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a b s t r a c t

In this study, iron oxide immobilized sand (IIS) and manganese oxide immobilized sand (MIS) were 
prepared by impregnation method and employed for the removal of Cs(I) and Sr(II) from aqueous 
solutions. The characterizations of IIS and MIS along with the bare sand were performed with the 
help of SEM-EDX, FT-IR and XRD analyses. The amount of iron and manganese loaded on the sand 
surface were 4.52 mg/g and 1.57 mg/g, respectively. Further, the stability test showed that iron/
manganese oxide particles were strongly aggregated on the sand surface. An enhanced uptake of 
Cs(I) and Sr(II) were shown by IIS and MIS compared to the bare sand. The Langmuir monolayer 
adsorption capacity of IIS were found to be 5.102 and 1.324 mg/g for Cs(I) and Sr(II), respectively; 
whereas the MIS showed 2.409 and 1.277 mg/g for Cs(I) and Sr(II), respectively. The time dependent 
adsorption data follows pseudo second order kinetic better than pseudo first order kinetic model. 
The presence of other heavy metals caused a decreased in the removal of Cs(I)/Sr(II) by IIS/MIS. The 
effect of ionic strength studies indicate that Cs(I) and Sr(II) are weakly bound through electrostatic 
attraction and form outer sphere complexes on the surfaces of IIS and MIS. Further, the breakthrough 
curves were obtained through fixed bed column experiments and the loading capacity of the column 
packed with IIS or MIS were evaluated.
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1. Introduction

Enhance use of radioactive elements in nuclear power 
plant in order to afford high energy requirement in turn 
produced large amount of radioactive waste. Moreover, 
nuclear weapon testing and the accidents occurred in 
nuclear power plants due to earthquake and tsunami exten-
sively generate radioactivity to the environment. Therefore, 
radioactive contamination has become a crucial environ-
mental issue in many countries [1]. Cesium is one of the 

fission products frequently present in radioactive liquid 
effluents and it is considered as the most hazardous ele-
ment to the environment [2]. 134Cs and 137Cs are the major 
fission products having long half-lives of 2.06 y and 30.2 y, 
respectively [3]. 137Cs has received more concern due to its 
abundance and gamma radiation emission [4]. Moreover, 
Cs-137 is reported as a major source of radiation and heat 
in the high-level radioactive waste [5,6]. Due to high water 
solubility, cesium can easily enter human body and possibly 
caused an internal hazard such as cancer. Moreover, due to 
similarities in chemical properties with sodium and potas-
sium, cesium has high tendency to incorporate to terrestrial 
and aquatic habitats, so it is a potential toxic contaminant 
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in water [7]. Strontium is another important radionuclide, 
which is found in significant amount in the spent fuel of 
nuclear reactor and the fallout from nuclear weapons test 
[8]. 90Sr and 89Sr are two important radio-strontium mainly 
generated from the nuclear fission of 235U and 239Pu, having 
half-lives of 28.6 y and 53 d  respectively [9]. 90Sr mainly 
present as the Sr2+ ion which could replace calcium ions and 
increase the possibility of leukemia and other diseases in 
the human body [10,11]. These radio toxic pollutants are 
potentially destructive to living beings even at diminutive 
levels. Therefore, the attenuation of toxic cesium and stron-
tium from the human environment is highly necessary.

In order to abate the radioactive contamination in 
aquatic environment, different types of technique such as 
membrane separation [12], reverse osmosis filtration [13], 
adsorption [14], electro-coagulation process [1], electro-de-
ionisation [15], ion exchange [16] were investigated for the 
removal of Cs or Sr from aqueous media. Adsorption is 
found to be an appropriate technique to abate radioactive 
contamination due to its low cost, versatile and easy opera-
tion [17]. Different types of adsorbents including magnetic 
graphene oxides [18], zeolites [19], mesoporous silica [20], 
Azollafiliculoides [21], Egyptian soils [22], sericite and acti-
vated sericite [3,23] were reported to remove cesium and 
strontium from aqueous solutions. Furthermore, the met-
al-organic framework-based materials [24] and poly(am-
idoxime) modified reduced graphene oxide [25] were 
observed to be superior adsorbents for the capture of radio-
active metal ions.

