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a b s t r a c t
A new poly(methacrylic acid-co-itaconic acid) [poly(MAA-co-IA)] hydrogel encapsulated copper 
hexacyanoferrate (CuHCF) nanoparticles was synthesized. The prepared samples were character-
ized by Fourier-transform infrared spectroscopy, scanning electron microscopy, energy-dispersive 
X-ray, transmission electron microscopy, X-ray diffraction, and thermogravimetric analysis–dif-
ferential scanning calorimetry. The prepared composite CuHCF/poly(MAA-co-IA) was examined 
for adsorption of Cs+ by batch technique. The effect of various factors like solution pH, Cs+ initial 
concentration, agitation time, the temperature of the solution, and competition ions was investi-
gated. CuHCF/poly(MAA-co-IA) composite exhibited high adsorption capacity (1.48 mmol g−1) of 
Cs+ occur at a pH equal to 9, initial concentration of 8 mmol L−1 Cs+ at room temperature (25°C). 
The adsorption of Cs+ was kinetically rapid, and the equilibrium was reached within 40 min. 
Between Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich isotherms models, the data 
were well fitted with the Langmuir model, suggesting that the uptake of Cs+ was monolayer and 
homogeneous. The adsorption kinetics parameters were fitted well to the pseudo-second- order 
model, and the Elovich equation indicated that chemisorption is the predominant adsorption 
mechanism. The intraparticle diffusion model shows that more than one controlling step may 
influence Cs+ loading. Thermodynamic parameters were calculated in the temperature range of 
25°C–55°C and revealed that Cs+ sorption was endothermic, spontaneous, and more favourable 
at the higher temperature. The selectivity of the composite for Cs+ in the existence of Na+ and K+, 
Li+, Ca++ Mg++ ions was exceptional. Up to 98% desorption of Cs+ was completed with 2M KCl.
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1. Introduction

Nuclear energy is a reliable and carbon-free energy 
source impacting the alleviation of global warming. But past 
nuclear disasters and radioactive incidents have reminded 
us of the amount of radioactive waste [1]. Representatively, 
in 2011, the nuclear disaster occurs at the Fukushima Daiichi 

nuclear power station in Japan, which caused that radionu-
clides to contaminate the biosphere and spreads over a large 
area, including soil and seawater [1,2].137Cs is considered 
one of the most abundant radionuclides produced from the 
fission process of uranium with a strong gamma emitter. 
It is one of the major hazardous radioactive because of the 
long half-life, which reached 30.2 y [3,4]. Also, the 137Cs in 
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aqueous solutions are chemically like potassium due to high 
solubility in water, so they spread through the environment 
and remains for a long time [5–7]. Cs+ exist in very low con-
centration, below 0.1% and in large volume of radioactive 
Cs+ contaminated wastewater compared to other compet-
itive ions like Na+, K+, Mg++, and Ca++ [8,9]. Consequently, 
it is challenging to selectively uptake of Cs+ from the nat-
ural environment. There are many techniques to remove 
these radionuclides, containing ion exchange, precipitation, 
adsorption, solvent extraction, evaporation/concentration, 
chromatography, and electrochemical, that have been devel-
oped [9–13]. Ion exchange and adsorption are considered the 
greatest effective methods for the selective removal of Cs+ 
due to their practical advantages, such as effective, facile, 
and high capacitive properties [14–16]. Various adsorbents 
such as aluminium molybdophosphate [17], calixarene [18], 
zeolites [19], silicotitanates [20] have been formerly exam-
ined for removal of Cs+, but these adsorbents are expensive 
or have low selectivity. Hexacyanoferrates (HCF) contain-
ing transition metals such as copper [14–16,21,22], nickel 
[23–25], iron [26,27], zinc [28], and cobalt [13] have been 
used for the uptake of Cs+ ions from aqueous media because 
of its simple preparation, low cost, and high adsorption 
performance for Cs+ ions. Due to the crystal structure of 
metal hexacyanoferrates (MHCF) with a channel diameter 
of around 3.2 Å, it accelerates the permeate of a smaller 
hydrated radius like Cs+. In contrast, the larger hydrated 
ions such as Mg+ and Ca2+ cannot exchange [22–26]. The 
uptake of Cs+ in MHCF occurs by ion exchange with K+, 
present in the MHCF crystal [21–24]. The small particle 
size of MHCF may cause a significant drawback, mainly 
due to the required filtration step, and due to the compli-
cations of using this adsorbent in the column method. To 
overcome this disadvantage various approaches have been 
developed such as grafting MHCF to porous materials by 
encapsulation in polymer matrices [14,23,27–29]. The forma-
tion of the composite was able to overcome this disadvan-
tage of nanoparticle adsorbents. Encapsulation of MHCF 
into a polymer matrix was done using various polymers 
such as poly(vinyl alcohol) [14], cellulose [23], chitin [26], 
polyacrylonitrile [27], and carbomer [29]. In our previous 
work, carbomer encapsulated potassium copper hexacy-
anoferrate (CuHCF) composite was prepared for removal of 
Cs+ with high adsorption capacity (1.74 mmol g–1) and fast  
adsorption time (60 min) [29].

