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Chapter

Sorption of Phosphorus, Nickel, 
and Lead from Aqueous Solution 
Using Manganese Oxide-Coated 
Materials
Nesrine Boujelben

Abstract

Manganese oxide-coated sand (MOCS) and manganese oxide-coated crushed 
brick (MOCB) were prepared and characterized and employed for the removal 
of phosphorus ions (PO4

3−) and Pb(II) and Ni(II) ions from aqueous solution. 
To study the surface properties of the adsorbents, scanning electron microscopy 
(SEM), X-ray diffraction (XRD) methods, and BET analyses were used. Adsorption 
was investigated by batch experiments. The estimated optimum pH was 7 for 
Ni(II) and 5 for all other ions retention by the two considered adsorbents. Both the 
Freundlich and Langmuir isotherms provided a reasonable fit to the experimental 
data for the adsorption. The adsorption capacities of the coated adsorbents at a 
considered pH value and a temperature of 20°C were 1.96 and 2.08 mg/g for PO4

3−, 
2.4 and 3.33 mg/g for Ni(II), and 6 and 6.25 for Pb(II) onto MOCS and MOCB, 
respectively. The pseudo-first-order and pseudo-second-order equations as well as 
the intraparticle diffusion model were determined to test the adsorption kinetics 
and the rate constants derived from the three kinetic models being calculated. The 
pseudo-second-order kinetic model was better appropriated. Results obtained from 
this study confirm that the manganese oxide-coated sorbent is considerably consid-
ered like suitable for the removal of anions and cations from aqueous solutions.

Keywords: manganese oxide-coated sorbents, nickel copper and lead removal, 
phosphorus ions, kinetic study, thermodynamic parameters

1. Introduction

Due to the rapid development of such industries as plating, petrochemicals, and 
fertilizers, there has been excessive discharge of contaminant, like phosphorus and 
heavy metals, into the environment, resulting in health hazards [1]. Phosphorus 
is the key nutrient for the growth of algal and other biological organisms, which 
in excess causes eutrophication of water bodies and heavy metals such as lead and 
nickel, which are harmful and can cause disease and damage to human health 
if present above certain concentrations [2, 3]. For this reason, it is important to 
remove them from wastewater before it is discharged into the environment [2]. 
There are many methods to eliminate heavy metals from wastewater [2], includ-
ing chemical precipitation [4], electrochemical reduction [5], ion exchange [6], 
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membrane separation, reverse osmosis [7], and adsorption [8–10]. Adsorption is 
considered the most effective one due to its properties of simple operation, low 
cost, and high efficiency over a wide concentration range of pollutants [11]. Typical 
adsorbents which have been extensively employed to remove heavy metals are clay 
minerals [12], carbon-based materials [13], and metal oxides [14]. Recently, differ-
ent types of low-cost natural and modified minerals for the removal of heavy metals 
from aqueous solutions have been used. Due to the high surface charge density, 
various Mn oxides (e.g., including pyrolusite (β-MnO2) and birnessite (σ-MnO2)) 
have been extensive as high efficient adsorbents to remove arsenic [15], nickel [16], 
and lead [17], for example.

Recent studies have shown that some filtration materials such as sand and 
burned clay coated with oxides (oxyhydroxides) of iron, aluminum, or manganese 
act as good and inexpensive sorbents [18–21].

In the present study, the characteristics of two prepared coated adsorbents, 
namely, manganese oxide-coated sand and manganese oxide-coated crushed brick, 
have been investigated.

Thermodynamic and kinetic studies of phosphorus ions (PO4
3−) and Pb(II) and 

Ni(II) ions from aqueous solution adsorption onto these materials were also under-
taken. The main objectives of this investigation were to examine quantitatively the 
effect of contact time, pH, and concentration on the removal of phosphorus ions 
(PO4

3−) and Pb(II) and Ni(II) ions from aqueous solutions as well as to check in 
detail the kinetics of the phosphorus ions (PO4

3−) and Pb(II) and Ni(II) ions from 
aqueous solution and ion-removal process.

2. Materials and methods

2.1 Sample preparation

In our previous works [20, 21], the average diameter for sand and crushed brick 
grains was 0.6–0.7 and 0.9–1.2 mm, respectively [20, 21], and the specific gravities 
were 2.50 and 2.39 g/cm3 for sand and crushed brick, respectively [20, 21].

