
* Corresponding author.

1944-3994/1944-3986 © 2021 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2021.27311

228 (2021) 242–252
July

Effect of MgO and montmorillonite nanoparticles on removal behavior of cobalt

Soheil Seifa,*, Safar Marofia, Shahriar Mahdavib

aWater Engineering Department, Faculty of Agriculture, Bu-Ali Sina University, Hamedan 6517833131, Iran,  
Tel. +98 81 34224528/+98 9370555282; Fax: +98 81 34224012; emails: soheilseif65@gmail.com (S. Seif),  
smarofi@yahoo.com (S. Marofi) 
bDepartment of Soil Science, Faculty of Agriculture, Malayer University, Malayer, Iran, Tel. +98 9188110848;  
email: smahdaviha@yahoo.com

Received 3 September 2020; Accepted 9 April 2021

a b s t r a c t
In this research, the adsorption of divalent cobalt (Co(II)) ions from aqueous solutions were inves-
tigated using nano magnesium oxide (MgO-NPs) and montmorillonite nanoparticles (Mont-NPs). 
Batch experiments were carried out to measure the optimum values of pH, adsorbent dosage, 
contact time, and temperature. Adsorbents were characterized by powder X-ray diffraction and a 
scanning electron microscope with energy-dispersive X-ray. Thermodynamic parameters were cal-
culated, and the results showed an exothermic and endothermic pattern for the adsorbents. The 
maximum adsorption capacities of MgO-NPs and Mont-NPs were calculated as 440 and 2.53 mg/g, 
respectively. The pseudo-second-order model justified the experimental data of the adsorbents, 
while the pseudo-first-order model only fitted the MgO-NPs data. Desorption was carried out at the 
last point of the isotherm figure to verify the preservation capability of the adsorbed ions. Regarding 
the adsorbent dosage and the isotherm experiments, this study revealed that MgO-NPs have an 
excellent potency for Co(II) ion adsorption from the aqueous solutions compared to Mont-NPs. 
MgO-NPs and Mont-NPs are present in some rocks and soil textures; hence, the finding of this 
study could help chemists and environmentalists with the trace of pollutants and the removal of 
heavy metals in the soil-water medium.
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1. Introduction

During recent decades, environmental contamination 
has been one of the most eye-catching issues, which have 
attracted worldwide attention owing to an increase in heavy 
metal ions in water, air, and soil media. Nowadays, pollu-
tion of biological resources and water bodies by heavy metal 
ions is one of the biggest problems, threatening human soci-
ety [1]. Heavy metal ions can enter into the food chain of 
humans and organisms; thus, removing heavy metals is 
a promising way to make the environment a better place 
to live. The expansion of the industry and the increasing 
population of the planet have all resulted in a growing 

demand for worldwide water consumption. Simultaneously, 
increased municipal and industrial waste in the environ-
ment and lack of drinkable water escalated the pollu-
tion in water and soil, particularly in the industrial cities, 
which is alarming for the present and future generations.

Cobalt (Co) is a heavy metal known to cause toxicities 
at high concentrations. It is a trace element that occurs nat-
urally and is widely distributed via mining, metallurgical 
productions and nuclear plants across the globe [2]. Cobalt 
is an essential element of cellular metabolism; moreover, it 
is proven that cobalt is a constituent of vitamin B12, which is 
involved in adjusting blood pressure and has a significant 
impact on thyroid functioning [3]. Nevertheless, exposure to 
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high dosages of cobalt may result in health problems (such 
as neurotoxicological disorders and genotoxicity) and can-
cer [4]. Toxicity and harmful effects of excessive amounts 
of cobalt upon humans and organisms make it necessary to 
remove it from water and wastewater, mainly before enter-
ing the environmental cycle. Numerous techniques, such as 
co-precipitation, ion exchange, precipitation, reverse osmo-
sis, oxidation and adsorption have been used to remove Co 
from water [2].

