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Introduction

Investigation of MnO, nanoparticles-anchored
3D-graphene foam composites (3DGF-MnO,)
as an adsorbent for strontium using the central
composite design (CCD) methodf

Sibel Kasap, @2 *® Emine Nostar Aslan @2 ° and ibrahim Ozttrk 2 °

Strontium-90 is one of the dangerous fission products generated during electricity production in
nuclear reactors and the separation of this radionuclide from contaminated water is an important step in
safeguarding human health and minimizing the impact on the environment. In this research, the
adsorption of strontium ions onto 3DGF-MnO, composites is investigated. Three-dimensional graphene
foam (3DGF) was prepared by the chemical vapor deposition (CVD) method, then it was doped with
MnO, nanoparticles by the hydrothermal method. The 3DGF-MnO, composite was characterized by
Raman and XRD to reveal its chemical and structural properties. Raman and XRD results confirmed the
functionalization of the three-dimensional graphene foam with B-MnO, nanoparticles. Furthermore,
scanning electron microscopy showed that spindle-like agglomerated MnO, particles were decorated
on the interconnected 3DGF surface. BJH analysis indicated that 3DGF possesses mesopores and the
BET specific surface area of 3DGF was 34.01 m? g~1. The effects of adsorption parameters on the
adsorption process were evaluated by the response surface methodology (RSM) approach based on
central composite design. The analysis of variance (ANOVA) results showed that the applied model was
statistically significant due to high F (21.66) and very low P (<0.0001) values. Adsorption equilibrium
isotherms were analyzed using the Langmuir, Freundlich and Dubinin—Radushkevich models. According
to the Langmuir isotherm analysis, the maximum adsorption capacity of strontium ions on 3DGF-MnO,
was estimated to be 47.39 mg g~. The mean adsorption free energy (E) was found to be 7.07 kJ mole™*
using the D—-R model, indicating that the adsorption process occurs by physisorption. Finally, Thermo-
dynamic parameters such as Gibbs free energy (AG°), the enthalpy (AH°) and the entropy change of
adsorption (AS°) were also calculated and it was found that the adsorption process was spontaneous
and exothermic in nature.

in the human bone tissue because of its chemical similarity to
calcium and it continues to irradiate localized tissue causing

During the operation of nuclear power facilities, large volumes
of liquid waste, including radioactive isotopes such as cesium,
strontium, iodine, cobalt, plutonium, are generated. Among
them, °°Sr is of particular concern due to its high cumulative
fission yield (5-6%) and the emission of hazardous B-radiation.
Strontium-90 has very strong water solubility and therefore,
it can move with water down to the underlying layers of soil and
into the groundwater. As a result, it affects the food chain from
flora to fauna and humans. When it is taken into the human
body through the food chain, it can easily replace calcium ions
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many forms of cancer such as leukaemia and bone neoplasm.
Hence, the removal of radioactive strontium from water
is an important and challenging task for the nuclear power
industry."™”

The adsorption technique, including ion exchange, is consi-
dered one of the most versatile and effective approaches for the
selective separation of radionuclides from high-level radio-
active waste because of its high remediation yield, its practical
and cheaper usage and good tolerability to radiation, chemical,
thermal, and mechanical stress."”*'*> There are many kinds of
materials (such as zeolites,**'* perlite and clay minerals,">™°
nano-sized metal oxides including ferric oxides,?® manganese
oxides,”** titanium oxides,”?* hydroxyapatite,”® activated
carbon®”?® (AC), resin,?® carbon nanotubes®® (CNT), polymers®*
and graphene-based®*?* materials) that have been shown in
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literature to be selective radionuclide adsorbents. Among these
adsorbents, nano-sized manganese oxides have demonstrated a
large capacity for selectivity toward strontium ions in the presence
of competitive ions, especially Na*, K*, Mg?*, Ca**.?>* Therefore,
nano-sized manganese oxides have drawn great attention as being
among the most effective sorbents of strontium ions. However,
like other nano-sized metal oxides, nano-sized manganese oxides
are also prone to agglomeration due to van der Waals forces or
other interactions. Therefore, they are not suitable in fixed beds or
any other flow-through system. To improve the usability of these
adsorbents, they need to impregnate porous supports.>®