The manganese oxide-coated adsorbents (MOCS, sand, and MOCB, crushed 
brick) were prepared by impregnation according to the procedure proposed by 
Bajpai and Chaudhuri and adopted in our previous research work [20–22].

Before MnO2 impregnation, an acidic purification procedure (acid wash with 
1 M HCl) [20, 21, 23] was made to the adsorbents to remove impurities, which 
could affect the adsorption results. The reaction of KMnO4 with hot MnCl2 solu-
tion (48–50°C) under alkaline conditions (pH 9) over a period of 48 h [20] was 
the favorable conditions to ensure the application of the MnO2 coating on the two 
adsorbent surfaces.

2.2 Chemicals

To prepare aqueous solutions containing phosphates and metal ions at various 
concentrations, sodium phosphate salt (NaH2PO4), lead nitrate salt [Pb(NO3)2], 
and nickel chloride salt (NiCl2_6H2O, analytical grade) solutions were used. The 
initial pH values of the solutions were adjusted by adding either nitric acid or 
sodium hydroxide solution [20, 21].

All chemicals used for the pre-treatment of the adsorbents, as well as for the 
adsorption tests, were of analytical grade (HCl, MnCl2, KMnO4, NaOH, HNO3).

A calibrated pH meter (model pH 540 GLP) equipped with a combined glass 
electrode (SENTIX 41) [20, 21] was used to ensure the measurements of pH.
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2.3 Sorbent characterization

X-ray diffractometer (Siemens, Germany) with Cu Kα radiation (λ = 0.154 nm) 
was used to determine the mineralogy of the manganese oxide-coating sorbents. 
The single-point BET (N2) adsorption procedure was employed to characterize the 
specific surface area (m2/g) of each adsorbent before and after coating [20, 21].

The pH of the point of zero charge (pHpzc) was determined by adding 0.1 g of 
adsorbent to a series of bottles that contained 50 ml of deionizer water. The pH of 
each solution was adjusted in the range of 1.0–9.0 by the addition of either 0.1 M 
HNO3 or 0.1 M NaOH solutions. The bottles were then rotated for 1 h in a shaker 
and the pH values of the contents measured at the end of the test. The pH values 
of the suspensions were plotted as a function of the initial pH of the solutions, the 
resulting curve theoretically crossing the bisector of the axes at the point of zero 
charge [20, 21]. It is to note that the pHpzc values of 4.5 and 4.3 were obtained for 
MOCS and MOCB, respectively.

Philips XL 30 scanning electron microscope (SEM) was used to describe the 
morphology of the adsorbents before and after coating, and elemental spectra were 
obtained using energy-dispersive X-ray spectroscopy during the SEM observations 
[20, 21].

2.4 Adsorption experiments

The two prepared materials were first used in batch experiments to check the 
effect of the initial metal ion concentration on the adsorption kinetics and the influ-
ence of the initial pH. Five grams of manganese oxide-coated sorbent was added to 
250 ml of each ion solution of known initial concentration [20, 21] and was used for 
the kinetic studies. The initial pH was adjusted to 5 with dilute HNO3 or NaOH solu-
tion. Prepared solutions were shaken continuously for 4 h at the desired tempera-
ture (10, 20, and 40°C). This experiment was released by using a thermostatically 
controlled shaking water bath. Samples were taken at various time intervals and 
were immediately vacuum-filtered through a 0.45-μm membrane filter [20, 21].

Atomic absorption spectrophotometry (Hitachi Z-6100) was used to determine 
the residual ion concentration in each filtrate. Five percent was estimated to be the 
analytical errors. To ensure the veracity of the experimental results, all experiments 
were duplicated [20, 21].

To understand the influence of pH on the considered ion adsorption, experi-
ments were performed at various initial pH values within the range 2–7 with the 
initial Pb(II) ion concentration being maintained at 50 mg/l and from 2 to 11 for 
Ni(II) and PO4

3− ions. For each test, 1 g of sorbent was added to 25 ml of all consid-
ered ion solution, with the suspensions being shaken for 4 h at 20 ± 1°C [20, 21].