In this work, CuHCF/poly(methacrylic acid-co-itaconic 
acid) [poly(MAA-co-IA)] composite was synthesized with 
a low-cost and effective method. The characterization by 
Fourier-transform infrared spectroscopy (FTIR), scan-
ning electron microscopy (SEM), energy-dispersive X-ray 
(EDX), X-ray diffraction (XRD), and thermogravimetric 
analysis–differential scanning calorimetry (TGA–DSC) was 
investigated for studying the composite composition, prop-
erties, and morphology. The adsorption of Cs+ onto CuHCF/
poly(MAA-co-IA) composite was studied by batch technique. 
The amount of Cs+ adsorbed was examined as a function of 
different factors like pH, Ce+ concentration, contact time, the 
temperature of Cs+ solution, and competition ions. Various 
adsorption isotherm models and kinetic models were 
examined. The effect of different eluents in the elution of 
adsorbed Cs+ ions from the adsorbent was studied.

2. Materials and methods

2.1. Materials

Itaconic acid (IA), methacrylic acid (MAA), N,N′-
methylenebis(acrylamide) (NMBA), and polyvinyl alcohol 
(PVA) were purchased from Sigma-Aldrich (USA). Potassium 
persulphate (K2S2O8), lithium chloride (LiCl), sodium chlo-
ride (NaCl), calcium chloride (CaCl2), magnesium chloride 
(MgCl2) was obtained from Merck, (India). CsCl was obtained 
from Alfa Aesar (USA) (CuSO4·5H2O), (K4[Fe(CN)6]·3H2O) 
were bought from Sigma-Aldrich (USA).

2.2. Synthesis of CuHCF/poly(MAA-co-IA) composite

2.2.1. Synthesis of nanoparticles of CuHCF

CuHCF powder was synthesized by the reaction of 
a solution of copper sulfate (10 wt.%) with a solution of 
potassium hexacyanoferrate (KHCF) (10 wt.%) in the exis-
tence of PVA as a stabilizer (6 wt.%) in an aqueous solution. 
The copper sulfate solution was poured dropwise into the 
KHCF solution with constant stirring. The brown- coloured 
precipitate of CuHCF started to appear on the mixing of 
the two solutions. The fine particles of CuHCF were sep-
arated by ultracentrifugation and washed with water 
several times. This residue was air-dried to obtain fine 
particles of CuHCF.

2.2.2. Preparation of poly(MAA-co-IA)

Poly(MAA-co-IA) hydrogel was prepared by mixing 
2 g of MAA and 0.5 g of IA in an aqueous media, including 
0.025 g of NMBA (crosslinking agent) and 0.005 g of potas-
sium persulphate (K2S2O8) as initiator. It was then bubbling 
mixture with nitrogen gas for 50 min to remove dissolved 
oxygen. Polymerization was performed at 60°C for 4 h. I was 
washing hydrogel with deionized water to remove unreacted 
monomers. Subsequently, hydrogel samples were dehy-
drated in an oven at 50°C for 24 h under vacuum to obtain 
the poly(MAA-co-IA) hydrogel.

2.2.3. Synthesis of CuHCF/poly(MAA-co-IA) composite

Solution X was formed by dispersion of (2 g) of colour-
less powder of poly(MAA-co-IA) hydrogel in 50 mL of dis-
tilled water. Solution Y was formed by dispersing (3 g) of 
CuHCF in 50 mL distilled water. The two Solutions X and 
Y were mixed and shaken for 24 h. Ultracentrifugation, 
then washed with water several times to obtain the com-
posite. The prepared composite was allowed to dry at 50°C 
for 24 h under vacuum, and it was mentioned as CuHCF/
poly(MAA-co-IA) composite.

2.3. Characterization techniques

The FTIR spectra of the synthesized poly(MAA-co-IA)
hydrogel, nanoparticles CuHCF and CuHCF/poly(MAA-
co-IA) composite were measured using FTIR-BRUKER, 
Vector 22 (Germany) Spectrophotometer in KBr phase in 
the spectral range of 4,000–400 cm−1. Morphology of the syn-
thesized samples was investigated using a field-emission 
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scanning electron microscope attached with EDX (ZEISS 
Sigma 300 VP, Germany) at an acceleration voltage of 10 kV. 
Also, the morphology and particle size of CuHCF were 
determined using transmission electron microscopy (TEM) 
(JEOL, JEM-1230 electron microscopy, Japan), the sample 
was prepared by the dispersion of fine particles in water 
under ultra-sonication and then one drop of the suspen-
sion was taken and evaporated on a carbon-coated copper 
grid and placed in the Phillips (CM/TEM). The thermal 
behaviors of the prepared poly(MAA-co-IA) hydrogel and 
CuHCF/poly(MAA-co-IA) composite were studied using 
SDT Q600 V20.5 Build 15 thermogravimetric analyzer in a 
dynamic atmosphere of nitrogen from room temperature 
to 1,000°C at a heating rate of 10°C/min. The X-ray diffrac-
tion of poly(MAA-co-IA) hydrogel and CuHCF/poly(MAA-
co-IA) composite were studied by Diano X-ray diffractome-
ter (USA) using Cu Kα radiation (λ = 1.5418 Å).

