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ABSTRACT

Mesoporous MCM-41 has been modified by loading of zinc hexacyanoferrate (ZnHCF) as a
new adsorbent for cesium. The ZnHCF-loaded mesoporous MCM-41 (ZnHCF-MCM-41) was
characterized using powder X-ray diffraction and nitrogen adsorption–desorption isotherm
data, fourier transform infrared spectroscopy, scanning electron microscopy coupled with
energy dispersive X-ray. The cesium removal performance of ZnHCF-MCM-41 from aqueous
solutions has been studied, and the effect of the various parameters, such as initial pH value
of solution, contact time, temperature, and initial concentration of the cesium ion on the
adsorption efficiencies of ZnHCF-MCM-41 were investigated systematically by batch experi-
ments. Adsorption kinetics was better described by the pseudo-second-order model and
thermodynamic parameters indicated the adsorption process was feasible, endothermic, and
spontaneous in nature. Adsorption isotherm of ZnHCF-MCM-41 was studied and the fitted
results indicated that Langmuir model could well represent the adsorption process. The
maximum adsorption capacity of Cs+ onto ZnHCF-MCM-41 was found to be 103.09mg g−1.
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1. Introduction

Among the used inorganic ion exchanger materials
for the removal of 137Cs from nuclear waste streams,
the metal hexacyanoferrates (MHCFs) have a pro-
found position due to their high selectivity and ion
exchange capacity for Cs-isotopes. On the other hand,
insoluble MHCFs had gelatinous form or small parti-
cle size and might even be colloidal, so in this form
were unsuitable for practical applications [1].

For solving this problem, several researchers have
reported the use of an inert solid supports such as
porous silica for CuHCF [1] and NiHCF [2], polyacry-
lonitrile binding polymer for CuHCF and NiHCF [3],
zeolites for NiHCF [4,5], vermiculite for CuHCF [6],
activated carbon for CuHCF [7], and mesoporous cera-
mic backbone for CuHCF [8].

MCM-41 is one of the important inorganic adsor-
bents, which possess unique features such as large
uniform pore sizes (1.5–10 nm), highly ordered nano-
channels and large surface areas (~1,500m2g−1), and
large pore volume with regular hexagonal structure
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[9,10]. These characteristics render MCM-41 as an
ideal support for the loading of MHCFs.

In this study, a new adsorbent was synthesized by
loading of zinc hexacyanoferrate (ZnHCF) onto meso-
porous MCM-41 as a support, and its adsorption
behavior for cesium ions was investigated. The
adsorption kinetics, adsorption thermodynamic,
adsorption isotherm, and pH effect on cesium sorption
were also studied in detail.

2. Experimental

2.1. Reagents

All the chemicals used were of analytical grade
from Merck (Darmstadt, Germany), expect cethyltrim-
ethylammonium bromide (CTAB) which was supplied
by Aldrich (Milwaukee, WI, USA).

2.2. Preparation of the mesoporous MCM-41

MCM-41 was prepared according to our previously
published papers [11,12]. In a typical procedure, 0.6 g
of CTAB was dissolved in 23 g of demineralized water
and stirred for 15min with the rate of 140 rpm, and
then 3 g of sodium silicate was added to it and was
further stirred for 30min. The pH of the mixture was
adjusted to 9 by gradual addition of 2mol L−1 of sul-
furic acid. After stirring the resulted solution for 4 h,
the gel obtained was filtered, washed thoroughly with
demineralized water, dried at 50˚C for 12 h and cal-
cined at 540˚C for 6 h.

2.3. Preparation of the ZnHCF-MCM-41

The mesoporous MCM-41 (1 g) was impregnated
with 10mL solution of Zn(NO3)2 (0.5 mol L−1) for 3 h.
The supernate was decanted and 5mL solution of
K4[Fe(CN)6] (0.5 mol L−1) was added dropwise under
agitation at room temperature. The obtained slurries
were aged at 25˚C for 24 h, then washed with deionized
water, filtered using a Buchner funnel with suction, fol-
lowed by being dried in the oven at 50˚C for 12 h.

