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Abstract
The present study describes the effective performance of MnCo2O4/NaY zeolite (MnCo2O4: 18.7 wt%) as a novel nanocom-
posite adsorbent for the removal of Sr2+ ions from drinking water of Tehran city. The reactions were all carried out under pre-
organized optimized conditions and the subsequent monitoring was accomplished via the ultra-low level liquid scintillation 
counting (LSC) analysis. The characterization study of samples was carried out using scanning electron microscope, energy 
dispersive X-ray, atomic force microscope, powder X-ray diffraction and Fourier-transform infrared spectroscopy. Multiple 
experimental conditions including adsorbent dose, pH, adsorbent type and contact time were applied for the adsorption-
removal process of Sr2+ ions by the MnCo2O4/NaY nanocomposite adsorbent. The results from LSC concluded that Sr2+ was 
operatively adsorbed on the nanocomposite surface active sites after 180 min at room temperature with a yield more than 
95%. The reaction kinetic data was precisely studied by employing pseudo-first and second-orders, intra particle diffusion 
and Elovich models. The adsorption kinetics was found to fit the pseudo-second-order model. Moreover, the investigation 
of the thermodynamic parameters such as �G0 , �H0and �S0 , specified that adsorption procedure of Sr2+ was spontaneous 
and expresses a physic-chemical adsorption characteristics and exothermic feature of the adsorption reaction. The sequential 
experiments of reproducibility for the synthesized nanocomposite against Sr2+ ions showed removal efficiency of more than 
91% for all those cycles.
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Introduction

Customarily, the radionuclides including natural and anthro-
pogenic can be found in the surrounding environment. The 
natural radioactivity is referred to the radionuclides with 
considerably high half-lives originated historically from the 
formation of the planet earth [1]. On the other hand, the 
anthropogenic radionuclides are known as the artificial radi-
oactivity sources that can be introduce to the environment 
through various path ways such as accidents in nuclear power 
plants leading to leaked/released radionuclides, worldwide 
fallout resulting from atmospheric weapons tests, plants for 
used fuel reprocessing, the large volumes of radiotoxic liquid 

wastes generated from radiochemical laboratories and short-
lived nuclides from the production of radioisotopes for sev-
eral applications. Strontium-90 (90Sr) is recognized as pure 
β-emitter (T1/2 = 28.8 year) and as this radionuclide decays, 
it emits radiation and 90Y appears, which in turn decays to 
stable zirconium (90Zr) [2]. 90Sr can be directly measured 
by radiometric methods namely gas flow GM counting and 
liquid scintillation counting. Further, 90Y known as the 
daughter of 90Sr which is also pure β-emitter with a short 
half-life of 64 h can be usually seen as a twin along with 
90Sr spectrum attained from above noted measurement tech-
niques [3]. Furthermore, 90Sr is as one of the serious hazard-
ous components of nuclear wastes. The nuclear fission of 
uranium and plutonium in nuclear reactors and also nuclear 
weapons are common offspring to create 90Sr as a major 
by-product. Besides, unconfined nuclear weapon tests and 
unpredicted events and accidents in different nuclear power 
plants around the globe are always of significant concern 
for researchers and radioactivity monitoring laboratories-
agencies. For instance, in 1950s and 1960s, great amounts 

 *	 Meysam Sadeghi 
	 meysamsadeghi1177@gmail.com

1	 Department of Chemistry, Lorestan University, 
Khorramabad, Iran

2	 Department of Chemistry, Payame Noor University (PNU), 
Tehran, Iran

http://crossmark.crossref.org/dialog/?doi=10.1007/s10847-018-0873-2&domain=pdf


216	 Journal of Inclusion Phenomena and Macrocyclic Chemistry (2019) 93:215–227

1 3

of 90Sr were released and dispersed worldwide during atmos-
pheric nuclear weapons tests. In addition, on April 26, 1986 
the shocking outburst at the Chernobyl nuclear power plant 
[4] caused a large mass of 90Sr into the environment and 
the Soviet Republics was strictly affected via deposition a 
great amount of 90Sr. The remaining was scattered as fallout 
across Northern Europe and whole world. On March 11, 
2011 a seaquake happened on the east side of Japan caused 
a hideous tsunami of 14 m height. Nevertheless, the nuclear 
power plants at the Fukushima sites were hit by a tsunami 
waves. The nuclear power plants at both Fukushima sites 
were just 10 m over sea level and the emergency generators 
were not secured versus such unpredicted cataclysm and the 
generators were flushed by water and failed eventually [5]. 
Considering the environmental aspect, 90Sr deposits majorly 
by rain or other possible precipitation and would be avail-
able to plants by soil uptake process. Thus, it is not beyond 
the expectations for 90Sr to effectively transpire into the 
human being food chain. After entrance through the body, 
it imbibes by gastrointestinal system and due to its chemical 
resemblance to calcium, concentrates in the bones and teeth. 
After its ingestion, about 70–80% of 90Sr passes through 
the body and urine. The other remaining of 20–30% will be 
absorbed and deposited in the bone tissues. Also, about 1% 
is dispersed among the extracellular fluid, blood volume, 
surface of the bone and soft tissue, where it may remain 
and decay or possibly expulsed. The murderous radiation 
effects of 90Sr in the body include the disorder of new cells 
production, bone cancer, cancer of the soft tissue conjunct 
to the bone, leukemia and death [2]. Therefore, the removal 
of long-lived radionuclides from nuclear waste media should 
be taken into account in nuclear waste management. The 
physic-chemical processes such as coagulation, co-precip-
itation, solvent extraction, ion exchange, electrochemical 
processes and membrane processes [6] are commonly used 
for removal of radionuclides including 90Sr from radioac-
tive waste solutions [7]. Moreover, in the recent years there 
has been an increase in the utilization of different composi-
tions of metal oxide nanoparticles and zeolites to eliminate 
the radioactive pollutants [8, 9]. The mixed transition metal 
oxides (MTMOs) with spinel structure are attracting increas-
ing interest due to their potential applications in industry and 
research [10–15]. Among these metal oxides, manganese 
cobaltite (MnCo2O4) is especially interesting because of 
its unique properties such as environmental friendly, high 
capacity and nontoxicity, and it can be vastly studied in 
diverse zones including Lithium-ion batteries, adsorption, 
catalyst, etc. [16–18].

