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Abstract 

This article describes the discontinuous adsorption of Mn(II) on kaolin from Guelma, 
Algeria (KGA), and blast furnace slag from Sider, Algeria (BFS), under the effect of vari-
ous parameters, namely the contact time, the stirring speed, the pH of the medium, 
the solution temperature, the adsorbent dosage, the solid particle size, and the initial 
concentration. Also studied were the models of adsorption, namely the isotherms of 
adsorption, the kinetics of adsorption, and the thermodynamic study of Mn on the 
examined adsorbents. Characterization tests have indicated that kaolin consists essen-
tially of hydrated aluminum silicate. The BFS is mainly composed of silicates, alumi-
nates, lime, and magnesium oxide. The specific surface areas of kaolin and BFS calcu-
lated using the BET were defined at 134.2 and 238.6m2/g. The adsorption rate of Mn(II) 
on KGA and BFS is better after 50 and 60 min of contact at Vag: 150 rpm; pH: 5.2; Øs: 
100 μm; T: 20 °C; Ms: 1 g, respectively. Maximum adsorption capacities are 36.76 mg/g 
(KGA) and 59.88 mg/g (BFS). Examination of the adsorption isotherms revealed that the 
Langmuir model is more appropriate to the experimental data (R2 = 0.99). The values of 
the Freundlich (n), Langmuir (RL), and Temkin (bt) parameters indicate that the adsorp-
tion is favorable. The kinetic examination demonstrated that the pseudo-second-order 
kinetic model is more adopted for the adsorption of Mn(II) on KGA and BFS (R2 = 0.99). 
Furthermore, the transfer of Mn(II) from the solution to the surfaces of the investigated 
adsorbents is controlled by external and internal diffusion. The thermodynamic study 
brought to light that the adsorption processes carried out were spontaneous, exother-
mic, and less entropic. This work showed that KGA and BFS can be used as low-cost 
adsorbents for the removal of Mn(II) ions in aqueous media, and BFS has higher affini-
ties for manganese ion adsorption.

Keywords:  Kaolin, Slag, Mn(II), Adsorption, Kinetics, Water treatment

Introduction
In recent years, water pollution has begun to increase and become threatening. This dan-
ger is mainly caused by the extension of town planning and the evolution of industries 
[1]. This problem has become a universal concern because it can cause disastrous conse-
quences for people and their environments. Currently, the most significant pollution is 
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caused by metal ions. Indeed, metals pose a constant risk to man and his environment 
due to their toxicity and accumulation.

In this regard, new techniques have been directed towards the protection of man and 
his environment, such as chemical precipitation, membrane techniques, ion exchange, 
coagulation-flocculation, and adsorption [2]. In this study, we chose the elimination of 
manganese by adsorption because it is efficient, simple, and less expensive. The experi-
mental approach in this work consisted of eliminating manganese dissolved in water by 
adsorption phenomenon using blast furnace slag and kaolin, separately, as adsorbents. 
The objectives of this manipulation are the elimination of manganese ions in solution 
and the recovery of blast furnace slag and kaolin as adsorbents on the one hand. On the 
other hand, the comparison between their adsorbent powers.

Kaolin is a clay mineral generally composed of kaolinite and quartz. Its shape is divided 
into dioctahedral and trioctahedral minerals. It is used in various industrial applications, 
namely ceramics, paints, rubbers, plastics, cosmetics, and medicines. For some years, 
and given the high cost of adsorbents, it has been oriented in the field of water treat-
ment and especially in the adsorption process. Indeed, based on studies conducted, it 
was reported that kaolin is used in processes for the removal of metal ions.

In this approach, Chouchane et al. [2] showed that nickel adsorption on kaolin in solu-
tion is favorable, where the capacity and rate of adsorption are respectively 45.39 mg g-1 
and 89.3% after 60  min of agitation. According to Ibrahim et  al. [3], zeolite prepared 
from Egyptian kaolin can be used as an inexpensive and effective material for metal cat-
ion removal, specifically Cu(II), Cd(II), Cu(II), Ni(II), and Zn(II). Chouchane et  al. [4] 
reported that the adsorption of copper on kaolin is thermodynamically feasible, sponta-
neous, exothermic, and less entropic. Within the same context, Mustafa et al. [5] clarified 
that the sorption of Cr, Cd, and Zn reached equilibrium in a relatively fast time (15 min), 
and the adsorption is more efficient at pH 5.85. However, Dawodu et al. [6] reported that 
unmodified Nigerian kaolin has a high affinity for Mn(II) and Ni(II) adsorption, and the 
highest elimination is at pH 6.