2.4. Adsorbent characterization

A Philips X’pert powder diffractometer system
with Cu-Kα (λ = 1.541 Å) radiation was used for
X-ray studies. XRD analysis was performed from 1.5˚
to 100.0˚ (2θ) at a scan rate of 0.02˚ (2θ) s−1. Nitrogen
adsorption studies were made with a Quantachrome
NOVA 2200e instrument. The surface morphology and
chemical components of the adsorbent was character-
ized by scanning electron microscope (SEM) Philips

XL-30 associated with energy dispersive spectroscopy.
Infrared absorption spectra Fourier transform infrared
spectroscopy (FTIR) were recorded with Bruker FTIR
spectrophotometer model Vector-22.

2.5. Procedure for sorption studies

The adsorption studies of the cesium ion on the
ZnHCF-MCM-41 adsorbent were carried out using
batch method [11,12]. In this procedure, 20mg of
adsorbent was dispersed in 20mL solution of
2 × 10−3 mol L−1 cesium ion. The mixture was shaken
(~150 rpm) for a preselected period of time using a
water shaker bath. Then, it was filtered and the
amount of the cesium ion was measured using a flame
atomic absorption spectrometer. The percent removal
(R, %), the sorption capacity (q, mg g−1), and the distri-
bution coefficient (kd, mL g−1) were calculated using
the eqs. (1), (2), and (3), respectively.

R ¼ ðCi � CfÞ
Ci

� 100 (1)

q ¼ ðCi � CfÞ � V

m
(2)

kd ¼
ðCi � CfÞ

Cf
� V

m
(3)

where Ci and Cf, are the initial and final concentra-
tions (mg L−1) of cesium, V is the volume of the initial
solution (mL), and m is the mass of the adsorbent (g).

3. Results and discussion

3.1. Characterization of the ZnHCF-MCM-41

Fig. 1(a) and (b) represent the low angle and high
angle XRD patterns of the prepared ZnHCF-MCM-4
sample, respectively. Fig. 1(a) shows a strong peak at
2θ smaller than 3˚ along with some small peaks simi-
lar to XRD pattern of the mesoporous MCM-41 [9,10]
that confirms the presence of MCM-41 in the prepared
ZnHCF-MCM-41 sample. Fig. 1(b) shows the main dif-
fraction peaks of the ZnHCF incorporated onto
MCM-41. The ZnHCF loaded onto MCM-41 was
identified by comparing the powder XRD pattern with
those reported previously [13].

The nitrogen adsorption–desorption isotherms and
pore size distribution curves of the MCM-41 and
ZnHCF-MCM-41 are given in Fig. 2(a) and (b). The
nitrogen adsorption–desorption isotherm of the
ZnHCF-MCM-41 similar to nitrogen adsorption–
desorption isotherm of the mesoporous MCM-41
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showed a typical adsorption profile of type IV, which
consisted of a step condensation behavior due to the
formation of mesopores in the MCM-41 and the pres-
ence of mesoporous MCM-41 in the ZnHCF-MCM-41
[14–16].

Table 1, shows the specific surface area, pore
volume, and pore size of the MCM-41 and
ZnHCF-MCM-41 samples. The BET surface area of the
ZnHCF-MCM-41 sample was 585.0 m2g−1, which is less
than the surface area of the MCM-41 (771.4 m2g−1). This
may be due to the blocking of some pores mesoporous
MCM-41 by entering of ZnHCF particles.

Fig. 1. Low angle (a) and high angle (b) XRD patterns of
the prepared ZnHCF-MCM-41 sample.

Fig. 2. Nitrogen adsorption/desorption isotherms (a) and
pore size distribution curves (b) of the MCM-41 and
ZnHCF-MCM-41 samples.