On the other hand, zeolites are introduced as a class of 
porous crystalline hydrated aluminosilicate of the elements 
of the alkali and alkaline-earth materials, and they have been 
utilized in many research fields such as environmental pollu-
tion, waste treatment process and catalyst [19–21]. Among 

the various types of zeolite, Y-zeolite with FAU (Faujasite) 
structure has attracted more attention affiliated to their inner 
pore diameter of 12 Å and a large pore of 7.4 Å, high sur-
face area, thermal stability and higher content of aluminum 
in its crystalline framework [22]. Due to these outstand-
ing features, it can be chosen as a suitable candidate for 
the incorporation with MnCo2O4 NPs. Additionally, as an 
applying instrument for accurate measurements of radionu-
clides (α and β emitters), ultra-low level liquid scintillation 
counting (LSC) has been widely used for many monitor-
ing and researches purposes. Low equipment necessity 
and the ease of required radiochemical preparations, make 
LSC as a plausible technique which can be employed even 
by laboratories with the paucity of special radiochemistry 
equipment and experience [8]. It is also notable when the 
removal experiments were fully completed, the appropri-
ate volume of surface solution related to each of reaction 
containers was mixed with the cocktail and introduced to 
the LSC device and the relevant results were recorded. In 
the present research, the synthesis and characterization of 
MnCo2O4/NaY as a novel nanocomposite adsorbent and its 
performance for effective removal and adsorption of Sr2+ 
from drinking water of Tehran city has been investigated 
and reported. The effects of adsorbent dose, pH, adsorbent 
type and contact time and the kinetics and thermodynamic 
reactions have also been studied in detail. However to the 
best of our knowledge, there has not been any study or report 
developing such adsorbent on the specified issue.

Experimental

Materials

Manganese nitrate tetrahydrate Mn(NO3)2·4H2O, cobalt 
nitrate hexahydrate Co(NO3)2·6H2O, alumimium trihydrate 
(H6AlO3), sodium silicate (Na2SiO3), sodium hydroxide 
(NaOH), nitric acid (HNO3), ethanol (C2H5OH), acetone 
(C3H6O) and disodium ethylenediaminetetraacatate dihy-
drate (Na2EDTA·2H2O) were all purchased from Merck 
and Sigma Aldrich companies. The high-capacity cocktail 
OptiPhase HiSafe-3 (Wallac Oy, Turku, Finland) and deion-
ized water were used throughout the research.

Instrumentation

To provide a better understanding of the morphology and 
elemental composition of the samples, a scanning electron 
microscope equipped with energy dispersive X-ray spec-
trometer (SEM-EDAX, HITACHI S-300N) was operated. 
The atomic force microscope (AFM) of Danish Micro Engi-
neering (DME) Danish Micro Engineering (A/S DK-2730 
Denmark) was also utilized and the further experiments were 
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carried out at room temperature. Further, the powder X-ray 
diffraction (XRD) patterns were recorded by operating a 
Philips X’pert Pro diffractometer equipped with CoKα radia-
tion at wavelength 1.54056 Å (30 mA and 40 kV) at room 
temperature. The corresponded data were gathered over the 
scope of 4°–80° in 2θ with step mode of 2° min−1. The IR 
spectra were scanned on a PerkinElmer model 2000 Fourier-
transform infrared (FT-IR) spectrometer in the wavelength 
range of 400–4000 cm−1 employing KBr pellets. An ultra-
low level liquid scintillation counting (LSC, Wallac Quan-
tulus 1220) was operated for all measurements. The men-
tioned device is particularly designed for the measurement 
of very low level radioactivity by employing an anticoinci-
dence active and a passive shield and also low background 
structural materials. Further, a pulse analyzer divides pulses 
originated from alpha and beta radiations into various output 
spectra. Also the sample processing frequency is enhanced 
with an automatic sample changer which provides measuring 
up to 60 samples consecutively [8]. Besides, an ultrasonic 
apparatus (UP100H; frequency of 30 kHz and 100 W output 
acoustic power) was utilized to prepare the samples.