Sand is commonly utilized as filter medium in water puri-
fication system due to its natural abundance, low cost and 
chemical stability. Previously, it was observed that, during the 
wastewater treatment, iron and manganese present in waste-
water are incorporated on the sand surface in their oxides 
form. This material had been found to be fairly efficient for 
the adsorption of several toxic heavy metals due to their selec-
tivity toward several metal ions [26]. Moreover, use of iron 
and manganese in wastewater treatment has advantages since 
they are abundant in nature and non toxic to the environment 
[27,28]. Therefore, the surface modification of sand by incorpo-
rating iron or manganese could facilitate the suitability of nat-
ural sand for the removal of various toxic metal ions including 
radio toxic ions from aqueous solutions. The successful utiliza-
tion of iron or manganese oxide modified sand for the adsorp-
tion of heavy metals [29–32], arsenic [33], antimony [34], dyes 
[35] were reported. However, the investigation about the 
application of these materials in the attenuation of radio toxic 
ions is limited. So it is interesting to study the efficiency of 
iron and manganese coated sand for the removal of Cs(I) and 
Sr(II). Therefore, the present study aims to incorporate iron or 
manganese oxide onto locally available natural sand by simple 
impregnation process. The materials were characterized and 
further employ for the removal of two radio toxic ions, i.e., 
Cs(I) and Sr(II) from aqueous solutions.

2. Experimental

2.1. Materials and chemicals

The bare sand was collected from the riverbank of 
‘Tlawng’ at Sairang site, Mizoram, India. The sand was 
soaked in the diluted acid overnight to remove any impuri-

ties. Then, it was rinsed for several time using distilled water 
and kept inside the drying oven for further use. The size 
of sand is 0.5–1.0 mm. Fe(NO3)3·9H2O and Mn(NO3)2.6H2O 
were obtained from Kanto Chemicals Co. Inc., and Junsei 
Chemical Co. Ltd., Japan, respectively. Cesium chloride was 
procured from Kanto Chemicals Co. Inc., Japan, whereas 
the strontium nitrate was procured from Deajung Chemi-
cals and Metals Co. Ltd., Korea. All other chemicals were 
AR grade and the water used in all experiments was dis-
tilled by the Milli-pore water purification system. 

2.2.  Preparation of iron oxide immobilized sand (IIS) and 
 manganese oxide immobilized sand (MIS)

100 mL of iron nitrate solution (0.05M) was prepared 
and the solution pH was maintained at 8.5. The solution 
was kept in a round bottom flask and then 50 g of sand 
was added in the solution. The flask containing the mixture 
was fixed in a rotary evaporator and the rotating speed was 
30 rpm at 60°C. The vacuum pump was applied slowly and 
about 90% of water was removed. The remaining mixture 
was kept at 90°C inside the oven to dry completely. There-
after, the solid sample was kept at 120°C (2 h) to stabilize 
the immobilized iron-oxide particles. After the sample was 
cooled down to room temperature, it was washed with pure 
water and then again dried at 70°C. The modified sand is 
named as iron oxide immobilized sand (IIS). The same pro-
cedure was repeated using manganese nitrate solution to 
obtain manganese oxide immobilized sand (MIS). 

2.3. Characterization 

The ultra-high resolution scanning electron microscope 
(SEM) with energy dispersive X-ray spectroscopy (EDX) sys-
tem (FE-SEM SU-70, Hitachi, Japan) was used for obtaining 
the micro graph and elemental compositions of bare sand, 
IIS and MIS. The X - ray diffraction patterns of these solids 
were collected using XRD machine (X’Pert PRO MPD: PAN 
alytical, Netherland). Moreover, Fourier transform infrared 
spectroscopy (FT-IR; Model: Tensor 27, Bruker, USA) was 
employed to identify the functional groups present on the 
surface of bare sand as well as modified sand.

2.4.  Determination of iron and manganese content and stability 
of IIS and MIS samples

The iron and manganese content in the IIS and MIS as 
well as bare sand were determined by US EPA 3050B method 
and the amount of iron or manganese particles loaded onto 
the sand surface were determined. Moreover, the stability 
tests for immobilized iron or manganese particles were 
conducted within pH 2.0 to 10.0. In this process, 100 mL of 
water were kept in several polyethylene bottles and the pH 
of these water were adjusted to pH 2.0 to 10.0 by the addi-
tion of drops of 0.1 mol/LHNO3and 0.1 mol/L NaOH solu-
tions. 0.25 g of sand or IIS or MIS was introduced in a three 
series of pH. The bottles were kept in automatic shaker at 
25°C for 24 h. The samples were filtered using membrane 
filter (0.45 μm) and the total iron or manganese concentra-
tions were analyzed using atomic absorption spectrometer 
(AAS; Model: AA240FS, Varian).
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2.5. Batch experiments

Batch experiments were performed to study the effect of 
solution pH, initial Cs(I)/Sr(II) concentrations, contact time, 
and presence of heavy metal ions and ionic strength in the 
removal of Cs(I) and Sr(II) using IIS and MIS solids. In this 
study, 50 ml of Cs(I)/Sr(II) solution were taken in polyeth-
ylene bottles and the pH of solutions were adjusted using 
0.1 mol/L HNO3/NaOH solution. Then, 0.25 g of the adsor-
bent was added to each bottle i.e., 5.0 g/L for all batch exper-
iments. The solution mixture was kept inside the automatic 
shaker with rotating speed of 150 rpm at 25 ± 1°C for 12 h 
to achieve the adsorption equilibrium. After the adsorption 
process was completed, the solutions were filtered by mem-
brane filter (0.45 μm) and the concentration of Cs(I)/Sr(II) 
were analyzed using the Fast Sequential Atomic Absorption 
Spectrometer (Model: AA240FS, Varian, Australia).