2.4. Cs+ removal by batch method

The sorption of nonradioactive Cs+ (133Cs) using the 
new composite was investigated by batch technique, 0.1 g 
of CuHCF/poly(MAA-co-IA) composite was equilibrated 
with 100 mL of the prepared Cs+ solution (CsCl) of known 
concentration (initial concentration) in polypropylene 
bottle. The mixture was shaken using a thermostat rotary 
shaker with a shaking speed of 250 rpm for 120 min at 
25°C unless otherwise stated. The Cs+ loaded composite 
was separated by filtration. After equilibration, the final 
amount of Cs+ in the aqueous media was measured using 
an inductively coupled plasma optical emission spectrome-
try (ICP-OES) spectrometer. Each experiment was repeated 
three times to verify the precision of the obtained data. 
The influence of pH on Cs+ uptake was studied by mixing 
100 mL of Cs+ solution (3 mmol L−1) with 0.1 g of a compos-
ite at different pH values ranging from 2 to 12. Solutions 
of 0.1 M HNO3 and 0.1 M NaOH were used to adjust the 
desired pH of Cs+ solutions. The influence of concentra-
tion on Cs+ adsorption was investigated at a different ini-
tial concentration of Cs+ in the range of 1–10 mmol L−1 and 

optimum pH. The effect of shaking time on adsorption of 
Cs+ was studied at different times (10–60 min), optimum 
pH, and optimum concentration of Cs+. The influence 
of temperature on the Cs+ uptake was performed at tem-
peratures 25°C, 35°C, 45°C, and 55°C, at optimum pH and 
1.0 mmol L−1 of Cs+. The effect of competing ions such as 
K+, Cs+, Li+, Na+, Ca2+ and Mg2+ (as mixed chloride solu-
tions) on Cs+ adsorption onto CuHCF/poly(MAA-co-IA) 
was studied. The experiment was performed by shaking 
0.1 g of composite with 100 mL of the solution containing 
(1.0 mmol L–1) of each metal ion at optimum pH.

2.5. Elution of Cs+

Adsorption of Cs+ onto CuHCF/poly(MAA-co-IA) was 
occur by shaking 0.1 g of composite with 100 mL (3 mmol L–1) 
of Cs+ solution for 60 min. After saturation of the composite 
with Cs+, the composite was filtered and air-dried at room 
temperature. The amount of Cs+ adsorbed at equilibrium was 
calculated as previously mentioned. Desorption of sorbed 
Cs+ was examined using H2O, NaCl, NaOH, KOH, KCl, and 

HNO3 (1 and 2 M) solutions. Desorption was performed 
by shaking the Cs+-saturated composite with 100 mL of the 
desorbing reagent in a shaker for 60 min at a shaking speed 
of 250 rpm. The Cs+ concentration in the desorbed solutions 
was analyzed with an ICP-OES spectrometer.

2.6. Theory/calculation

2.6.1. Adsorption capacity

The adsorption capacity of Cs+ onto composite, qe 
(mmol g−1) was calculated using the following equation [29].

q
C C V
W

o e�
�� �

 (1)

where Co (mmol L−1) and Ce (mmol L−1) are concentration 
before and after adsorption, respectively; V (L) is the vol-
ume of solution containing Cs+, and W is the weight of 
composite (g).

2.6.2. Adsorption isotherm models

The mechanism of the adsorption process can be 
explained by applying isotherm models. Four isotherm 
models, namely, Langmuir [Eq. (2)] [30], Freundlich [Eq. (3)] 
[31], Temkin [Eq. (4)] [32], and Dubinin–Radushkevich 
(D–R) [Eq. (5)] [33], can be used to investigate the diffusion 
of the ions between the aqueous media and the adsorbent. 
Some information is given after applying the models, 
such as the affinity of the ions, properties of the adsor-
bent surface, uptake of metal ions, and mechanism of the 
adsorption process.
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where Ce (mmol L–1) is the amount of metal ions after 
adsorption; q and Qmax (mmol g–1) are the adsorption 
capacity at equilibrium and maximum adsorption capac-
ity, respectively. K (L mmol–1) is the Langmuir constant; 
KF (mmol g–1) and N are the Freundlich constants. KT 
(L g–1) is constant related to equilibrium binding, and B 
(J mol–1) is constantly associated with the heat of adsorp-
tion. KDR (mol2 kJ–2) is a constant which is associated with 
the mean free energy of adsorption, ε (J mol–1) denotes the 
Polanyi potential, which is associated with concentration 
at equilibrium (Ce) as indicated in the following equation:
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Langmuir’s model was studied to verify homogeneous 
adsorption. The essential characteristics of the Langmuir 
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model were expressed in terms of dimensionless constant 
(RL), which is calculated to expect the attraction between the 
ions and composite. The RL value was estimated as follows:

R
KCL

o

�
�

1
1

 (7)

The shape of the isotherm was predicted by RL values. 
Since the isotherm is favorable when 0 < RL < 1, unfavor-
able when RL > 1, linear when RL = 1, and irreversible when 
RL = 0 [34].

To illustrate heterogeneous adsorption, the Freundlich 
adsorption model was used. The third isotherm model is 
the Temkin model, which assumes that the heat of adsorp-
tion of ions decreases linearly with coverage caused by 
indirect adsorbate–adsorbate interactions. The fourth iso-
therm model is the D–R model used to express the adsorp-
tion mechanism with a Gaussian energy distribution onto a 
heterogeneous surface.

2.6.3. Adsorption kinetic models

The kinetic process of adsorption of Cs+ by CuHCF/
poly(MAA-co-IA) can be investigated by using four 
kinetic models: pseudo-first-order [Eq. (8)] [35], pseudo-
second- order [Eq. (9)] [36], intraparticle diffusion model 
[Eq. (10)] [37], and Elovich equation [Eq. (11)] [38].
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where q and qt are capacities of Cs+ adsorbed per gram 
of adsorbent (mmol g–1) at equilibrium and at any time t 
(min), respectively; Kads (min−1), K2 (g mmol–1 min–1) and Kid 
(mmol g–1 min–0.5) are the rate constants of the first-order, sec-
ond-order and intraparticle diffusion models, respectively; 
h (mmol g–1 min–1) is the initial sorption rate constant and C 
is the intercept. α (mmol g–1 min–1) is the initial adsorption 
rate, and β (g mmol–1) is the constant of the degree of the 
surface coverage and activation energy for chemisorptions.

