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h i g h l i g h t s

� PSMGPB nanocomposites were
synthesized by low cost facile method
for cesium removal.

� The PSMGPB nanocomposites were
characterized by XPS, XRD, MPMS,
TEM, and SEM.

� Pectin-stabilized separation of
graphene oxide sheets enhanced the
cesium adsorption.

� Based on nonlinear regression,
Langmuir model gave the best fit to
experimental data.

� Thermodynamic study indicated the
spontaneous and exothermic nature
of adsorption.
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This work focused on the development of pectin-stabilized magnetic graphene oxide Prussian blue
(PSMGPB) nanocomposites for removal of cesium from wastewater. The PSMGPB nanocomposite showed
an improved adsorption capacity of 1.609 mmol/g for cesium, compared with magnetic graphene oxide
Prussianblue,magnetic pectin Prussian blue, andmagnetic Prussian blue nanocomposites,which exhibited
adsorption capacities of 1.230, 0.901, and 0.330 mmol/g, respectively. Increased adsorption capacity of
PSMGPB nanocomposites was attributed to the pectin-stabilized separation of graphene oxide sheets
and enhanced distribution of magnetites on the graphene oxide surface. Scanning electron microscopy
images showed the effective separation of graphene oxide sheets due to the incorporation of pectin. The
optimumtemperature andpH for adsorptionwere30 �Cand7.0, respectively. A thermodynamic study indi-
cated the spontaneous and the exothermic nature of cesiumadsorption. Based onnon-linear regression, the
Langmuir isotherm fitted the experimental data better than the Freundlich and Tempkin models.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction about 5.7% of the world’s energy and 13% of the world’s electricity.
Nuclear power is a carbon-free energy source and an alternative
to power generated from fossil fuels. Nuclear power generates
Radioactive cesium (Cs) is a significant fraction of the radioactive
liquid waste generated from the reprocessing of nuclear fuel
(Chang et al., 2008). Radioactive Cs is a strong gamma emitter with
a long half-life (T1/2 = 30.17 years). Cs is also very soluble in water,
which enables its migration through ground water to the bio-
sphere, which causes serious environmental and human health
threats (Dwivedi et al., 2013). The biogeochemical behavior of Cs
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is similar to that of potassium, a major nutrient for plants and ani-
mals, signifying that radioactive Cs has the potential to rapidly
transfer into the food chain (Liu et al., 2014). Recent accidents, such
as at the Fukushima Daiichi nuclear power plant in Japan and the
contamination of water in nuclear reactors, have been highlighted
along with the significant need for effective treatment methods for
radioactive Cs-contaminated water (Chen et al., 2015). Various
treatment technologies, such as solvent extraction, chemical pre-
cipitation, membrane processes, evaporation, and adsorption have
been used for the removal of radionuclides from aqueous solutions
(Mahmoud and Seliman, 2014). Conventional coagulation–sedi
mentation processes can effectively remove particle-bound Cs
from waters, but it cannot easily remove soluble Cs ions (Liu
et al., 2014). Adsorption is the one treatment technology in the
above list that has been successfully applied to the treatment of
radioactive Cs-contaminated water (Mahmoud and Seliman, 2014).

Prussian blue (Fe7(CN)18) is a dark blue color pigment, which
has a simple face-centered crystal structure with eight water
molecules forming a unit cell. The Prussian blue crystal has a
cage size similar to the hydration radius of Cs+ (3.25 Å), which
is smaller than the cage size for Na+ (3.6 Å), Ca2+ (4.1 Å), and
Mg2+ (4.25 Å) (Liu et al., 2014). Hence, in recent years, much
attention has been given to the selective removal of Cs by Prus-
sian blue and its analogues (Jang and Lee, 2016; Olatunji et al.,
2015). However, due to the fine powder morphology of Prussian
blue, it is very difficult to separate it from treated solutions. The
Prussian blue coating on iron oxide (Fe3O4) magnetic nanoparti-
cles gives a unique nanocomposite, which can be separated after
the adsorption of radioactive Cs from water. The average particle
size of Fe3O4 is in the range of 5–10 nm, which results in a very
high total surface area for agglomeration (Yang et al., 2014b).
However, anchoring the magnetic Prussian blue-coated Fe3O4