Synthesis of MnCo2O4 NPs

The MnCo2O4 NPs were prepared by co-precipitation 
method. Typically, Co(NO3)2·6H2O (1.5 g) as the source of 
Co3+ and Mn(NO3)2·4H2O (1.0 g) as the source of Mn2+ 
ions were dissolved in deionized water (100.0 mL). This 
homogenous mixture was under steady stirring for 30 min 
at room temperature. Subsequently, NaOH aqueous solution 
(100.0 mL of 3.2 M) was gradually added to the precursor 
solution to reach pH of 11.0 along with ongoing stirring 
for 60 min. Eventually, the resulted precipitate was filtered, 
washed by the ethanol and deionized water for multiple 
times and dried at 350 °C for 12 h.

Synthesis of NaY zeolite

The NaY zeolite was synthesized through a hydrother-
mal route. In brief, NaOH (50.0 g) and deionized water 
(30.0 mL) were added together and heated to 100 °C under 
rigorous stirring. Afterwards, H6AlO3 (4.8 g) was suddenly 
introduced to NaOH solution. Then, the prepared solution 
(10.0 mL) was diluted with deionized water (30.5 mL) and 
NaOH (2.8 g) was dissolved in the mentioned solution (solu-
tion A). On the other hand, Na2SiO3 (11.0 g) was dissolved 
and mixed with deionized water (30.5 mL) containing NaOH 
(2.8 g) (solution B). Then, solution (A) was slowly added to 
solution (B) and the gained mixture was properly agitated 
for 30 min. The supplied mixture was poured into a Teflon-
lined stainless steel autoclave and remained at 90 °C for 
8 h in an oven. The resulting crystalline powder was then 
filtered and washed with deionized water thrice until the pH 

of the washing solution was equal to that of deionized water. 
Finally, the attained powder dried at 100 °C.

Synthesis of MnCo2O4/NaY nanocomposite

To fabricate the MnCo2O4/NaY zeolite nanocomposite via 
the ultrasound assisted dispersion method, at first, pre-syn-
thesized NaY zeolite was calcined at 350 °C for 4 h. Then, 
MnCo2O4 NPs (0.2 g) was dispersed in deionized water 
(25.0 mL) with sonication for 60 min at room temperature. 
The NaY zeolite (2.0 g) was also added to the prepared sus-
pension of the MnCo2O4 NPs and the outcome mixture was 
vigorously shaken for overnight. Consequently, the resulting 
product was filtered and further dried at 60 °C for 8 h and 
calcined at 350 °C for 12 h.

Sr2+ adsorption tests

To investigate the adsorption-removal susceptibility of as-
synthesized nanocomposite adsorbent toward Sr2+ (with 
initial source activity of 190.39 Bq), firstly, the value of 
0.05–0.4 g of the MnCo2O4/NaY was introduced to the 
drinking water (100.0 mL) of Tehran city. Next, the sam-
ples were stirred for time intervals of 60, 120, 180, 240 and 
360 min by permutation the temperature between 298 and 
328 K. All of the samples were then filtered and 5.0 mL of 
supernatant solutions were counted by the ultra-low level 
liquid scintillation counting (LSC) analysis for 300 min. To 
initiate the measurements by LSC, an adequate volume of 
each sample was poured into a vial and mixed homogene-
ously by scintillation cocktail (15.0 mL). 20.0 mL polyeth-
ylene vials (PEVs), Poly vial were applied to contain the 
mixed samples and the noted cocktail. To remove any prob-
able dust or external pollution, the outside of each vial was 
cleaned precisely by acetone solvent. Moreover, to prevent 
the scintillation cocktail fluorescence, all of the PEVs were 
imposed in a dark shield and cooled for about 120 min.

Result and discussion

SEM

The evaluation of the surface morphology and crystalline 
size of the pristine NaY zeolite (Fig. 1a, b), MnCo2O4/NaY 
zeolite nanocomposite (Fig. 1c) and pristine MnCo2O4 NPs 
(Fig. 1d) were determined via SEM as depicted in Fig. 1. 
The expected homogenous morphology of the NaY zeolite 
and further sphere-like shapes of the MnCo2O4 NPs which 
were sufficiently deposited on the NaY zeolite can be com-
prehensively described by SEM images. Looking crossly 
to the attained images, again it is confirmed that there is 
no sign of deformation or destructive impact related to the 
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deposition stages on the crystallinity and morphology of the 
MnCo2O4/NaY zeolite composite frameworks. The estima-
tions revealed the average crystalline size of less than 12 nm 
for the MnCo2O4 NPs in the fabricated nanocomposite.

EDAX

The elemental composition of the synthesized MnCo2O4/
NaY zeolite nanocomposite (Fig. 2a) and pristine MnCo2O4 
NPs (Fig. 2b), was investigated using energy dispersive 
X-rays (EDAX) analysis and the relevant outcome has been 
represented in Fig. 2. From the spectra, the presence of Na, 
O, Al, and Si elements in the MnCo2O4/NaY structure is 
strongly acknowledged which corroborates the collected 
results from the XRD patterns. Also, the seven identified 

peaks for each of Mn and Co in Fig. 2a spectrum clearly 
prove the presence of these elements in the MnCo2O4/NaY 
nanocomposite structure. According to the provided data, 
the coexistence of MnCo2O4 with 18.7 wt% in the nanocom-
posite framework is explicitly corroborated.