Blast furnace slag is a co-product of the steel industry. It is produced during the pro-
duction of cast iron in the blast furnace from iron ores. It consists essentially of lime, 
silica, alumina, and magnesium oxide [7]. According to the literature, the annual pro-
duction of steel slag is about 100 million tons [7], part of which is used in road shaping 
and building materials. The rest is gathered in the open air, which generates not only an 
immense monetary loss but also a threat to man and his environment. It is in this con-
text that research has been directed in order to enhance this co-product and protect the 
environment from harmful inputs.

Indeed, according to the research work carried out, blast furnace slag has shown a 
good affinity for the metal ions’ adsorption in solution. El-Dars et al. [8] cited that the 
adsorption of copper on water-cooled blast furnace slag in batch mode is more efficient 
for particles with a diameter of 0.3 mm. Chouchane et al. [7] have shown that the adsorp-
tion of nickel on blast furnace slag is feasible, and its efficiency depends on the deter-
mining parameters used. According to Wang et al. [9], steel slag is an effective adsorbent 
in flotation wastewater containing Cu(II) and Pb(II). Ngoc Lee et al. [10] indicated that 
slag oxalate derived from blast furnace slag is considered an adsorbent of choice for the 
maximum removal of cobalt from the solution.
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Manganese is an essential element for human survival, but in high concentrations, it 
causes health problems. Indeed, manganese acts mainly at the level of the respiratory 
system and the brain; it causes neurological and behavioral effects [11, 12]. Therefore, it 
is important to minimize the concentration of manganese in the water.

Clays [13], activated carbon [14], sawdust [15], and composites have all been used in 
the literature to remove M(II) from solutions. According to the same scientific resources, 
these adsorbents showed good adsorption capacity.

Analyzes by physico-chemical and electronic characterization techniques, namely 
FRX, DRX, and SEM, were used to determine the composition of the solids exploited. 
The effects of the determining factors, such as the contact time (teq, min), speed of agi-
tation (Vag, rpm), pH, temperature (T, °C), and initial concentration (C0, mg/L), were 
evoked in order to measure the maximum capacity of adsorption. The adsorption iso-
therms of Freundlich, Langmuir, and Temkin were applied to infer the interaction 
between manganese and exploited adsorbents. Adsorption kinetics have been examined 
by relevant models, including Lagergren, Blanchard, and Weber Morris. The nature of 
the adsorption processes was determined by a thermodynamic study.

In the near future, it would be desirable to work in dynamic mode with real solutions 
inspired by recent work in this field. It is important to perform simulations based on 
high-value mathematical models as presented by Nadeem et al. [16], Amjad et al. [17], 
and Nadeem et al. [18].

Methods/experiment
Materials

The white-colored kaolin was recovered from the clay deposit in Guelma, Algeria. 
The gray-colored blast furnace slag was collected from the El-Hadjar steel complex in 
Annaba, Algeria.

Adsorbent preparation

The kaolin under consideration (KGA) was prepared and treated using the experimental 
approach presented by Chouchane et al. [2]. This experimental protocol is presented as 
follows:

•	 Grinding of raw kaolin to particles smaller than 1 mm
•	 Crushed kaolin washing followed by drying in the open air for 72 h
•	 Purification and oxidation of the organic materials [19]
•	 Washing and dispersion of the kaolin [5]
•	 Activation of kaolin by hydrochloric acid [20]
•	 Sieving at different diameters
•	 Preservation of samples in desiccators

The slag from the blast furnace used was treated according to the protocol defined by 
Chouchane et al. [7]. This experimental approach is presented as follows:

•	 Washing with distilled water and air drying for 48 h
•	 Grinding to fine particles
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•	 Sieving at different diameters (200, 300, 400, and 500 μm)
•	 The samples with different grain sizes were separated, washed with distilled water, 

steamed at 105 °C, and stored in plastic boxes

Analytic methods

Mn(II) concentration was measured by atomic absorption spectroscopy (PerkinElmer 
3110) The pH of the solution was measured with a pH metter (Ericsson). The characteri-
zation was carried out by X-ray fluorescence (Siemens SRS 3000) and X-ray diffraction 
(Rigaku Ultim IV), and the morphology was examined by a scanning electron micro-
scope (Zeiss EVO MA25).

Adsorption protocol

A series of discontinuous experiments were carried out to investigate the sorption of 
Mn(II) on the adsorbents under consideration, namely KGA and BFS. The experimental 
approach is summarized by the addition, in a 1-l beaker, of 1 g of adsorbent to solutions 
prepared with manganese nitrate (Mn(NO3)2, 4H2O). The continuous mixing of the 
solution was ensured during all the tests by a mechanical stirrer operating at different 
speeds. The temperature was controlled with a water bath equipped with a thermostat. 
Adsorption kinetics were followed by a sampling of 5 ml every 10 min. Chouchane et al. 
provided this experimental protocol [2, 4, 7].

