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Abstract A novel self-assembled Magnetic Prussian Blue/Reduced Graphene Oxide (3D-

MPBRGO) aerogel was prepared by an easy and cost effective process for elimination of radioac-

tive Cesium from contaminated aqueous solution selectively. The 3D-MPBRGO displayed excellent

adsorption capability of 3.64 mmol per g or (484.12 mg/g) for Cs (initial 50 mM cesium concentra-

tion, pH 7 and 30 �C) and quick separation from solution by applying magnetic field as compared

to previously published results for graphene based adsorbents. This excellent removal efficiency of

nanocomposite can be ascribed to enlarged adsorbent surface area (402.68 m2/g) and uniform dis-

tribution of nanoparticles on RGO which removes aggregation of sheets as well. The thermody-

namic analysis displayed exothermic and spontaneous nature of Cs ion adsorption. The

experimental data of adsorption isotherm followed the Langmuir isotherm model than that of

Tempkin and Freundlich while adsorption kinetics followed pseudo second order.
� 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Highly selective removal of Cesium (Cs) is critical for environ-

mental remediation. Since the nuclear weapon’s testing in
1950s and 1960s and subsequent nuclear power plants mishaps
such as Chernobyl and Fukushima disaster in 1986 and 2011

respectively has resulted into the release of radioactive Cs into
our environment. In Pakistan radioactive Cesium created from
nuclear testing, has been usually used for collecting the infor-
mation regarding soil erosion in agricultural areas, and depo-

sition of sediments in lakes as well. Concerns associated with
radio-isotopes of Cesium (Cs-137 and Cs-134 with 30 and
2.06-years half-life) and its main focus on the Cs-137 due to

its long half-life, gamma emission, its solubility and mobility
in environment along with its selectivity toward the biological
systems led to thyroid cancer. Therefore, one of the most
important tasks towards environmental remediation is the

removal of radioactive Cs from a specifically effected polluted
environment. Over the past years numerous studies have been
conducted to find more effective and sustainable treatment

methods for the removal of Cs from nuclear waste effluents
(Liu et al., 2014).
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In recent times, due to strong affinity for Cs ions Prussian
Blue (PB, ferric hexacyanoferrate) has fascinated importance
due to tremendous removal ability for radioactive Cs ion

(Torad et al., 2012). However, after Cs ion sorption, it is hard
to separate it from water due to its ultra-fine powder.
Although, magnetic separation is a convenient method to

recover adsorbent from wastewater but the magnetic nanoma-
terials are easily aggregated due to magnetism and large active
surface. However, anchoring magnetic nanoparticles onto

matrix and surface coating is an efficient strategy to improve
the stability and expand their application (Yantasee et al.,
2007; Yavuz et al., 2006; Sun et al., 2011). Graphene oxide
(GO), which is hydrophilic, non-conductive, non-toxic,

biodegradable, is able to eliminate radioactive nuclides from
contaminated water (Romanchuk et al., 2013). Thus, immobi-
lizing magnetic nanoparticles onto large surface area of GO

have potential applications (Cong et al., 2010; Zhang et al.,
2013). Recently, Yang et al. reported the synthesis of magnetic
PB/ GO nanocomposites but it is still a great challenge to use

this method for a large scale water treatment (Yang et al.,
2014).

This research study hopes to find a less expensive and easier

way for the elimination of radioactive Cs from nuclear waste
effluents by demonstrating an ability of the self-assembled
magnetic prussian blue reduced graphene oxide (3D-
MPBRGO) aerogel to effectively and selectively filter Cs

radionuclide from contaminated water.
The 3D-MPBRGO aerogel was analyzed by different

characterization techniques such as X-ray diffraction (XRD),

Fourier-transform infrared spectroscopy (FT-IR), high-
resolution transmission electron microscopy (HR-TEM),
scanning electron microscopy with energy dispersive X-ray

spectroscopy (SEM-EDX), Brunauer Emmett and Teller (BET)
Fig. 1 Synthesis of 3D
surface area analysis, X-ray photoelectron spectroscopy
(XPS), magnetic property measurement system (MPMS) anal-
ysis. Uniform distribution of magnetite and PB over RGO

resulted in separation of sheets in self-assembled structure
which eventually lead to increase in selective cesium elimina-
tion. The nanomaterial used for Cs+ adsorption experiments

under different experimental parameters i.e. temperature, pH,
initial cesium concentration and contact time while kinetic,
thermodynamics and isotherm models were utilized to investi-

gate the experimental results.

