i) H2O release through the dehydration of the

3.2

neighboring hydroxyl groups and (ii) releasing of CO
and CO; from the decarbonation reaction [19]. Finally,
the destruction of the graphene carbon skeleton occurs
above 450 °C [20] that assigned to the carbon network
degradation and to the removal of the most stable
oxygen functionalities. From the properties of TGA
thermogram it can be inferred that the existence of GO
sheets in the TiO, matrix obviously affected the TiO;
thermal properties.

3.1 4
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Figure 3. TGA plot of the synthesized GO/TiO, nanocomposite.

3.2. Thorium adsorption from its aqueous solution
Solution pH value is an important parameter
which optimizes the sorption capacity due to pH
affecting the metal species in solution and the ligand
surface binding sites [21]. Experiments are therefore
carried out to study the effect of pH on the adsorption
of Th(IV) by increasing the pH from 1.5 to 4.5 and the
outcomes are shown in Figure 4. As shown in Figure
4, pH is the Th(IV) adsorption controlling factor, the
results demonstrate maximum sorption capacity for
Th(IV) onto GO/TiO2 nanocomposite at pH 2.5 with a
removal percentage of 99.90 %. It is clear that, in
acidic region, sorption is very low and as pH increases
the fraction of Th(IV) adsorbed on GO/TiO- and the
maximum adsorption is at pH 2.5. With further
increasing on pH there is no change in the sorption
efficiency. This observation can be interpreted at low
pH values, the sorbent surface would be closely
associated with H3O* hydroxonium ions that compete
with the positive Th(IV) ions for the adsorption sites
that prevent the adsorption of metal ions to the
functional surface groups. Increasing the pH value
further results in decreased sorption efficiency, the
functional groups on the surfaces of GO’s became
deprotonated and negatively charged GOs, leading to
more stable GO suspensions and electrostatic
attraction of GOs with Th(IV) [22]. It is found that in
acidic area, the sorption of thorium ions on GO/TiO;
nanocomposite is very small. Th(IV) adsorption
improved as the pH of solution increased due to
reduced competition for hydrogen ion and metal ions.
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To prevent blocking of GO at higher pH levels, pH 2.5
was chosen for metal uptake experiments.
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Figure 4. Effect of pH on the adsorption capacity of Th(IV)
on GO/TiO2 nanocomposite.

The effect of different salt concentration on
thorium adsorption was studied in order to study the
adsorption efficiency of thorium on GO/TIO;
nanocomposite more systematically and
comprehensively. Figure 5a shows the relationship
between ionic strength (0.5 to 2.5 M NaNOs) and
thorium  adsorption  capacity on  GO/TiO;
nanocomposite. The results show that the adsorption
of Th(IV) on GO/TiO, nanocomposite decreases with
increasing ionic strength. This observation could be
attributed to the presence of the competing cations of
the salt which will reduce the adsorption. On other
hand, ionic strength of a solution affected by the
activity coefficient of Th(1V), which reduce its transfer
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to composite surfaces [23]. So, as the ionic strength
increases, a thinner double layer can be produced by
the higher concentration of electrolyte ions, limiting
the interaction between the adsorbent and adsorbent
surfaces and decreasing adsorption [24], [25].
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Figure 5. Effect of ionic strength on the adsorption
capacity of Th(IV) on GO/TiO2z nanocomposite (Co = 100
mgL1,T=25°C , pH = 2.5).

Optimum contact time was determined by
varying the equilibrium time in a set of experiments
where the initial concentration of Th(IV) ions, solution
pH, quantity of GO/TiO, and temperature were kept
constant. The results in Figure 5a indicated that the
sorption capacity of Th(lV) on GO/TiO;
nanocomposite increases rapidly within 10 min and
reaches saturation at about 240 min. this because the
adsorbent surfaces become saturated. In addition, the
shift in the adsorption process of the equilibrium may
be related to the gradual completion of occupation of
the active adsorption sites available [26]. Additional
contact time increases have no effect on the effect on
the process of adsorption. Therefore, the further
experiments were done by 4 h balancing with the
sorbent.