The effect of initial concentration was performed within 
the initial concentration between 4.0 and 28.0 mg/L for Cs(I) 
and between 1.0 to 18.0 mg/L for Sr(II) at constant pH 5.0. 
The adsorption data obtained within a wide range of initial 
concentration are further utilized for Langmuir and Freun-
dlich adsorption isotherm studies. The effect of contact time 
was studied by measuring the extent of adsorption at vari-
ous intervals of time within 12 h. The experiments were per-
formed at pH 5.0 keeping the initial concentration of Cs(I) 
and Sr(II) at 10.13 mg/L and 6.99 mg/L, respectively. The 
kinetic data collected were utilized to fit into the pseudo-first 
order and pseudo-second order kinetic model. Furthermore, 
the effect of presence of other heavy metal ions such as Cd(II), 
Cu(II), Mn(II), Pb(II) and Sr(II)/Cs(I) were evaluated. The 
concentration of heavy metal ions were 50 mg/L and the ini-
tial concentration of Cs(I) and Sr(II) are 10.32 and 6.64 mg/L 
for, respectively. In addition, the effect of ionic strength in 
the removal of Cs(I) and Sr(II) were conducted by increas-
ing the concentration of NaNO3 from 0.001 to 0.1 mol/L. The 
initial concentration of Cs(I) and Sr(II) are 10.5 and 7.8 mg/L 
respectively, and the solutions pH’s were maintained at 5.0.

2.6. Fixed-bed column adsorption

The removal behavior of Cs(I) and Sr(II) by IIS and MIS 
was studied in fixed-bed column system using a glass col-
umn with 1 cm inner diameter and 10 cm length. The IIS 
or MIS (1.0 g) was firmly packed inside the column using 
glass beads. The Cs(I)/Sr(II) solutions (Cs(I): ~10 mg/L, 
Sr(II): ~5 mg/L and pH 5.0)was pump upward through 
the column at a flow rate of 1.00 mL/min. The high-pres-
sure liquid chromatograph, Acuflow Series II was used for 
maintaining the flow rate and the effluent samples were col-
lected by Spectra/Chrom CF-2 fraction collector. The final 
concentration of Cs(I)/Sr(II) were analyzed using AAS.

3. Results and discussion

3.1. Characterization of materials

The SEM micro graph of bare sand, IIS and MIS solids 
are displayed in Figs. 1a–c. The surface morphology of the 
bare sand was relatively smooth and several micro pores 
were visible on sand surface (Fig. 1a). The surface images 
of IIS (Fig. 1b) and MIS (Fig. 1c) showed that reasonable 

amount of iron or manganese oxides were incorporated 
onto the sand surface as small sized particles and increase 
heterogeneity on the sand surface. Moreover, it can be seen 
from the SEM image that the small pores present on the 
bare sand surface were partly filled with the iron or man-
ganese particles. 

(a)

(b)

(c) 

Fig. 1. SEM micro graph of (a) Sand (b) IIS and (c) MIS samples.
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The XRD diffraction pattern of bare sand, IIS and MIS 
solids were obtained and are graphically presented in Fig. 
2. All the three samples show similar diffraction peak; but 
the relative intensities of the peaks differ from one sample 
to another. The major peak obtained at 2θ values of 26.5° 
indicates the presence of silica as main components in these 
samples. The IIS sample show characteristic peaks of Fe2O3 
at 36.6° and 51° [36]. Further, distinguish peaks obtained at 
36.7 ° and 42.5° in MIS corresponds to 110 and 11(–2) crystal 
planes of δ-MnO2 [37].

Furthermore, the functional groups present in the sand, 
IIS and MIS samples were distinguished by FT-IR anal-
ysis. The IR spectra within the frequency ranges between 
4000 and 400 cm–1 are graphically shown in Fig. 3. The pre-
dominant peaks at 1045, 1010 and 780 cm–1 were ascribed 
to Si-O-Si asymmetric and symmetric stretching vibra-
tions [35]. The peak shown at 685 cm–1 due to symmetrical 
bending vibrations of Si-O confirms the presence of SiO2 
and quartz in crystal form [38,39]. A small peak obtained 
at around 910 cm–1 for all the three samples is attributed 
to Si-O stretch mode [40]. The bands appearing at 460 cm–1 
were ascribed to Si-O asymmetrical bending vibrations. The 
broad absorption bands present at 3447 cm–1 were due to –
OH stretching vibration of absorbed water molecules [39], 
while the distinguish peak at 1635 cm–1 were due to bending 
vibrations –OH group [41]. The stretching band observed at 
3625 cm–1 in case of bare sand was perhaps, due to the water 
present within the micro pores of sand sample [42]. 