2. Experimental

2.1. Materials

All analytical grade chemicals were used. Cesium nitrate, iron
chloride (FeCl3), ethanol potassium ferricyanide and L-
Ascorbic acid. GO was synthesized according to the method
published in previous work (Seema et al., 2014).

2.2. Synthesis of 3D-MPBRGO aerogel

The 3D-MPBRGO nanocomposite was synthesized as illus-

trated in Fig. 1.
Modified Massart method was used to prepare magnetite

(Fe3O4) nanoparticles (Massart, 1981). The aerogel nanocom-

posite with 1:1 mass ratio of graphene to Prussian blue was
prepared as follows. 0.098 g of potassium ferricyanide was
added to already sonicated 5 mL of GO aqueous solution

(12 mg mL�1) containing magnetite (0.3 g) and sonicated for
1 h again to prepare uniform solution. Then aqueous solution
of FeCl3 (0.032 g in 5 mL) added, followed by 0.6 g L-ascorbic
-MPBRGO aerogel.
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acid. After stirring and sonication for 20 min, kept at 40 �C for
12 h to form 3D-MGPBRGO hydrogel. The obtained hydro-
gel was solvent-exchanged with ethanol to remove all contam-

inations which includes L-ascorbic acid and its oxidized
product. At the last the hydrogel was freeze-dried and
grounded for use in adsorption process.

2.3. Characterization for 3D-MPBRGO aerogel

FE-SEM, (S-4800 HITACHI) used for morphology of 3D-

MPBRGO aerogel. XRD (RIGAKU, D-2500) with Cu-Ka
radiation (1.540 � 10�10 m) and FT-IR (Perkin Elmer) were
utilized for XRD and IR analysis of aerogel. The attraction

capability of aerogel by magnet was investigated by magne-
tometer (SQUID-VSM QM02) with an applied magnetic
strength (�15,000 and 15,000 Oe). TGA (TA Instrument,
Q600) used for TGA analysis over a range of certain tempera-

ture (till 800 �C from room temperature at specific 10 �C/min
heating rate) in the atmosphere of N2. The surface elemental
composition of the 3D-MPBRGO aerogel was investigated

via XPS (SXM). FE-HRTEM with Cs probe, used for high
resolution structural morphology. BELSORP-max (BEL,
JAPAN) was utilized for analysis of surface area analysis.

2.4. Adsorption experiment

The batch method was used to carry out adsorption experi-
ments. In a descriptive procedure, 3D-MPBRGO aerogel

(0.03 g) added to CsNO3 solution (15 mL of 20 mmol) at neu-
tral pH (7.0). The solution containing aerogel was shaked for
24 h at 140 rpm in a shaker at definite temperature (30 �C).
By using magnet the adsorbent was removed after adsorption.
The mixture was filtered via a syringe filter membrane of
0.22 mm and Inductively Coupled Plasma Atomic Emission

Spectroscopy (ICP-OES) of Perkin Elmer was utilized for Cs
determination in the filtrate. The average of three readings
for each sample was taken to check adsorption. The following

Eq. (1) used for adsorption capacity.
Fig. 2 (a) XRD and, (b) IR
qe ¼
ðC0 � CeÞV

W
ð1Þ

where qe (mg/g) is adsorption capacity, C0 and Ce are cesium
concentrations (mmol) initially and at equilibrium, respec-

tively, V (L) is volume of solution while W (g) is weight of
adsorbent.

The % R (removal) for cesium by using 3D-MPBRGO
aerogel as adsorbent calculated by following Eq. (2)

Rð%Þ ¼ ðC0 � CeÞ � 100

C0

ð2Þ

Adsorption kinetics of Cs ion on aerogel was studied by
considering Cesium solution (50 mL of 20 mmol) and adsor-

bent (0.03 g). Samples were taken at specific interval from this
solution for determination of adsorption. Adsorption iso-
therms were studied by addition of 0.03 g adsorbent with
Cs+ solutions having different concentrations (1–90 mmol).