2.5 Adsorption isotherms

2.5.1 Isotherm determination

Experiments were conducted at 10°C, 20°C, and 40°C, respectively. At each 
temperature, 5 g of sorbent were contacted for 4 h with 250 ml of ion solution of 
different initial concentration [20, 21]. The adsorption equilibrium data were ana-
lyzed in terms of the Langmuir and Freundlich isotherm models. The linear forms 
of the Langmuir and Freundlich isotherms [24] may be expressed, respectively, by 
the following equations [20, 21]:

 Ce/qe = 1/q0b + Ce/q0 (1)
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  (2)

where the Langmuir isotherm constants are q0 (mmol/g) and b (g/mmol) and 
the Freundlich isotherm constants are KF and n. The measure of the adsorption 
capacity of the sorbent value is q0 (maximum amount of ions adsorbed at the 
temperature under consideration) [20, 21].

2.5.2 Determination of thermodynamic adsorption parameters

The standard Gibbs free energy (ΔG0), the standard enthalpy (ΔH0), and the 
standard entropy (ΔS0) were determined to explain the effect of temperature on 
the adsorption parameters. It is known that the adsorption of metal ions is a revers-
ible process corresponding to a heterogeneous equilibrium. The Gibbs free energy 
(ΔG0) was determined from the following relationship [25, 26]:

 ΔG0 = RT ln KL (3)

with R being the gas constant, KL being equilibrium constant obtained from the 
Langmuir equation, and T being the absolute temperature (K). The enthalpy change 
(ΔH0) and the entropy change (ΔS0) were evaluated from Van’t Hoff ’s equation:

  (4)

The values of ΔH0 and ΔS0 were calculated from the slope and intercept of the 
Van’t Hoff plot of log KL versus 1/T.

The Gibbs free energy

 ΔG0 = ΔH0
−TΔS0 (5)

indicates the degree of spontaneity of the adsorption process, with a higher 
negative value reflecting a more energetically favorable adsorption process.

2.5.3 Kinetic parameters of adsorption

In order to analyze the ion adsorption kinetics onto MOCS and MOCB, three 
kinetic models including the pseudo-first-order equation [27], the pseudo-second-
order equation [28], and the intraparticle diffusion model [29] were applied to the 
experimental data obtained for the time-dependent ion adsorption.

The pseudo-first-order kinetic model is given by the equation:

  (6)

Similarly, the pseudo-second-order kinetic model may be written as.

  (7)

while the intraparticle diffusion model may be written as:

 qt = ktt1/2 + C (8)

qe and qt are the amounts of solute adsorbed per unit mass of adsorbent 
(mmol/g) at equilibrium and at any given time t, respectively; the pseudo-first-
order rate constant for the adsorption process (min−1) is k1; the rate constant for 
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the pseudo-second-order adsorption process [g/(mmol min)] is k2; the initial 
adsorption rate for the pseudo-second order adsorption process [mmol/(g min)] 
is k2qe2 = h; the intraparticle diffusion rate constant [mmol/(g min)] is kt; and C 
is a constant. Linear plots of log(qe – qt) versus t, t/qt versus t, and qt versus  
t1/2 suggest the applicability of the kinetic models to the system under consider-
ation. The kinetic parameters can be determined from the slopes and intercepts 
of these plots.

2.6 Determination of the activation energy

The activation energy for all considered ion adsorption was calculated via the 
Arrhenius Equation [26]:

 k = k0 exp.(−Ea/RT) (9)

where k is the rate constant, k0 [g/(mmol min)] is a temperature-independent 
factor, Ea (J/mol) is the activation energy of the adsorption process, R is the gas 
constant [8.314 J/(mol K)], and T is the adsorption temperature (K). The linear 
form of Eq. (9) is as follows:

 ln k = −Ea/RT + ln k0 (10)

When ln k is plotted versus 1/T, a straight line of slope –Ea/R is obtained. In 
our case, the rate constant under consideration was k2, i.e., relating to the pseudo-
second-order model.

