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Abstract
The presence of heavy metals in water sources have created serious environmental concerns. In this study, 10-tungsten-
2-molybdophosphoric acid supported amine-functionalized magnetic SBA-15 with core–shell morphology was prepared and 
its applicability as effective inorganic adsorbent for Co2+ and Sr2+ removal was investigated. The adsorbent was characterized 
by X-ray powder diffraction, Fourier transform infrared spectroscopy, transmission electron microscopy, scanning electron 
microscopy, vibrating sample magnetometer, inductively coupled plasma analysis and N2 physical adsorption–desorption 
technique. The effective parameters including dosage of adsorbent, contact time, initial concentration of metal ion, pH of 
solution, temperature and elution agent were investigated. Batch adsorption studies depicted higher adsorption affinity for 
Co2+ than Sr2+ ions. The synthesized adsorbent has an adsorption capacity of 87.72 mg g−1 and 80.01 for Co2+ and Sr2+ 
respectively. This research highlights the source of difference between their adsorption capacity. EDTA had more desorption 
performance as elution agent than HCl that attributed to larger chelating stability constant of EDTA. Moreover, the results 
showed the good recyclability and excellent stability of adsorbent after 4 successive cycles.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s1096​7-019-06595​-6) contains 
supplementary material, which is available to authorized users.

 *	 Ali Reza Mahjoub 
	 Mahjouba@modares.ac.ir

	 Hanieh Fakhri 
	 hanieh_fakhrie@yahoo.com

1	 Department of Chemistry, Tarbiat Modares University, P.O. 
Box. 14155‑4383, Tehran, Iran

2	 Material and Nuclear Fuel Research School, Nuclear 
Science and Technology Research Institute (NSTRI), 
P.O. Box. 11365‑8486, Tehran, Iran

http://orcid.org/0000-0001-8668-5271
http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-019-06595-6&domain=pdf
https://doi.org/10.1007/s10967-019-06595-6


450	 Journal of Radioanalytical and Nuclear Chemistry (2019) 321:449–461

1 3

Graphic abstract

Keywords  Heteropoly acid · Magnetic SBA-15 · Cobalt adsorption · Strontium adsorption

Introduction

Universal industrialization, population growth and natu-
ral activities discharge high volume of heavy metals into 
environmental sources that have created serious concern [1, 
2]. Cobalt (Co) and strontium (Sr) as major components of 
the toxical group have great solubility in aquatic system [3] 
and especially their presence in radioactive wastewaters has 
doubled this concern. These metals are non-biodegradable 
and can accumulate in living organisms. More and more 
usage from Co and Sr resources and the absence of a com-
prehensive pattern for management of these wastes lead to 
the uncontrolled release of these metals [4] which can be 
effected on human health as paralysis, various cancer, lung 
discomfort and bone defects [5]. According to regulations 
of Agency for Toxic Substances and Disease Registry, the 
maximum allowed value is 2 µg L−1 for cobalt ion [6] and 
presence of its higher value induces critical problems. In 
the other hand, strontium with similar ion radius with cal-
cium can easily exchange with it in bone issue and create 
cancer and other diseases. So nowadays, effective removal 
of them is considered as hot environmental research sub-
ject. Chemical oxidation, filtration, chemical precipitation, 