Nowadays, three-dimensional foam-like graphene-based
structures have started to receive significant attention in
adsorption technology because of their properties such as high
surface area, low density, and porous structure with large pore
volume.*”° The self-assembly method and chemical vapor
deposition method are two main approaches to obtaining
3D graphene foam.’"*> In the self-assembly method, natural
graphite powder is initially converted into reduced graphene
oxide (rGO) under strong chemical oxidants such as HNOs,
KMNO, and H,SO,. After that, rGO is used as a precursor to
produce 3D graphene and graphene-based composites using
different methods. Although rGO can be produced in large
amounts and it has abundant surface functional groups, the
hydrophobic rGO sheets are easily aggregated and restacked
due to the partial removal of hydrophilic functional groups
after the reduction of GO. In addition, the use of chemical
oxidants brings some disadvantages such as toxicity, corrosive-
ness and the presence of non-carbon impurities in rGO. Due to
these drawbacks, 3D graphene structures obtained from rGO
yield limited performance.**”*> In CVD, a carbonaceous source
is decomposed into carbon atoms by hydrogen at high tem-
peratures and the carbon atoms are deposited onto a porous
metal substrate to form 3D graphene foams. With this method,
more controlled, uniform, continuous and interconnected 3D
network graphene structures can be obtained. Therefore, it is
believed to be a specific candidate for adsorption technology.
Although graphene foam obtained by the CVD method seems to
bring many advantages to adsorption technology, the use of
this material alone is limited to adsorption technology because
of its lack of functional groups.’®™* Therefore, it needs to be
improved with other materials, such as metal oxides and
polymers, for use in adsorption technology.

In conventional experimental methods, generally, the opti-
mization of the operating parameters is carried out by only
changing one parameter while keeping the others at a constant
level. Hence, many experiments are required to find optimum
levels for each parameter. As a consequence, these techniques
have led to undesirable results such as time-consumption,
expense, the consumption of reagents and materials etc. Moreover,
interactions between the parameters are not revealed and thus,
these techniques are insufficient for explaining the influences of
parameters on the progress. Response Surface Methodology (RSM)
is an experimental design technique based on a collection of
statistical and mathematical methods. RSM can be useful when
a combination of several independent variables and their
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interactions affect desired responses. In this technique,
experiments are designed using an experimental design method
such as Central Composite Design (CCD), Box-Behnken design,
Plackett-Burman design to achieve adequate and reliable
measurement of the response of a parameter, then the ade-
quacy of the applied method is tested by analysis of variance
(ANOVA).>*>?

In this study, 3DGF-MnO, composites were developed as
adsorbents and their capacity to adsorb strontium from aqueous
media was investigated. Firstly, the 3DGF were obtained by the
CVD method, and then they were decorated with MnO, nano-
particles via the hydrothermal method. In this way, adsorbents
selective to strontium ions were obtained. The structural charac-
terization of these materials was conducted by the Brunauer-
Emmet-Teller technique (BET), Raman spectroscopy, X-Ray
Diffraction (XRD), FT-IR spectroscopy and scanning electron
microscopy (SEM), while magnetic properties were determined
by vibrating sample magnetometer (VSM). The adsorption beha-
viour of the magnetic foams was investigated by two sets of
experiments generated by the CCD method. Four independent
parameters, namely, pH, initial S** concentration (C), shaking
time and solid (3DGF-MnO,) to liquid ratio (m/V) were chosen
with the CCD method. To evaluate the effect of the parameters on
the adsorption process, three-dimensional response surface plots
were drawn. The significance of the CCD model and the effect of
individual variables or the interactions of the variables were
investigated by ANOVA. Optimum conditions were predicted by
using a mathematical model. Experimental equilibrium data
were fitted to the Langmuir and Freundlich isotherm models to
describe the relationship between Sr** ions and the 3DGF-MnO,
surface in solution. In order to explain the adsorption mechanism,
the mean adsorption free energy (E) was calculated using the
Dubinin-Radushkevich (D-R) isotherm model. Furthermore,
thermodynamic parameters such as Gibbs free energy change
(AG®), standard enthalpy change (AH°) and standard entropy
change (AS°) were calculated at four different temperatures
to evaluate the behaviour of the adsorption process versus
temperature.