AFM

To study the particle size and the morphology of the as-
prepared MnCo2O4/NaY (Fig. 3a) and pristine MnCo2O4 
(Fig. 3b), the atomic force microscopy (AFM) were utilized 
and the resulted images represented in Fig. 3. Based on the 
AFM image (Fig. 3a), the mean particle size was estimated 
to be 12 nm for the MnCo2O4 NPs in the MnCo2O4/NaY.

Fig. 1   SEM images of: a and b 
pristine NaY, c MnCo2O4/NaY 
and d pristine MnCo2O4

Fig. 2   EDAX analyses of: a 
MnCo2O4/NaY and b pristine 
MnCo2O4
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XRD

The structural features of the prepared samples were ana-
lyzed by powder X-ray diffraction patterns. The related 
XRD patterns of the pristine NaY zeolite (Fig.  4a), 
MnCo2O4/NaY zeolite nanocomposite (Fig.  4b) and 
pristine MnCo2O4 NPs (Fig. 4c) have been respectively 

illustrated in Fig. 4. From these patterns, the major sharp 
peaks corresponded to two Y-zeolite emerged at 2θ val-
ues of 7.1502°–35.3471° were created by the diffrac-
tion planes of (111) to (503), respectively. They were in 
good consistency with the defined values for the NaY 
zeolite with JCPDS Card No. 041-0118. The deposition 
procedure which was implemented in order to introduce 
the MnCo2O4 NPs to the framework of NaY zeolite to 
create MnCo2O4/NaY zeolite nanocomposite caused no 
destructive effect on the zeolite structure. The deposition 
of the synthesized MnCo2O4 NPs as the guest materials 
on the NaY zeolite considered as the host material caused 
seven clear peaks which were observed at 2θ of 29.1428°, 
36.1266°, 42.1001°, 53.1043°, 57.3451°, 64.4708°, 
and 75.1172° relating to the diffraction planes of (220), 
(311), (400), (422), (511), (440), and (533), respectively. 
Besides, during the deposition process of MnCo2O4 spe-
cies, no characteristic peak referring to the impurities 
presence was identified in the provided patterns. Further, 
by using the well-known Debye–Scherrer formula (1) [23] 
the average crystalline size of the synthesized MnCo2O4 
NPs deposited on the NaY zeolite was estimated:

In the represented formula, the average crystalline size 
is specified as DXRD,K is the shape factor (0.94), the wave-
length of CoKα radiation is shown as λ, the full width at 
half maximum (FWHM) of the considered diffraction 
peak is defined as β and θ is referred to the Bragg dif-
fraction angle. Meanwhile, eleven peaks assigned to the 
pristine MnCo2O4 NPs appeared at scattering angles of 
2θ = 16.4062°, 29.1657°, 36.1428°, 37.4490°, 42.1002°, 
53.1255°, 57.3719°, 64.4932°, 71.2517°, 75.1246° and 
79.0194° relating to the diffraction planes of (111), (220), 
(311), (222), (400), (422), (511), (440), (620), (533), and 
(444), respectively which were in great consistency with 
those of MnCo2O4 NPs (JCPDS Card No. 20-1237). From 
the above mentioned equation, the average particle size for 

(1)DXRD =
Kλ

β Cosθ

Fig. 3   AFM images of: a 
MnCo2O4/NaY and b pristine 
MnCo2O4

Fig. 4   XRD patterns of: a pristine NaY, b MnCo2O4/NaY and c pris-
tine MnCo2O4
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MnCo2O4 NPs in the MnCo2O4/NaY zeolite nanocomposite 
is calculated ~ 10 nm.

FTIR

The FTIR analysis was performed to study the functional 
groups of the prepared samples. Therefore, the affiliated 
spectra of the pristine NaY zeolite, MnCo2O4/NaY zeolite 
nanocomposite and pristine MnCo2O4 NPs have been shown 
in Fig. 5. Considering the recorded spectra, it is deduced that 
the appeared peaks positions are nearly equivalent for those 
two Y-zeolite included samples. The bending vibrations of 
the insusceptible internal SiO4 or AlO4 tetrahedral units and 
plus double six rings (D6R) external linkage in the NaY zeo-
lite structure caused the emerged peaks around 454 cm−1 and 
573 cm−1 respectively. The external connection and internal 
tetrahedral symmetrical stretching vibrations make the peaks 
appear at about 711 cm−1 and 764 cm−1 respectively. Also, 
the observed peaks at 1019 cm−1 can be attributed to the 
external connection and also internal tetrahedral asymmet-
rical stretching vibrations. Moreover, the hydroxyl groups 
(O–H bonding and H–O–H bending) vibrations and plus 
segregated H2O absorption bond in the NaY zeolite, lead to 
form peaks around 1645 cm−1 and 3565 cm−1 respectively. 