photolysis, reverse osmosis, electro chemical process and 
etc. are common technologies that applied to treatment of 
polluted solution [7]. However, these strategies are very 
expensive and mostly useless when concentrations of metal 
ion in solution are less than 100 mg L−1 [8, 9]. Adsorption 
is efficient and economic method because of its easy opera-
tion, accessibility of various adsorbent and good selectiv-
ity. In the recent years, heteropoly acids (HPAs) introduced 
as green inorganic adsorbent for water treatment [10, 11]. 
HPAs are a unique type of inorganic metal–oxide clusters 
with excellent acidic properties which provide exchange-
able hydrogen ions when they are soaked in the aqueous 
solution [12]. However, low surface area and solubility in 
polar solution confine usage of HPAs. Many efforts have 
focused on immobilizing HPAs onto various supports such 
as silica [13, 14], zeolites [15], graphene oxide [16, 17] and 
etc. Silica is considered as desire support due to its high 
surface areas, good porous channels, narrow pore size dis-
tributions and the plenty silanol groups at the surface of its 
channels [18]. Masteri-Farahani and Modarres [19] reported 
excellent catalytic performance of HPAs supported surface 
modified SBA-15. In the other study, improved ion exchange 
capability is achieved by ammonium salt of hetropoly acid 
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supporting on mesoporous silica that investigated by Park 
et al. [20]. Nevertheless, absorbent separation from the solu-
tion at the end of the adsorption process will still remain 
as an another challenge. To address this issue, fabrication 
of magnetic adsorbents can be considered as excellent idea 
owing to quickness, eco-friendliness, easy handling of mag-
netic material [21, 22]. In this study, core–shell magnetic 
support containing a magnetic nanoparticle core and silica 
shell are prepared for supporting HPAs. Core–shell structure 
is selected for four main reasons: First, the outer mesoporous 
SBA-15 shell with more free sites can easily be functional-
ized by other functional groups; Second, magnetic nano-
particle cores are protected from oxidized by the surround-
ing environment, Third, less blocking of pore is happened 
when magnetic nanoparticles are as a core structure, Forth, 
leaching of magnetic nanoparticles into a low pH medium is 
stopped. Furthermore, decoration of magnetic support with 
amine-functional groups leads to better grafting of HPAs on 
the surface of support and also increases tendency for more 
loading of HPAs resulting in producing stable and strong 
adsorbents. In this study, we immobilized HPAs on amine-
functionalized magnetic SBA-15 (AMS) and characterized 
it by various measurements. In the following, our study 
focused on adsorption experiments with five main aspects: 
(1) to investigate adsorption capacity of adsorbent for Co2+ 
and Sr2+ adsorption, (2) To examine various effective param-
eters on adsorption process such as pH, contact time, amount 
of adsorbent, initial concentration of heavy metal and tem-
perature, (3) to describe possible mechanisms of adsorption, 
(4) to assay effect of elution agent on desorption efficiency, 
(5) to evaluate recyclability performance of adsorbent.

Experimental

Materials

All of these chemicals were used without further purifi-
cation. FeCl3·6H2O, polyethylene glycol, sodium acetate 
(NaAc·3H2O), ethylene glycol (EG), Ammonium hydrox-
ide (NH4OH, 28  wt%), tetraethyl orthosilicate (TEOS, 
98%), absolute ethanol (99.98%), sodium molybdate 
(Na2MoO4·2H2O), sodium tungstate (Na2WO4·2H2O), 
disodium hydrogenphosphate (Na2HPO4), Cetyl trimeth-
ylammonium bromide(CTAB, C19H42BrN), diethyl ether 
((C2H5)2O), sulfuric acid (H2SO4 98%), 3-amino propyl tri-
methoxy silane (APTMS) and toluene were purchased from 
Merck and Sigma-Aldrich Company.

Synthesis of AMS support

The magnetite nanospheres were synthesized by using the 
solvothermal method [23]. According to the procedure, the 

mixture including 1.2 g of FeCl3·6H2O, 1.0 g of polyethyl-
ene glycol and 3.3 g of NaAc·3H2O were added to 50 mL 
of EG and stirred for 30 min at room temperature. So, the 
resultant solution was transferred to Teflon-lined stainless 
steel autoclave and heated at 200 °C for 8 h. Finally, the 
obtained solid was filtered, washed with ethanol and dion-
ized water and dried at 60 °C for 12 h. This magnetic prod-
uct is donated as M. Subsequently, the following procedure 
is applied for preparing of magnetic core–shell silica [24]. 
Typically, 2 g of obtained M was dissolved in a mixture 
of solvents containing absolute ethanol, distilled water and 
NH4OH with ratio 26:6:1. These solution was sonicated for 
10 min. In the next step, TEOS (6 mL) was added to it and 
stirred at 40 °C for 1 h. Subsequently, 1.8 g CTAB as the 
structure-directing agent was added to it. Then, the solution 
was refluxed for 22 h. Finally, the powder was filtered by an 
external magnetic field and washed with ethanol and dion-
ized water, dried in a vacuum oven at 50 °C for 12 h and 
calcined for 6 h at 300 °C. This product is donated as MS.