Among the various mentioned methods of heavy metal 
ions removal from contaminated water, the adsorption 
method has been favored because of its high efficiency, 
simplicity, adsorbent variability, and lower cost compared 
to the other approaches [5]. Many researchers believe that 
metal oxides have higher adsorption efficiency; individ-
ually, nano magnesium oxide (MgO-NPs) demonstrated 
a high capacity in the adsorption of ions [6–8]. Besides, 
MgO-NPs have minimal impact on the environment, and 
it has low solubility in water. MgO-NPs because of their 
high surface area, high alkalinity, and high PZC; mean-
while, minimum harmful effects on the environment can be 
used to treat polluted water [9,10]. The effect of MgO and 
Mg(OH)2 has been assessed in studies related to toxic ions 
and pollution removal from water [11]; namely, Campbell 
and Starr [12] proven that metal ions (Cu, Ag, and Pb) can 
combine with MgO-NPs by the covalent bond. Pioneering 
investigations on MgO-NPs inspired us to conduct more 
studies about this powerful adsorbent by considering 
the effect of changing parameters and its efficiency rates.

Clays can be categorized as hydrated aluminosilicates, 
which are well known as the minerals that make up the 
colloid fraction (<2 µm) of soils, sediments, pebbles, and 
water [13]. Montmorillonite, as a type of clay, has a 2:1 
layer structure in which an octahedral sheet is between two 
tetrahedral silica sheets [14]. Metal ions and water mol-
ecules can be placed into its layer structure, which would 
lead to the adsorption of heavy metal ions in the solution. 
Montmorillonite has a high ion exchange capability and 
specific surface, which enables it to absorb heavy metals 
from aqueous solutions; the negative surface charge of this 
material contributes to the retention of cationic ions [15]. 
Montmorillonite particles can remove cationic metal ions 
from solutions by electrostatic and ion exchange phenom-
ena. On the other hand, by dint of their negative surface 
charge, they repel negative ions, which could be solved by 
modification techniques [16].

In this work, MgO-NPs and montmorillonite nanopar-
ticles (Mont-NPs) were considered for Co(II) ion adsorp-
tion, and to reach the optimum condition of the removal 
process, the following parameters were measured. 
The effects of pH, adsorbent dosage, temperature, and 
adsorption contact time were investigated; besides, the 
adsorbents characterizations were analyzed by powder 
X-ray diffraction (XRD) and scanning electron microscope 
with energy-dispersive X-ray (SEM-EDX) techniques.

2. Materials and methods

MgO-NPs (99% purity) and Mont-NPs (99% purity) 
were purchased from Nabond Technologies Co., Ltd., 
China Company. Synthesized Co(NO3)2·6H2O was used to 

pollute deionized water. Co(II)-containing stock solution 
was prepared using Co(NO3)2·6H2O to achieve the final 
concentration of 1,000 mg/L. Then it was diluted to vari-
ous concentrations before use without pH adjustment. The 
concentrations of cobalt ions were determined using atomic 
absorption spectrometry analysis (Varian SpectrAA 220, 
Australia). HCl, HNO3, and NaOH were purchased from 
Merck Co., Germany; all reagents were of analytical grade 
and used without purification. In all experiments, deion-
ized water was used to be polluted. The pH of the solutions 
was measured by a pH meter (WTW Multi 3420), Germany. 
Characterization of the adsorbents was examined by the 
SEM-EDX (Philips XL30), Philips, The Netherlands; and 
XRD (XMD300) Unisantis, Germany, using Cu Kα radioac-
tive source (λ = 0.154 nm) at 40 kV/40 mA. The size of the  
adsorbent particles was quantified by the Scherrer [Eq. (1)] 
as follows:
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where λ is the wavelength of the X-ray (1.5418 Å), b is the 
XRD peak width at half-height, θ is the angle between 
the emitted ray and the sample, and d is the crystal size 
(nm), [17].