Based on the collected results from Fig. 5a, b, the deposi-
tion process had caused no tangible change or deformation 
on the zeolite framework as there has been no citable vari-
ation in the bonds of MnCo2O4/NaY zeolite nanocompos-
ite in comparison with those of NaY zeolite. Elsewhere, a 
bond of the M–O–Si and/or M–O–Al (M=Mn and/or Co) 
which is attributed to the deposited MnCo2O4 NPs in the 
structure of zeolite caused a new peak at 902 cm−1 as can 
be seen in Fig. 4b. Meanwhile, from the FTIR spectrum of 
pristine MnCo2O4 NPs in Fig. 5c, two peaks at 577 cm−1 and 
644 cm−1 were due to the stretching vibrations of Mn2+–O 
and Co3+–O bonding respectively that confirms the forma-
tion of the spinel phase. Besides, the broad identified absorp-
tion peaks at around 1630 cm−1 and 3572 cm−1 are assigned 
to the adsorbed H2O molecules in the MnCo2O4 structure.

Sr2+ removal and adsorption studies

Effect of adsorbent dose

The use of the least dose of an adsorbent to approach the 
highest value of the adsorption and removal is of significant 
concern which makes the adsorbent creditable for further 
scientific investigations. In the present research, to recog-
nize the optimized adsorbent dose for the removal of Sr2+ 
ions, the adsorption features of Sr2+ was assayed at range 
of 0.05–0.4 g of MnCo2O4/NaY nanocomposite. As can be 
inferred in Fig. 6a, the more the dose of used adsorbent, the 
higher the removal efficiency, till the point after which no 
more tangible changes is observed and the curve slope tend 
to a linear shape which insinuates to constant values. Ulti-
mately, the value of 0.15 g was selected as an appropriate 
dose for MnCo2O4/NaY nanocomposite to perform the high 
yield adsorption-removal process.

Effect of pH

The pH optimization experiments and its influence on the 
adsorption capability of prepared MnCo2O4/NaY nano-
composite was investigated employing Sr2+ solution of 
190.39 Bq at 298 K (optimized temperature) for 180 min. 
As demonstrates in Fig. 6b, the adsorption property of Sr2+ 
on the nanocomposite adsorbent was assayed at pH ranges 
between 2.0 and 12.0. To approach the most sufficient selec-
tivity and removal high efficiency, pH of 8.0 was assigned as 
an optimized value for the further modifications. Meanwhile, 
the solution pH was adjusted using 1.0 M solutions of NaOH 
and HNO3. After the sorption equilibrium was reached, the 
supernatant solution of Sr2+ were brought out and measured 
by the LSC device and the quantity of adsorbed-removed 
Sr2+ by nanocomposite adsorbent was computed. As a mat-
ter of fact, the hydroxyl groups originated from the interac-
tions between hydrogen ions and an oxygen radical of the 

Fig. 5   FTIR spectra of: a pristine NaY, b MnCo2O4/NaY and c pris-
tine MnCo2O4
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nanocomposite body reduces the matrix charge, which is 
accompanied with a descending route in the sorption sus-
ceptibility of zeolites regarding to the Sr2+. Also, a higher 
sorption of the Sr2+ due to the pH increase, expresses that 
they are in an ionic state in the solution.

Effect of adsorbent type

The reactions of Sr2+ removal by varying adsorbent types 
(MnCo2O4/NaY zeolite nanocomposite, pristine NaY zeo-
lite and pristine MnCo2O4NPs) were also investigated. All 
experiments were accomplished under similar conditions for 
those three adsorbents. Regarding to the gathered results 
from Fig. 6c, it is concluded that the highest removal effi-
ciency of Sr2+ has been attained from the MnCo2O4/NaY 
zeolite nanocomposite verifying the advantageous combina-
tion of NaY zeolite with MnCo2O4 NPs.

Effect of contact time

The influence of various time intervals on the adsorption-
removal procedure of Sr2+ on the MnCo2O4/NaY nanocom-
posite was examined. Figures 6d and 7 explains the dif-
ference of removal efficiency (%) versus shaking time and 
further the credibility of adsorption yield of Sr2+ ions on the 
synthesized MnCo2O4/NaY nanocomposite adsorbent to the 
contact time. Therefore, the adsorption time was examined in 
the range of 60–360 min. As the time of reaction increased, 
the adsorption rate increased up to 180 min and after which 
remained in constant rate. To achieve the short time analysis 
with the highest yield of adsorption-removal, the time inter-
val of 180 min was selected as an optimum value and more 
information have been represented in Table 1.

Adsorption kinetics study

The kinetic evaluations are accomplished for three main rea-
sons: first, the determination of the concentration and tempera-
ture effects on the reaction rates, second, the examination of 
reaction rates under variant experimental conditions, and third, 
for assessment of the required time to approach the equilib-
rium during the adsorption process. Meanwhile, the adsorption 
kinetics investigation was carried out when the samples had 
been prepared by the addition of 0.15 g of MnCo2O4/NaY 
nanocomposite at pH 8.0, in separate containers, at 298 K and 
particular time intervals. The adsorption value of Sr2+ ions 
at time t, qt (mg/g), was computed by following Eq. (2) [24]:

where C0and Ctare known as the Sr2+ concentrations in the 
original solution and after passed time t, respectively. The 
volume of the solution V (L) and m (g) is corresponded to 
the used weight of the MnCo2O4/NaY nanocomposite. The 
pseudo first and second orders, Intra particle diffusion and 
Elovich kinetic models were applied for the measurement of 
the adsorption kinetics of Sr2+ ions on the above specified 
adsorbent.