Experimental
Fabrication of 3D-graphene foams (3DGF)

Graphene foams were fabricated by the CVD method under
vacuum. The fabrication procedures were carried out in a hori-
zontal quartz tube with diameter of 120 mm and 1400 mm
length. Nickel foams with 1.6 mm thickness (=>95% porosity,
99.99% purity), purchased from Alantum Advanced Technology
Materials, were used as templates. The foam pieces, cut into
10 mm X 10 mm dimensions, were placed horizontally in
the central zone of the quartz tube. The quartz tube was
initially evacuated using a dry pump to the base pressure of
2 x 102 Torr, followed by ramping the furnace temperature to
975 °C in 20 minutes under 100 sccm of H, and 275 sccm of Ar
flow. After reaching the desired fabrication temperature, the
foams were annealed for 10 min at constant temperature while

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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the gas flow was maintained to treat the nickel foam substrate
for more uniform growth. Then, 50 sccm of CH, as a carbon
precursor was delivered into the quartz tube for 12.5 min to
grow graphene over the Ni foam surface. Finally, the samples
were allowed to cool to ambient temperature under Ar gas flow.

To obtain free-standing graphene foam, the nickel template
was etched in 1 M FeCl; solution for 24 hours. After complete
etching of the nickel, graphene foams were transferred to
deionized water/HCl mixed solutions where they were left for
24 hours to clean the FeCl; residues. Finally, the samples were
taken out of the solution and dried at 80 °C for 30 min in
an oven.

Preparation of 3DGF-MnO, composites

3DGF-MnO, composites were prepared by the hydrothermal
method. Briefly, 0.05 moles of KMNO, and 0.02 moles of
MnSO,-H,0 were dissolved in 50 mL H,O, solution (1:1 molar
ratio of H,0, to distilled water) at room temperature. After the
dark-brown solution was obtained, the graphene foam pieces
were soaked in the solution, then the resulting mixture was
transferred to a Teflon-lined stainless steel autoclave (100 mL)
and the autoclave was maintained at 180 °C for 6 h. After the
reaction was complete, the products were taken out from the
vessel and washed with deionized water until pH = 7. Finally,
the samples were dried at 80 °C for 12 hours.

Analysis

The crystalline structure and morphology of the samples were
examined by Raman spectroscopy (Renishaw inVia Reflex),
X-Ray Diffraction (Bruker AXS Advance), FT-IR (Perkin Elmer
Spectrum) and SEM (Zeiss Gemini 1530) techniques. In order
to identify the morphologies of graphene and MnO, nano-
particles, Raman data were collected using a 532 nm laser
source with 2 pm spot size within the range of 100-3000 cm ™.
The XRD patterns were obtained at ambient temperature from
the 20 values measured within the range of 20°-80° under Cu
Ko X-radiation (Acy = 1.5406 A). The SEM images were taken at
20 KV to observe the structure of the 3DGF-MNO, composites.
The specific surface area of 3DGF-MNO, was determined by
the Brunauer-Emmet-Teller (BET) surface area measurement
technique (Micromeritics ASAP 2020) by using the nitrogen (N,)
adsorption-desorption multi-point method. The samples were
degassed in the flowing N, atmosphere at 200 °C for 24 h before
the measurements.

Design of experiments

To investigate the parameters for Sr adsorption onto 3DGF-MnO,,
a set of adsorption experiments was carried out according to CCD.
pH (Xy), the initial concentration of Sr** (C) (mg mL™") (X,),
shaking time (min) (X3) and ratio of solid (3DGF-MnO,) to liquid
(m/V) (mg mL™") (X,) were chosen as 4 independent parameters,
while the adsorption capacity of graphene foams was used as the
response variable.