2.1. Preparing the solutions

Solutions were prepared by adding Co(NO3)2·6H2O 
to deionized water; firstly, 1,000 ppm Co(II) solution 
was prepared, and then it was diluted to reach a spe-
cific concentration for each part of the research. The pH 
of the solutions was adjusted by adding NaOH (0.1 M) or  
HNO3 (0.1 M).

2.2. Heavy metal adsorption analysis

All experiments were carried out in falcon tubes (50 mL) 
by adding 25 mL of solutions containing different Co(II) 
ion concentrations. The samples were shaken (90 rpm) to 
provide good contact between adsorbent and adsorptive 
(pollutant). For the isotherm experiment, the optimum used 
dosages of MgO-NPs and Mont-NPs were 0.05 and 5 g/L. 
In the case of pH, temperature, and adsorbent dosages 
experiment, their used dosages were 0.1 and 1 g/L, respec-
tively. Co(II) concentrations were prepared up to 70 mg/L, 
and then they were diluted to reach the appropriate metal 
ions concentrations. Then, after shaking, the solutions were 
centrifuged (5,000 rpm) for 5 min to separate the solu-
tion from its solid part. At the last step, the supernatant 
liquid concentration was measured by using the atomic 
absorption spectrophotometer. The amount of adsorbed 
Co(II) concentrations was quantified by the following  
equation:
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where C0 and C are the initial and final concentrations of 
Co(II) ions, respectively.
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2.3. Effect of pH

pH has a determining impact on the adsorption pro-
cess as it regulates the surface charge of the adsorbents and 
ionization. The effect of pH ranging (2–6) was measured, at 
the same time other conditions remained constant: (i) for 
Mont-NPs, Co(II) concentration was 7 mg/L, Mont-NPs 
dosage was 1 g/L, the room temperature was 25°C, and 
contact time was 240 min; (ii) MgO-NPs, Co(II) concentra-
tion was 70 mg/L, MgO-NPs dosage was 0.1 g/L, the room 
temperature was 25°C and contact time was 240 min. It 
is important to note that the pH above 6 was not consid-
ered in the process since the precipitation had occurred 
substantially at higher pH values.

2.4. Effect of adsorbent dosage

Adsorbent dosage experiment was conducted with 
MgO-NPs (0.05, 0.1, 0.2, 0.3. 0.4 and 0.5 g/L) and Mont-NPs 
(1, 2, 3, 4 and 5 g/L) dosages, Co(II) ion concentration of 
70 mg/L, pH of solution, contact time of 240 min and room 
temperature at 25°C.

2.5. Effect of temperature

The solution was incubated at different temperatures, 
that is, 15°C, 20°C, 25°C, 30°C, and 35°C for 4 h to monitor 
the impact of temperature on heavy metal removal from 
the aqueous medium while other parameters remained 
constant.

2.6. Thermodynamic investigation

Thermodynamic parameters ΔG° (kJ/mol), ΔS° (J/mol K), 
ΔH° (kJ/mol) were measured by using the following 
equations [18], ΔG° measured by Eq. (4); also, ΔS° and ΔH° 
were measured by the slope and intercept of the linear 
regression of ΔG° vs. T by Eq. (5). The relevant equations 
are presented as follows:
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ΔG° = ΔH° – TΔS° (5)

where Kc is the distribution coefficient of the adsorbate 
(dimensionless), qc is the concentration of solid phase at 
equilibrium, Ce is the equilibrium concentration of metals 
in the solution (mg/L), T is the absolute temperature (K), 
and R (gas constant) which was 8.314 × 10−3 kJ/K/mol.

2.7. Effect of contact time

The effect of interaction time between adsorbents and 
Co(II) ions was investigated at five-time points (2, 10, 30, 
60, and 240 min), while other parameters remained stable. 
As noted, Mont-NPs and MgO-NPs dosages were 1 and 
0.1 g/L, respectively.