nanocomposites onto a unique matrix, for example graphene
sheets, is an ideal method to prevent agglomeration. Graphene
is a very popular material in numerous applications due to its
excellent electronic, thermal, and mechanical properties
(Novoselov et al., 2012). Graphene sheets, however, tend to irre-
versibly agglomerate because of the favorable van der Waals
interactions between them, which limits their application
(Devasenathipathy et al., 2014). Attaching polymer sheets to the
graphene sheets is a facile approach to maintain graphene as
individual sheets so that its excellent properties can be accessed
(Devasenathipathy et al., 2014; Latif et al., 2013). Biopolymer
pectins, also known as pectic polysaccharides, are rich in galac-
turonic acid, and are reported to be bioactive, biocompatible,
and biodegradable. The pectin structure also contains hydroxyl
(–OH) and carboxyl (–COOH) groups like graphene oxide that
allows enhanced attachment of Prussian blue. This better
attachment may lead to enhanced Cs adsorption, providing an
extra advantage for the nanocomposite (Mollea et al., 2007). Evi-
dence in the literature tells that pectin as a stabilizer for gra-
phene oxide sheets enhances its properties (Devasenathipathy
et al., 2014).

In this study, pectin-stabilized magnetic graphene oxide Prus-
sian blue (PSMGPB) nanocomposites were sequentially synthe-
sized by graphene oxide pectin complexation, reduction
precipitation, and Prussian blue attachment for selective removal
of Cs from water. The PSMGPB nanocomposite was thoroughly
characterized by high-resolution transmission electron microscopy
(HR-TEM), X-ray photoelectron spectroscopy (XPS), X-ray diffrac-
tion (XRD), Fourier-transform infrared spectroscopy (FT-IR), ther-
mal gravimetric analysis (TGA), and scanning electron
microscopy (SEM). Stabilization of magnetite and graphene oxide
sheets by pectin resulted in enhanced distribution of Prussian blue,
which ultimately caused an increase in Cs removal.
2. Materials and methods

2.1. Materials

All chemicals used herein were analytical grade, the highest
purity available. Cesium nitrate, pectin, and calcium chloride were
purchased from Sigma-Aldrich (USA). Ferric chloride, potassium
ferrocyanide, ethanol, acetone, ammonia, and sodium sulfate were
acquired from Junsei (South Korea).
2.2. Synthesis

The PSMGPB synthesis was carried out in three steps. In the first
step, complexation of pectin and graphene oxide was done by mix-
ing a graphene oxide solution 15 mL (0.33%) with 10 mL of pectin
(0.5%). This mixture was ultrasonicated (Powersonic 605) for
15 min followed by 10–15 min of stirring at room temperature.
In the second step, pectin complexed with graphene oxide was
used to synthesize the pectin-stabilized magnetic graphene oxide
nanocomposite by the reduction precipitation method. Pectin com-
plexed with graphene oxide was added dropwise with continuous
stirring to 35 mL of FeCl3 solution (3.2% FeCl3 in 0.12 N HCl). Once
this mixture was stirred well, 25 mL of Na2SO3 solution (0.7%) was
added. As soon as the color of this mixture changed from red to yel-
low, 12 mL of 14% ammonia was added. A black-colored precipitate
resulted, to which was added 5 mL of CaCl2 (1%). The mixture was
stirred continuously at room temperature for 2 h. The resulting
pectin stabilized magnetic graphene oxide nanocomposite was col-
lected by an adscititious magnet, and then washed sequentially
and thoroughly with water, ethanol, and acetone. In the third step,
Prussian blue (PB) was attached to the pectin stabilized magnetic
graphene oxide nanocomposite to form the nanocomposite
PSMGPB. Well-washed pectin stabilized magnetic graphene oxide
nanocomposites were placed in 200 mL distilled water and dis-
persed for 1 h using an ultrasonicator (Powersonic 605). The
well-dispersed nanocomposite was transferred to a 500 mL reac-
tion vessel and stirred continuously at 90 �C for 10 min. Then,
85 mL of potassium ferrocyanide (42.6 mmol) was added to the
mixture, and this mixture was stirred for 2 h at 90 �C. After stirring,
170 mL of FeCl3 (56.8 mmol) solution was dropwise-added to the
mixture. The resulting blue-colored mixture was aged by stirring
for 3 h at 90 �C. The PSMGPB nanocomposites were removed using
an adscititious magnet and washed thoroughly with distilled
water. The resulting PSMGPB particles were freeze-dried and
ground to form uniform size particles for use in further studies.