Equation 1 was used to calculate the adsorption capacity of Mn(II):

The adsorption efficiency of Mn(II) was calculated using Eq. 2:

where C0 is the initial concentration of the metal solution (mg/L), Ct is the concentration 
of the metal solution after a time t (mg/L), Ce is the concentration of the metal solution 
after at equilibrium (mg/L), V is the volume of the solution (L), and m is the adsorbent 
mass (g).

The achieved experimental conditions are summarized as follows:

•	 Contact effect: C0: 30 mg/L; Vag.: 50 rpm; pH: 5.2; T = 20 °C; Øs: 150 μm; Ms: 1 g
•	 Effect of adsorbent: C0: 30 mg/L; Vag.: 50 rpm; pH: 5.2; T = 20 °C; Øs: 150 μm; Ms: 

0.4, 0.6, 0.8, 1., 1.2, 1.4 g
•	 Effect of agitation speed: C0: 30  mg/L; Vag: 50, 100, 150, and 200  rpm; pH: 5.2; 

T = 20 °C; Øs: 150 μm; Ms: 1 g
•	 Effect of pH: C0: 30  mg/L; Vag.: 150  rpm; pH = 2.8, 4.4, 5.2, and 6; T: 20  °C; Øs: 

150 μm; Ms: 1 g
•	 Effect of T: C0: 30 mg/L; Vag: 150 rpm; pH: 5.2; T: 18, 40, and 50 °C; Ø:150 μm; Ms: 

1 g

(1)qe =
C0−Ct

m
× V

(2)%R =
C0−Ce

C0
× V
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•	 Effect of Øs: C0: 30 mg/L; Vag.: 150  rpm; pH: 5.2; T = 20  °C; Øs: 50, 100, 150, and 
200 μm; Ms: 1 g

•	 Effect of C0: C0: 10–100 mg/L; Vag: 150 rpm; pH: 5.2; Øs: 100 μm; T: 20 °C; Ms: 1 g

where BFS is the blast furnace slag, C0 is the initial concentration (mg/L), Vag is the agi-
tation speed (rpm), Øs is the adsorbent particle size (μm), Ms is the adsorbent mass (g), 
T is the solution temperature (°C).

Results and discussion
Characterization of KGA and BFS

Physico-chemical tests conducted by XRF pointed out that the kaolin of Guelma, Algeria 
(KGA), is composed mostly of silica (46.58%), alumina (36.22%), and a minimal percent-
age of oxides (Table 1) [2]. These results have been justified by the investigations carried 
out using XRD in Fig. 1a.

From Fig. 2a, it has been noticed that a smooth surface is formed of multiple sheets 
stacked in the form of agglomerates [2, 21]. On the other hand, in Fig. 2b, a more porous 
structure was observed with the appearance of new sites, which led to an increase in the 
specific surface area [2, 22]. The calculated specific surface area is 134.2 m2/g.

According to the results provided by X-ray fluorescence spectrometry (XRF), the 
blast furnace slag (BFS) is globally composed of alkali oxides and acidic oxides. The per-
centage rates of the major elements are 38.31% CaO, 14.12% Al2O3, 5.54% MgO, and 
36.52% SiO2 (Table  1). The tests performed by X-ray diffraction (XRD) confirmed the 
results obtained by XFR. Indeed, we found a dominance of CaO, MgO, Al2O3, and SiO2 
(Fig. 2a). It should be noted that the tests carried out by SEM-XDE also specified that the 
blast furnace slag (BFS) is made up particularly of SiO2, CaO, Al2O3, and MgO (Fig. 2b). 
From Fig. 2c, it was observed that the BFS grains have a conchoidal shape, a wide par-
ticle size distribution, and smooth surfaces. On the other hand, in Fig. 2d, only visible 
grain edges and no visible porous structures were observed.

The specific surface areas of the BFS particles were obtained by using the nitrogen gas 
adsorption-desorption method. The isotherm data for nitrogen gas desorption at 77 k 

Table 1  Chemical composition of KGA and BFS [2, 7]

Element BFS KGA
% massique

CaO 38.31 0.21

Al2O3 14.12 36.82

SiO2 36.52 46.58

MgO 5.54 0.13

Fe2O3 1.61 0.78

MnO 0.69 0.14

K2O 0.28 0.091

Na2O 0.37 0.18

TiO2 / 0.089

LI 2.56 13.55

H2O / 1.43
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Fig. 1  a Diffractogram of KGA sample, b and c SEM images of KGA [2]

Fig. 2  a Diffractogram of BFS sample [7], b EDX results, c and d SEM images of BFS
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were analyzed with the Brunauer, Emmett, and Teller model (model BET). The investiga-
tions revealed that the specific surface is 238.6m2/g. In this work.