Table 1
Physical properties of the MCM-41 and ZnHCF-MCM-41

Sample

Pore
volume
(cc g−1)

BET
surface
area
(m2g−1)

Average
pore
diameter
(nm)

MCM-41 0.46 771.4 2.34
ZnHCF-MCM-41 0.43 585.0 2.31

Fig. 3. FT-IR spectra of (a) MCM-41 and (b) ZnHCF-
MCM-41.
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Infrared spectroscopy was used to check the cyano
group in ZnHCF loaded on the mesoporous MCM-41.
The FTIR spectra of MCM-41 and ZnHCF-MCM-41
are shown in Fig. 3. The plot of the ZnHCF-MCM-41
is similar to that of MCM-41, except the sharp and
strange peak at 2098 cm−1 corresponding to the C≡N
stretching vibration [17] which offers the evidence that
ZnHCF is loaded on the MCM-41, after carefully iso-
lated from the mentioned preparation system.

Fig. 4(a) and (b) show SEM image and EDX spec-
trum pattern of the ZnHCF-MCM-41. The fine ZnHCF
crystals are seen to be precipitated onto the internal–
external surfaces of the framework of the MCM-41.
The EDX spectrum pattern from Fig. 4(b) shows the

strong silicon peak from the mesoporous silicate
MCM-41 support. Besides the K, Zn, and Fe peaks
from the ZnHCF crystals loaded on the surface of
MCM-41 are also observed, which offers the evidence
that ZnHCF is loaded on the MCM-41.

3.2. Adsorption test

3.2.1. Effect of the solution pH

The pH solution is a crucial factor in metal
sorption. In this study, the effect of pH on cesium
adsorption onto ZnHCF-MCM-41 was studied in the
range 1.0–9.0. Fig. 5 shows the dependence of the

Fig. 4. SEM image of ZnHCF-MCM-41 (a); EDX area analysis of ZnHCF-MCM-41 (b).
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adsorption capacity of the ZnHCF-MCM-41 on initial
pH of cesium solution. The ion exchange behavior of
sodium ZnHCF (II) (Na2Zn3[(Fe(CN)6]2) has been
studied by Kawamura et al. [18]. They were reported
that cesium ions were exchanged with sodium ions
stoichiometrically and the involvement of cesium–zinc
or cesium–iron exchange was not observed. This sug-
gests that sodium or potassium ions are only
exchangeable species in the compound. According to
reports of Vlasselaer et al. [19], cesium adsorption
mechanism on to potassium ZnHCF is also ion
exchange of cesium with potassium. Cesium sorption
onto ZnHCF-MCM-41 was low in pHs less than 4.0,
that shows a significant competition of H+ ions with
cesium ions for the same site binding of adsorbent,
since that ion exchange is the main mechanism of
cesium adsorption. Also, by influence of low pH solu-
tion, it could come to destruction of adsorbent, which
would lead also to the decrease of sorption capacity of
the adsorbent [20]. According to the results of this ini-
tial experiment, further adsorption investigations were
performed at pH value of 4.0 as optimal value.

3.2.2. Effect of contact time (kinetic analysis)

In order to investigate the controlling mechanism
of adsorption processes such as mass transfer and
chemical reaction, the pseudo-first-order and pseudo-
second-order equations are applied to model the
kinetics of cesium adsorption onto ZnHCF-MCM-41.
The pseudo-first-order kinetic and the pseudo-second-
order kinetics are expressed by Eqs. (4) and (5),
respectively.

log ðqe � qtÞ ¼ log qe � k1
2:303

t (4)

t

qt
¼ 1

k2q2e
þ t

qe
(5)

where qe and qt are the adsorbed metal in mg g−1 on
the adsorbent at equilibrium and time t, respectively,
k1 is the constant of first-order adsorption in min−1

and k2 is the rate constant of second-order adsorption
in gmg−1 min−1 [11,12].