2.8. Kinetics modeling study

Pseudo-first-order model [Eq. (6)] [19], and pseudo- 
second-order model [Eq. (7)] [20], were implemented using 
the adsorption data, and the theoretical formulas are as 
given:
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where qe and qt are the amounts of the adsorbates (mg/g) at 
equilibrium condition and at the time t (min), respectively. 
k1 and k2 are the constant values of the first (min–1) and 
the second (g/mg min) order kinetic models, respectively.

The straight-line plot of log(qe – qt) against t was used 
to calculate the constant rate (k1) for the pseudo-first- order 
model; furthermore, by linear regression of t/qt against 
t, k2 was determined.

2.9. Adsorption isotherm

Adsorption isotherm was conducted in different Co(II) 
ion concentrations (14, 28, 42, 56, and 70 mg/L). The solu-
tion pH, temperature, and contact time were regulated 
according to the optimum measured values. MgO-NPs 
and Mont-NPs dosages were 0.05 and 5 g/L, respectively. 
An isotherm equation usually represents the adsorption 
equilibrium, and its relevant parameters outline the favor-
able or unfavorable sorption process and absorbency of 
the adsorbent at a specific temperature and pH. It also 
gives information about the capacity of adsorbents; more 
specifically, the maximum mass of the adsorbate that an 
adsorbent can hold on its particles. Freundlich [Eq. (8)] 
and Langmuir [Eq. (9)] equations, [21] which commonly 
determine adsorption isotherm, are as follows:
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where qe is the equilibrium solid phase (adsorbed metal 
ions on the adsorbent surface concentration) (mg/g), 
Ce is the equilibrium liquid phase concentration of the 
solution (mg/L), Kf is the Freundlich constant that signifies 
the adsorption capacity (mg/g), n is a dimensionless con-
stant-coefficient which demonstrates the adsorption inten-
sity, qmax is maximum adsorption capacity (mg/g), and KL is 
equilibrium constant (L/mg).

2.10. Desorption experiments

In a solution, the exposure of adsorbed cations with 
anions may establish a chemical bond. These anions may 
break the bond between the adsorbent and the adsorptive. 
Accordingly, the effect of anions on adsorbed Co(II) ions was 
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examined by adding CaCl2 to verify the Cl– ion role in the 
process as well as the ability of the adsorbents for the reten-
tion of the adsorbate ions. As noted, the metal ions concen-
trations were 70 mg/L, and MgO-NPs and Mont-NPs dosages 
were 1 g/L and 5 g/L, respectively. After adsorption, 30 mL 
of deionized water was added to the batch residue, which 
was then shaken (1 h) and centrifuged (5 min, 5,000 rpm). 
Then, 30 mL of ethanol was added to the solid phase, and 
centrifuging was done (5 min, 5,000 rpm) to remove the liq-
uid portion from its sediment. After that, 30 mL of CaCl2 
(0.01 M) was added to the sediment, which was shaken 
(1 h) twice in 24 h. Lastly, the samples were centrifuged 
(5 min, 5,000 rpm), and then the concentrations of Co(II) ion 
were determined by atomic absorption spectrometer.

To reach reliable data, all above experiments were 
repeated twice.

3. Results and discussion

3.1. Characterization of the adsorbents

SEM-EDX technique showed MgO-NPs have a nanoscale 
rod-shaped structure, which assists the adsorbent with 
having more contact surface for the adsorption of the ions. 
Moreover, it depicts this substance is porous and could 
entrap the ions. Fig. 1 indicates that Mont-NPs have a layer 
structure that empowers the adsorption process; besides, 
the nanostructure of montmorillonite facilitates the bonding 
between competitive elements.

EDX is an analytical technique widely used for the 
elemental analysis or characterization of a sample in chem-
istry. It was reported that MgO-NPs in this study have 
high purity, while Mg and O are the dominant elements 
of this material. Besides, the constituent ions of Mont-NPs 
are O, Si, Al, and Fe ions. There are many peak points in 
the XRD plot of the adsorbents, which show the crystalline 

structure of the materials. Mont-NPs, after adding to the 
deionized water, showed aggregation and swelling proper-
ties, which derive from the electrostatic surface charge of 
the particles and the percolation of water molecules through 
the layers. Accumulation of the particles is a barrier for 
the adsorption as it reduces the active surface sites.