The modification of the external surface of MS with 
amine groups was performed by using APTMS. For this 
purpose, 2 g of MS was dispersed in certain volume of tolu-
ene and 3 mmol of APTMS was added to it. The obtained 
mixture was refluxed for 20 h. Then the resultant solid was 
separated by external magnetic field and washed with dion-
ized water and ethanol and finally was dried at 60 °C for 
12 h. The as-synthesized adsorbent is denoted as AMS.

Synthesis of MW@AMS nanocomposite

The kegging type heteropoly acid with overall formula 
H3[PMo2W10O40]·nH2O (MW) was synthesized via reported 
procedure [25]. The defined amounts of MW species were 
dispersed in distilled water and AMS support was added to 
it. This sealed mixture was stirred at 110 °C for 24 h. In the 
following, the mixture was unsealed and stirred at room tem-
perature until the solvent is evaporated. Finally, the collected 
powder was dried at 120 °C and calcined at 300 °C for 4 h. 
This adsorbent is denoted as MW@AMS. ICP analysis indi-
cated that the atomic ratios of P/Mo/W were: 1.00/1.79/9.68. 
This procedure was employed for preparation of various 
loading of MW on the support. The applied steps for the 
synthesis of this adsorbent are indicated in Scheme 1.

Characterization

X-ray diffraction analysis (XRD) was carried out by Philips 
X-pert X-ray diffractometer and Cu Kα radiation (wavelength, 
λ = 1.5481 Å) was used as the radiation source. The morphol-
ogy and textural structures were assayed by scanning electron 
microscopy (Philips XL-300 instrument) and transmission 
electron microscopy (Philips cm 30). The Fourier transform 
infrared spectroscopy (FT-IR) spectra of the synthesized 
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samples were characterized by the Shimadzu-8400S spec-
trometer. ICP (Varian vista-PRO instrument) analysis recorded 
metal ion concentration at various times. The magnetization 
measurement was obtained by vibrating sample magnetometer 
(Lake Shore 7410 VSM) at room temperature. Nova Station A 
instrument at 77 K was applied for measuring of N2 adsorp-
tion–desorption isotherms. Specific surface areas were deter-
mined by the Brunauer–Emmet–Teller (BET) method and the 
Barrett–Joyner–Halenda (BJH) method were used for calcula-
tion of the pore-size distribution.

Adsorption experiments

Adsorption assays were performed using 50 mg of adsorbent 
per 20 mL of metal solution (desired concentration) under 
stirring. After specific time intervals, the solid phase was fil-
tered by external magnet and the remained metal ion concen-
tration in the liquid phase was monitored by ICP elemental 
analysis. The stock solutions containing Co2+ and Sr2+ ions 
were prepared of CoSO4·7H2O and Sr(NO3)2·4H2O respec-
tively. The effect of solution pH (pH = 1–13), contact time 
(t = 0–180 min), initial metal concentration (C0 = 10–200 ppm) 
and elution solution were investigated. The Eqs. 1 and 2 are 
employed for determining of the adsorption capacity and 
removal efficiency respectively.

(1)Adsorption capacity =

(

C0 − Ce

)

V

m

where Co (mg L−1) and Ce (mg L−1) are concentration of 
metal ion in liquid phase at initial and equilibrium time 
respectively; V (L) is total volume of solution and m (g) is 
mass of adsorbent.

Result and discussion

Characterizations of adsorbent

The crystalline structure and purity phase of samples 
depicted in Fig. 1. In Fig. 1a, the diffraction peaks showed 
inverse spinel crystalline structure with cubic symmetry of 
M (JCPDS Number: 79-0418) [26]. Furthermore, the exist-
ence of these diffractions is preserved after coating with 
silica and MW as presented in Fig. 1b, c. The absence of 
the reflection peaks related to MW (Fig. 1d) in MW@AMS 
pattern was a result of high dispersion of immobilized spe-
cies on the modified support (Fig. 1c) [27]. A strong peak at 
2θ = 0.53° was observed in low angle XRD patterns of AMS 
(Fig. 1e) that can be assigned to (100) plane. For MW@
AMS sample, this reflection was remained while the peak 
intensity diminished. This is corresponded to the reduction 
in arrangement of mesoporous channels of silica along with 
incorporation of MW species.