The selected parameters were applied at 3 levels (low, basal
and medium) as —1, 0, +1 with six repeats at the central point
and eight-star points of —2 and +2 for —« and +a, respectively.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019
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The range and levels of independent parameters are summarized
in Table S1 (ESIt). A total of 30 experiments in the CCD matrix
were performed. Each experimental run was analysed and the
responses were correlated by using the following equation,

including linear and quadratic terms:*'*>

Vi= Ao+ 2aX; + apX® + Y agXiX; )

y; represents the predicted response, ao, a;, a; and a; are the
coefficients for constant offset, linear, quadratic, and inter-
action effects, respectively, and X; and X; are the independent
parameters.

ANOVA at the 95% confidence level was used to determine
the effect of independent parameters on the response. The
compatibility of the response surface model was improved by
calculation of the determination coefficient (R?). Significant
differences were evaluated using Student’s t-test and one way
ANOVA at the probability level of 0.05. The 3-D surface plots
were drawn to demonstrate the relationship and interaction
between the independent parameters and the response. The
optimal points were determined by solving the equation
derived from the final quadratic model and grid search in
RSM plots regarding the constraints in which the specific
surface area was at its maximum level.”>*

Adsorption experiments

The effects of independent parameters on the adsorp-
tion process were investigated by batch experiments using
1000 mg L~ of 88Sr (stable isotope) stock solution at a constant
temperature of 25 °C. Experiments were conducted using a
GFL 1086 water bath shaker equipped with a microprocessor
thermostat. For each experiment, 0.001 g of adsorbent was
added to the liquid phase. After reaching equilibrium, the
adsorbents were separated from the liquid phase using blue
ribbon filter paper. Final ion concentrations in liquid phases
were determined by Perkin Elmer Optima 2000 DV model
ICP-OES.

The adsorption capacity g. (mg g~ ') was calculated using
eqn (2):*

(Co—Co) x V

ge (mgg™') = — (2)

where C, and C, are the initial and equilibrium concentrations
in solution (mg L"), respectively; V is the volume of solution (L)
and m is the mass of adsorbent (g).

Results and discussion
Characterization of 3DGF and 3DGF-MnO, composites

The Raman spectra of 3DGF and 3DGF-MnO, composites are
given in Fig. 1. Characteristic peaks of graphene, the 2D and
G band, were observed at 2700 cm ' and 1600 cm ',
respectively.>® After 3DGF-MnO, formation, one additional
peak centred at 650 cm ™' appeared in the Raman spectrum,
which corresponds to the B-phase of MnO,,”® verifying the
incorporation of MnO, nanoparticles into the GF. The defect-
related D band, which is associated with the quality of

New J. Chem., 2019, 43, 2981-2989 | 2983
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Fig. 1 Raman spectra of 3DGF and 3DGF-MnO, composites.

graphene, is suppressed in the 3DGF spectrum,>® whereas,

it is a prominent feature in the spectrum of 3DGF-MnO,
(1325 em™"). This is because the attachment of MnO, NPs on
the sp” hybridized planar carbon increases the disorder in the
graphene crystal structure.

Fig. 2 shows the XRD spectrum of 3DGF and 3DGF-MnO,
composites, respectively. All the intense peaks in the XRD
pattern could be indexed using the JCPDS-ICDD. As shown in
Fig. 2(a), two diffraction peaks at located 26.5° and 54.5°,
namely (002) and (004) represent graphitic carbon. The diffrac-
tion peaks attributed to (110), (101), (200), (111), (210), (211),
(220), (002), (310) and (112) represent the structure of B-MnO,
(JCPDS card 81-2261). In addition, small diffraction peaks
centred at 26.5° and 54.5°, corresponding to the graphitic
phase,*® can be seen in the spectrum.