The solution containing adsorbent stirred in shaking incuba-
tors for 24 h, 30 �C and 140 rpm. Altered temperatures (e.g.
10–30 �C) were investigated to check the thermodynamic

parameters for adsorption process. The HNO3 (0.1 N) and
NaOH (0.1 N) were added to regulate solutions pH
(pH= 2–9). The competing ion effect was checked by adding

adsorbent to an enriched seawater (50 mL) with MgCl2 (0.19 g)
and NaCl (1.36 g) at different initial Cs+ concentrations
and shaken constantly for 24 h at140 rpm. Pseudo first and
second order kinetic models used to study the mechanism of

Cs+ sorption kinetics.

3. Results and discussion

3.1. Characterizations

Fig. 2a shows XRD pattern for the 3D-MPBRGO nanomate-
rial in which diffraction peaks can be assigned to pure cubic
spinel crystals of magnetite of JCPDS card no. 19-0629 and

to JCPDS card no. 52-1907 of Prussian blue (Yang et al.,
2014). Due to small amount of RGO the characteristic peaks
of 3D-MPBRGO aerogel.
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could not observed as extremely low XRD detection limit. The
FTIR analysis (Fig. 2b) displayed blue shift of absorption peak
at 587 from 570 cm�1 (FeAO bond) attributed to size reduc-

tion of magnetite to nanoscale dimension. The other absorp-
tion peaks of CAO (1052 and 1225 cm�1), AC‚O
(1785 cm�1), AC‚CA (high intensity at 1618 cm�1), AOAH

(3436 cm�1) corresponds to RGO. The peak at 2082 cm�1 des-
ignate the presence of cyano from Prussian blue. XRD and
FTIR analysis confirms the existence of magnetite, prussian

blue, reduced graphene oxide in aerogel.
SEM analysis of aerogel revealed the surface morphology.

Fig. 3(a and b) with different magnification displayed a well-
defined and interconnected self-assembled porous network

with hierarchical pores. The walls of these micropores contains
dispersed PB and magnetite over wrinkled graphene sheets
which can be seen from Fig. 3c (HR-TEM image). It can be

observed that Fe3O4 nanoparticles and PB anchored over the
surface of single graphene sheets which reduces their aggrega-
tion as shown in Figure S1 (Jang et al., 2015). The SAED

(selected area electron diffraction) pattern corresponds to crys-
tallinity of anchored Prussian blue-coated Fe3O4 nanoparticles
as shown in Fig. 3d.

MPMS analysis of magnetic aerogel exhibited a typical hys-
teresis loop at room temperature with 16 emu/g of saturation
magnetization (Figure S2). The aerogel showed super magnetic
properties resulted from zero remanence and coercivity in the
Fig. 3 SEM images of 3D-MPBRGO with different magnifi
magnetization curve. Due to magnetic property the synthe-
sized aerogel was quickly and effectively collected from con-
taminated water by using external magnet (Figure S2b).

TGA of aerogel indicated high thermal stability as about
53% of the material remained after reaching 800 �C (Fig-
ure S3). The initial weight loss is loss of moisture while the fur-

ther weight loss might be due to decomposition of organic
material.

Fig. 4a shows the detailed survey XPS spectrum aerogel

which exhibits the presence of iron, carbon, nitrogen, and oxy-
gen. To evaluate electronic states of different elements,
detailed analysis was done. Peak fitting of C1s gave different
peaks at 288.9, 287.8, 286.5, 285.7 and 284.5 eV which corre-

sponded to OAC‚O, AC„NA, AC‚O, ACAO and
C‚C/CAC. The intensity of peak for C‚C/CAC is high
which indicates the reduction of graphene oxide. The peak at

285.7 eV (cyano group of [Fe(CN)6]
4�) revealed the existence

of PB in aerogel. The Fe 2p peak profile two peaks which
are at 711.3 and 724.9 eV corresponds to iron of Fe3O4 while

one peak at 708.3 eV related to that of prussian blue (Chen
et al., 2012). The N1s peak fitting showed three components
at 399.2, 398 and 397 eV approves the presence of AC„N

([Fe(CN)6]
4�) in composites. XPS analysis gave proof for exis-

tence of magnetite, PB and RGO in the synthesized aerogel.
For adsorption of Cs ion the surface area of adsorbent

plays an important role and BET surface area analysis of aero-
cation (a, b) and TEM image with SAED pattern (c, d).