The XRD plot determines the size of particles, which 
is available in Fig. 2. According to the Scherrer formula 
[Eq. (1)], the mean particle sizes of MgO-NPs and Mont-
NPs were 26.1 and 28.4 nm, respectively. XRD patterns of 
MgO-NPs and Mont-NPs were identified by an X-ray dif-
fractometer in the region 2θ of 10° to 90° at 25°C (Cu Ka, 
k51.54 Å). From Fig. 3, values are in good accordance with 
the literature report about MgO-NPs and Mont-NPs [8,22].

3.2. Effect of the initial pH

pH has a remarkable impact on the chemical reaction; 
notably, this could be more functional when heavy metal 
ions are near to a substance that can establish the covalent 
bonds or being full of functional groups. The pH point of 
zero charge (pHpzc) is a concept in the adsorption process, 
which refers to the electric surface charge of the adsor-
bents [23]. The pHpzc of Mont-NPs and MgO-NPs are 5.2 
and 11.5, respectively [7]. Above the mentioned figures, 
the surfaces are negatively charged and lower than the 
cited figures; protons can be revealed [10,24]. The removal 
mechanism for MgO-NPs by laboratory observation was 
attributed to the adsorption and precipitation for pH < 5, 
and its primary agent for pH > 5 was precipitation and ion 
exchange, Fig. 4. Co(OH)2 was a product of the reaction, and 
another output of the reaction could be Co(OH)+ [25,26].

Because of the high exchangeable capability of clay 
particles, the Mont-NPs adsorption equilibrium rate was 
achieved by the adsorption and ion exchange mechanism. 
The presence of positive and negative ions, which influences 

a)           b) 

Fig. 1. SEM images of Mont-NPs (a) and MgO-NPs (b).
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the adsorption process, highly depends on the solution’s 
pH by montmorillonite adsorbent [27].

As shown in Fig. 4, any increase in the pH values of 
the solution mounted the heavy metal removal for both 

adsorbents. Line graphs for the adsorbents followed an 
upward trend, but the increased removal was more dra-
matic for Mont-NPs due to its dosage, nature of clay such 
as high surface area, high inter-layer space, and free intrin-
sic negative as well. Furthermore, the maximum removal 
occurred at pH 6.

Losing hydrogen ions in the active sites of the adsor-
bents at higher pH advances the adsorption of Co(II) ions. 
At low pH, hydrogen ions, which have a positive charge, 
are abundant on the adsorbent’s surface. They had a com-
petitive behavior with Co(II) ions which would lead to weak 
adsorption for both adsorbents. Notably, the precipitation 
mechanism of MgO-NPs as well as an increased pH value 
(from 5 to 6), would justify the 13% observed difference 
between the two latter points of the MgO-NPs figure.

3.3. Effect of adsorbent dosage

The impact of the adsorbent dosage on heavy metal 
uptake can be seen in Fig. 5. The adsorption rate for Mont-
NPs steadily rose from 17.3% to 22.17%, when its dosage 
had changed from 1 to 5 g/L; likewise, for MgO-NPs, the 

a) b)

Fig. 2. XRD plot of Mont-NPs (a) and MgO-NPs (b).

a)                                                                                                                     b)
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Fig. 3. EDX spectra of Mont-NPs (a) and MgO-NPs (b).

Fig. 4. Effect of pH on Co(II) removal by the adsorbents.
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removal percentage soared from 26.96% to 81.33% by 
increasing its dosage from 0.05 to 0.5 g/L. This figure illus-
trates a considerable difference between MgO-NPs and 
Mont-NPs, in Co(II) ions adsorption. It indicates the lower 
dosages of MgO-NPs have a higher strength for remov-
ing the same concentration of the pollutant. The high 
electrostatic charge of the Mont-NPs and its water mole-
cules contiguity underlies forming bigger particles; hence, 
the active surface site for adsorption dwindles consider-
ably. As seen, any increase in the adsorbent dosage does 
not have an apparent impact on the Co(II) ions removal. 
Therefore, the equilibrium attained for this adsorbent in 
5 g/L as the line graph leveled off at 22%, roughly.