The morphologies of 3D-GF and 3DGF-MnO, were examined
by SEM, as shown in Fig. 3. In Fig. 3b, the graphene domains
are clearly seen on the nickel foam surface, where dark and
pale domains represent multilayer and single layer graphene
respectively. Fig. 3¢ displays the SEM image of graphene foam
without the nickel template. As revealed by the SEM image,
graphene foam retains the structure of the nickel template
with interconnected 3D characteristics and its skeleton shows a
continuous structure. Fig. 3d shows that the skeleton of 3DGF
is covered by spindle-like MnO, clusters.

The Brunauer-Emmett-Teller (BET) specific surface area
and pore size measurements of 3DGF-MnO, were studied by

T
(002)
—_—
)
—_—
N
v
(110)

(101)

(211)

Intensity (a.u)
Intensity (a.u)

20 30 40 60 70 80

50
20 (Degree) 20 (Degree)

Fig. 2 XRD spectra of 3DGF (a) and 3DGF-MnO, composites (b).
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Fig. 3 SEM images of bare nickel (a), GF on nickel (b), 3DGF (c) and
3DGF-MnO5 (d).

N, absorption/desorption. Fig. S1 (ESIt) shows the N, adsorp-
tion/desorption isotherm and the corresponding BJH pore-size
distribution curve of the 3DGF-MnO,. According to the isotherm,
the BET specific surface area of the composite was calculated
as 34.01m> g~', which was smaller than that of the 3D-GF
(295.55m” g~ ') (Fig. S2, ESIY). The cumulative pore volume and
the average pore size were calculated as 0.0994 cm® g~ and
8.07 nm, respectively, using the Barrett Joyner Halenda (BJH)
analysis. Furthermore, the isotherm was classified as type IV,
according to IUPAC classification, indicating the presence of
mesopores.®’

The weight percentage of each component in the 3DGF-
MnO, was calculated using TGA graphs (Fig. 4). The TGA curve
of pure 3D-graphene foam showed about 76.3% weight loss at
around 580 °C. On the other hand, 23.7% weight remained due
to the residual nickel. Based on the TGA curve of MnQO,, the
total weight loss was calculated to be 18.84% and two-step
weight loss appeared in the curve. The first step indicates an
11.1% weight loss upon heating from room temperature to

110 1 1 1 !

100

90 %

80

70

B
<
60
e
50
MnO2
40+ ——3DGF
——3DGF-MnO
30 2
20 T T T T
200 400 600 800 1000

Temperature (°C)

Fig. 4 TGA curves of 3DGF, MnO, and 3DGF-MnOs,.
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195 °C, attributed to the removal of adsorbed water. Subsequently,
weight loss of about 2% occurred in the temperature range of
518 °C to 910 °C, which indicated the transformation of MnO,
into Mn,0; with 2.5% weight loss. Due to the catalytic effect of
manganese oxides, the combustion temperature of carbon for
3DGFMnO, started at 545 °C, which is lower than 3D-GF. The
mass ratio of MnO, to graphene in the composite MG-3000 was
calculated to be 8:1.

Statistical analysis and fitting model

The CCD matrix of four independent factors along with experi-
mental and predicted responses is shown in Table S2 (ESIT).
The second-order polynomial equation was drawn between
the response variable and the input factors to explore the
mathematical relationship between independent factors and
response variable (capacity (mg g™ !)):

Y =7.84 + 2.47X; + 0.24X, + 0.06X; — 19.88X, + 0.11X;>
— 6.52 x 107%X,% — 2.28 x 10 X,% + 8.38X,% + 4.41
X 1072 X X1 X, — 0.02X,X; — 1.14X, X, + 3.98
x 107 X,X; — 0.06X,X, + 0.05X5X, (3)

The ANOVA (analysis of variance) study demonstrates that the
regression model is highly significant as a large F value and a
very low P value.?>*>® Therefore, the statistical importance of
the applied model was investigated using the F-test for ANOVA
with a 95% confidence level (P < 0.05) in this study. Table S3
(ESIT) indicates the ANOVA analysis for the applied model.
For this process, the p-value was found to be less than 0.0001
and the F value was 21.66 for the model. These results indicate
that the applied model is statistically significant. The R value
of 0.91 indicates that the applied model is at the 95%
confidence level.