Effect of contact time

The study of the effect of the contact time on the adsorption process is essential because 
it makes it possible to determine the equilibrium time and thus reduce the duration of 
the experiment. With this in mind, we separately investigated the effect of contact time 
on Mn(II) sorption on KGA and BFS under the aforementioned experimental conditions.

Figure 3a depicts the effect of contact time on Mn(II) adsorption in solution on KGA 
and BFS. According to Fig.  3a, a significant increase in adsorption rate was observed 
beforehand, followed by a slight increase, and ended with a constant value for all pro-
cesses performed. The times shown for the KGA and BFS are 50 and 60 min, respectively. 
The rapid adsorption is mainly elicited by the availability of free adsorption sites on the 
surface of the adsorbents under investigation. On the other hand, the slow adsorption 
is mainly caused by the reduction of the active sites. The rapid process is controlled by 
external diffusion, which is caused by the mass transport of Mn(II) ions from the solu-
tion to the surface of the adsorbent under study [6, 7, 23].

It should be noted that manganese adsorption by Nigerian kaolin occurs after 180 min 
[6]. Adsorption of Mn(II) ions on electric arc furnace steel slag, on the other hand, took 
60 min [24]. This effect indicates that Mn(II) ion adsorption on KGA and BFS is rela-
tively fast.

Effect of adsorbent dosage

The effect of adsorbent dose is an essential parameter of adsorption processes. In this 
regard, we looked into the effect of adsorbent mass on Mn(II) adsorption in solution. 
Figure  3b depicts the effect of the adsorbent dose on Mn(II) adsorption on KGA and 
BFS.

The kinetic study revealed that the rate of Mn(II) adsorption increases with the dose of 
the adsorbents studied (Fig. 3b). The increase in the rate of adsorption is elicited mainly 
by the multiplication of active adsorption sites [24–26]. From Fig. 3b, a slight decrease in 
adsorption capacity was also observed at m > 1 g. This consequence is prompted by the 

Fig. 3  a Effect contact time, b effect of adsorbent dosage
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emergence of the coalescence phenomenon [26, 27]. From this result, we estimated that 
the optimal mass corresponds to 1 g for the different adsorbents used.

Effect of agitation speed

The agitation speed is a very influential parameter in adsorption processes since it avoids 
the decantation of the adsorbent and promotes the transfer of manganese metal ions 
from the solution to the surface of the adsorbent, forming the outer boundary layer [4]. 
In this context, we varied the stirring speed from 100 to 300 rpm (supp. Figure 1).

The adsorption kinetics under the aforementioned conditions revealed that elimi-
nating Mn(II) on KGA and BFS at a speed of 150  rpm is more efficient (Fig. 4a). The 
increase in adsorption capacity with the increase in stirring speed from 50 to 150 rpm is 
due to the good distribution of the solid in the solution [4, 28]. At 200 rpm, the kinetic 
study revealed that the values of the adsorption capacities vary abnormally with the con-
tact time (Fig. 4). This disorder is surely caused by the desorption of metal ions from the 
adsorbent surfaces at high agitation speeds (Fig. 4a) [29].

The effect of pH on adsorption

According to subsequent studies, the pH of the medium has an extraordinary effect on 
the adsorption processes [2, 4, 6, 10]. Indeed, the pH influences the adsorbent’s surface 
charge, and it also has a direct impact on the metal ions in the solution [6]. In this study, 
we worked with various pH values, namely 2.2, 4.4, 5.2, and 6 under the experimental 
conditions mentioned above.

Supplementary Fig. 2 depicts the effect of pH on Mn(II) adsorption by KGA and BFS. 
The kinetic analysis revealed that Mn(II) ion adsorption on the adsorbents under con-
sideration improves at pH 5.2 (Fig. 4b). The adsorption rates of Mn(II) ions on KGA and 
BFS were found to be 78.63% and 87.2%, respectively.

Adsorption kinetics at a strongly acidic pH (2.2) revealed that the elimination of 
Mn(II) ions is unfavorable. Indeed, the abundant presence of H+ creates a proton cloud, 
which inhibits the adsorption of Mn(II) ions on the surfaces of KGA and BFS [30, 31]. At 
pH 4, Mn(II) adsorption processes on KGA and BFS improved significantly. In fact, with 
the rise in the initial pH of the solution, the competition for the active sites diminishes 

Fig. 4  a Effect of agitation speed, b Effect of pH
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and the electrical repulsion forces weaken, which facilitates the transfer of metal ions 
from the solution to the adsorbent (increasing the process of adsorption) [32]. Further-
more, at pH 6, the adsorption rate decreased, which can be attributed to the precipita-
tion of Mn(II) ions in the form of Mn(OH)2. Based on these findings, it was determined 
that the optimal pH for Mn(II) ion adsorption on the investigated adsorbents was 5.2.