The synthesis of magnetic graphene oxide Prussian blue
(MGPB), magnetic pectin Prussian blue (MPPB), and magnetic Prus-
sian blue (MPB) nanocomposites was done as per above mentioned
method, by using the respective component. In case of MGPB and
MPPB synthesis, graphene 15 ml (0.33%) and pectin 10 mL of pectin
(0.5%) was taken, and proceeded for reduction precipitation syn-
thesis and prussian blue attachment, respectively. For the synthe-
sis of MPB, the reduction precipitation synthesis was followed by
the prussian blue attachment. The obtained respective nanocom-
posites were washed thoroughly, freeze-dried, and ground to form
a uniform size for the further use.
2.3. Characterization

XRD analysis was performed using an X-ray diffractometer
(Rigaku, D/Max-2500) with Cu Ka radiation (k = 1.5406 Å) over a
scanning range of 10�–80� (2h). The magnetic properties of the
PSMGPB nanocomposite were analyzed by a SQUID-VSM QM02
magnetometer at room temperature with an applied field between
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�15,000 and 15,000 Oe. XPS was used to analyze the surface ele-
mental composition of the PSMGPB nanocomposite by using a
ULVAC-PHI Quantera SXM. The structural morphology and
energy-dispersive X-ray (EDX) results were analyzed by field-
emission high-resolution transmission electron microscopy (FE-
HR TEM) (FEI, Titan G2 ChemiSTEM Cs Probe). BET surface analysis
was carried out using a BELSORP-max (BEL, JAPAN). FT-IR data
were obtained using an infrared spectrometer (Perkin Elmer).
The morphology of the synthesized PSMGPB was studied using
field emission scanning electron microscopy (FE-SEM, Hitachi S-
4800). TGA was done from room temperature to 800 �C at a heating
rate of 10 �C/min under a nitrogen atmosphere using a thermal
analyzer system (TA Instrument, Q600).

2.4. Adsorption experiment

Adsorption experiments were conducted in a batch process. In a
representative process, a sample of PSMGPB nanocomposite (2 g/L)
was added to a 15 mL solution of cesium nitrate (20 mmol) at pH
7.0. The mixture was stirred at a temperature of 30 �C for 24 h at
140 rpm. After the adsorption process, the adsorbents were
removed by using an adscititious magnet. The solution was passed
through a syringe filter (0.22 lm) and the resulting solution was
measured for Cs by using inductively coupled plasma atomic emis-
sion spectroscopy (ICP-OES, Perkin Elmner Optima 2100 DV). The
adsorption capacity, qe (mg/g), was determined by Eq. (1).

qe ¼
ðC0 � CeÞV

W
ð1Þ

where C0 and Ce are the initial and equilibrium Cs concentrations
(mmol), respectively, W (g) is the adsorbent weight, and V (L) is
the solution volume.

The removal percentage (R) for Cs adsorption on PSMGPB was
calculated using Eq. (2).

Rð%Þ ¼ ðC0 � CeÞ
C0

� 100 ð2Þ

Adsorption kinetics of Cs on PSMGPBwas studied in 50 mL solu-
tion of Cs (20 mmol) and PSMGPB (2 g/L). Samples of this solution
were withdrawn at specified times for adsorption measurements.
Adsorption isotherms were studied by combining 2 g/L PSMGPB
nanocomposite samples with Cs solutions having concentrations
ranging from 1 to 90 mmol. The mixtures were shaken 30 �C for
24 h at 140 rpm. Thermodynamic parameters for the adsorption
process were determined by studying the adsorption at different
temperatures (e.g., 10, 20, and 30 �C).