3. Results and discussion

3.1 Sorbent characterization

3.1.1 SEM micrographs and EDAX spectra

To observe the morphology of the uncoated and the manganese oxide-coated 
sand (MOCS) and manganese oxide-coated crushed brick (MOCB), SEM micro-
graphs were taken. Obtained results from SEM images of acid-washed uncoated 
sand (US) and crushed brick (UB) (Figure 1(a) and (c)) showed that the US 
surface was characterized by a very ordered silica crystals, and for UB it was princi-
pally a regular aluminosilicate. The surfaces of the two virgin materials seem to be 
uniform and smooth with small cracks and light roughness, but these manganese-
oxide-coated surfaces (MOCS Figure 1(b), MOCB Figure 1(d)) were covered by 
newborn manganese oxides that were certainly obtained during the coating process. 
Figure 1(b) and (d) also showed manganese oxides formed in clusters, apparently 
on occupied surfaces. The amount of manganese on the surface of the MOCS and 
MOCB was determined by acid digestion analysis. Results obtained for the Mn 
deposits were approximately 1.5 mg Mn/g for sand and 2 mg Mn/g for crushed 
brick. It is to note also that the quantity of manganese deposit obtained in this work 
for the two sorbents was found to be higher than that generally mentioned in the 
literature, which is about 0.003–0.5 mg Mn/g of sand [28, 30]. This reflects the 
effectiveness of the coating process used in this study.

The X-ray diffraction (XRD) patterns of the two coated sorbents (data not 
shown) revealed that the manganese oxides were amorphous, since no specific dif-
fraction ray indicative of any specific crystalline phase was detected.
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Figure 2(a) of the EDAX spectra of MOCS shows that Mn, O, and Si are 
the main constituents. These had been expected to be the principal elements of 
MOCS. In fact, EDAX the important peak of Si occurring in EDAX spectrum was 
apparently related to the too thin coating, or manganese oxides did not cover the 
full surface of the MOCS, allowing the X-ray to reach the sand support. From the 
EDAX spectrum of MOCB illustrated in Figure 2(b), it was shown that Mn, O, Si, 
Al, Ca, and K are the dominant constituents. The presence of the Mn peak indicates 
the effectiveness of the adopted coating process.

3.1.2 Specific surface area

It is to note that specific surface areas of the two sorbents increased after coat-
ing. The obtained values of surface area were 1.36 and 1.86 m2/g, for uncoated sand 
and uncoated crushed brick, respectively, after coating with manganese oxide 
the surface area of sorbents increased to 3.81 and 4.64 m2/g, respectively. We can 
conclude that the addition of the manganese oxides contributes to the increase in 
both inner and surface porosities.

Figure 1. 
SEM micrographs of samples: (a) US, (b) MOCS, (c) uncoated crushed brick, and (d) MOCB.

Figure 2. 
EDAX spectrum of (a) MOCS and (b) MOCB.
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3.2 Batch adsorption experiments

3.2.1 Kinetic study

To study the effect of contact time on the sorption of all different ions, a differ-
ent initial concentration was used: 10 mg/l and 50 mg/l for PO4

3− and for Pb(II) and 
Ni(II), respectively, and a fixed pH solution of 5.0. The data showed that the sorp-
tion on MOCB and MOCS was very fast at the initial stages of the contact period, 
and thereafter it becomes slower near the equilibrium. The difference between the 
surface areas of each adsorbent can explain the differences in their sorption capaci-
ties. The sorption of all elements on the two sorbents was very fast too in the first 
few minutes and sharply reached a 80% removal after only 10–15 min. When the 
sorption process approached completion, the sorption slowed down. In this work, 
subsequent experiments were carried out at a contact time of 2 h for all sorbents to 
ensure that the equilibrium time was practically attained (Figure 3).

3.2.2 Effect of initial pH

Adsorption process is strongly related to pH and to the charge on both the adsor-
bate and the adsorbent. The surface charge on a manganese oxide surface varies 
with the solution pH due to the exchange of H+ ions. The surface groups on manga-
nese oxide are amphoteric and can act as either an acid or a base. Consequently, the 
oxide surface can undergo protonation and deprotonation in response to changes in 
the solution pH [20].