Fig. 4 (a) XPS detailed survey of aerogel (b) C1s (c) Fe2p and (d) N1s peak profile.
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gel confirmed high adsorptive surface area (402.62 m2/g) of
aerogel (Figure S4 and Table S1). The surface area of the aero-

gel in more than the previously published articles regarding
cesium adsorption. The average pore diameter of aerogel was
4.34 nm, which approves that the material was mesoporous

in nature that enhanced the transmission of cesium ions via
the aerogel, and perform as an effective adsorbent. The HR-
TEM EDX shows composition of elements related to the exis-
tence of cesium ions on the aerogel’s surface after the removal

of Cs via adsorption from aqueous solution (Fig. 5b).
HR-TEM analysis revealed that uniform dispersal of nitro-

gen (from Prussian blue) and iron (from magnetite/PB) was

observed over the nanomaterial (Figure S5 and S6). A compre-
hensive assessment of Cs dispersal exhibited that it was found
more above the surface where N was present in large quantity.

These results give strong evidence that Cs ion adsorption was
assisted by the uniform dispersal of PB on aerogel.

3.2. Adsorption studies

In this paper, easily fabricated aerogel displayed an excellent
adsorption capability of 3.64 mmol/g for cesium ions which
is higher than that of the previous work regarding cesium
ion removal by graphene based nanomaterial (Sun et al.,

2013).
(Fig. 6). The increased adsorption efficiency of aerogel was

ascribed to high surface area of adsorbent and separation of

RGO sheets by incorporating magnetite and PB via self-
assembled technique. Effect of pH is very significant factor
in the adsorption therefore the optimized pH for the process
on aerogel was found to be 7. Neither the acidic nor the basic

medium is suitable for PB due to its dissolution in acidic while
it decompose in alkaline medium. The temperature effect was
also optimized for adsorption phenomena and found to be

30 �C (Fig. 6b).

3.2.1. Adsorption isotherms

To determine the maximum adsorption capacity of adsorbent

for cesium ion removal and understanding the adsorption
mechanism it is essential to know the equilibrium dispersal
of cesium ion between adsorbent and the adsorbate. Langmuir,

Freundlich, and Tempkin isotherms models were used for
experimental data. A nonlinear regression method was applied
by using Langmuir, Freundlich, and Tempkin models



Fig. 5 HR-TEM EDX of Cs over aerogel (a) before and (b) after adsorption process.

Fig. 6 Cesium removal by aerogel (a) pH effect on cesium removal (b) temperature effect on cesium removal. (Initial concentration of

cesium-50 mmol).

Table 1 Comparison of adsorption isotherm models for Cs

adsorption on aerogel.

Isotherm models Isotherm parameters v2 r2

Langmuir qm = 3.64 mmol/g,

KL = 0.11 L/mg

0.10 0.985

Freundlich KF = 0.97 mmol/g, n = 3.55 0.91 0.873

Tempkin A = 1.96, B = 1667 0.29 0.959
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(Eqs. (3)–(5)) respectively for determination of adsorption
capacity (Langmuir, 1916; Freundlich, 1906; Tempkin and

Pyzhev, 1940).

qe ¼
qmKLCe

1þ KLCe

ð3Þ

qe ¼ KFCe
ð1=nÞ ð4Þ

qe ¼
RT

bTInðATCeÞ ð5Þ

The adsorption capability of adsorbent at equilibrium is qe
(mg/g), qm (mg/g) is the adsorption capability of manolayer,

Ce is cesium concentration at equilibrium, KL (L /mg), KF

(mg/g), R (8.314 J/mol/K) is gas constant while the remaining
are isotherm constants. The chi-squared (v2) and average per-
centage errors (APE) equations were used for the fitness of iso-

therm equations which are as follows (Ho and Wang, 2004).

v2 ¼
P ðqe;calc � qe;expÞ2

qe;exp
ð6Þ
APE ¼ 100=n
X qe;calc � qe;exp

� �

qe;exp

�����

����� ð7Þ

where qe,exp, qe,calc are the experimental and calculated values
respectively while n, is number of observations. Nonlinear
regression method was used for determination of non-

linearized coefficients. Comparing the non-linearized iso-
therms in terms of correlation coefficient (r2) and v 2 are given
in Table 1 (Figure S7).