(2)%Removal efficiency =
C0 − Ce

C0

∗ 100

Scheme  1   The overall steps applied for preparing of MW@AMS
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The FT-IR analysis was applied for investigation 
about structure and interactions of synthesized adsorbent 
(Fig. 2). The broad and strong band at 3000–3600 cm−1 
for all samples assigned to O–H stretching mode while the 
sharper band at 1618 cm−1 is related to the deformation 
vibration of free water molecules [28]. The characteristic 
band at 562 cm−1 is attributed to Fe–O bond stretching 
(Fig. 2a) [29]. In Fig. 2b, the observed peaks at 1076 cm−1 
and 801 cm−1 can be corresponded to the asymmetric and 
symmetric stretching vibrations of Si–O–Si and the band 
at 471 cm−1 is attributed to the Si–O–Si or O–Si–O bend-
ing mode of SiO2 [24]. Following the functionalization 
of MS by amine group, two main peaks are observed at 
3416 cm−1 and 1533 cm−1 which referred to stretching and 
bonding vibrations of N–H group respectively (Fig. 2b) 
[30]. The observed adsorption peak at 2800–2989 cm−1 
is assigned to stretching vibration of methylene groups 
of AMS sample. The main characteristic bands contain-
ing P–Oa (1068  cm−1), M=Od (969  cm−1), M–Ob–M 
(872 cm−1) and M–Oc–M (784 cm−1) (M=W, Mo) indi-
cated the formation of Keggin type structure of HPAs in 
Fig. 2c. Nevertheless, the blue shift of these bands for 
MW@AMS sample in comparison with pure MW is 
coresponded to strong interaction of MW with surface of 
support. The appearance of new band at 1451 cm−1 cor-
responding to NH3

+ (Fig. 2d) confirmed ionic interaction 
between modified support and MW [31]. It is clear that the 
main characteristic bands of MW are retained and proved 
that kegging structure is maintained in composite structure 

and also the disappearance of amine group peak can be 
referred to interaction between NH2 and MW [32].

In order to verify textural and morphology of synthesized 
samples scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) analysis are used. Fe3O4 
nanoparticles as spherical shape with an average diameter 
of 100–140 nm are indicated in Fig. 2e. As seen, magnetic 
nanospheres have homogenous morphology although stick-
ing of nanoparticles is observed in some areas that attrib-
uted to its high magnetic property. TEM images (Fig. 2f, g) 
revealed that iron oxide as a black core is coated by silica 
shell (is detected as bright grey shell) (Fig. 2f) that con-
firmed core–shell structure of synthesized nanocomposite 
and also these images indicated that the average length of 
channels is approximately 25 nm that arranged as a per-
pendicular to the surface of iron oxide particles. The MW 
species which include heavy atoms of molybdenum and 
tungsten are detected as dark grey particles in or outsides of 
SBA-15 channels (Fig. 2g).

Nitrogen adsorption–desorption technique is applied for 
determining of surface area and pores size distribution. Type 
IV isotherms are showed in Fig. 3a,b for both of them which 
classified for mesoporous materials. The inflection of the 
isotherms referred to the capillary condensation of nitrogen 
in mesopores with an H1 type hysteresis loop. As seen in 
Table S1, pore size of AMS is 5.3 nm and reaches to 7.6 nm 
for MW@AMS. The increased pore size is due to interaction 
between MW molecules that can form secondary pore struc-
ture and lead to a larger value of pore size [32]. Furthermore, 

Fig. 1   High-angle XRD patterns of M (a), AMS (b), MW@AMS (c), MW (d) and low-angle XRD pattern of AMS and MW@AMS (e)
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the BET surface area is decreased from 526.5 to 100.7 m2/g 
by loading of 25% MW which attributed to insert part of 
MW on the internal surface of mesoporous silica. Magnetic 
behavior of synthesized samples was measured by VSM 
analysis. Superparamagnetic property is verified for AMS 
and also MW@AMS at room temperature [33], whereas 
no hysteresis loop can be found in Fig. 3c. The saturated 
magnetization of AMS was 84.08  emu and declined to 
16.23 emu for MW@AMS sample which this reduction can 
be corresponded to more presence of nonmagnetic particles 
in composite structure.