As seen in Fig. 6(a), the removal of cesium ions
from aqueous solution by ZnHCF-MCM-41 as a
function of contact time showed that 5 h was suffi-
cient for the adsorption equilibrium to be achieved.
The rate of metal ions adsorption, one of the impor-
tant characteristics that define the efficiency of sorp-
tion, was evaluated by fitting the experimental data
to the pseudo-first-order and pseudo-second-order
kinetics. The parameters of the kinetic models and
the regression correlation coefficients (R2) are listed
in Table 2. From the R2 and the predicted qe it was
found that the pseudo-second-order kinetic model
fitted the kinetic data of the adsorbent ZnHCF-
MCM-41 better than that of the pseudo-first-order.
The pseudo-first-order and pseudo-second-order lin-
ear plots are shown in Fig. 6(b) and (c), respectively.
The confirmation of pseudo-second-order kinetics
indicates that the concentrations of both adsorbate
(cesium ions) and adsorbent (ZnHCF-MCM-41) are
involved in the rate determining step of the adsorp-
tion process [21].

Fig. 5. Effect of pH on cesium adsorption onto ZnHCF-
MCM-41. Conditions: initial concentration of cesium:
2 × 10−3 mol L−1, agitation time 5 h and temperature of 25˚C.

Table 2
Kinetic adsorption parameters obtained using pseudo-first-order and pseudo-second-order models (initial concentration
of cesium ion 2 × 10−3 mol L−1)

Pseudo-first-order Pseudo-second-order

k1 (min−1) qe (mg g−1) R2 k2 (gmg−1 min−1) qe (mg g−1) R2

0.0007 20.12 0.937 10288.5 74.63 0.997
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3.2.3. Effect of temperature (thermodynamic analysis)

The adsorption experiment was carried out at dif-
ferent temperatures (25, 45 and 65˚C) to evaluate ther-
modynamic criteria by calculating the Gibbs free
energy (ΔG˚) by the following equation [11,12]:

ln kd ¼ DS�

R
� DH�

RT
(6)

where the ΔH˚ (change in enthalpy in J mol−1) and ΔS˚
(change in entropy in J mol−1K−1) are obtained from
slope and intercept of ln kd vs. 1/T plots. T is the tem-
perature in K and R is the universal gas constant
(8.314 J mol−1K−1).

The ΔG˚ is the change in Gibbs free energy in
J mol−1, calculated according to the following
equation [11,12]:

DG� ¼ DH� � TDS� (7)

The effect of temperature on the adsorption of
cesium ions onto ZnHCF-MCM-41 is shown by the
linear plot of ln kd vs. 1/T in Fig. 7 and the relative
parameters and correlation coefficients calculated
from Eqs. (6) and (7) are listed in Table 3. The posi-
tive values of ΔH˚ and the increasing value of kd
with increasing temperature indicate that the sorp-
tion of cesium ions onto the ZnHCF-MCM-41 is an
endothermic process, and thus better adsorption
properties, at higher temperature, were obtained.
Expect notification endothermicity of adsorption pro-
cesses, the positive value of ΔS˚ indicates feasible
adsorption. It is noticeable that the ΔG˚ values
decrease with increasing temperature, indicating
higher spontaneity at higher temperatures. It was
found that free energy change for physisorption is
generally ranges between −20 and 0 kJ mol−1, the
physisorption together with chemisorption within
−20 to −80 kJ mol−1, and pure chemisorption in the
range of −80 to −400 kJ mol−1 [22]. The calculated
ΔG˚ values suggest that the sorption processes of
cesium on the ZnHCF-MCM-41 could be considered
as physisorption process.