3. Results and discussion

3.1. Characterizations

XRD data analysis for the PSMGPB nanocomposite (Supplemen-
tary material, Fig. S1) showed diffraction peaks at 2h values of
30.28�, 35.69�, 43.67�, 53.82�, 57.20�, 62.88�, and 74.78�. These val-
ues were assigned to the (220), (311), (400), (422), (511), (440),
and (533) planes of the pure cubic spinel crystal structure of Fe3O4

(JCPDS card no. 19-0629). Additionally, the presence of diffraction
peaks at 17.4�, 24.8�, 35.5�, and 39.5� were assigned to the (2 0 0),
(2 2 0), (400), and (420) plane, which corresponds to Prussian blue
(JCPDS card no. 52-1907). The characteristic peaks for graphene
oxide and pectin were not observed, possibly due to its extremely
low XRD detection limit. Similar results were obtained for the XRD
profile for PB/Fe3O4/GO nanocomposite (Yang et al., 2014b). Simi-
larly, the presence of corresponding crystal planes for Fe3O4 and
prussian blue were obtained in XRD profile of MGPB, MPPB and
MPB nanocomposites (Supplementary material, Fig. S2). The
magnetic property of adsorbents enables their separation from the
treated water. Therefore, the measurement of magnetic properties
of the adsorbent was done by the magnetic property measurement
system (MPMS) technique. The results of this test (Supplementary
material, Fig. S3a) provided the saturation curve with a magnetic
moment of 8 emu/g, indicating the supermagnetic nature of the
PSMGPB nanocomposite. The coercivity and remnance values of
the curve were observed to be zero, also representing the super-
magnetic nature of the PSMGPB nanocomposite. The functional
group distribution of the PSMGPB nanocomposite was studied by
FTIR analysis (Supplementary material, Fig. S3b). The FTIR spec-
trum showed the presence of an absorption peak at 503.02 cm�1

corresponding to Fe-O bonding in a crystalline lattice of Fe3O4.
The other absorption peak at 1620.1 cm�1 represents the C@O
stretching in GO and pectin and C@C bonding in GO. Absorption
peaks such as 2075.44 and 3421.93 cm�1 indicate the existence
of AC„NA stretching vibrations from Prussian blue, and AOH
stretching from GO and pectin, respectively. The FTIR analyses of
MGPB, MPPB and MPB, gave profiles of corresponding functional
groups with the presence of absorption peak 2075 cm�1 which
indicate the existence of AC„NA stretching vibrations from Prus-
sian blue (supplementary material, Fig. S4). Results obtained from
XRD and FTIR analyses indicate the existence of additional compo-
nents such as Fe3O4, Prussian blue, pectin, and GO in the PSMGPB
nanocomposite.