3.2.  Iron and manganese content and Stability of IIS and MIS 
samples

The amount of iron and manganese present in the sam-
ples were determined by USEPA 3050B method. The amount 
of iron content in bare sand and IIS samples were deter-
mined to be 19.81 mg/g and 24.33 mg/g, respectively. The 
manganese content in bare sand and MIS were relatively 
low and found to be 0.27 mg/g and 1.84 mg/g, respectively. 
Therefore, the amount of iron and manganese loaded on the 
sand surface were 4.52 mg/g and 1.57 mg/g, respectively.

Furthermore, the stability of IIS and MIS samples were 
investigated and the results are given in Fig. 4. The iron 

oxide particles were strongly aggregated on the sand sur-
face within pH 3 and 10. Similarly, the manganese oxide 
particles were found to be stable within pH 4 and 10.These 
results indicate that iron particles were slightly stable than 
manganese particles. The iron particles were observed to 
desorbed only at pH 2.0, whereas a very small amount of 
manganese particles start to desorbed from pH 4.0. There-
fore, these results suggest the possible use of IIS and MIS 
materials with in a wide pH range in wastewater treatment. 
The similar stability was previously observed for the iron 
or manganese immobilized on the activated carbons [43].

3.3. Batch adsorption studies

3.3.1. Effect of pH

The speciation studies has shown that cesium mostly 
exists as Cs(I) within the pH ranges between 2 and 10. Sim-
ilarly, strontium also exists as Sr(II) within the same pH 
ranges; however, at pH 10, strontium has a little tendency 
to form Sr(OH)+ [44]. On the other hand, changes in solution 
pH greatly influences the surface charge of the adsorbents; 
thus, pH must be one the most influential parameters in 
Cs(I) and Sr(II) removal from the aqueous solutions [23]. 
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Fig. 2. XRD patterns of bare sand, IIS and MIS.
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Fig. 3. FT-IR spectra obtained for bare sand, IIS and MIS.

Fig. 4. Stability of iron or manganese immobilized sand as a 
function of solution pH.
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Therefore, Cs(I) and Sr(II) adsorption experiments were 
conducted varying the initial solution pH between 2.0 
and 10.0 and the initial Cs(I)/Sr(II) concentrations were 
approximately 10.0 mg/L. As shown in Fig. 5, the IIS and 
MIS showed significantly high percentage removal of Cs(I) 
as compared to the unmodified/bare sand. Moreover, the 
removal of Sr(II) was also improved to some extent for 
IIS and MIS samples. These results indicate the potential 
applicability of IIS and MIS for the removal of radio toxic 
Cs(I) and Sr(II) from the aqueous solutions. The percentage 
removal of these two radio toxic ions were notably lower 
in acidic medium which is caused by a strong competition 
between the Cs+/Sr2+ ions and the excess hydrogen ions 
towards the same actives sites in IIS or MIS samples [45–
47]. Moreover, an enhancement in the percentage removal 
of Cs(I) by the modified sand (i.e., IIS and MIS) at pH 2.0 
and 3.0 is very small and almost same with the bare sand. 
Similarly, an improvement in Sr(II) removal using modi-
fied sand at pH 3.0 are very less and even the IIS showed 
the removal lower than the bare sand at pH 2.0. This might 
be due to the leaching of iron/manganese from the sand 
in acidic solutions. The percentage removal of Cs(I) by IIS 
and Sr(II) by IIS and MIS were considerably enhanced while 
increasing the initial pH from 2.0 to 4.0. Above pH 4.0, the 
percentage removal remained almost constant for both 
Cs(I) and Sr(II). However, the removal of Sr(II) was further 

improved at pH 10.0 which is possibly due to the formation 
of Sr(OH)+ at this pH; therefore, the adsorption and co-pre-
cipitation of Sr(II) may occur simultaneously at this pH 
and consequently enhancing the uptake of Sr(II) [23]. The 
removal of Cs(I) by MIS showed a slightly different trend, 
the percent uptake constantly increases up to pH 6 and fur-
ther increase in solution pH caused a slight increase up to 
pH 10.0. Therefore, the pH dependent study suggests that 
pH ranges from 5.0 to 8.0 must be suitable pH region for the 
removal of Cs(I) and Sr(II) using IIS/ MIS.