Pseudo‑first‑order model

The pseudo-first-order model assumes that the rate of ver-
satility of the solute removal by reaction time is particularly 
assigned to versatility in glut concentration and solid uptake 
value via reaction time (3) [25]:

(2)qt = (C0 − Ct) ×
V

m

(3)log
(

qe − qt
)

= log qe −
k1

2.303
t

Fig. 6   The effects of: a adsor-
bent dose, b pH, c adsorbent 
type and d contact time on the 
removal efficiency of Sr2+ ions
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where qe and qt (mg/g) are the adsorption capacity of Sr2+ 
ions at equilibrium and at time t, respectively, k1 is referred 
to the pseudo-first-order constant (min−1). The quantities of 
qe and k1 were determined from the intercept and slope of 
Fig. 8, respectively. Also, log

(

qe − qt
)

was depicted versus 
time interval, and if the first-order kinetics is credible, a 
straight line should be achieved with a slope of k1.

Pseudo‑second‑order model

A pseudo-second-order model was proposed for the adsorption 
of divalent metal ions on the sorbent particles as represented 
in following Eq. (4) [26]:

(4)
t

qt
=

1

k2qe2
+

t

qe where qeand qt are referred to the amounts of Sr2+ (g mg−1) 
at equilibrium and other time intervals. k2 is the rate constant 
of the pseudo-second-order equation (g mg−1 min−1). When 

Fig. 7   LSC spectra for the 
removal of Sr2+ ions on the 
MnCo2O4/NaY nanocompos-
ite at different contact times: 
(up) count versus channel and 
(down) count versus energy; 
under optimized conditions 
(adsorbent dose = 0.15 g, pH 8.0 
and T = 298 K)

Table 1   The acquired results 
of the LSC analysis for 
the removal of Sr2+ on the 
MnCo2O4/NaY nanocomposite 
under optimized conditions 
(adsorbent dose = 0.15 g, pH 8.0 
and T = 298 K)

Time (h) Activity (Bq/sample) CPM (A) CPM (B) Channel

a 0 190.39 43936.15 30417.32
b 60 53.29 (± 1.05) 12297.69 (± 243.49) 8513.78 (± 168.57)
c 120 35.81 (± 0.58) 8263.84 (± 134.70) 5721.12 (± 93.25) A(Sr2+) = 150–700
d 180 8.09 (± 0.20) 1866.93 (± 47.04) 1292.48 (± 32.57) B(Y2+) = 700–910
e 240 6.27 (± 0.20) 1447.92 (± 47.34) 1001.71 (± 32.75)
f 360 5.59 (± 0.14) 1289.99 (± 33.28) 893.07 (± 23.04)

Fig. 8   The pseudo-first-order for the adsorption of Sr2+ on the 
MnCo2O4/NaY nanocomposite
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the pseudo-second-order is a sufficient expression, a pattern 
of t

qt
 against time (t) will provide a linear result with a slope 

of 1
q
 and an intercept of 1

k2qe2
 (Fig. 9). The adsorbed quantities 

( q ) of Sr2+ were computed using the following Eq. (5) [27]:

where C0and Ceare corresponded to the initial and equilib-
rium concentrations of Sr2+ (g mg−1) in the liquid phase, 
respectively. V is the volume of solution (L) and also m is 
the mass of adsorbent (g).

Intra particle diffusion model

Any adsorption procedure consists of different surface diffu-
sion follows by intra particle diffusion. Basically, the liquid 
phase mass transport organized the adsorption process. The 
mass transport rate can be imparted as a function of the square 
root of time (t). As illustrated before, the intra particle diffu-
sion model was explained by formula in below (6) [28]:

At the noted formula, qt refers the quantity of the 
adsorbed Sr2+ on the MnCo2O4/NaY nanocomposite. kipd 
(mmol mg−1 min−1) and t parameters are the intra particle dif-
fusion rate constant and time, respectively. Also, C (mg mg−1) 
is a constant that is affiliated to bounding layer thickness. Also, 
the value of correlation coefficient (R2) was computed from 
the slope and intercept of the plot of qt versus t1.2(Fig. 10).

Elovich kinetic model

The Elovich equation is demonstrated as can be seen in below 
(7) [29]:

(5)q =
(

C0 − Ce

)

×
V

m

(6)qt = kipdt
1.2 + C

(7)
dqt

dt
= α exp (−βqt)

where αand β parameters are attributed to the initial sorption 
rate and desorption constant both (mg g−1), respectively. If 
it is presumed thatαβt ≫ 1,then the Elovich equation can 
be simplified. At the boundary conditions qt = 0 at t = 0 , 
the above specified equation converses to (8) (Fig. 11) [30].