Adsorption tests

Effect of amount of loading on adsorption performance

One of the significant factors to evaluate the adsorbent 
capacity is an adsorbent dose. The adsorption efficiency 
as a function of adsorbent dose is indicated in Fig. 3d. In 
the experiments which AMS (without loading of MW) was 

used, the removal efficiency of metal ions was only 44% 
and 41% for Co2+ and Sr2+ metal ions respectively that 
may be attributed to chelation of metal ions with amine 
and hydroxyl functional groups onto surface of support 
[31]. As seen; the removal efficiency is improved when 
loading percentage of MW increases and reaches to maxi-
mum value for 25% loading of MW. Adsorption efficiency 
is slightly diminished along with further increase load-
ing that is probably due to blocking of accessible sites by 
agglomeration of species. The obtained results of Fig. 3d 
showed that approximately 40% of metal ions are uptaked 
by AMS sample. It is clear, in this step, complexation and 
physisorption processes were bold mechanisms that create 
by various functional groups in AMS support. However, 
adsorption efficiency reaches to maximum by introduc-
ing of MW (with excellent ion exchange properties) that 
confimes ion exchange is also involved mechanism in this 
system [30, 34]. In fact, the absorption of metals takes 
places by a set of processes.

Fig. 2   FT-IR spectra of M (a), AMS (b), MW (c) MW@AMS (d), SEM images of the M (e), TEM image of AMS (f) and MW@AMS (g)
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The effect of pH

The pH of solution is an important factor in practical appli-
cation of adsorbent. The pH adjustment of solution carried 
out by HNO3 (0.1 M) and NaOH (0.1 M). At the differ-
ent pH, metal ions exist in various form such as Co(OH)+, 
Co(OH)2(s), Sr(OH)+ and Sr(OH)2(s) that concentration of 
each of them depends on pH of solution. Co2+ and Sr2+ are 
dominant species at pH values range 1–6 and 1–13 respec-
tively, while precipitate form become dominant species for 
both of them at higher pH values [35, 36]. As seen in Fig. 4a, 
the metal ions removal at low pH values is small, approxi-
mately 67% for Co2+ and 60% for Sr2+. However, removal 
efficiency slowly is improved by increasing pH. For more 
clearity of the subject, the pzc analysis was employed. At 
low pH, charge surface of composite is more positive that 
attributed to presence of protonated amine and hydroxyl 
groups on the surface support. However, it becomes more 
negative along with deprotonating of functional groups at 

higher pH values (as seen in Fig. 4b). Furthermore, in this 
basic pH region, along with decreasing the H3O+ ion, com-
petitive adsorption between positive charge metal ion and 
H3O+ is diminished for attraction on negative surface of 
adsorbent.

Effect of contact time

The investigation of contact time is a parameter that has sig-
nificant effect on saving energy, time and money in the case of 
large scale process. For this purpose, the kinetic experiments 
were carried out by mixing 50 mg of composite with 20 mL 
of metal ion solution (C0 = 10 mg L−1). As seen (Fig. 5), the 
metal adsorption takes place rapidly in the first 60 min. This 
initial rapid uptake of metal ions referred to presence a lot of 
available active sites, following the equilibriums happened at 
100 and 120 min for Co2+ and Sr2+ by gradual reduction of 
these sites and also increasing repulsive forces between cati-
ons formerly adsorbed with free positive ions in solution. The 

Fig. 3   N2 adsorption–desorption isotherms of AMS (a), MW@AMS (b), magnetic hysteresis loops of AMS and MW@AMS (c) and adsorption 
efficiency for AMS, MW@AMS by various loading of MW (d)
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kinetic adsorption of metal ions was evaluated using pseudo 
first-order and pseudo second-order models. A linear form of 
pseudo first-order equation (Eq. 3) [37] and pseudo second-
order equation (Eq. 4) [38] are presented as

(3)log(qe − qt) = log qe −
k1t

2.303

where qe and qt were corresponded to metal ion adsorbed 
(mg g−1) on the adsorbent at the equilibrium and at time 
t respectively, k1 (L min−1) and k2 (g mg−1 min−1) are the 
pseudo first-order and the pseudo second-order rate constant 
of adsorption. By comparing data of Fig. 5 and Table S2, 
the pseudo second-order model was found to describe 
the adsorption process more effectively. Also, the results 
depicted a faster adsorption for Co (k2 = 1 * 10−2) than Sr 
(k2 = 6 * 10−3). Co2+ with smaller ion radius (70 pm) than 
Sr2+ (118  pm) [39] can diffuse easier and so it has an 
expander access to exchange sites that leads to its faster ion 
exchange capability.