The p-values and regression coefficient were analysed by
Student’s t-test and one way ANOVA at the probability level of
0.05 to explain the significance of the effects of the parameters
and their interactions on the response variables.’®>*>% As can
be seen in Table S4 (ESIt), the linear terms of three parameters
(X3, X,, X,) are given; the interaction effects between X;X; and
the quadratic effects of X, and X, were found to be statistically
significant (p < 0.05) in the adsorption process.

The relationship between the experimental and the predicted
values of response is presented in Fig. 5. The correlation value
for the graph was calculated as R*> = 0.95. This high correlation
(R* = 0.95) value depicts high coordination between the experi-
mental and predicted results within the range of the experiment.

The sign of the regression coefficient is an important
parameter for finding the effects of independent values on
responses.’®>*>® It can be seen from Table S4 (ESIt) that the
coefficient values for linear terms of two parameters including
X; (pH) and X, (initial concentration of Sr**) and the quadratic
effect of X, have a positive sign. Based on these results, it can
be said that these three terms showed significant positive
effects on adsorption process, meaning that the adsorption
capacity increases with increases in these terms. On the other
hand, the parameter X, (ratio of solid (3DGF-MnO,)/liquid)
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Fig. 5 The graph of experimental results versus predicted results.

showed a negative effect on the adsorption process, ie., the
adsorption capacity was decreased with increasing these terms.

The 3D-response surface plot (3D-RSP) is a graphical repre-
sentation of the regression equation; it shows combinations of
two tested variables when the others are kept at their zero
levels. This plot is useful for investigating desirable response
values and operating conditions. In this way, the interaction
between each independent variable can be understood easily
and the optimal values of parameters can be determined.

The 3D-response surface plots of interactions between
independent parameters on adsorption capacity (mg g~ ) were
plotted in Fig. 6(a)-(f).

The effect of pH. Adsorption principally occurs by the
electrostatic attraction between a solid surface and ions and
it is well known that pH is a key effective factor in the process.
As the pH of the solution changes, the surfaces of the 3DGF-
MnO, composites undergo protonation or deprotonation:*’

=MnOH," 2 =MnOH + H' 4)
=MnOH 2 =MnO~ +H" 5)

At lower pH values, protonation is the dominant mechanism.
Positively charged sites on 3DGF-MnO, in this study enhance
the repulsion forces between the sorbent surface and the Sr**
ions and results in the reduction of the adsorption capacity.
On the other hand, the sorbent surface undergoes deprotona-
tion at higher pH values. Due to increased negatively charged
sites on the sorbent, attractive forces between the surface
and Sr** ions increase, causing an increase in the adsorption
capacity. The effects of pH and initial Sr** concentration (C),
shaking time and ratio of solid (3DGF-MnO,)/liquid (m/V) on
Sr** adsorption are shown in Fig. 6a, b, and c, respectively.
As can be seen from these figures, the adsorption capacity rises
with increasing pH.

The effect of the initial concentration of Sr>*. The inter-
actions of the initial concentration with other parameters are
represented in Fig. 6a, d and e, respectively. As can be seen
in these figures, the adsorption capacity is increased with
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interaction between solid/liquid (m/V (mg mL™)) and shaking time (min).

increasing the initial concentration, then it starts to decrease
slightly when the initial concentration is increased. At the
beginning of the adsorption process, more favourable sites on
the sorbent are available and therefore, more Sr** ions are
imprisoned on the sorbent surface. However, the available sites
on the sorbent surface become fewer with increasing ion
concentration, and hence, the adsorption capacity of Sr*" ions
is decreased. In this study, the maximum adsorption capacity
for each experiment was reached at 80 ppm of initial Sr**
concentration.