3.3.2. Effect of initial concentration

In batch adsorption studies, the initial concentration 
of the adsorbate induces an active force to prevail over 
the mass transfer barrier at the interface of aqueous media 
and the adsorbent. Consequently, the adsorption is gen-
erally favoured by increasing the initial concentrations of 
the adsorbate [48]. The effect of initial concentrations was 
studied by varying the initial concentration between 4.78 to 
27.74 of Cs(I) and 1.71 to 17.96 mg/L of Sr(II) at constant pH 
5.0 and the results are graphically given in Fig. 6. The high 
percentage removals of Cs(I) and Sr(II) were observed at 
lower concentrations and slowly decreased while increas-
ing initial concentration of Cs(I)/Sr(II). Briefly, the removal 
percentage of Cs(I) using IIS and MIS was found to be 
decreased from 88.45 to 66.84% and 78.28 to 37.79%, respec-
tively, while increasing initial Cs(I) concentration from 4.78 
to 27.74 mg/L. Moreover, the percentage removal of Sr(II) 
was lower than Cs(I), and the results showed that while the 
Sr(II) concentration increased from 1.71 to 17.96 mg/L the 
percentage of Sr(II) removal decreased from 79.06 to 32.73% 
and 63.68 to 28.28% using IIS and MIS samples, respectively. 

The adsorption isotherm studies were performed with 
the concentration dependence adsorption data using Freun-
dlich and Langmuir adsorption isotherm. The Freundlich 
isotherm equation is expressed as follows:

log log logq
n

C Ke e F= +
1

 (1)

where qe (mg/g) denotes the amount of Cs(I)/Sr(II) 
adsorbed at equilibrium and Ce (mg/L) denotes the equilib-
rium concentration of Cs(I)/Sr(II). and KF is the Freundlich 
constant and 1/n is the heterogeneity factor [49]. The Lang-
muir isotherm equation [Eq. (2)] is taken as

C
q q K

C
q

e

e o L

e

o

= +
1  (2)

where Ce (mg/L) denotes the concentration of Cs(I)/Sr(II) 
at equilibrium and qe (mg/g) denotes the amount of pol-
lutant adsorbed at equilibrium; qo (mg/g) represent the 
Langmuir maximum adsorption capacity of the pollutants 
and the Langmuir constant is denoted by ‘KL’ [50,51]. The 
graphs plotted for Freundlich adsorption isotherms (log Ce 
vs. log qe) and the Langmuir adsorption isotherms (Ce/qe vs. 
Ce) are shown in Figs. 7a and b. The Freundlich and Lang-
muir constants are evaluated and summarized in Table 1. 
The coefficient of determination i.e., R2 values indicates that 
the adsorption of Cs(I) on both IIS and MIS samples showed 
a better fit to Freundlich adsorption isotherm, whereas 

Fig. 5. Effect of pH in the adsorption of (a) Cs(I) and (b) Sr(II) by 
IIS and MIS (Initial [Cs(I)/Sr(II)]: ~10 mg/L, dose of the adsor-
bents: 5.0 g/L, contact time: 12 h).
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the Sr(II) data fit well to Langmuir adsorption isotherm. 
This isotherm fitting results suggest that the adsorption 
behaviour of Sr(II) by IIS/MIS is different from Cs(I), and it 
can be assumed that Sr(II) ions were specifically adsorbed 
to the well defined and energetically equivalent sites only 
and possibly form monolayer on the surface of IIS/MIS 
[32]. The Langmuir adsorption capacity (qo) obtained for 
Cs(I) are notably higher than Sr(II); whereas the Freun-
dlich constant (KF) values obtained for Sr(II) are larger than 
that of Cs(I).  Similar results was previously reported for 
the adsorption of Sr(II) and Ba(II) using dolomite powder 
in which the Langmuir adsorption capacity of Ba(II) was 
significantly higher than Sr(II), but the Freundlich constant 
values of Sr(II) was found to be higher than Ba(II) [52]. Fur-
thermore, the Freundlich constant (1/n) obtained for the 
IIS and MIS indicate the heterogeneous surface structure of 
solids employed for adsorption [53] and the higher values 
Langmuir constants (KL) inferred that these solids (IIS and 
MIS) has good affinity towards Cs(I) and Sr(II)[29]. Previ-
ously reported Langmuir monolayer adsorption capacity of 
Cs(I)/Sr(II) of various adsorbents along with IIS and MIS 
are given in Tables 2a and 2b. The adsorption capacity of 
the adsorbent is significantly influence by the experimental 
factors including the initial concentration of pollutants, pH, 
temperature, ionic strength, etc., therefore, the actual com-
parison can be made if the experiments were performed 
under similar conditions only. However, as shown in Tables 
2a and 2b, IIS and MIS possessed competitive adsorption 
capacity for Cs(I) and Sr(II) compared to other low cost 
adsorbents.