2.6.4. Thermodynamic parameters

The free energy change ΔG°ads (kJ mol–1), enthalpy change 
ΔH°ads (kJ mol–1), and entropy change ΔS°ads (J mol–1) are 
thermodynamic parameters, which can be obtained using 
Eqs. (12) and (13):
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where R is a gas constant (8.314 J mol–1 K–1), T is the tem-
perature (K), and Kd is the equilibrium constant (L g–1). 
Kd was calculated as follows.
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where Co (mmol L–1) and Ce (mmol L–1) are the concen-
tration of metal ions before adsorption and after adsorp-
tion, respectively; V is the volume of aqueous solution in 
(L), and W is the mass of adsorbent in gram. To calculate 
thermodynamic parameters, Kd should be dimensionless, 
when K is given in L g−1, the value of Kd can be dimension-
less by multiplying it by 1,000 (1 L = 1,000 mL) [39], the 
obtained value being denoted with Ko.

3. Result and discussion

3.1. Characterization of CuHCF/poly(MAA-co-IA) composite

FTIR verified the existence of CuHCF in the poly (MAA-
co-IA) hydrogel. Fig. 1 shows FTIR spectra of the synthe-
sized CuHCF, poly(MAA-co-IA) and CuHCF/poly(MAA-
co-IA) composite. Fig. 1a shows the spectrum of CuHCF, 
which presented a band at 2,083 cm−1 caused by the stretch-
ing vibration of the (C≡N) group, and the formed peaks 
at 470–585 cm−1 are attributable to the (Fe–C) stretching 
[40]. The IR spectrum of poly(MAA-co-IA), Fig. 1b shows 
two strong bands at 3,425 and 1,705 cm–1 attributed to the 
O–H stretching vibration and C=O stretching vibration 
from acidic groups, respectively. Additionally, the peak at 
1,458 cm–1 is due to the bending vibration of CH2 groups 
from IA. The spectrum for CuHCF/poly(MAA-co-IA) com-
posite, Fig. 1c shows a sharp peak at 2,083 cm–1 because 
of the stretching vibration of (C≡N) group similar to that 
found in Fig. 1a for CuHCF. The peaks at 478–594 cm–1 are 
attributable to the Cu–O stretching. The existence of these 
peaks suggested the interaction between COOH groups 
from MAA and IA and CuHCF, which indicates that CuHCF 
nanoparticles were encapsulated in poly(MAA-co-IA).

SEM and TEM analysis were measured to observe 
morphology, determine the particle size and distribution 
of CuHCF nanoparticles. The results showed that the par-
ticle size of CuHCF exhibited in nanoscale with an aver-
age diameter of 35.8 nm (Fig. 2). The SEM microscopy 
and elemental mapping were collected, and EDX spectra 
are shown in Figs. 3 and 4 for CuHCF/poly(MAA-co-IA) 
composite sample before and after Cs+ loading. The SEM 
image of the virgin adsorbent (Fig. 3a) shows an irreg-
ular and rough surface with porous surface morphology. 
The porosity of the adsorbent simplifies the transfer of 
Cs+ ions to the prepared CuHCF/poly(MAA-co-IA) com-
posite surface. After Cs+ adsorption (Fig. 3b), the pores 
disappeared, and the surface became completely packed 
and smooth due to the adsorption of Cs+ ions. The EDX 
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spectra in both samples show K, Fe, and Cu peaks repre-
senting the elemental constituents of CuHCF/poly(MAA-
co-IA) composite before and after Cs+ loading (Fig. 3a and 
b). Additionally, EDX spectra (Fig. 3b) show Cs ion peak 
complemented with a decrease in the peak intensity of 
K. The EDX data (Fig. 3a and b) indicated that the atomic 
ratio of K/Fe of the virgin sample was 3.01, which is near 
to (K+ Ce)/Fe = 3.32 in the adsorbent after Cs+ loading. The 
collected results showed that the adsorption process of 
Cs+ was done by ion exchange with K+. Furthermore, the 
degree of exchange of K+ was calculated by dividing the dif-
ference in atomic % of K (13.46–9.47) over the atomic % of 
K before adsorption (13.46), and it was found to be 29.6%.  

This percent reveals that 70.4% of the CuHCF/poly(MAA-
co-IA) composite exchange centers are still free and avail-
able to exchange excess Cs+ from concentrated Cs+ solutions.

Fig. 4 shows the SEM–EDX elemental mapping of the 
virgin CuHCF/poly(MAA-co-IA) composite (Fig. 4a) and 
of Cs-loaded CuHCF/poly(MAA-co-IA) composite (Fig. 4b), 
the elemental mapping after adsorption of Cs+ showed 
the new and homogeneous distribution of Cs+ and less 
distribution of K.