The effect of shaking time. To investigate the effect of
shaking time on the adsorption process in this study, experiments
were conducted between 10 to 90 min. The interactions of shaking

2986 | New J. Chem., 2019, 43, 2981-2989

time with other parameters are given in Fig. 6b, d and f,
respectively. As can be seen in these figures, the adsorption
capacity shows a slight increase and then a slight decrease
between 10 to 70 min. We concluded that the effect of shaking
time on the adsorption process is unimportant.

The effect of the solid (3DGF-MnO,)/liquid ratio (m/V).
In order to examine the effect of m/V on the adsorption process,
a couple of batch experiments were carried out for m/V in the
range of 0.2-2 mg g '. In the experiments, the volume of Sr**
solution was changed in the range of 0.5-2.5 mL, while the
adsorbent dosage was kept constant at 10 mg. Fig. 6c, e and f
present the interactions of the m/V with other parameters in the
adsorption process. As depicted in the figures, the adsorption
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capacity decreased as the m/V increased. This is because the active
sites on the adsorbent decreased as the liquid volume increased,
thus the adsorbent (3DGF-MnQ,) reached saturation.

Determination of the optimum adsorption parameters

To determine the maximum adsorption capacity of Sr** ions on
3DGF-MnO,, the optimum values of the adsorption parameters
were evaluated by eqn (3). In Table S5 (ESIt), optimum values of
parameters are given. Based on these conditions, the maximum
adsorption capacity was calculated as 63.44 mg g~ .

Adsorption isotherms

Adsorption isotherms are a useful method for understanding
adsorption mechanisms, surface properties, and the affinity of
the adsorbent towards the adsorbate. They can also be used
to evaluate the adsorption capacities of the different sorbents
for pollutants in aqueous media.>®*’ In this study, three well-
known adsorption isotherms, namely, Langmuir, Freundlich
and Dubinin-Radushkevich (D-R), were used in order to inves-
tigate the adsorption mechanism.

The Langmuir isotherm model is the most commonly used
model. According to this model, active sites on the adsorbent
surface are limited and they are homogeneously distributed on
the surface; therefore, adsorption can only occur at definite
sites as a monolayer and there is no interaction between
adsorbed molecules. On the other hand, the Freundlich
isotherm model assumes that adsorbed molecules interact with
each other, thus multilayer formation occurs on the solid
surface. The linearized Langmuir and Freundlich equations
are given in eqn (6) and (7), respectively.”**”

qe B qmaxKL Gmax

C. 1 1
+—C; (6)

g. (mg g7') is the adsorbed Sr** amount at equilibrium, C.
(mg L") is the supernatant concentration at the equilibrium,
and gmax (mg g~ 1) and K, (L mg ') are constants representing
the maximum adsorption capacity and the Langmuir constant
related to the heat of adsorption, respectively.

Inge =1In Kf+%1ﬂ Ce (7)
K¢ (L g ") is a constant related to the adsorption capacity and
1/n is an empirical parameter related to the adsorption intensity.

Fig. 7 shows the Sr*" adsorption isotherms of 3D-MGF; there
was a good fit with both isotherm models. However, based on
the value of the correlation coefficient, R, the adsorption
mechanism of Sr** on 3D-MGF can be explained by the Freundlich
model. The Freundlich isotherm model assumes a heterogeneous
adsorption reaction. Hence, the Sr*>" adsorption capacity of 3D-MGF
does not depend on the number of binding sites. Also, the
adsorbed Sr** molecules interacted with each other and a
multilayer formation occurred on the 3D-MGF surface.
In addition to this, the adsorption affinity can be predicted
by a dimensionless empirical parameter n. Adsorption occurs
favourably when 1/n is between 0.1-1, whereas adsorption is
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more difficult when 1/n is greater than 2. In this experiment,
1/n was calculated as 0.13. This means that the examined
sorbent was favoured the uptake of Sr**, with calculated maximum
adsorption capacity of 47.39 mg g .