3.3.3. Effect of contact time

The percentage removal of Cs(I) and Sr(II) using IIS and 
MIS samples at various intervals of time were evaluated 
and the results are graphically shown in Fig. 8. Batch exper-
iments were performed at pH 5.0 keeping the initial con-
centration of Cs(I) and Sr(II) at 10.13 mg/L and 6.99 mg/L, 
respectively. The Cs(I) and Sr(II) adsorption were relatively 
faster within the initial one hour and then retard beyond 
one hour of contact time. An apparent adsorption equilib-
rium was attained in 300 min and 360 min for Cs(I) and 
Sr(II), respectively. 

The time dependent adsorption data were modelled 
with pseudo first order kinetic [Eq. (3)] and pseudo sec-
ond order kinetic [Eq. (4)] models. The kinetic models were 
taken in its linear form as [64]:

Table 1
Langmuir and Freundlich constants and R2 values obtained for 
the adsorption of Cs(I) and Sr(II) sing IIS and MIS

System Langmuir Freundlich

qo 

(mg/g)
KL 

(L/g)
R2 1/n KF 

(mg/g)
R2

IIS-Cs(I) 5.102 0.257 0.949 0.535 1.137 0.997
MIS-Cs(I) 2.409 0.249 0.959 0.357 1.396 0.988
IIS-Sr(II) 1.324 0.543 0.994 0.419 2.243 0.987
MIS-Sr(II) 1.277 0.309 0.993 0.528 3.334 0.966

Fig. 6. Effect of initial concentrations in the adsorption of Cs(I) 
and Sr(II) by IIS and MIS from aqueous solutions (Initial [Cs(I)/
Sr(II)]: 1.0–30.0 mg/L, pH: 5.0, dose of the adsorbent: 5.0 g/L, 
contact time: 12 h).

(a)

(b)

Fig. 7. Plots of (a) Langmuir adsorption isotherm (b) Freundlich 
adsorption isotherm for the removal of Cs(I) and Sr(II) using 
IIS and MIS.
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ln lnq q q k te t e−( ) = − 1  (3)

t
q k q

t
qt e e

= +
1

2
2

 (4)

where qe and qt denotes the amount adsorbed of pollutants at 
equilibrium and at a given time t. The k1 (1/min) is the rate 
constant of pseudo-first order, whereas k2 (g/mg/min) is the 
pseudo-second order rate constant. The graphs plotted for 
pseudo-first order kinetic (ln (qe – qt) vs t) and pseudo-first 
order and pseudo-second order kinetic (t/qt vs t) are shown 
in Fig 9 (a and b). The adsorption rate constant (k1 and k2) and 
the maximum uptake of Cs(I) and Sr(II) at equilibrium (qe) 
are evaluated and summarized in Table 3. The kinetic data 
obtained for Cs(I) and Sr(II) are fit well to pseudo-second 
order kinetic model than pseudo-first order kinetic model 
as indicated by the R2 values. The experimental qe values 

obtained for the uptake of Cs(I) are 1.547 and 1.066 mg/g 
for IIS and MIS respectively, whereas the Sr(II) are 0.630 and 
0.574 mg/g for IIS and MIS, respectively. It can be seen that 
theoretical qe values obtained from pseudo second order 
model are very close to the experimental qe values obtained. 
Therefore, these results predict that chemisorption is likely 

Table 2a
Adsorption capacity of Cs(I) for various adsorbents obtained by 
Langmuir Isotherm

Material Adsorption 
capacity (mg/g)

Reference

Prussian blue functionalized 
micro capsule

4.837 [54]

Immobilized NiHCF-sericite 
beads

13.877 [55]

Activated sericite 6.83 [3]

NiHCF-walnut shell 4.94 [56]
Akadama clay 4.5 [57]
Modified akadama clay 16.1 [57]
Pine cone 2.50 [58]
Iron(III) HCF-pine cone 5.77 [58]
Ain Oussera soil 4.31 [59]
Ceiling tiles 0.212 [60]
IIS 5.102 This study
MIS 2.409 This study

Table 2b
Adsorption capacity of Sr(II) for various adsorbents obtained by 
Langmuir Isotherm

Material Adsorption 
capacity (mg/g)

Reference

Sericite 1.606 [23]
Activated sericite 1.547 [23]

Natural clinoptilolite 9.80 [61]
Magnetic Fe2O3

modified sawdust
12.59 [62]

Pecan shell based activated 
carbon

8.8 [63]

Dolomite powder 1.172 [52]
IIS-Sr(II) 1.324 This study
MIS-Sr(II) 1.277 This study

Fig. 8. Time dependent adsorption of Cs(I) and Sr(II) by IIS and 
MIS from aqueous solutions (Initial [Cs(I)/Sr(II)]: ~10 mg/L, 
pH: 5.0, dose of the adsorbent: 5.0 g/L, contact time: 12 h).