Higher dosages of adsorbents have more active sites 
for ions; this concept was more favorable for MgO-NPs 
adsorbents. As shown in Fig. 5 and supplementary charts, 
a higher dose removes more Co(II) ions from the solution. 
For a better understanding of the MgO-NPs dosage effect 
on Co(II) adsorption, more tests were carried out by rising 
dosages from 0.05 to 0.5 g/L, while the other experiment 
circumstances were the same; the results are available in 
supplementary figures.

3.4. Effect of temperature and thermodynamic discussion

Temperature tests revealed that temperature increments 
decided about a 3% difference between the minimum and 
the maximum amounts for Mont-NPs, mounting to 18.35% 
removal rate at 35°C. Meanwhile, the optimum temperature 
for MgO-NPs adsorbent was observed at 25°C. Negative 
ΔG° and ΔH° values for MgO-NPs signifies the sponta-
neous and exothermic nature of the reactions. The high 
negative ΔS° value also shows a downturn in the random-
ness of the adsorbed ions, which points to a fair adsorp-
tion process. Regarding the magnitude of ΔS° and ΔH°, the 
reverse process of the adsorption needs high energy due 
to the firm covalent bond of Mg2+ with the solution anions.

Table 1 additionally gives information about the Mont-
NPs thermodynamic parameters, representing the differ-
ence between the behavior of the two adsorbents. The table 
explains that the process of Co(II) ion removal by Mont-
NPs adsorbent was endothermic; thus, a better condition 

for those reactions could be available in higher tempera-
tures; additionally, there was a decline in the degree of 
freedom and randomness for the adsorbed particles [28]. 
Remarkably, MgO-NPs had higher entropy, showing that 
the adsorption process for these particles was far favorably 
performed than the Mont-NPs. Enthalpy magnitude may 
show the adsorption type [23]; thus, removal potency of 
MgO-NPs due to its higher values can be defined by adsorp-
tion and precipitation mechanisms, and the lower amount 
of enthalpy for Mont-NPs can be attributed to the lower 
adsorption rate. Accordingly, the electrostatic force was the 
main mechanism of the removal reactions [7].

A possible reason for positive enthalpy and Gibbs free 
energy could be the initial high concentration of Co2+ ions 
in confronting low adsorption capacity and the high dos-
ages of Mont-NPs. Lower cobalt ion concentration in contact 
with Mont-NPs surfaces would have a better condition for 
adsorption into the active sites. As a result, less energy would 
take to provide a conducive placement for ions. Presumably, 
adsorption could happen to a greater extent at higher tem-
peratures. The results of temperature impact and thermody-
namic parameters are available in Fig. 6 and Table 1.

3.5. Effect of contact time and the kinetic modeling study

Fig. 7 depicts the effect of Co(II) ion contact and the 
adsorbents from 2 to 240 min. The removal value was 
19.05% in 2 min after the contact with Mont-NPs, and it 
gradually dropped for the next 4 points of evaluation. At 
the same time, it seems that the reaction reaches equilibrium 
after 1 h, due to no significant change in the figures. For the 
MgO-NPs, the trend was vice versa, with a removal rate of 
about 24.41% (after 2 min). It was slightly increased where 
it reached to 26.21% in 60 min. After that, no considerable 
change was observed in the magnitude of the data.