The thermal properties of polymeric materials are sig-
nificant for identifying and finally increasing their per-
formance. Thermal performance of poly(MAA-co-IA) and 
CuHCF/poly(MAA-co-IA) composite was examined by 
TGA in the temperature range of 23°C–1,000°C under inert 
nitrogen atmosphere (Fig. 5). TGA curve for poly(MAA-
co-IA) hydrogel, Fig. 5a, indicates an initial weight loss 
at around a range of 23°C–163°C, attributable to water 
adsorbed. The next weight loss in the range of 163°C–422°C 
attributable to the decarboxylation process (from MAA 
and IA), and the last one from 422°C to 489°C can be due 
to the cleavage of the main chain of the polymer. The TGA 
curve of the CuHCF/poly(MAA-co-IA) composite dis-
played a similar behaviour that poly(MAA-co-IA) while 
shifted to upper temperatures, Fig. 5b. This implies that 
the addition of CuHCF into hydrogel provided more ther-
mal stability to the hydrogel. Additionally, DSC was tested 
for poly(MAA-co-IA) and CuHCF/poly(MAA-co-IA) com-
posite. Two endothermic peaks in poly(MAA-co-IA) were 
detected at 114°C and 419°C, Fig. 5c, while the CuHCF/
poly(MAA-co-IA) composite exhibited two endothermic 
peaks 247°C and 664°C, Fig. 5d.

Fig. 6 shows the XRD patterns of (a) poly(MAA-co-IA) 
hydrogel and (b) CuHCF/poly(MAA-co-IA) composite. 
As detected in Fig. 6a, there are no peaks in the XRD pat-
tern of poly(MAA-co-IA) which indicated the amorphous 
nature of the polymer. The XRD pattern of CuHCF/poly 
(MAA-co-IA) presented different peaks at 2θ values of 18°, 
25.6°, 35.9°, 39°, 45°, and 53° and 60° (Fig. 6b) [14,41,42]. 
The synthesized CuHCF/poly(MAA-co-IA) crystalline 
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Fig. 1. FTIR spectra of the synthesized (a) CuHCF, 
(b) poly( MAA-co-IA) and (c) CuHCF/poly(MAA-co-IA) 
composite.

Fig. 2. (a) SEM and (d) TEM images CuHCF.
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Fig. 3. SEM–EDX analysis of (a) CuHCF/poly(MAA-co-IA) before adsorption and (b) CuHCF/poly(MAA-co-IA) after cesium sorption.

Fig. 4. Elemental mapping of CuHCF/poly(MAA-co-IA): (a) before cesium adsorption and (b) after cesium loading.
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structure is compatible with that listed for CuHCF [21].  
The indicated data shows that the nanoparticles of (CuHCF) 
are completely dispersed between the poly(MAA-co-IA) 
matrix.

3.2. Batch adsorption method

3.2.1. Influence of pH

The stability and sorption properties of CuHCF/
poly(MAA-co-IA) composite were examined at various 
pH conditions. The adsorption experiments were studied 
at 3 mmol g–1 of Cs+, 25°C, and pH ranging from 2 to 12. 
As presented in Fig. 7, the adsorption capacity is contin-
uously increased by increasing pH value from 2 to 9, and 
then, it decreased. While the adsorption process of Cs+ in 
acid media decreased, the removal of Cs+ using CuHCF/
poly(MAA-co-IA) is still relatively high (q = 0.41 mmol g–1 
= 54.4 mg g–1) in strong acid media at pH equal to 2. The 
maximum uptake of Cs+ was observed in basic media at pH 
9 (q = 0.88 mmol g–1 = 116.9 mg g–1); therefore, the following 

tests in this article were carried out at pH equal to 9. When 
the pH increased from 9 to 12, the uptake process con-
siderably decreased. In an acidic medium (pH = 2–4), the 
adsorption capacity has a low value which two reasons may 
cause. The first one is the sorption coemption between Cs+ 
ions and hydrogen ions from COOH groups of the com-
posite [14,43–45]. The additional cause is due to CuHCF/
poly(MAA-co-IA) dissolution under acidic conditions [44]. 
In a strongly alkaline medium, the decrease in the adsorp-
tion process may be attributable to two reasons. The first 
one is the production of Cs(OH) (Cs+ + OH– → Cs(OH)) or 
negative ion form (Cs(OH) + OH– → Cs(OH)2

–). Cesium in 
both forms has a small attraction to the composite compared 
with positive form (Cs+) [44]. The second possible cause 
is fractional degradation of CuHCF from the composite 
surface in a basic medium, as shown in the earlier works 
[14,29]. It is important to mention that the uptake of Cs+ 
from aqueous media using CuHCF/poly(MAA-co-IA) com-
posite was comparatively greater than other adsorbents in 

Fig. 5. Thermal analysis of (a,c) poly(MAA-co-IA) and (b,d) CuHCF/poly(MAA-co-IA).

2θ (degree) 

In
te

n
si

ty
 

Fig. 6. XRD pattern of (a) poly(MAA-co-IA) and (b) CuHCF/
poly(MAA-co-IA).
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Fig. 7. Influence of pH on the adsorption of Cs+ ions; 
100 mL (3 mmol L–1), 0.1 g CuHCF/poly(MAA-co-IA), 
shaking time 4 h, and at room temperature.
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high acidic media (pH = 2–4). For this result, the synthe-
sized CuHCF/poly(MAA-co-IA) composite showed a high 
affinity for Cs adsorption from an aqueous solution [44,45].