The D-R isotherm model is used to determine whether
the adsorption is physical or chemical. The linearized D-R

isotherm equation is represented as eqn (8):>*

Ing. = Ingy, — pe* (8)

where g. (mg g~ ') is the number of metal ions adsorbed at
equilibrium, g, (mg g~') is the maximum adsorption capacity,
p is the activity coefficient related to the mean adsorption
energy (mg® J ™), and ¢ is the Polanyi potential. The constant
b gives an idea about the mean adsorption free energy
E (k] mole "), which can be calculated using the relation-
ship and the E (k] mole ') value gives information about
the adsorption mechanism, physical or chemical. If E is in
the range of 8-16 k] mole™", chemical forces are driving the
adsorption process and the process is called chemisorption. In
the case where E is lower than 8.0 k] mole ", physical forces
affect the sorption mechanism and the process is called
physisorption.®”

E=—r (9)

The D-R parameters are represented in Table S7 (ESIT), where it
can be seen that the value of E for Sr*" ions was calculated as
7.07 k] mole™ ", which indicates that the adsorption mechanism
was carried out by physical forces and therefore, the adsorption
of Sr** onto 3DGF-MnO, is physisorption.
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Thermodynamic studies

Thermodynamics studies are a good way to obtain information
about the effects of temperature on the adsorption process.
In order to determine this effect on the adsorption process,
thermodynamic parameters such as Gibbs free energy change
(AG°), standard enthalpy change (AH°) and standard entropy
change (AS°) are used. The Gibbs free energy change (AG®) is

given by the following equation:***’

AG® = —RTInK, (10)

where Kj is the sorption equilibrium constant, R is the ideal gas
constant (k] mole” " K™') and T is the absolute temperature (K).

The values of enthalpy change (AH®) and entropy change
(AS°) are calculated from the slope and intercept of the plot of
In(Ky4) versus (1/T) using eqn (11):

AS AH

In this study, the effects of temperature on Sr*>" adsorption onto
3DGF-MnO, were investigated at temperatures ranging from
293 K to 333 K. The thermodynamic parameters of the adsorption
process are listed in Table S8 (ESIt).

The negative values of AH® and AG® indicate that the Sr**
adsorption process on 3DGF-MnO, is exothermic and sponta-
neous in nature.>*°” It can be seen from Table S8 (ESIT) that the
value of AG° decreased with increasing temperature. This
behaviour could be due to the adsorption process requiring
less energy at higher temperatures. The entropy change (AS°)
for the system was calculated as 0.02 ] mole ' K. Although
this value is positive, it is very small. This very small AS° value
shows that the irregularity at the solid-liquid interface is
minimum during the adsorption process. Additionally, the
positive sign of AS° indicates that the metal ions displace more
mobile ions from the adsorbent surface during the adsorption

process.>**’

Conclusion

A three-dimensional graphene framework was prepared in the
form of a foam for application in strontium adsorption from
aqueous solutions. The foam-like 3DGF structures were fabri-
cated using nickel foam as a template by a template-directed
CVD method. The MnO, nanoparticles were incorporated into
the 3D networks by the hydrothermal method to provide
strontium with selectivity for the foam.

In order to optimize the parameters for Sr>* adsorption onto
3DGF-MnO, composites, the CCD method was used. Under the
optimized adsorption parameters, the adsorption capacity was
found to be 47.39 mg g~ '. The Freundlich isotherm model best
fit the adsorption process. The thermodynamic parameters
showed that the adsorption process was spontaneous (AG® < 0)
and exothermic (AH° < 0) in nature. In addition, the irregularity
at the solid-liquid interface was minimal during the adsorption
process.
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Consequently, our findings show that 3DGF-MnO, compo-
sites have good potential for the removal of radionuclide
pollutants via adsorption processes. In particular, due to their
continuous micro-, meso-, and macrostructures, we believe that
3DGF-MnO, will be a new generation of materials in column
separation. In addition, with the improved mechanical strength, it
can also be used as a barrier material for geotechnical application
in nuclear waste management.
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