The removal rate at the first points was fast (particularly 
for MgO-NPs). After 1 h, an equilibrium time was achieved 
for both adsorbents in Co(II) ion removal, with an initial 
Co(II) ion concentration of 70 mg/L. For MgO-NPs, with 
more contact time (the condition of shaking), cobalt ions 
were adsorbed by remained nanoparticles of the solution. 
As noted, any adsorbent has a specific capacity and active 
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Fig. 5. Effect of adsorbent dosage Mont-NPs (a) and MgO-NPs (b).
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sites, so the adsorption process gradually stagnates, and no 
conspicuous change will appear after reaching the equilib-
rium condition. On the other hand, as known, Mont-NPs 
have a high tendency for aggregation; after shaking, there 

was more chance for the adsorbed ions to be released into 
the solution, which increases the cobalt ion concentration.

Pseudo-first-order kinetic model only depends on the 
number of available metal ions in the solution; in con-
trast, the pseudo-second-order kinetic model is related to 
the number of free metal ions and the active surface sites 
[29]. The pseudo-first-order kinetic model was fitted with 
the MgO-NPs experimental data (R2 = 0.99, k1 = 0.018). 
The relevant result is available in Fig. 8, where a plot for 
log (qe – qt) vs. t (min) illustrates the kinetic data. Pseudo-
second-order kinetic model fitted for both experimental 
adsorption data. The correlation coefficient values of both 
adsorbents were 0.99, which showed the perfect data fitting 
with this model. Table 2 demonstrates the parameters of 
the pseudo- second-order kinetic model for both adsorbents.

3.6. Adsorption isotherms

Langmuir model utilizes both physical and chemical 
adsorption descriptions, and it also describes the sorption 
on homogeneous sites of the adsorbent. It represents mono-
layer coverage at the high concentration on a finite identi-
cal spot of the adsorbent as well [30,31]. Freundlich model 
is an empirical equation, which also uses for heterogeneous 
surfaces of the adsorbents and multilayer sorption [32].

a) b)

Fig. 6. Effect of temperature on adsorption of Co(II) ion onto Mont-NPs (a) and MgO-NPs (b).

a)                                                                     b)
Fig. 7. Effect of contact time by Mont-NPs (a) and MgO-NPs (b) adsorbent.

Table 1
Thermodynamic parameter of adsorption (Co(II) concentration 
70 mg/L)

Adsorbent Thermodynamic parameters

T ΔG° ΔS° ΔH°

(K) (kJ/mol) (J/mol K) (kJ/mol)

Mont-NPs

288.15 4.11 –4.15 2.68
293.15 4.06 –4.15 2.68
298.15 4.06 –4.15 2.68
303.15 3.99 –4.15 2.68
308.15 3.82 –4.15 2.68

MgO-NPs

288.15 –7.92 –22.67 –13.97
293.15 –8.68 –22.67 –13.97
298.15 –9.35 –22.67 –13.97
303.15 –8.76 –22.67 –13.97
308.15 –7.26 –22.67 –13.97
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MgO-NPs in contact with water molecules become 
hydroxylated, and (OH)– groups on the surface of the 
adsorbent continuously attack the Mg2+ ions. Some of these 
cationic ions dissolve in water to be Mg2+ ions, and some 
remain on the surface of the adsorbent, supplying nucle-
ation sites for the generation of Mg(OH)2 and (MgO) [33]. 
The high adsorption rate of MgO-NPs can be justified by 
adsorption of Co(II) ion on Mg(OH)2 surfaces, generating 
after hydrolysis of MgO-NPs. Another contributing mech-
anism was precipitation of Co(II) ion into (MgO) form 
after contact with oxygen ion of the adsorbent. Meanwhile, 
MgO-NPs were hydrated to Mg(OH)2, and the freely avail-
able hydroxyl groups at the surface of Mg(OH)2 would pro-
vide bonding opportunities to form Co(OH)2 and Co(OH)+ 
providing further removal rate for this adsorbent. Removal 
of Co(II) ion onto Mont-NPs occurred by ion exchange and 

formation of complexes on silicate and alumina groups 
at edges of the Mont-NPs [34].