Effect of initial metal ion concentration

To get a clear insight about mechanism of metal adsorption 
process and capacity of adsorbent, experimental tests were 
studied in range 10–200 ppm of metal ions concentration. As 
found from Fig. 6, the adsorption capacity is increased along 
with increase of metal ions untill the adsorption equilibrium 
is achieved. The adsorption equilibrium curves were assayed 
by the Langmuir and Freundlich isotherms. The Langmuir 
model referred to a monolayer adsorption on a homogeneous 
surface, while Freundlich model assume a multilayer adsorp-
tion on a heterogeneous surface. These models are presented 
in form Eqs. 5 [40] and 6 [41] respectively

(4)
t

qt
=

1

k2q
2
e

+
1

qe
t

(5)
Ce

qe
=

1

bqm
+

Ce

qm

(6)log qe = log kf +
1

n
log ce

Fig. 4   The effect of pH solution on adsorption efficiency of Co2+ and 
Sr2+ (a), the surface charge versus pH for 25% MW@AMS sample 
(b)

Fig. 5   Time dependence for Co2+ and Sr2+ adsorption (a), pseudo-first-order model fitting plots for Co2+ and Sr2+ adsorption kinetics data (b), 
pseudo-second-order model fitting plots for Co2+ and Sr2+ adsorption kinetics data (c)



457Journal of Radioanalytical and Nuclear Chemistry (2019) 321:449–461	

1 3

where qe is the adsorbed concentration of metal (mg g−1) 
at equilibrium, b (L mg−1) is a constant corresponded to 
energy of adsorption, qm is the maximum adsorption capac-
ity (mg g−1), Ce is concentration of metal at equilibrium 
(mg L−1), KL and KF are the Langmuir and Freundlich con-
stant (L mg−1) and 1/n (dimension less) referred to the heter-
ogeneity factor. The obtained R2 (Regression coefficients) of 
curve in Fig. 6b and c depicted that the Freundlich isotherm 
fitted better with experimental data than Langmuir. Based 
on Table S3, the calculated qm are 87.72 and 80.01 mg g−1 
for Co2+ and Sr2+ respectively.

For the better identify of the type sorption process (chem-
ical or physical sorption), the Dubinin–Radushkevich (D–R) 
isotherm model was used. This isotherm model is shown as 
the following equation [42];

where qDR is the monolayer capacity (mmol  g−1), BDR 
(mol2 J−2) is corresponded to adsorption energy and ε is the 
Polanyi potential which is determined by;

where R is the gas universal constant (8.314 J mol−1 K−1) 
and T is referred to the absolute temperature (K). The main 
parameters of (D–R) equation to estimate the type of sorp-
tion process is obtained by measuring of the value of mean 
free energy for per molecule of adsorbate [E (kJ mol−1)] as 
below:

If value of E was less than 8 kJ mol−1, the physical sorp-
tion is considered as mainly mechanism and the chemical 
sorption will be expected if value of E was 8–16 kJ mol−1. 
The obtained data of Fig. 7a are tabulated in Table S4. 
Whereas the values of E are placed between 1 and 8, physi-
cal attraction can be affected on metal ions sorption. The 

(7)ln
(

qe
)

= ln qDR − BDR�
2

(8)� = RT ln

(

1 +
1

Ce

)

(9)E =
1

√

2BDR

adsorption capacity by 25%MW@AMS and other adsor-
bents indicated in Table S5. As observed, 25%MW@AMS 
composite has an excellent potential for uptake of Co2+ and 
Sr2+.