Fig. 9. Plots of (a) pseudo first order kinetic and (b) pseudo sec-
ond order kinetic model for the removal of Cs(I) and Sr(II) using 
IIS and MIS.
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to be involved as the rate controlling step for the removal of 
these two radio toxic ions using IIS and MIS [65,66].

3.3.4.  Competition adsorption with heavy metal ions and 
effect of ionic strength

The removal behaviour of these radio toxic ions in pres-
ence of various heavy metal ions such as Cd(II), Cu(II), 
Mn(II), Pb(II) and Sr(II)/Cs(I) were evaluated and the results 
are given in Figs. 10 a,b. The initial concentrations were main-
tained at 10.32 and 6.64 mg/L for Cs(I) and Sr(II), respec-
tively. The concentration of heavy metal ions were 50 mg/L 
and the solution pH was 5.0. As shown in Fig. 10a, the 
presence of various heavy metal ions in excess significantly 
decreased the adsorption of Sr(II) using both IIS and MIS sol-
ids. However, Cs(I) removal by IIS was relatively higher even 
in the presence of these toxic heavy metal ions but the Cs(I) 
adsorption by MIS was greatly inhibited. It was observed 
that the Sr(II) removal in presence of Cd(II), Cu(II), Mn(II), 
Pb(II) and Cs(I) achieved at least ~20% or more using IIS or 
MIS. A significant decreased in the removal of Cs(I)by MIS 
and Sr(II) by IIS/MIS might be due to high affinity of these 
adsorbents towards divalent heavy metal ions. Previuosly, it 
was reported that divalent heavy metal ions (i.e., Cu(II) and 
Pb(II)) were predominantly bound by the strong forces and 
form the inner sphere complexes onto the surface of man-
ganese modified natural sand [29]. Meanwhile, the effect of 
ionic strength studies indicate that Cs(I) and Sr(II) are weakly 
bound through electrostatic attraction and form outer sphere 
complexes on the surfaces of IIS and MIS. Therefore, due to 
this different behavior, the removal of Cs(I) and Sr(II) using 
MIS are greatly inhibited by the presence of heavy metal 
ions. On the other hand, the iron oxide nanoparticle immobi-
lized sand showed specific adsorption for Cu(II), whereas the 
non-specific adsorption was observed for Cd(II) and Pb(II) 
[30]. As shown in Fig. 10a, the Cu(II) showed more negative 
effect on the removal of Cs(I) by IIS. 

Furthermore, the effect of ionic strength in the removal 
of Cs(I) and Sr(II) were conducted by increasing the concen-
tration of NaNO3 from 0.001 to 0.1 mol/L. The initial concen-
tration of Cs(I) and Sr(II) are 10.5 and 7.8 mg/L respectively, 
and the solutions pH were maintained at 5.0. It was 
observed that an increase in ionic strength of the solution 
significantly inhibit the removal of Cs(I) and Sr(II) by IIS and 
MIS. For Cs(I), the presence of 0.005 mol/L NaNO3 caused 
to decreased the percentage removal to half of its removal in 
absence of NaNO3.Further, an increased in the ionic strength 
showed further decreased on the removal of Sr(II) compared 
to Cs(I). Therefore, the effect of ionic strength suggests that 

Cs(I) and Sr(II) are weakly bound to IIS/MIS forming outer 
sphere complexes. Previously, similar results were reported 
in which the removal of Sr(II) by potassium tetra-titanate 
and sodium trititanate were significantly decreased while 
increasing the NaCl or Na2SO4 concentrations from 0.001 to 
0.012 mol/L [67]. Moreover, the presence of other competing 
ions such as Ca2+, Na+, K+ and Mg2+were reported to hinder 
the amount of Cs and Sr adsorption on moss [68].

3.4. Fixed-bed column adsorption study

Fixed-bed column experiments were performed using 
the initial concentration of 9.5 mg/Land 5.99 mg/L for Cs(I) 

Table 3
Adsorption rate constants (k1 and k2), maximum uptake at equilibrium (qe) and R2 values obtained from pseudo-first order and 
pseudo-second order kinetic model for Cs(I) and Sr(II).