TGA of the PSMGPB nanocomposite revealed that 55% of the
material remained after reaching 800 �C, which indicates its high
thermal stability (Supplementary material, Fig. S5). The initial
weight loss in the 0–150 �C temperature range is mainly due to
moisture loss from the material. Additional weight losses in the
150–320 �C, 320–530 �C, and 530–670 �C temperature ranges
might be the result of the breakdown of organic materials such
as graphene oxide and pectin. SEM characterization (Supplemen-
tary material, Fig. S6) revealed the structural morphology of
PSMGPB, MGPB, MPPB, and MPB nanocomposites. The morpholog-
ical structure of PSMGPB (Supplementary material, Fig. S6a) shows
a dispersion of graphene oxide sheets. This might be due to the ini-
tial pectin graphene oxide complexation that resulted in an
enhanced dispersion of graphene oxide sheets. Dispersion of gra-
phene by pectin has been observed by other researchers (Latif
et al., 2013). The morphological structure of the MGPB nanocom-
posite does not clearly show separation of GO sheets. The pectin
coating on the MPB nanocomposite enhanced the stability of mag-
netite in the MPPB nanocomposite. Similar results for stabilization
of magnetite by pectin were observed by previous research of
Namanga et al., (2013). Finally, the MPB nanocomposite image
showed irregular round sphere-shaped nanoscale materials. In
addition, the detailed morphological characteristics of the PSMGPB
nanocomposite were analyzed by HR-TEM (Supplementary mate-
rial, Fig. S7). The HR-TEM images (Supplementary material,
Fig. S7a) showed graphene oxide sheets with many wrinkles, indi-
cating that the graphene oxide sheet had been exfoliated, and the
Prussian blue-coated Fe3O4 nanoparticles are inhomogeneously
anchored on the surface of the graphene oxide sheets. The average
particle size of anchored Prussian blue-coated Fe3O4 nanoparticles
on the graphene oxide sheets was found to be 4–5 nm. The
selected-area electron diffraction (SAED) analysis of anchored
Prussian blue-coated Fe3O4 nanoparticles corroborates their
crystalline nature. The lattice fringe measurement of Prussian
blue-coated Fe3O4 nanoparticles was observed to be 0.27 mm
(Supplementary material, Fig. S7b). HR-TEM analysis showed that
graphene oxide sheets provide a background support to which
Prussian blue-coated Fe3O4 nanoparticles are anchored.

The XPS characterization of PSMGPB nanocomposites provides
detailed information about the chemical composition of PSMGPB
(Fig. 1). The XPS spectrum shows sharp peaks indicating the
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presence of carbon (C1s), nitrogen (N1s), oxygen (O1s), and iron
(Fe2p) elements in the PSMGPB nanocomposite (Fig. 1a). Detailed
analysis of the Fe2p spectrum gave two sharp bands at 711.3 and
724.8 eV, which correspond to the formation of Fe3O4 (Fig. 1b). In
order to understand the electronic states of carbon, a curve fitting
analysis for C1s was carried out (Fig. 1c). The curve fitting analysis
results confirmed that the bonding in the PSMGPB nanocomposite
contains CAC/CAH/C@C, CAO, C@O, and OAC@O bonds at binding
energies of 284.8 eV, 285.8 eV, 286.8 eV, and 288.9 eV, respec-
tively, which give direct evidence for the co-presence of graphene
oxide and pectin (Fig. 1d). The intensity of the peak obtained for
the bonding of C@O was found to be very low, indicating a reduc-
tion of the number of graphene oxide sheets. This result might be
due to the reduction precipitation method and impregnation of
different components in the PSMGPB nanocomposite (Fig. 1d).
Additionally, the presence of a peak at 287.6 eV confirms C„N
bonding in PSMGPB, which ensures the attachment of Prussian
blue. Hence, the above detailed XPS data give direct evidence for
components such as Fe3O4, Prussian blue, GO, and pectin in the
PSMGPB nanocomposite and indicate the successful synthesis of
PSMGPB. Surface area is a very important parameter for materials
utilized for adsorption. The BET surface area analysis of the
PSMGPB nanocomposites confirms its very high absorptive surface
area (368.73 m2/g) (Supplementary material, Fig. S8). The mean
pore diameter of PSMGPB nanocomposites was found to be
3.17 nm, which confirms the mesoporous nature of the material.
Mesoporous materials enable the enhanced diffusion of adsorbate
through the adsorbent, and act as an efficient adsorbent.

Cs adsorption on PSMGPB nanocomposites was confirmed by
HR-TEM EDX analysis. PSMGPB nanocomposites before and after
adsorption were subjected to HR-TEM EDX analysis (Fig. 2). The
results gave detailed elemental compositions, indicating the pres-
ence of Cs on the surface of the PSMGPB nanocomposite after
Fig. 1. (a) XPS spectrum of PSMGPB nanocomposite, (b) Fe2p p
cesium adsorption (Fig. 2b). Furthermore, HR-TEM EDX surface
image analysis showed a Cs distribution over the PSMGPB
nanocomposite surface (Supplementary material, Fig. S9a). The
distribution of nitrogen was observed over the PSMGPB nanocom-
posites (Supplementary material, Fig. S9e). The nitrogen element in
PSMGPB is represented by a C„N bond from Prussian blue (Yang
et al., 2014b). A detailed inspection of the Cs distribution shows
that Cs was distributed densely over the surface where nitrogen
was in abundance (Supplementary material, Fig. S9e). These results
provide strong evidence that Cs removal was facilitated by the dis-
tribution of Prussian blue over the PSMGPB nanocomposite
surface.