3.2.4. Effect of initial metal ion concentration (isotherm
analysis)

In order to determine the relationship between the
amount of cesium ions adsorbed on the adsorbent sur-
face and the concentration of remaining metal ions in
the aqueous phase, the adsorption isotherm studies
were performed. Among various binding models, the

Langmuir and Freundlich isotherms have been fre-
quently employed to describe the experimental data of
adsorption isotherms. The Langmuir and Freundlich

Fig. 6. Adsorption kinetics of cesium onto ZnHCF-MCM-
41(a), pseudo-first-order and pseudo-second-order linear
plot ((b) and (c)). Conditions: initial concentration of
cesium: 2 × 10−3 mol L−1, initial pH value 8.0 and
temperature of 25˚C.
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adsorption isotherms are mathematically expressed in
Eqs. (8) and (9) respectively [12,13].

1

qe
¼ 1

qmax
þ 1

k1qmaxCe
(8)

ln qe ¼ ln kf þm lnCe (9)

where qe (mg g−1) is the amount of analyte bound to
the adsorbent, Ce (mg L−1) is the equilibrium concen-
tration of the adsorbate in solution, qmax is the maxi-
mum adsorption capacity (mg g−1), and Kf, Kl, and m
are constants for a given adsorbate and adsorbent at a
particular temperature.

Fig. 8(a) shows the experimental, Langmuir and
Freundlich model isotherms. Fig. 8(b) and (c) also
shows linear Langmuir and Freundlich plots. The
Langmuir isotherm model fitted the experiment data
better than Freundlich isotherm model. The Langmuir
model is used for homogeneous surfaces with identi-
cal binding sites. The values of the fitting parameters
and correlation coefficient are shown in Table 4. As
seen, the calculated maximum adsorption capacity
(qmax) was 103.09mg g−1.

A comparison of ZnHCF-MCM-41 adsorbent per-
formance for cesium removal from aqueous solutions

Table 3
Thermodynamic parameters of Cs adsorption on ZnHCF-MCM-41 at different temperatures in Kelvin (initial
concentration of cesium ion 2 × 10−3 mol L−1)

ΔH˚ (kJ mol−1) ΔS˚ (J−1 mol−1 K−1)

ΔG˚ (kJ mol−1)

R2298 318 338

7.64 0.08 −16.36 −17.97 −19.58 0.989

Fig. 7. Plots of ln kd vs. 1/T for cesium adsorption on
ZnHCF-MCM-41. Conditions: initial concentration of
cesium: 2 × 10−3 mol L−1, initial pH value 8.0, agitation time
5 h.

Fig. 8. Adsorption isotherms of ZnHCF-MCM-41 for
cesium adsorption (a), Linearized Langmuir and
Freundlich plot ((b) and (c)). Conditions: initial pH value
8.0, agitation time 5 h and temperature of 25˚C.
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with different adsorbents reported in literature
[1,7,23,24] is given Table 5. Comparison of qmax values
showed that the adsorption capacity of the ZnHCF-
MCM-41 prepared in our work was higher than the
previously reported values. The high adsorption
capacity of the ZnHCF-MCM-41 is probably due to
high selectivity of ZnHCF loaded onto mesoporous
MCM-41 and also high surface area of ZnHCF-MCM-
41 adsorbent than other amorphous adsorbents.

4. Conclusion

A new adsorbent (ZnHCF-MCM-41) was synthe-
sized by loading of ZnHCF on mesoporous MCM-41
and showed high efficiency for the removal of cesium
ions from aqueous solutions. The Langmuir isotherm
fitted the equilibrium data better than the Freundlich
isotherm that demonstrated homogeneous surfaces
with identical binding sites for ZnHCF-MCM-41. The
kinetics of cesium adsorption onto ZnHCF-MCM-41
reveals that cesium ions are adsorbed satisfactorily
according to the pseudo-second-order equation and
the concentrations of both sorbate and adsorbent are
involved in the rate-determining step of the adsorp-
tion process. The value of thermodynamic parameters
confirmed the feasibility and spontaneity, as well as
the endothermic nature of the adsorption process of

the cesium ions onto ZnHCF-MCM-41, as the change
in enthalpy was found to be positive.
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