The kinetic model accompanied with upper correlation 
coefficient (R2) was assumed as the most relevant model. 
The kinetic factors of the Sr2+ adsorption on the MnCo2O4/
NaY nanocomposite have been depicted in Table 2. The 
obtained data proved that the adsorption of Sr2+ on the 
MnCo2O4/NaY nanocomposite was followed by the pseudo-
second-order model.

Thermodynamic studies

The adsorption and removal of Sr2+ on the MnCo2O4/NaY 
nanocomposite was evaluated under certain optimized 
conditions. The corresponded results have been shown in 
Figs. 12 and 13. Furthermore, Fig. 13a depicts the effect 
of various temperatures on the removal of Sr2+ ions on the 
nanocomposite adsorbent surface. From the mentioned plot, 
it can be explicitly inferred that the adsorption of Sr2+ on 
the MnCo2O4/NaY nanocomposite decreases by the gradual 

(8)qt = β log (αβ) + β log t

Fig. 9   The pseudo-second-order for the adsorption of Sr2+ on the 
MnCo2O4/NaY nanocomposite

Fig. 10   The intra particle diffusion kinetics for the adsorption of Sr2+ 
on the MnCo2O4/NaY nanocomposite

Fig. 11   The Elovich kinetics for the adsorption of Sr2+ on the 
MnCo2O4/NaY nanocomposite
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increase in the temperature. That is because of the loos-
ening and eventual breaking of the formed bonds between 
Sr2+ ions and active sites of nanocomposite adsorbent as a 
consequence of raising the reaction temperature. To inves-
tigate the thermodynamic properties, several solutions were 
prepared in the range of pH 8.0 and then 0.15 g MnCo2O4/
NaY nanocomposite added to each solution. Afterwards, the 
prepared samples were mounted on a stirrer and the solution 
stirred constantly at 298–328 K for 180 min, respectively. 
The quantity of adsorbed Sr2+ by the newly introduced 
adsorbent can be assigned by considering the difference 
between the initial and the equilibrium concentrations of 
Sr2+. To specify the process of spontaneous reaction, energy 
and entropy parameters should be noticed. Also, the coher-
ency of distribution ratios on the temperature was studied. 
The correlation between Kdand �G0 variation in sorption has 
been shown in below (9) [31]:

where R is the universal gas constant (8.314 J mol−1 K−1), 
T is the absolute temperature in kelvin (K) and Kd is the 
distribution coefficient. Gibbs free energyvariation(�G0) 
can be also interpreted in terms of enthalpy variation,(�H0) 
and entropy variation (�S0) as depicted in following Eq. (10) 
[31]:

Plus a new definition is attained by the integration of the 
equations 9 and10 illustrated in below as Van’t Hoff Eqs. 11 
and 12 [32, 33]:

where R is the universal gas constant (8.314 J mol−1 K−1), 
C0 μmol/L parameter is the concentration in solution, Ce 
μmol/L parameter is known as the concentration in solu-
tion at equilibrium, V (L) is the solution volume, and m 
(g) represents the adsorbent mass. Meanwhile, both �H0 
and �S0 of adsorption procedure can be delineated from the 
slope and the intercept of the linear fits which are obtained 
by plotting lnKd versus 1

T
 respectively. Also, the negative 

values �G0 indicate that the adsorption procedure is spon-
taneous with linkage of Sr2+ ions to the nanocomposite 
adsorbent. According to the concluded data, the adsorption 

(9)ΔG0 = −RTLnKd

(10)ΔG0 = ΔH0 − TΔS0

(11)Ln Kd = −
ΔH0

R
×

1

T
+

ΔS0

R

(12)Kd =
qe

Ce

=

(

C0−Ce

Ce

)

×
V

m

Table 2   The different kinetics model rate constants for the adsorption of Sr2+on the MnCo2O4/NaY nanocomposite under optimized conditions 
(adsorbent dose = 0.15 g, pH 8.0 and T = 298 K)

Kinetic model Kinetic parameters R2 Plot equation

First order k1 (min−1) 4 × 10−3 (± 9 × 10−5) 0.8439 y = −4 × 10−3 × −8.096
Second order k2 (g mg−1 min−1) 106 (± 2.3 × 104) 0.9921 y = 106 × +107

Intra particle diffusion kipd (mmol mg−1 min−1) 6 × 10−10 ( ± 1.4 × 10−11) 0.8637 y = 6 × 10−10 × +2 × 10−9

C (mg mg−1) 2 × 10−9 (± 4.7 × 10−11)
Elovich α 0.9294 (± 2.2 × 10−2) 0.8928 y = 5 × 10−9 × +10−9

β 5 × 10−9 (± 1.1 × 10−10)

Fig. 12   LSC spectra for the removal of Sr2+ on the MnCo2O4/NaY 
nanocomposite at different temperature

Fig. 13   Plots of: a Sr2+ 
removal% versus temperature 
and b Van’t Hoff (ln K

d
 vs. 1/T) 

for the adsorption of Sr2+ on the 
MnCo2O4/NaY nanocomposite 
under optimized conditions 
(adsorbent dose = 0.15 g, pH 8.0 
and contact time = 180 min)
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of Sr2+ on the MnCo2O4/NaY nanocomposite could be cor-
responded to a physic-chemical adsorption process ( �H0

= 51.3530 kJ/mol). Thereupon, the enthalpy variance �H0 
following adsorption is negative which implies the exother-
mic nature of the adsorption. The entropy variances �S0 of 
the system associated with the adsorption of Sr2+ ions on the 
MnCo2O4/NaY nanocomposite is recognized positive in all 
cases implying that no sensible change occurs in the inter-
nal structure of nanocomposite during adsorption of Sr2+. 
The drawing data of lnKd versus 1/T has been depicted in 
Fig. 13b, and results are available in Table 3.