System qe (mg/g)  
Experimental

Pseudo-first order Pseudo-second order

k1(1/min) qe (mg/g) R2 k2 (g/mg·min) qe (mg/g) R2

IIS-Cs(I) 1.547 4.61×10–3 1.086 0.932 7.01×10–3 1.872 0.996
MIS-Cs(I) 1.066 6.91×10–3 1.022 0.995 1.29×10–2 1.172 0.998
IIS-Sr(II) 0.630 4.60×10–3 1.446 0.956 3.20×10–2 0.659 0.994
MIS-Sr(II) 0.574 4.61×10–3 1.522 0.971 3.52×10–2 0.601 0.996

Fig. 10. (a) Effect of the presence of other metal ions on the ad-
sorption of Cs(I) by IIS and MIS (Initial [Cs(I)]: 10.32 mg/L, pH: 
5.0).(b) Effect of the presence of other metal ions on the adsorp-
tion of Sr(II) by IIS and MIS. (Initial [Cs(I)/Sr(II)]: 6.64 mg/L, 
pH: 5.0). 
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and Sr(II) respectively, and the break through curve are 
shown in Figs. 11a, b. This study showed that IIS and MIS 
solids could remove reasonable amount of Cs(I) and Sr(II) 
even under the dynamic conditions. The loading capacity 
of the columns containing IIS and MIS were optimized 

by modelling the breakthrough data with the non-linear 
Thomas equation [Eq. (5)] [69]:

C
C e

e

o
K q m C V QT o o

=
+ −( )( )

1

1 /
 (5)

where qo is the loading capacity (mg/g) of the column packed 
with IIS and MIS; m denotes the mass of adsorbent (g) loaded 
in the column; Ce denotes the Cs(I)/Sr(II) concentration in 
the effluent (mg/L), where as Co denotes the Cs(I)/Sr(II) con-
centration in the feed (mg/L); KT represent the Thomas rate 
constant (L/min/mg); V represent the volume (L) of solution 
passing through the column; and Q represent the flow rate 
(L/min). The breakthrough data collected for Cs(I) and Sr(II) 
are fairly fit well to non-linear Thomas equation. The loading 
capacities (qo) of the column as well as Thomas constants (KT) 
were evaluated. The values obtained for qo and KT are sum-
marized in Table 4. It was observed that the loading capacity 
obtained for Cs(I) were relatively higher than that obtained 
for Sr(II)using IIS and MIS. These findings agreed with the 
results obtained from batch adsorption studies. The adsorp-
tion capacity obtained under fixed-bed column system was 
relatively low comparing to batch system which is due to less 
contact time between the Cs(I)/Sr(II) and the IIS and MIS sol-
ids in fixed bed adsorption system [29]. 

4. Conclusions

Naturally available sand was modified by simple 
impregnation process to obtain iron oxide immobilized 
sand (IIS) or manganese oxide immobilized sand (MIS). 
The amount of iron and manganese loaded on the sand as 
evaluated by USEPA 3050B method were estimated to be 
4.52 mg/g and 1.57 mg/g, respectively. The modified sand 
samples along with bare sand were characterized by SEM-
EDX, FT-IR and XRD analytical methods. The IIS and MIS 
were successfully employed for the efficient removal of 
Cs(I) and Sr(II) from aqueous media. Batch studies showed 
that increasing the pH,initial concentration and contact 
time significantly favoured the adsorption of these two 
radio toxic contaminants. The presence of high concentra-
tion of heavy metal ions inhibit the adsorption of Sr(II) by 
IIS/MIS, whereas the Cs(I) removal by IIS was less affected. 
The effect of ionic strength studies indicate that Cs(I) and 
Sr(II) are weakly bound through electrostatic attraction 
and form outer sphere complexes on the surfaces of IIS 
and MIS. The equilibrium adsorption data showed a bet-
ter fit to Freundlich adsorption isotherms and the kinetic 
data fitwell to pseudo second order kinetic model. The 
Langmuir adsorption capacity of IIS were found to be 5.102 
and 1.324 mg/g for Cs(I) and Sr(II), respectively; whereas 
the MIS showed 2.409 and 1.277 mg/g for Cs(I) and Sr(II), 

Fig. 11. Breakthrough curves of (a) Cs(I) and (b) Sr(II) adsorp-
tion using IIS and MIS.

Table 4
The loading capacity and Thomas constants obtained for the removal of Cs(I) and Sr(II) using IIS and MIS

Materials Cs(I) Sr(II)

q0 (mg/g) KT (L/min/mg) s2 q0 (mg/g) KT (L/min/mg) s2

IIS 1.642 2.24×10–3 7.2×10–2 0.616 7.69×10–3 2.5×10–2

MIS 1.206 2.55×10–3 5.1×10–2 0.817 2.78×10–3 5.5×10–2
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respectively. The breakthrough data were reasonably con-
form to Thomas equation and hence, the loading capacity of 
Cs(I) in the column packed with IIS and MIS were found to 
be 1.642 and 1.206 mg/g, respectively. The loading capacity 
of Sr(II) were slightly lower than Cs(I) and found to be 0.616 
and 0.817 mg/g for the column packed with IIS and MIS, 
respectively. Therefore, this study indicate that the simple 
modified sand, i.e., IIS and MIS can be efficiently employed 
as potential adsorbent for the removal of radiotoxic Cs(I) 
and Sr(II) ions from aqueous solutions. 
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