Table 2 Comparison of adsorbents in terms of surface area

and Cs adsorption capability.

Type of adsorbent Specific surface

area (m2/g)

qm (mmol/g)/

(mg/g)

Refs.

3D-MPBRGO 402.62 3.64/484.12 This study

PANI@GO 140.8 1.39/184.87 14

PB/Fe3O4/GO 152.91 0.41/55 9

3D-PB/RGOF 43.07 0.14/18.62 12
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The obtained results at equilibrium follows Langmuir iso-
therm with r2 value of 0.98 as compared to Freundlich and
Tempkin isotherms. The qm and Ka values for cesium ion

adsorption of aerogel are 484.12 mg/g and 0.1 L/mg respec-
tively. Table 2 displayed comparison of different graphene
based adsorbents with this work. The favorability of adsorp-

tion can be endorsed via Eq. (8) which was used to determine
separation factor RL where it exhibited the isotherm shape. Co

is the cesium concentration initially while the Langmuir con-

stant is Ka. The value of RL in between 0 and 1 indicated
the favorable interface.

RL ¼ 1

1þ KaCo

ð8Þ
3.2.2. Adsorption kinetic study

Two kinetic models (pseudo 1st and 2nd order) used for
adsorption of cesium ion which are shown as Eqs. (9) and

(10). Where qt and qe are the cesium concentration adsorption
at time t (min) and equilibrium respectively. Rate constants
(min�1) are k1 and k2 for 1st and 2nd order respectively.

qt ¼ qeð1� e�k1tÞ ð9Þ

qt ¼
k2qet

1þ k2qet
ð10Þ

Fig. 7 clearly displays that adsorption of cesium reaches
equilibrium (cesium ion, 484.12 mg/g) in 24 h. The correlation
coefficient obtained from the pseudo second order (r2 = 0.988)
Fig. 7 Adsorption kinetics study. Pse
was higher than that of the first order (r2 = 0.985), signifying
that adsorption of cesium on aerogel is a chemisorption.

3.3. Thermodynamic analysis

Thermodynamic parameters (Gibbs free energy change (DGo),
entropy (DS�) and enthalpy (DH�) applied to determine the

nature and feasibility of the process of adsorption. The DGo

is related to the equilibrium constant (Kc = 1000 qe/Ce) by
following equation (Debnath et al., 2014).

DG
� ¼ �RTlnKc ð11Þ
Eq. (12) shows that the change in entropy can be related

that of Gibbs free at constant temperature according to

thermodynamics.

DG
� ¼ DH

� � TDS
� ð12Þ

The DH� and DS� determined by taking slope and intercept
of the linear plots of DGo with respect to temperature. The
negative sign with the DG� value increases with increase in
temperature, which approves practicality and naturalness of

cesium ion adsorption on aerogel. The negative value of DH�
(�7.67 kJ/mol) shows the exothermic nature of process while
positive value of DS� (0.101 kJ/mol) also refer to an increase

in cesium ions from solution at interface which is probably
due to the release of molecules of water.

4. Conclusions

The 3D-MPBRGO (novel) aerogel was effectively prepared for
removal of cesium ion selectively from radioactive waste water.

Self assembled RGO sheets with high surface area resulted in
increased cesium ion adsorption. The adsorption process was
exothermic, feasible and spontaneous on the basis of thermo-

dynamic analysis. The experimental data followed Langmuir
isotherm based on nonlinear regression. Inclusively the aerogel
was found to be an effective adsorbent for selective removal of
cesium from radioactive aqueous solution waste, and can be

simply recovered after adsorption process by applying an
external magnet which increases its applicability on commer-
cial level.
udo (a) First and (b) Second order.
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