Reproducibility of the MnCo2O4/NaY nanocomposite

In order to investigate the reproducibility of the adsorbent 
for several times of reaction, the spent MnCo2O4/NaY nano-
composite was plunged in a solution of Na2EDTA.2H2O 
(0.2 M) and deionized water. Then this mixture was under-
gone stirring for 6 h at room temperature. After the wash-
ing process was fully accomplished, the accommodated 
Sr2+ ions were desorbed from the nanocomposite. After-
wards, the regenerated nanocomposite was further dried and 
employed for subsequent removal processes. Considering 
the results from several designed cycles, it is comprehended 
that a negligible diminution in the regeneration efficiency of 
the MnCo2O4/NaY nanocomposite occurs. However, using 
the mentioned nanocomposite for some consecutive cycles 
showed high removal efficiency for Sr2+ ions. As it has been 
illustrated in Figs. 14 and 15, the nanocomposite adsorbent 
was regenerated and applied for three sequential cycles and 
the removal efficiency of more than 91% was measured for 
all of those cycles.

The possible mechanism of Sr2+ adsorption

The characteristics including the presence of alkali and alka-
line-earth metallic cations and porosity in zeolites frame-
work accompanied with sufficient chemical and mechanical 
sustainability acquire high adsorptive, cation exchange, and 
catalytic features and further make them applying for use in 
vast fields of analytical approaches. Three major probable 
theories can be assumed for the adsorption mechanism of 
Sr2+ ions on the as-synthesized MnCo2O4/NaY nanocom-
posite adsorbent. (1) the intra porosity diffusion of Sr2+ ions 

Table 3   Thermodynamic parameters for the adsorption of Sr2+ on the MnCo2O4/NaY nanocomposite under optimized conditions (adsorbent 
dose = 0.15 g, pH 8.0 and contact time = 180 min)

T (K) �G0 (kJ/mol) �S0 (J/mol K) �H0 (kJ/mol) R2 Plot equation

298 − 9.6274 (± 0.2012) 136.5923 (± 2.8547) − 51.3530 (± 1.0732) 0.9837 y = 6.1767 × −16.428

313 − 8.2388 (± 0.1721)
328 − 5.5439 (± 0.1158)

Fig. 14   LSC spectra of the recovered MnCo2O4/NaY nanocomposite 
after three cycles in its adsorption reaction with Sr2+

Fig. 15   Reproducibility of the MnCo2O4/NaY nanocomposite under 
optimized conditions (adsorbent dose = 0.15  g, pH 8.0, contact 
time = 180 min and T = 298 K)
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into the NaY zeolite framework which refers to the binding 
potentials of Sr2+ with active sites of NaY zeolite, (2) the ion 
exchange reactions among Na+, Mn2+ and Co3+ cations with 
negative charge balance of aluminum atoms and Sr2+ ions in 
aqueous solution, and (3) the van-der-waals or electrostatic 
forces of Sr2+ ions with negative charged hydroxyl groups 
and oxygen originated from nanocomposite framework.

Conclusion

In the current research, the MnCo2O4/NaY (18.7 wt% of 
MnCo2O4) nanocomposite adsorbent was sufficiently syn-
thesized and employed as an effective nanoadsorbent for the 
removal of Sr2+ ions from contaminated drinking water of 
Tehran city. The prepared nanoadsorbent was further char-
acterized by different techniques including SEM, EDAX, 
AFM, XRD and FTIR, and the removal progression was 
measured and monitored via the LSC analysis. Various 
experimental conditions namely the adsorbent dose, pH, 
adsorbent type and contact time were impeccably surveyed 
and optimized. Also, the adsorbent quantity of 0.15 g, pH 
8.0, contact time of 180 min, and temperature of 298 K 
were considered as the optimized conditions for subse-
quent experiments. The results showed that MnCo2O4/NaY 
nanocomposite has the capability to perform the high yield 
adsorption-removal of Sr2+ ions from the aqueous matrix. 
The reaction kinetic information was investigated using 
pseudo first and second orders, intra particle diffusion and 
Elovich models. The adsorption kinetics of Sr2+ was desir-
ably consistent to the pseudo-second-order kinetic model. 
More, thermodynamic study for the adsorption reaction was 
accomplished and the results confirmed that the increase of 
temperature has negative effect on the reaction efficiency 
as the reaction efficiency decreased when the temperature 
increased. Also the reproducibility experiments confirmed 
the significant applicability of the synthesized nanocompos-
ite for high yield removal of Sr2+ ions for several cycles.
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