3.2. Adsorption experiment

In this study, facile-synthesized PSMGPB nanocomposites
showed an improved adsorption capacity of 1.609 mmol/g for Cs
compared with magnetic graphene Prussian blue (MGPB), mag-
netic pectin Prussian blue (MPPB), and magnetic Prussian blue
(MPB) nanocomposites, which adsorbed 1.230, 0.901, and
0.330 mmol/g, respectively (Fig. 3a). The increased adsorption effi-
ciency of PSMGPB nanocomposites was attributed to the pectin-
stabilized separation of graphene oxide sheets and the enhanced
distribution of magnetites on the graphene oxide surface. The sta-
bilization of graphene oxide sheets using pectin, and the magnetite
distribution were reported previously (Devasenathipathy et al.,
2014; Ngenefeme et al., 2013; Namanga et al., 2013; Sahu and
Dutta, 2011; Zakharova et al., 2012). Additionally, the presence of
functional groups, such as hydroxyl (AOH) and carboxyl (ACOOH),
from graphene oxide sheets and pectin enables Prussian blue
attachment that leads to enhanced adsorption capacity in PSMGPB
nanocomposites. Contribution of hydroxyl (AOH) and carboxyl
(ACOOH) groups from graphene oxide sheets for Prussian blue
eak profile, (c) C1s peak profile, and (d) C1s curve fitting.
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distribution were reported earlier (Yang et al., 2014b). pH is a very
important parameter in the adsorption process (Kadam and Lee,
2015), hence, the optimal pH for adsorption was determined for
PSMGPB. The ideal value was found to be 7 (Fig. 3b). This pH value
is likely the result of the dissolution of Prussian blue in acidic con-
ditions and its decomposition in alkaline conditions. Similar results
for optimal pH were observed by (Yang et al., 2014b). The temper-
ature effect was tested for adsorption phenomena. A temperature
of 30 �C was found to be the optimum temperature for the adsorp-
tion process (Fig. 3c).
3.3. Adsorption isotherms

The sorption isotherms reveal the detailed relation between the
adsorbed amount at the surface and the adsorbate equilibrium
concentration in the bulk. The Langmuir adsorption model corrob-
orates the monolayer and homogeneous adsorption (Langmuir,
1916). While, the Freundlich is a empirical model, which can be
applied to non-ideal and multilayer sorption on the heterogeneous
surfaces (Freundlich, 1906). Whereas, The Tempkin isotherm
model represents the heat of the adsorption (Tempkin and
Pyzhev, 1940). A nonlinear regression method (Origin Pro 9.1)
was used to determine the adsorption capacity using nonlinear
expressions of the adsorption isotherms, employing Langmuir
(Eq. (3)), Freundlich (Eq. (4)) and Tempkin (Eq. (5)) models
(Freundlich, 1906; Langmuir, 1916; Tempkin and Pyzhev, 1940).
Fig. 2. HR-TEM EDX analysis of PSMGPB nanocomposite (a) b
qe ¼
qmKLCe

1þ KLCe
ð3Þ

qe ¼ KFC
1
nð Þ

e ð4Þ

qe ¼
RT

bT lnðATCeÞ ð5Þ

where qe (mg/g) is the adsorption capacity of the adsorbent at
equilibrium, Ce is the equilibrium Cs concentration in solution,
qm (mg/g) is the monolayer adsorption capacity, R (8.314 J/mol/K)
is gas constant, and KL (L/mg), KF (mg/g), n, b, AR (L/g), AT (L/g),
BR (L/mg), and bT are the isotherm constants.