The effect of temperature

Solution temperature is a determining variable in adsorption processes since it influ-
ences the adsorbent-adsorbent interface and the movement of pollutants [2, 27, 33]. 
In this approach, we varied the temperature of the medium from 20 to 60  °C (supp. 
Figure 3).

According to this illustration, the adsorption of Mn(II) ions in the two processes inves-
tigated is inversely proportional to the temperature of the solution (Fig. 5a). This effect 
is caused certainly by a decrease in kinetic energy in Mn(II) ions upon temperature rise. 
Indeed, as the temperature increases, the kinetic energy gradually decreases, which neg-
atively influences the frequency generated between the adsorbate and the adsorbent [7, 
34]. This section predicts that the adsorption of Mn(II) on kaolin and BFS was favorable 
at low adsorption temperatures and was exothermic nature [2, 4].

Effect of particle size

The adsorption kinetics of Mn(II) ions on kaolin and BFS as a function of adsorbent par-
ticle size is depicted in supp. Figure 4.

The experimental data revealed that the highest adsorption rate was indicated for par-
ticles with a size equal to 100 μm. In the same context, it was observed that the adsorp-
tion capacity gradually decreased as the particle size intensified (Fig. 5b). This effect is 
probably caused by the increase in the surface area of the solids, which regenerates new 
active adsorption sites [6, 35]. For particles with a size of 50 μm, modest adsorption of 
Mn(II) ions on kaolin and BFS was observed. This deceleration is possibly caused by the 
rallying of the particles of the adsorbent and thus the return to larger sizes (coalescence 
phenomenon) [7, 36].

Fig. 5  a Effect of temperature, b Effect of particle size
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Effect of initial concentration

The effect of the initial concentration of Mn(II) ions on the maximum adsorption 
capacity per gram of kaolin and BFS was investigated (Fig.  6). The experiment was 
conducted under optimal conditions using initial concentrations between 10 and 
100 mg/L.

According to Fig.  6a, it was indicated that the adsorption capacity of kaolin and 
BFS is proportional to the initial concentration of manganese between 10–70  mg/l 
and 10–80  mg/l, respectively. Furthermore, the adsorption capacities become con-
stant with these values (kaolin: 44.58 mg/g, BFS: 59.88 mg/g). The increase in adsorp-
tion capacity is due to the high initial concentration, which acts as a driving force to 
promote mass transfer [37]. The presence of the horizontal plateau results from the 
unavailability of the active adsorption sites, namely the saturation of the adsorbents 
studied [38].

In both processes, the sorption rate regressed with the multiplication of Mn(II) 
ions, as shown in Fig.  7b. The decreasing rate of adsorption of Mn(II) ions on the 
investigated adsorbents was caused by an imbalance between free adsorption sites 
and the increasing number of available ions [2, 39].

According to the experimental data, the adsorption of manganese on kaolin and on 
BFS in solution is influenced in the same way by the variation of pH, agitation, tem-
perature, and particle size (Figs. 4 and 5). However, it is different under the effect of 
the contact time and the initial concentration (Figs. 2 and 6).

From this step, we conclude that manganese adsorption is better on BFS than on 
KGA. According to the bibliography, the KGA and BFS used in this study can be con-
sidered adsorbents of choice for the elimination of Mn(II) ions in solution (Table 2).

Isothermal adsorption models

The adsorption isotherm is the illustration of the interactions existing between the 
adsorbent and the adsorbate. In this approach, we exploited appropriate mathemati-
cal models, namely the Freundlich, Langmuir, and Temkin models. Their linear form 
is represented by Eqs. 3, 4, and 5, respectively. The one-dimensional separation factor 
(RL) parameter of the Langmuir model is given by Eq. 6.

Fig. 6  Effect of initial concentration, a adsorption isotherm, b adsorption rate
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The linear form of their equation is represented by Eqs. 3, 4 and 5, successively [2, 
45].