3.2.2. Effect of initial Cs+ concentration and equilibrium 
isotherm models

Fig. 8 presents the effect of Cs+ concentrations on the 
adsorption capacity of CuHCF/poly(MAA-co-IA) compos-
ite. The effect of Cs+ concentrations was studied at the ini-
tial concentrations range 1–10 mmol L–1 at room tempera-
ture and optimum pH. As indicated in Fig. 8, the amount 
of Cs+ adsorbed significantly increased at the low concen-
tration range 1–6 mmol L–1. The adsorption capacity slowly 
increased at high Cs+ concentrations before reaching a plateau 
profile at the initial concentration of Cs+ equal to 8 mmol L–1 
(1,064 mg L–1). The maximum uptake of Cs+ by the compos-
ite was calculated to be 1.48 mmol g–1 (196.8 mg g–1). Over 
80% of adsorbed Cs+ was reached with an initial concentra-
tion lower than 5.0 mmol L–1, suggesting that the interaction 
of CuHCF/poly(MAA-co-IA) with Cs+ was significant even 
at relatively low Cs+ concentration in the solution (Fig. 8). 
These results indicate the higher efficiency of CuHCF/poly 
(MAA-co-IA) composite in Cs+ removal from aqueous media.

The Langmuir, Freundlich, Temkin and D–R isotherm 
model parameters are estimated using Eqs. (2)–(5) and sum-
marized in Table 1. According to correlation coefficient (R2) 
values, we concluded that the Langmuir model (R2 = 0.991) 
was better to describe the experimental data than other 
isotherm models. These showed the chemisorption of Cs+ 

by CuHCF/poly(MAA-co-IA) can be monolayer adsorp-
tion on the homogeneous surface [46]. The calculated RL 
values were found between 0.18 and 0.69 (Table 1), which 
implies that the adsorption of Cs+ is favourable at a higher 
initial concentration of Cs+ [47]. The magnitude of N value 
in Freundlich model (0 < N < 1) signifies favorable adsorp-
tion condition [48]. From the D–R isotherm model, the val-
ues of mean free energy (E) per molecule is 1581 kJ mol–1 
implies that the chemisorption process controls the uptake 
of Cs+. The positive value of free energy (E) showing 
that the adsorption of Cs+ by the composite is endothermic.

3.2.3. Comparison with other adsorbents

Commonly, the amount of Cs+ adsorbed by the compos-
ite (qe) is an important factor compared to other adsorbents. 
This work compares the present CuHCF/poly(MAA-co-IA) 
adsorbent with the latest results collected from various 
forms of CuHCF composites, as presented in Table 2. The 
results indicate that the amount of Cs+ adsorbed by CuHCF/
poly(MAA-co-IA) is higher than most metal hexacyano-
ferrate composites [13–16,22–27]. However, the uptake 
of Cs+ by CuHCF/poly(MAA-co-IA) is lower than other 
adsorbents such as CuHCF-carbomer, amino-rGO/ZnHCF 
and (HEC + CMC) [21,28,29]. These collected data reveal 
that the CuHCF/poly(MAA-co-IA) composite is an effec-
tive adsorbent for removing Cs+ from an aqueous solu-
tion. It can be used to treat large volumes of radioactively 
contaminated water. Moreover, CuHCF/poly(MAA-co-IA) 
can be prepared with simple and inexpensive materials.

3.2.4. Effect of shaking time and equilibrium kinetic models

The kinetics of the adsorption process was examined 
by determining the adsorption capacity of Cs+ at various 
times. A series of experiments was conducted to determine 
the optimal shaking time for uptake of Cs+ onto CuHCF/

Table 1
Parameters of Langmuir, Freundlich and Temkin isotherms 
and Elovich equation for adsorption of Cs+ on CuHCF/poly 
(MAA-co-IA)

ParametersIsotherm

1.95Qmax (mmol g–1)

Langmuir isotherm 0.434K (L mmol–1)
0.991R2

0.18–0.69RL

0.506N
Freundlich isotherm 0.579KF (mmol g–1)

0.958R2

3.38KT (L g–1)
Temkin isotherm 0.481B (J mol–1)

0.985R2

1.36Qmax (mmol g–1
 )

D–R isotherm
2 × 10–7KDR (mol2 kJ–2)
1.581E (kJ mol–1)
0.888R2
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Fig. 8. Sorption isotherm of Cs+ using CuHCF/poly(MAA-co-IA) 
(concentration = 1.0–10 mmol L–1, 0.1 g adsorbent, solution 
pH = 9.0, shaking time 4 h at room temperature).
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poly(MAA-co-IA) composite in the shaking time range of 
10 – 60 min. Contact time experiments were performed 
at optimum pH, Initial concentration of Cs+ = 8 mmol L–1, 
and room temperature; the plot is shown in Fig. 9. 
As presented in Fig. 9, the amount of Cs+ adsorbed by 
CuHCF/poly(MAA-co-IA) composite increased as contact 
time increased, then the equilibrium is attained as shown 
by a flat plateau. The rate of uptake was rapid, and the 
equilibration was achieved in 40 min. Half-load time (t1/2) 
was less than 10 min. This high initial adsorption rate 
towards Cs+ indicates that the adsorption process occurs 
mainly on the composite surface and the regular distribu-
tion of CuHCF on poly(MAA-co-IA) surface, making the 
rapid Cs+ uptake at the beginning of the experiment. The 
fast removal process decreased the time needed for the 
adsorption of Cs+ from wastewater which reduced the costs 
for the operation. It is vital to compare the time needed 
to reach the equilibrium with previously prepared adsor-
bents. It was observed that the CuHCF/poly(MAA-co-IA) 
required less time to uptake Cs+ than other adsorbents, 
such as metal–organic framework (MOF) [24], CuHCF-
carbomer [29], (CoHCNF)@poly [13], CuHCF–PAN (poly-
acrylonitrile) [12] and amino-rGO/ZnHCF [28] which 
showed an experimental data of Cs+ removal time 45, 60, 
200, 280 and 360 min, respectively.