The fitness of the isotherm equations was calculated and evalu-
ated by using chi-squared (v2) and average percentage errors
(APE) calculations using Eqs. (6) and (7) (Ho and Wang, 2004;
Subramanyam and Das, 2009).

v2 ¼
X ðqe;calc � qe;expÞ2

qe;exp
ð6Þ

APE ¼ 100
n

X ðqe;calc � qe;expÞ
qe;exp

�����

����� ð7Þ

where n is the number of observations, and qe,exp and qe,calc
are the experimental and calculated values, respectively. The
efore cesium adsorption and (b) after cesium adsorption.



Fig. 3. Cesium removal efficiency: (a) adsorption capacity of MPB, MPPB, MGPB,
and PSMGPB, (b) pH effect on PSMGPB’s adsorption capacity, and (c) temperature
effect on PSMGPB’s adsorption capacity.

Table 1
Adsorption isotherm parameter values and error analysis.

Isotherm model Parameter values Error analysis

R2 v2 APE

Langmuir qm = 3.19 mmol/g 0.9679 0.28 15.49
Ka = 0.05 L/mg

Freundlich KF = 0.53 mmol/g 0.9351 0.37 15.74
n = 2.63

Tempkin bT = 2194 0.9167 0.78 22.80
AT = 2.33

Ce  (mmol)
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q e
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m
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Fig. 4. Adsorption isotherm analyses: Langmuir, Freundlich and Tempkin.

Table 2
Comparative study of cesium adsorption considering maximum adsorption capacity.

Type of adsorbent qm
(mmol/g)

Reference

PSMGPB nanocomposite 3.19 This study
Graphene oxide supported polyaniline 1.39 Sun et al.

(2013)
Graphene oxide 0.30 Tan et al.

(2016)
Magnetic Prussian blue/graphene oxide caged

in calcium alginate
0.32 Yang et al.

(2014a)
Magnetic Prussian blue/graphene oxide

nanocomposites
0.41 Yang et al.

(2014b)
Porous three-dimensional graphene foam/

Prussian blue composite
0.14 Jang et al.

(2015)
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non-linearized isotherm coefficients were estimated using a
nonlinear regression method (Matlab 7.8).

Comparison of the non-linearized isotherms in terms of v2, APE,
and correlation coefficient (r2) are given in Table 1. The equilibrium
data fits better using the Langmuir isotherm, than the Freundlich
and Tempkin isotherms individually (Fig. 4). Hence, the obtained
results depicts that the adsorption of Cs ions on PSMGPB nanocom-
posites follows the monolayer Langmuir adsorption. The qm (mg/g)
gave maximum amount of adsorbate per unit mass of adsorbent, to
form a complete monolayer on the surface, and Ka (L/mg) is a con-
stant, represents the affinity of the binding sites. The qm and Ka val-
ues were found to be 3.19 mmol/g and 0.05 L/mg, respectively. The
cesium adsorption capacity of PSMGPB nanocomposites in this
study was compared with those obtained in previous studies of
cesium adsorption using different graphene-based adsorbents
(Table 2). The separation factor RL was obtained using Eq. (8) in
order to confirm the adsorption favorability (Debnath et al., 2014).

RL ¼ 1
1þ KaCo

ð8Þ

where, RL is dimensionless and indicates the shape of the isotherm,
Ka is the calculated Langmuir constant, and Co is the initial Cs
concentration.