(3)logqe = logkF +
1

n
logCe

(4)
Ce

qe
=

1

qmax
Ce +

1

qmaxb

Fig. 7  a Adsorption isotherm on kaolin, b adsorption isotherm on BFS, c Evolution of the separation factor as 
a function of the initial concentration

Table 2  Comparison of uptake capacity of Mn(II) on various adsorbents

Adsorbent qmax
(mg/g)

Reference

Wood sawdust 58.82 [15]

Polyvinyl alcohol/chitosan 10.51 [40]

Fe and Mn oxide-coated sand 20.89 [41]

Activated carbon derived a Ziziphus spina-christi seeds 172 [42]

Modified biochar 41.06 [43]

Expanded perlite 25.83 [44]
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Its mathematical form is given as follows [6, 15]:

where qe is the capacity adsorbed at equilibrium (mg g−1), Ce is the concentration at 
equilibrium (mg L−1), qmax is the maximum capacity adsorbed (mg g−1), KF is the Fre-
undlich isotherm constant, 1/n is the empirical parameter Freundlich, b is the thermo-
dynamic constant of the adsorption equilibrium (L.mg−1), AT is the Temkin isotherm 
equilibrium binding constant (L/g), bT is the Temkin isotherm constant kJ mol−1), R is 
the universal gas constant, T is temperature at 298 K, and BT is the constant related to 
heat of sorption.

Adsorption isotherms of the examined models, namely Freundlich, Langmuir, and 
Temkin, to the experimental data are shown in supp. Figures 5, 6, and 7. The results 
obtained are shown in Table 3.

Based on these findings, the Langmuir model was determined to be the best fit 
for the experimental data from the processes of adsorption of Mn(II) ions on KGA 
and BFS, respectively (Table 3). Indeed, the correlation coefficients of the Langmuir 
model resulting from the two processes studied are greater than those resulting from 
the Freundlich and Temkin models. In addition, the calculated maximum adsorbed 
capacities of Mn (II) ions on KGA (37.09 mg/g) and BFS (60.31 mg/g) are very close 
to the maximum experimental capacities, namely 36.76 mg/g and 59.88 mg/g, respec-
tively (Table 3).

From Fig.  7a and b, we noticed a good adequacy between the experimental data 
and the theoretical data from the Langmuir model, which further demonstrates 
that the processes carried out adhere more to the Langmuir model. The Freundlich 

(5)qe = BTlnAT + BTlnCe

(6)RL =
1

1+ C0b

Table 3  Isotherm parameters for adsorption of manganese by KGA and BFS

qeexp
(mg/g)

KF
(mg.g−1) (ml.mg−1)1/n

n R2

Freundlich KGA

36.76 9.66 2.62 0.92

BFS

59.88 16.02 2.28 0.86

qeexp
(mg/g)

qmax
(mg/g)

b
(L.mg−1)

R2

Langmuir KGA

36.76 37.09 0.31 0.99

BFS

59.88 60.31 0.33 0.99

qeexp
(mg/g)

AT
(L/g)

BT
(KJ mol−1)

R2

Temkin KGA

36.76 2.02 11.12 0.92

BFS

59.88 3.33 14.11 0.93
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parameter (n) for both processes is between 1 and 10 (Table 3), indicating that Mn(II) 
ion adsorption on KGA and BFS is favorable [2, 15].

According to the Langmuir adsorption isotherms (Fig.  7a and b), at low concentra-
tions, strong sorption was observed, followed by slow adsorption, and finally stability 
(adsorbent surface saturation), resulting in the formation of a horizontal line. These 
adsorption isotherms are typical of single-layer adsorptions presented by Langmuir’s 
hypothesis. This observation confirms that Mn(II) ion adsorption on KGA and BFS 
occurred on a uniform monolayer surface [46].

The Freundlich parameter (n) for both processes is between 1 and 10 (Table 3), indi-
cating that Mn(II) ion adsorption on kaolin and BFS is favorable [15]. In Fig. 6c, the sep-
aration coefficient (RL) ranges from 0 to 1, indicating that Mn(II) ion adsorption on KGA 
and BFS is favorable [2, 7].

According to the documentation, it has been noted that the adsorption of Mn(II) on 
sawdust was carried out on a heterogeneous surface [15]. On the other hand, the adsorp-
tion of Mn(II) on charcoal was carried out on a homogeneous surface [14]. It was also 
indicated that the Mn2 + adsorption on sand coated with Fe and Mn oxide was car-
ried out on a homogeneous and heterogeneous surface [41]. These data allowed us to 
deduce that the mechanism of adsorption depends on the quality of the adsorbent and 
the adsorbate [41].

Kinetic studies

Pseudo-first-order and pseudo-second-order models were used to control the adsorp-
tion rate of Mn(II) ions on KGA and BFS. On the other hand, appropriate models were 
used to investigate the external and internal diffusion of Mn(II) ions from the solution to 
the surfaces of the adsorbents under consideration.

The pseudo-first-order and pseudo-second-order models are represented by Eqs.  7 
and 8, respectively [14, 15].

where qe is the adsorbed quantity at equilibrium (mg/g), q is the amount of metal ions 
adsorbed at time t (mg/g), t is the time of adsorption process (min), kL is the constant 
pseudo-first order kinetic equation (min−1), and kb is the constant of pseudo-second 
order speed equation (min−1).