In the present work, four kinetic models were used to 
simulate the experimental data to clarify the main adsorp-
tion mechanism. These kinetic models included pseudo- 
first-order kinetic model [Eq. (8)], pseudo-second- order 
kinetic model [Eq. (9)], intraparticle diffusion model 
[Eq. (10)] and Elovich model [Eq. (11)]. The kinetic param-
eters and correlation factor (R2) were estimated and are 
listed in Table 3. According to values of R2, it was found 
that both pseudo-second-order [35] and Elovich model [38] 
were up to 0.99, revealing that the adsorption of Cs+ onto 

CuHCF/poly(MAA-co-IA) follows the chemisorption pro-
cess [45]. This conclusion is reliable with the results listed 
for other polymer encapsulated potassium copper hexa-
cyanoferrate composites [13,15,29]. The intraparticle dif-
fusion plots for Cs+ adsorption, as shown in Fig. 10, indi-
cates multilinearity. The plot could be divided into three 
parts. This shows that intraparticle diffusion was not the 
only rate-controlling step. Therefore, adsorption kinetics 
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Fig. 9. Influence of contact time on the removal of Cs+ using 
0.1 g CuHCF/poly(MAA-co-IA) and Cs+ concentration of 8.0 
(mmol L–1) of Cs+ at solution pH = 9.0 and at room temperature.

Table 2
Cesium adsorption capacities from other composites listed in recently published articles

Support Co-metal Sorption capacity  
(mmol g–1)

Conditions Ref.

Poly(MAA-co-IA) Cu 1.48 pH 9.0, 25°C This study
Carbomer Cu 1.74 pH 9.0, 25°C [29]
Poly-vinyl alcohol – sodium 
alginate (PVA-SA) nanofiber

Cu 0.86 pH 8, 25°C [14]

HCF-Mbead Cu 0.52 –, 25°C [15]
Ammonium molybdophosphate-Poly-
ethersulfone composite (AMP-PES)

Cu 0.42 –, 27°C [16]

Hydroxyethyl cellulose-carboxymethyl 
cellulose (HEC + CMC)

Cu 2.32 pH 7.0, 25°C [21]

CHCF/SBA-15 Cu 0.123 pH 7.0, 35°C [22]
Bacterial cellulose membrane Ni 1.32 pH 6, 25°C [23]
MOF Ni 1.15 pH 9.0, 25°C [24]
Sericite Ni 0.1 pH 5.0, 25°C [25]
Chitin Fe 0.32 pH 6.0, 20°C [26]
Polyacrylonitrile Fe 0.714 pH 7.0, 25°C [27]
Amino-rGO/ZnHCF Zn 1.998 pH 5.0, 25°C [28]
Polyaniline Co 1.36 pH 7, 60°C [13]
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can be limited simultaneously by intraparticle diffusion 
and film diffusion [29,37].

3.2.5. Influence of temperature and thermodynamic 
parameters

The influence of increasing temperature on the 
uptake of Cs+ was studied with a temperature range of 
25°C–55°C. The adsorption experiments were performed 
at pH 9, initial concentration of Cs+ = 1 mmol L−1, and con-
tact time = 40 min. The tabulated results reveal that (Ko) of 
Cs+ adsorption increased with increasing the temperature. 
The increase in Ko may be caused by the increase in kinetic 

energy of Cs+ and their mobility with increasing the tem-
perature of the solution. To investigate the thermodynamic 
nature of the adsorption of Cs+, thermodynamic parame-
ters including standard enthalpy (ΔH°ads), standard entropy 
(ΔS°ads), and standard Gibbs free energy (ΔG°ads) were cal-
culated. ΔH°ads and ΔS°ads values were determined from the 
slope and intercept of the linear plot, Fig. 11, respectively. 
As indicated in Table 4, at all temperatures, the values of 
(ΔG°ads) were negative, which indicates the spontaneity 
and feasibility of Cs+ adsorption. The negative value 
of Gibbs free energy (ΔG°ads) increased with increasing 
the temperature from 25°C to 55°C, which indicate that 
the spontaneity of the adsorption process is propor-
tional to the temperatures. Furthermore, it reflects that 
the uptake of Cs+ onto the composite surface is mainly 
chemisorption rather than physisorption [42]. The pos-
itive value of standard enthalpy (ΔH°ads) reflects the 
endothermic nature of Cs+ uptake. The positive value of 
standard entropy (ΔS°ads) indicates the affinity of the pre-
pared composite for Cs+ and the increasing randomness at 
the (composite/Cs+ solution) interface during the uptake 
process [24].

3.2.6. Selectivity and adsorption mechanism

A critical factor that affects the performance of an 
adsorbent for a metal understudy is the selective adsorp-
tion of the metal ion in the existence of competitor ions. 
To confirm the selectivity of CuHCF/poly(MAA-co-IA) for 
Cs+, the distribution coefficient (Ko) of Cs+ was calculated in 
the existence of other monovalent cations (Cs+, Li+, Na+, K+) 
as well as the divalent cations, Ca2+ and Mg2+. As indicated in 
Table 5, CuHCF/poly(MAA-co-IA) exhibited higher Ko value 
for Cs+ (960.8 L g–1) compared with the Ko values for monova-
lent and divalent competing cations. This result indicates 
that CuHCF/poly(MAA-co-IA) has excellent selectivity for 
Cs+. The Ko

 values of monovalent cations are generally in the 
order Cs > Na > Li, which is the same order of hydrated ionic 
radius of the cations. This result is attributed to the smaller 
the hydrated ion that can easily reach the sorbent sur-
face and, therefore, higher adsorption. The Cs-adsorption 
mechanism of CuHCF principally includes ion exchange 