RL can indicate that an isotherm is irreversible (RL = 0), linear
(RL = 1), unfavorable (RL > 1), or favorable (0 < RL < 1). The obtained
RL value was between 0 and 1, indicating a favorable interaction.
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3.4. Adsorption kinetics study

The pseudo first and second order kinetic model was studied for
Cs adsorption on the PSMGPB nanocomposite. Pseudo first order
and second order models are expressed as Eqs. (9) and (11), respec-
tively (Kadam et al., 2013).

qt ¼ qeð1� e�k1tÞ ð9Þ
where, qe and qt are the amount of Cs adsorbed (mmol/g) at equilib-
rium and at time t (min), respectively, and k1 is the rate constant of
adsorption (min�1).

qt ¼
k2qet

1þ k2qet
ð10Þ

where k2 (mmol/mg/min) is the second order rate constant. Fig. 5
display the adsorption kinetics of Cs on the PSMGPB nanocompos-
ite. Fig. 5 clearly shows that Cs adsorption reaches equilibrium
within 24 h, with an equilibrium uptake amount of 1.6 mmol/g.
The correlation coefficient obtained from the pseudo-second-order
kinetic model (r2 = 0.984) was higher than that of the pseudo-
first-order kinetic model (r2 = 0.977), suggesting that Cs adsorption
on the PSMGPB nanocomposite is a chemisorption rather than a
physisorption.

3.5. Evaluation of adsorption energy for Cs adsorption by PSMGPB
nanocomposite

The adsorption equilibrium data was analyzed by the Dubinin–
Radushkevick (D�R) equation to determine the adsorption energy
(Debnath et al., 2014).

ln qe ¼ ln qm � KDRe2 ð11Þ
where e is the Polanyi potential, qm is the D–R adsorption capacity
(mol/kg), and KDR is the adsorption energy constant ((mol/kJ)2). The
slope and intercept of the plot of ln qe versus e2 gives the values of
KDR and qm, respectively.

The free energy change during transfer of one mol of ion to the
surface of the adsorbent from infinity in solution is the mean free
energy of adsorption (EDR) and is calculated using Eq. (12).

EDR ¼ ð�2KDRÞ�0:5 ð12Þ
The EDR values obtained from the equation were 26.1915 kJ/mol
at a temperature of 30 �C, which indicates that Cs adsorption on
the PSMGPB nanocomposite takes place mainly via a chemisorp-
tion mechanism combined with an ion exchange phenomena.
The adsorption and thermodynamic characteristics of the Hg(II)-
SCN complex on polyurethane foam show similar results for
adsorption energy evaluation (Mufazzal Saeed et al., 1999).
3.6. Thermodynamic analysis

The feasibility and nature of the adsorption process were esti-
mated using thermodynamic parameters such as change in Gibbs
free energy (DG�), enthalpy (DH�), and entropy (DS�). The Gibbs
free energy change for the process is related to the equilibrium
constant (Kc = 1000 qe/Ce) by Eq. (13) (Debnath et al., 2014).
DG� ¼ �RT lnKc ð13Þ
According to thermodynamics, the Gibbs free energy change is

also related to the entropy change, which is given at constant tem-
perature by Eq. (14).
DG� ¼ DH� � TDS� ð14Þ
The value of DH� and DS� were calculated from the slope and

intercept of the linear plots of DG� versus T. The magnitude of
the Gibbs free energy change (DG�) (with a negative sign) increases
as the temperature increases, which confirms the feasibility and
spontaneity of the adsorption of Cs on PSMGPB. The exothermic
nature of the present adsorption process was confirmed by the
negative enthalpy change (DH� = �0.205 kJ/mol). The positive
entropy change (DS� = 43.52 kJ/mol) for this process also indicates
an increase in the number of species at the solid–liquid interface,
and hence the randomness at the solid/liquid interface, which is
presumably due to the release of water molecules when the aque-
ous Cs is adsorbed on the adsorbent surface.
4. Conclusions

A novel PSMGPB nanocomposite was successfully synthesized
for selective Cs removal from aqueous solution. Pectin stabilized
the graphene oxide sheets with an enhanced dispersion, resulting
in increased Cs removal. A thermodynamic study showed that this
adsorption process is exothermic, spontaneous, and feasible. Based
on non-linear regression, the Langmuir isotherm gave the best fit
to experimental adsorption data. Overall, the PSMGPB nanocom-
posite is an efficient adsorbent for removal of radioactive Cs from
nuclear wastewater, and can be easily retrieved from an aqueous
solution by a magnet after decontamination of cesium making it
attractive for further commercial application.
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