3.3. Adsorption kinetics

Egypt. J. Chem. 64, No. 3 (2021)

The adsorption Kinetic studies are very
useful models to study of the adsorption mechanism
and also provide valuable scientific and theoretical
data for the construction of water treatment systems.
Thus, the widely used “pseudo-first-order” and
“pseudo-second-order” adsorption Kkinetic models
were adopted in this study to evaluate the time-
dependent thorium adsorption process and the method
of controlling thorium adsorption mechanism. The
pseudo-first - order model predicts that physical
interaction regulate the adsorption mechanism while
the pseudo-second - order model's proposed that
chemical interaction occurs across the actual
adsorption [27]. The fitting results and the
corresponding parameters of thorium adsorption on
GOITiO2 nanocomposite are shown in Figure 5b and
c, respectively. Clearly, the pseudo-second - order
matching better than the pseudo-first - order curves
because the pseudo-second - order demonstrated
higher correlation coefficients (R? = 0.997) indicating
that the rate determining step of the thorium adsorption
mechanism on GO/TiO, nanocomposite was
chemisorption.  Consequently, the  adsorption
mechanism will consider the interaction between
thorium and the adsorbent active functional groups
related to sharing of valence electron [28]. In this
study, the intra - particle diffusion model was studied
in order to even further illustrate the particle transfer
path during the adsorption process. Figure 5d
illustrates the fitting plot of g; vs. tY2. As can be seen
in Figure 5d, the graphs are made up of three phases
and don not pass through origin point, proposing that
the adsorption mechanism was not affected by single
variable. In contrast, the values of diffusion rate
arranged in the order ki > k, > ks, demonstrating that
thorium was at first adsorbed on the GO/TiO, outer
surface. The internal saturation finally accomplished
when the adsorbed thorium was eventually
transferred into the interior of the GO/TiO, via the
internal mass transfer driving force [29]. Finally, the
existence of GO surface coating enhanced adsorption
of thorium owing to huge number of active functional
groups in the GO. The chemical initiation effect
produced by the inner C-O bond promotes the
expansion of adsorbed thorium on the surface coating.
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Figure 6. (a) Effect of contact time on Th(IV) adsorption by GO/TiO2 nanocomposite, (b) pseudo-first order model, (c)
pseudo- second order model and (d) intra-particle diffusion model.

3.4. Adsorption isotherm

The relationship between the quantities
adsorbed by an adsorbent unit mass and the quantities
of solute staying in the liquid phase at equilibrium was
represented using the adsorption isotherm [30]. The
effect of the initial concentration on thorium
adsorption capacity was studied at different Th(IV)
concentrations of 20- 200 mgL*? at different
temperatures from 25 to 45 °C. Figure 7 illustrates the
impact of initial Th(IV) concentration on the thorium
adsorption capacity. The results indicated that the
adsorption ability of GO/TiO, steadily increased as the
initial concentration increased until equilibrium is
attained. The maximum adsorption capacity of 292.32
mg/g was obtained at an initial concentration of 100
mgL! and 25 °C. This pattern could be based on the
assumptions that the increase in the initial
concentration was accompanied by a stimulation in the
concentration 's mass transfer driving force at solid-
liquid interface, that may result in an increase in
thorium adsorption capability on the GO/TiO;
adsorbent [31].

Langmuir and Freundlich isotherm models
were used to investigate the adsorption isotherm. The
model Langmuir assumes that the adsorption process
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occurs on a homogeneous surface with comparable
adsorption  sites [32]. Langmuir isotherm’s

mathematical expression is given by Eq. (2):
Ce Ce 1

Qe=q+q_b (2)

where ge represents the amount of solute adsorbed per
unit weight of adsorbent (mg/g) at equilibrium; Ce is
the equilibrium solute concentration (mg/L) in
solution, g (mg/g) is the maximum monolayer
adsorption and b (L/mg) the Langmuir constants that
used to investigate the energy of adsorption and
correlated to the affinity of binding sites. On other
hand, the Freundlich model (empirical model) is based
on the assumption that the adsorption process is
multilayer adsorption on a heterogeneous surface [33]
and can be expressed by Eqg. (3):

logq, = logky + %log C, 3)
where ke and n are the Freundlich constants, which
represent adsorption capacity and adsorption intensity,
respectively. Figure 8a and b indicate the Th(IV)
adsorption isotherm data fitting to the Langmuir and
Freundlich isotherm models. The Langmuir plot R?
value is (0.997) and the equilibrium constant is 0.029
L/mg. The estimated maximum theoretical capacity
250.59 mg/g. Whereas Freundlich’s R? value is
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(0.985) and kg constant is 54.21. In the study, the
Langmuir equation, based on the correlation
coefficients, provides a better fit of experimental data
for Th(IV) adsorption over the entire concentration
range than the Freundlich. This observation suggests
the homogeneity of Th(1V) adsorption on the GO/TiO;
nanocomposite assembling with monolayer adsorption
formation.