Effect of temperature

To study the thermodynamic behavior of the adsorption sys-
tem, temperature of solution adjusted at 25, 35, 45 and 55 °C 
(under optimum condition found). As observed, adsorption 
efficiency was increased with rising in temperature (Fig. 7b) 
that can be attributed to improved transport of metal ions 
from the balk to the surface phase along with increasing 
temperature [63]. The thermodynamic parameters can be 
calculated by plotting of ln Kc versus 1/T.

where Kc is referred to thermodynamic equilibrium con-
stant, T (K) is temperature and R is universal gas constant 
(8.314  J  mol−1  K−1). According to Vant Hoff equation 
(Eq. 11) [64], the standard free energy change G (kJ mol−1) 
is calculated as shown below:

All parameters tabulated in Table S6. The negative val-
ues of ∆G° at all temperatures indicated the spontaneous 
nature of this process and endothermic behavior resulted in 
positive value for ∆H°. Generally, if 0 < ∆G < − 20 kJ mol−1, 
physical adsorption is dominant and changes to more nega-
tive values than − 40 kJ mol−1 for chemical adsorption [65]. 
The obtained ∆G° at all temperatures are between 0 and 
− 20 kJ mol−1 that referred to physical adsorption and in 
accordance with gained result of Dubinin–Radushkevich 
model. The positive values of ∆S were reflected an increased 
degree of randomness at the solid/solution interface that are 
interpreted with exchange of bivalent metal ions along with 
freedom of two hydrogen ions in solution and confirmed by 
the change of pH to lower values.

(10)lnKc =
ΔS

◦

R
−

ΔH
◦

RT

(11)ΔG
◦

= ΔH
◦

− TΔS
◦

Fig. 6   Adsorption isotherm of 25% MW@AMS (a), linear Langmuir plot (b) and linear Freundlich plot (c)
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Desorption and reusability of adsorbent

The investigation of stability and reusability of adsorbent 
is an essential step in designing effective and economic 
system for treatment of polluted solution. The FT-IR and 
ICP analyses are employed for investigation of stability 
of adsorbent. In Fig. 7c, FT-IR spectra indicated that the 
characteristic peaks of MW and ASM are preserved in 
the composite structure of the used adsorbent. Also, the 
obtained data of ICP analysis revealed that only less than 
3% of MW leached after four running cycles. To explore 
reusability, the adsorption–desorption test was carried 
out for four consecutive cycles. In each cases, the used 
adsorbent was separated and washed with elution agents 
and again employed in adsorption process. 0.1 M HCl and 
0.1 M EDTA were used as elution agents. Adsorption effi-
ciency slightly reduced after four cycles resulting a good 
reusability of the adsorbent (Fig. 8). As seen in Fig. 8 and 
Table S7, EDTA had a better desorption and regenera-
tion efficiency in comparison with HCl. This result can be 
attributed to larger chelating stability constant of EDTA 
with Co2+ and Sr2+ than HCl [61].

Chemical stability of adsorbent

The adsorbent (0.05 g) was placed separately in 10 mL of 
different solvents at room temperature for 12 h and then 
separated. Molybdenum in the filtrate were determined 
(Table S8). The adsorbent indicates excellent chemical 
stability toward acids, alkali and water. Hence these ion 
exchangers can be utilized in most of the aqueous media 
without leaching problems.

Conclusion

In this work, MW@AMS was synthesized for the first 
time, perfectly characterized and was employed for 
removal of Co2+ and Sr2+ metal ions from aqueous solu-
tion. The obtained results revealed that the adsorption 
isotherms well obeyed Fruendlich model with maximum 
sorption capacity of 87.72 mg g−1 and 80.01 mg g−1 for 
Co2+ and Sr2+ ions respectively. The obtained values of 
Gibbs free energy change (G) and enthalpy change (H) 
indicated spontaneous nature and endothermic behavior of 

Fig. 7   The Dubin–Radushkevich isotherm for adsorption of Co2+ and Sr2+ by 25% MW@AMS (a), the effect of temperature on adsorption of 
Co2+ and Sr2+ ions (b) and FT-IR spectra of fresh and used adsorbent (c)
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adsorption process. EDTA with larger chelating stability 
constant in comparison with HCl demonstrated a better 
desorption and regeneration efficiency. This adsorbent was 
isolated easily and quickly with an external magnetic, so it 
can be considered as effective and economical adsorbent 
for treatment of polluted solution.
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