Table 3
First-order, second-order intraparticle diffusion rate constants 
and D–R isotherm

ParametersEquations

1.34q (mmol g–1)Pseudo-first-order 
kinetic equation 0.095Kads (min–1)

0.957R2

1.81q (mmol g–1)
Pseudo-second-order 
kinetics

0.51K2 (g mmol–1 min–1)
1.67h (mmol g–1 min–1)
0.991R2

0.24α ( mmol g–1 min–1)
Elovich equation 1.98β (g mmol–1)

0.992R2

0.149Kid (mmol g–1 min–1/2)
Intraparticle diffusion 
equation

0.441C (mmol g–1)
0.861R2
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Fig. 10. Weber–Morris (intraparticle diffusion model) for the 
removal of Cs+ using CuHCF/poly(MAA-co-IA).
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of Cs+ using CuHCF/poly(MAA-co-IA).
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between Cs+ in the diluted solution and potassium in the 
crystal structure of the composite, Fig. 12. As presented 
in Table 5, the total K+ concentration in solution increased 
after the adsorption process by using CuHCF/poly(MAA-
co-IA) in the presence of competing cations. This result 
indicates that ion exchange occurred between K+ in CuHCF 
crystal and monovalent cation in the solution [49]. The 
adsorption of metal ion increase and exchange occur eas-
ily as the hydrated ionic radius of the metal ion close to 
that of K+. The increase of Ko value of divalent metal ions 
(Ca2+ and Mg2+) may be due to complex formation between 
divalent metal ions and carboxylic groups of the poly-
mer in CuHF/poly(MAA-co-IA). The uptake mechanism 
of Cs+ by the composite is mainly an ion-exchange mech-
anism between Cs+ in the solution and K+ in CuHCF. 
The previously discussed data indicate that CuHCF/
poly (MAA-co-IA) possesses higher selectivity toward Cs+.

3.2.7. Cs+ desorption

Desorption of Cs+ was studied using H2O, NaCl, NaOH, 
KOH, KCl, and HNO3 (1 and 2 M) solutions. Fig. 13 indicates 

that H2O could not recover more than 0.6% of adsorbed 
Cs+. 2 M KCl possesses a maximum recovery percent (98%). 
The desorbing agent with a concentration (2 M) has a 
higher desorption percentage than 1 M. Elution of Cs+ with 
K+ was more efficient than with Na+ because of the closer 
hydrated ionic radius of K and Cs than that of Na and Cs; 
therefore, K could efficiently exchange with adsorbed 
Cs in the interior of CuHCF/poly(MAA-co-IA) composite.

4. Conclusion

In this work, we used a simple way to prepare novel 
composite material based on CuHCF nanoparticles incor-
porated in poly(MAA-co-IA) hydrogel matrix. The synthe-
sized composite was characterized using different tech-
niques such as FTIR, SEM, EDX, XRD, and TGA–DSC. 
The adsorption of Cs+ using the prepared composite was 
studied by batch technique. The influences of essential fac-
tors such as pH, concentration, shaking time, solution tem-
perature, and competing ions were examined. The results 
showed the maximum adsorption capacity of 1.48 mmol g−1 
at pH 9, 8 mmol L−1 Cs+, and 25°C. The isotherm of the 

Table 4
Thermodynamic parameters for the uptake of Cs+ using CuHCF/poly(MAA-co-IA)

Temperature (K) K° (L g–1) ΔG°ads (kJ/mol) ΔH°ads (kJ/mol) ΔS°ads (J/mol)

298 1,040.816 –17.21

10.93 94.5
308 1,222.222 –18.20
318 1,380.952 –19.11
328 1,564.103 –20.05

Table 5
Selectivity of CuHCF/poly(MAA-co-IA) toward inactive Cs+

Ions Concentration (mmol L–1) Ko (L g–1) Hydrated ionic  
radius (Å)Before treatment After treatment

Cs+ 1 0.51 960.8 2.26–2.28
Na+ 1 0.81 234.6 2.76–3.6
K+ 1 1.3 – 2.32–3.31
Li+ 1 0.82 219.5 3.4–4.7
Ca2+ 1 0.715 398.6 4.1
Mg2+ 1 0.8 250 4.2

Fig. 12. Synthesis and adsorption−desorption cycles of CuHCF/poly(MAA-co-IA).
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adsorption process was modeled by the Langmuir model. 
In the wide range of pH from 2 to 12, CuHCF/poly(MAA-
co-IA) composite showed reasonable adsorption capac-
ity even in a strongly acidic medium (pH 2) and a highly 
alkaline (pH 12) medium. The adsorption of Cs+ was kinet-
ically rapid, and the maximum amount of Cs+ adsorbed 
attained in 40 min. According to the values of (R2) obtained 
for all tested kinetic models, the adsorption results can be 
modeled by both the pseudo-second-order model and the 
Elovich model. We were studying the adsorption process 
at different temperatures to calculate the thermodynamic 
parameters. The results indicated that the adsorption 
process was spontaneous in nature and endothermic. It 
was found that the CuHCF/poly(MAA-co-IA) possess 
remarkable selectivity towards Cs+. The desorption of 
Cs+ was examined by different desorbing agents, and the 
result showed that elution of Cs+ using 2 M KCl solution 
was favorite with maximum recovery percent (98%).
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