The results above indicate that the thorium
adsorption process on the GO/TiO, was likely on
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specific homogeneous functional sites within the
GOITiO, i.e., thorium formed a uniformly distributed
monolayer on the GO/TiO; surface and was captured
using s site-to-site adsorption mechanism by related
functional groups (such as carbonyl, epoxy and
carboxyl groups). In conclusion, the lower coefficients
of the Freundlish models showed that chemisorption
accompanied by physical adsorption dominated the
thorium adsorption process.
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Figure 7. (a) Effect of initial Th(IV) concentration on its adsorption by GO/TiO2 nanocomposite, (b, ¢) Langmuir and (d)

Freundlish isotherm models.

3.5. Thermodynamic studies

The influence of temperature for thorium
adsorption capacity on GO/TiO, adsorbent is studied
in the temperature ranges from 25 to 45 °C, while all
other variables have been held constant at their
optimum values. The results were observed (Figure 8)
appear to suggest that, with rising temperature, the
thorium adsorption capacity decreased, proposing that
the process was exothermic one. Equation 4 can be
used to examine the thermodynamic properties such as
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enthalpy change AH (kJ/mol) and entropy change AS

(kJ/(mol K)) for Th(IV) adsorption on GO/TiO;
nanocomposite:
_ As®  AH®
InK,; = - o 4

Where Ky is distribution coefficient, R (8.314 J/mol K)

is the universal gas constant, T is the temperature in

Kelvin. It is possible to determine the standard free

energy change AG° from the next equation Eq. (5):
AG® = TAH® — AS® (5)
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Figure 8b represents the relations between In
Kg vs 1T for thorium adsorption on GO/TiO;
nanocomposite and the evaluated thermodynamic
variables are indicated in Table 1. The negative value
of AH for thorium adsorption illustrates that thorium
adsorption on GO/TiO, nanocomposite is an
exothermic operation. The assumption that the
enthalpy is negative is in accordance with the finding
that the thorium adsorption on GO/TiO;
nanocomposite is decreased by temperature increases.
Thorium’s adsorption positive AS°® reflects that the
spontaneity of the adsorption mechanism. While the
negative AG° values confirm the spontaneous nature
for the thorium adsorption on GO/TiO;
nanocomposite. On other hand, the values of AG°

300

250

N

S

S
1

acity (mg/g)

300 305 310 315 320

which increase with increasing temperature
illustrating that there is a higher degree of spontaneity
at higher temperature [34]. The thermodynamic
variables explained that in aqueous solutions there are
certain  structural changes in the GO/TIO;
nanocomposite adsorbents that influence their affinity
to thorium ions[35].

Table 1: Thermodynamic parameters of Th(IV)
adsorption

GO/TiOz nanocomposite

AH AS AG( kJ/mol)
(kd/mol) (J/mol 298.1K 303.1K 308.1 313.1
K)

-84.14 2883 -86.02 -87.46 -
88.90 90.35

4.0

T T T

3.8 u

3.6

3.4

3.2

3.0 |
2.8 4
2.6

T T
0.00310 0.00315

InK (L/mg)

0.00320 0.00325 0.00330
UT (KY)

(b)

Figure 8. Effect of temperature on (a) adsorption capacity and (b) Kq of thorium.
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4. Conclusion

In this study, the GO/TiO,
nanocomposite was prepared for the removal the
Th(IV) ions from aqueous media. It demonstrated an
excellent Th(IV) adsorption capacity equal to 292.32
mg/g at pH 2.5 and 25 °C. The adsorption process of
Th(IV) on GO/TiO, nanocomposite was independent
on ionic strength and dependent on pH. The Kinetics
study suggested that the adsorption process of Th(IV)
on GO/TiO, nanocomposite was fitted well by pseudo-
second-order Kkinetic model, and the thermodynamic
study that the adsorption process of Th(1V) fitted with
Langmuir models. Meanwhile, it was a typical
spontaneous and exothermic reaction based on the
values of AH®, AG® and AS°. These results indicated
that GO/TiO, nanocomposite were a promising
adsorbent, which was possible to be candidate for the
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removal of actinides ions from wastewater in the

future.
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