The plots of the functions ln (qe-q) = f(t) and t/q = f(t) are represented in Fig. 8. Kinetic 
parameters are shown in Table 4.

From Table 4, we noted that the value of the correlation coefficient (R2) of the pro-
cesses executed for the pseudo-second-order is higher than that of the pseudo-first-
order. In addition, the adsorbed quantities from the pseudo-second-order model are 
close to the experimental capacities. This result allowed us to deduce that the adsorp-
tion of manganese in solution on the KGA and on the BFS follows pseudo-second-order 
kinetics [2, 6, 14, 47].

(7)ln (qe − q) = −kLt + lnqe

(8)
t

q
=

1

kbq2e
+

t

qe
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Appropriate models, namely the models of external diffusion [2, 48] and intrapar-
ticle diffusion [7, 49], were used to identify the rate-limiting steps controlling the 
adsorption rate of Mn(II) ions on KGA and BFS. These models are represented by 
Eqs. 9 and 10, respectively.

where q is the amount of metal ions adsorbed at time t (mg/g), Ct is the remaining con-
centration at time t (mg/L), t is the time of adsorption process, kint is the diffusion rate 
constant in the pores (mg/m. min ½), kext is the external diffusion constant (mg.L−1.
min−1), and C is the intercept and it’s tied to the boundary layer.

The graphs resulting from the functions of ln(Ct) = f(t) and q = f(t1/2) for the sorp-
tion of manganese on KGA and BFS are illustrated in Fig. 9a and b, respectively. The 
kinetic parameters are displayed in Table 5.

From Fig. 9b, it was shown that the traces representing the adsorption of manga-
nese on KGA and BFS did not pass through the origin, i.e., the interception, and are 
different from zero. In addition, the shape of the plots is multilinear, and the correla-
tion coefficients (R2) were above 0.90 (Table 4), which points out that internal diffu-
sion is not the only mechanism controlling the Mn(II) ions adsorption process on the 
KGA and the BFS [49, 50].

According to the values of the intercept (Cint) (Table  5), it was noted that the 
adsorption of Mn(II) on KGA was limited by a higher thickness [6].

(9)ln (Ct) = kextt

(10)q = kint
√
t

Fig. 8  Adsorption kinetic, a pseudo-first-order and, b pseudo-second-order

Table 4  Kinetic parameters of pseudo-orders

qetheo
(mg/g)

Pseudo-first order Pseudo-second order

Kl
(min−1)

qetheo
(mg/g)

R2 Kb
(g/mg min)

qetheo
(mg/g)

R2

KGA 36.76 0.059 33.28 0.93 1.14 × 10–4 35.39 0.99

BFS 59.88 0.067 48.03 0.95 1.01 × 10–4 58.72 0.99
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In Fig. 9a, the plots of the considered processes are linear, and according to the val-
ues displayed in Table 5, the coefficients of the corresponding regressions exceed 0.97. 
This outcome tells us that the Mn(II) ion transport from the solution to the adsorbent 
surfaces of KGA and BFS was also controlled by external diffusion [2, 4, 50].

As a result, it was concluded that the adsorption of Mn(II) ions on the investigated 
adsorbents is governed by external and internal diffusion [51]. This outcome has also 
been indicated in the processes of nickel adsorption on kaolin [2] and on the slag of 
the blast furnace [7].

To better understand the adsorption processes investigated and to provide more 
clarity on the limiting steps controlling the Mn(II) ions adsorption on the adsorbents 
studied, we studied the appropriate equation for external diffusion (Eq. 9).

Fig. 9  Adsorption kinetic: a external diffusion, b intraparticle diffusion, c Van’t Hoff plot for Mn(II) adsorption 
on kaolin and BFS

Table 5  Values of diffusion parameters

External diffusion Internal diffusion

Cext Kint
(min−1)

R2 Cint Kext
(mg/g.min)

R2

KGA 3.48 0.032 0.99 6.97 4.41 0.98

BFS 3.66 0.042 0.99 2.75 4.36 0.98
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Thermodynamics study

The specification of the nature of the processes studied involves the determination of 
the thermodynamic parameters, namely ΔG°, ΔH°, and ΔS° at different temperatures. 
Equation 11 is used to calculate the Gibbs free energy (ΔG°). The enthalpy (ΔH°) and 
entropy (ΔS°) are obtained using Eq. 12.

The distribution coefficient (kd) is given by Eq. 13 [2, 6].

The plots resulting from the equation ln(kd) = f(1/T) are represented in Fig. 9c. The 
values of the thermodynamic parameters as well as the values of the distribution coef-
ficients at different temperatures are displayed in Tables 6 and 7.