For both adsorbents, any gain in the initial concen-
tration of cobalt ion had a positive impact on adsorption 
capacity. Experimental data for both adsorbents had a 
good affinity with the two isotherm models. As the coef-
ficient of determinations (R2) for both isotherms were near 
to unity, it can be described that the adsorption procedure 
for both adsorbents was a monolayer and multilayer phe-
nomenon. The calculated (n) parameter in Freundlich’s 
equation (3.108 and 4.97) ranged from 2 to 10, implying a 
favorable adsorption process. The adsorption capacities of 
cobalt ion (70 mg/L) by Mont-NPs and MgO-NPs adsor-
bents were 2.53 and 440 mg/g, respectively. Calculated qmax 
in Langmuir isotherm was in accordance with experimen-
tal figures, presented in Fig. 9. There is another dimen-
sionless parameter, separation factor (RL), which verifies 
the adsorption process and feasibility of Langmuir iso-
therm [35] that is explained below:

R
bCL � �
1

1 0
 (10)

where b is the Langmuir constant (L/mg), C0 is the 
final equilibrium concentration or the highest initial 
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Fig. 8. Pseudo-first-order kinetic model plot for MgO-NPs 
adsorbent.

a)                                                                                   b)

Fig. 9. Adsorption isotherm of Mont-NPs (a) and MgO-NPs (b).

Table 2
Constants of pseudo-second-order kinetic model (Co(II) 
concentration = 70 mg/L)

Adsorbent qe R2 k2

Mont-NPs 10.33 0.99 –0.04
MgO-NPs 188.67 0.99 4.92 × 10–3

Table 3
Langmuir isotherm constants

Adsorbent KL R2 qmax

Mont-NPs 0.08 0.962 2.86
MgO-NPs 0.262 0.993 454.54

Table 4
Freundlich isotherm constants

Adsorbent Kf R2 n

Mont-NPs 0.649 0.965 3.108
MgO-NPs 201.74 0.982 4.97
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concentration of the metal ion solution. The calculated RL 
for the Mont-NPs and MgO-NPs in optimum condition were 
0.179 and 0.073, respectively. As these values were less than 
1, it shows excellent adsorption for MgO-NPs, mainly [35].

The Langmuir and Freundlich calculated parameters 
are depicted in Tables 3 and 4; also, different adsorbent 
capacities in the literature are compared, outlined in Table 5.

3.7. Desorption studies

Results showed that the desorbed Co(II) ion concentra-
tions in the solution which contained the Mont-NPs and 
MgO-NPs were trace and 0.33 mg/L, respectively. This can 
be counted as an infinitesimal portion in comparison to 
the equilibrium concentration. One would conclude that 
the adsorbents were capable of retaining the adsorbed 
ions in the presence of chloride ions by the implemented 
method for desorption.

4. Conclusion

In summary, the SEM technique showed the Mont-NPs 
and MgO-NPs diameters were in the range of nano-size. 
pH, contact time, temperature, and adsorbents dosage had 
a significant effect on the adsorption of Co(II) ion by the 
adsorbents. Freundlich and Langmuir isotherm models fit-
ted to the equilibrium data of the adsorbents. Equilibrium 
data of the adsorbents were well-defined by the pseudo-sec-
ond-order kinetic model (for both of the absorbents) and the 
pseudo-first-order model (only for MgO-NPs). The thermo-
dynamic study revealed that the process of the adsorption 
for MgO-NPs and Mont-NPs were exothermic and endother-
mic, with a decline in the freedom degree for both adsor-
bents. Maximum adsorption capacities for the initial Co(II) 
ion (70 mg/L concentration) were 2.53 and 440 (mg/g) for 
Mont-NPs and MgO-NPs, respectively. MgO-NPs and Mont-
NPs had a remarkable ability for Co(II) adsorption. Still, 
MgO-NPs had a far greater potential for Co(II) ion removal 
because of its nanostructure, more adsorption surface, and 
the precipitation process; compared with the Mont-NPs.
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