From Fig. 4, we observed a good correlation, which means that the theoretical val-
ues are close to the experimental values. From the slope and the intercept, we calcu-
lated the free enthalpy and the entropy, respectively.

From Tables 6 and 7, it has been indicated that the values of ΔG° are negative and 
increase in absolute value with the rise in temperature. This identification tells us that 
the processes studied are spontaneous, and their spontaneity increases with the heat-
ing of the solution [52, 53]. The negative enthalpy values indicated that the processes 
involved were exothermic [2, 4, 7], and Mn(II) ions were physically absorbed on the 
investigated adsorbents (2 < ΔH < 21  kJ/mol) [6, 54]. Negative entropy values (ΔS°) 
indicated that randomness was reduced at the adsorbent/adsorbate interface during 
Mn(II) ion adsorption processes on kaolin and BFS [2, 4, 7].

(11)�G0 = −RTlnkd

(12)lnkd =
�H0

R
×

1

T
+

�S0

R

(13)kd =
Ci − Ce

Ce
×

V

M
=

qe

Ce

Table 6  Thermodynamic parameters of the Mn(II) adsorption on kaolin (KGA)

Temperature
(K)

ΔH°
(kj/mole)

ΔG°
(kj/mole)

ΔS°
(j/mole.K)

Kd
(L/g)

293  − 8.91  − 17.12  − 21.28 1.11

313  − 17.73 0.97

323  − 18.25 0.88

333  − 18.61 0.82

Table 7  Thermodynamic parameters of the Mn(II) adsorption on the blast furnace slag (BFS)

Temperature
(K)

ΔH°
(kj/mole)

ΔG°
(kj/mole)

ΔS°
(j/mole.K)

Kd
(L/g)

293  − 6.45  − 19.545  − 20.21 1.74

313  − 20.301 1.50

323  − 20.655 1.37

333  − 20.989 1.26
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It is important to mention that the same nature of these processes was observed dur-
ing the process of elimination of Ni(II), Cu(II), and Zn(II) on kaolin [2, 4, 55] and also 
during the elimination of Ni(II), Pb(II), and Cr(III) on blast furnace slag [6, 56, 57].

Conclusions
The slag from the blast furnace of the El Hadjar iron and steel complex and Guelma kao-
lin were used as adsorbents for the suppression of Mn(II) ions in solution via discon-
tinuous adsorption. Characterization tests indicated that kaolin consists mainly of silica 
(46.58%) and alumina (36.82%). On the other hand, BFS is essentially composed of silica 
(32.52%), lime (38.31%), and alumina (14.12%). The specific surface areas calculated are 
134.2 and 238.6m2/g, respectively, for kaolin and BFS. The kinetic study mentioned that 
the adsorption processes considered are influenced by various parameters, namely con-
tact time, adsorbent dose, agitation of the medium, pH of the solution, temperature of 
the solution, particle size of the solid, and initial concentration of the solute. According 
to the experimental data, the maximum adsorbed amount of Mn(II) on kaolin and BFS 
was 36.76  mg/g and 59.88  mg/g, respectively, under optimal experimental conditions 
(C0 for kaolin: 70 mg/L, C0 for BFS: 80 mg/L, Vag: 150  rpm; pH: 5.2; Øs: 100 μm; T: 
20 °C; Ms: 1 g). From the same source, Mn(II) ion adsorption on kaolin and BFS reached 
equilibrium after 50 and 60 min of contact time, respectively. The Langmuir adsorption 
isotherm model has been more successfully applied to experimental equilibrium data 
(R2

BFS = 0.99, R2
KGA = 0.99) than the Freundlich (R2

BFS = 0.86, R2
KGA = 0.92), and Temkin 

(R2
BFS = 0.92, R2

KGA = 0.93) adsorption isotherms in the processes examined. Accord-
ing to the kinetic parameters, the elimination of Mn(II) ions by kaolin and BFS follows 
pseudo-second-order kinetics, where the correlation coefficients are equal to 0.99. The 
experimental results also revealed that external diffusion and intraparticle diffusion con-
trol the transfer of Mn(II) ions from the solution to the adsorbent surfaces of the KGA 
and the BFS. The negative values of the thermodynamic parameters ΔG°, ΔH°, and ΔS° 
insinuate that the examined processes are spontaneous, exothermic, and less entropic. 
The values of ΔH° clarified that the removal of manganese by the adsorbents studied is 
a physical adsorption. From these results, it was shown that the solids examined can be 
used as economical, safe, and efficient adsorbents for the removal of manganese ions 
from wastewater. It was also revealed that the adsorption capacity of BFS is greater than 
that of KGA under our experimental conditions.
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