The optimal pH was obtained at around pH 4. It is to note that the removal 
decreases continuously for pH values ranging between around 4 and 10 accord-
ing to other works dealing with sorption of phosphate ions on hematite and Al2O3 
[31], ion-exchange fiber [32], alunite [33], and bauxite [34]. The decrease in the 
phosphate ion uptake, occurring beyond pH 5, could be probably attributed in one 
hand to a competition between phosphate ions and hydroxyl ions for the sorption 
on the surface Lewis acid sites of the sorbent [21] and in another hand by consider-
ing a zero point of charge of the sorbent. In fact, above the zero point of charge, the 
positive charge density on the surface of the sorbents increases which disfavors the 
sorption of phosphate ions. The sorption of phosphate onto hydroxylated mineral 
surface can be described by a ligand exchange mechanism [35, 36], which causes an 
increase in pH due to the hydroxyl ions released from the oxidic sorbent. Concerning 
nickel sorption is negligible at the low pH values probably due to the competition 
effects between H3O

+ ion and the considered species while increases progressively 
from pH 4. A maximum is reached at around pH 7–8; then, above pH 8 the amount 
of adsorbed nickel decreases as the pH increases. According to the simple species, 
diagrams, which were constructed for Ni(II), up to pH 8, nickel is present in the 

Figure 3. 
Effect of contact time on all considered ions removal at pH 5 onto (a) phosphorus ions and (b) lead and nickel ions.
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solution mainly in the form of Ni2+ ions. Neutral Ni(OH)2 particles start to precipi-
tate at pH 8 and become predominant at pH 11 [37].

The adsorption of Pb(II) ions onto both adsorbents was markedly dependent on 
the pH value. When the initial solution pH increased from 2 to 7, the removal of Pb 
(II) ion was possibly inhibited following the competition between metal ions and 
H+ for the available adsorption locations, while the uptake of H+ ions was more 
preponderant. However, the adsorption of Pb (II) ions increased with the deprot-
onation of the binding sites caused by the negative charge density of each adsorbent 
and this with the increase of the pH [20].

From our previous work [20], we have attributed this increase in adsorption 
with decreasing H+ ion concentration (relatively high pH values), which indicates 
that ion exchange is one of the major adsorption processes. Due to the equal of 
positive and negative groups, the total surface charge is zero, which can explain the 
effect of pH in terms of pHpzc value of the adsorbent. The pHpzc of MOCS and 
MOCB was investigated and determined to be 4.5 and 4.3, respectively [20]. If the 
pH was below the pHpzc, the surface charge on the adsorbent was positive; how-
ever when it is above the pHpzc value, the surface charge was negative, so the two 
considered adsorbents (MOCS and MOCB) have positive surface charge, and this is 
below the respective pH values of 4.3 and 4.5; therefore, the absorption of Pb (II) 
ions was low. However, the surface charges of the two adsorbents MOCS and MOCB 
were negative when the pH was increased above 4.3 and 4.5, respectively. The 
uptake is going to increase if the Pb (II) species count were either neutral or posi-
tively charged. Also, at higher pH values than pHpzc, the cation removal would be 
favored, and for anion, the adsorption was favored at pH values lower than pHpzc.

3.3 Sorption isotherm

The sorption of all considered ions increases as its initial concentration in the 
solution increases, until a maximum value (saturation state) is reached.

The maximum sorption capacity, Q0, calculated from the Langmuir equation at 
20°C, is indicated in Table 1.

As seen, sorption on the two coated sorbents is greater than that on virgin sand. 
The coatings significantly increase adsorption capacity, resulting in higher interac-
tions between sorbents and sorbate. The values of sorption constants, derived from 
the Freundlich model (Table 2), show that the KF constant—which is a measure of 
sorption capacity—remains higher for MOCB than for MOCS. Values obtained of 
1 < n < 10 imply favorable sorption of all ions on the two sorbents [20, 21].

3.4 Thermodynamic adsorption parameters

Thermodynamic parameters were evaluated using the data obtained at the 
temperatures of 10, 20, and 40 °C. The values of ΔG0 were calculated using the 

Element SCM BCM

Q 0 (mg/g) b (l/mg) R2 Q 0 (mg/g) b (l/mg) R2

Lead 6 2.56 0.98 6.25 3.36 0.97

Phosphate ions 1.96 0.41 0.97 2.08 1.38 0.98

Nickel 3.33 0.34 0.99 3.7 0.62 0.99

Table 1. 
Langmuir parameters.
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Langmuir isotherm constant, b. The values of ΔH0 and ΔS0 were obtained from  
the slope and intercept of the plot of ln b versus 1/T. Table 3 illustrates the calcu-
lated parameters for the two adsorbents. The spontaneous nature of all ions adsorp-
tion by the two adsorbents was confirmed by the negative values of ΔG0. On the 
contrary, positive values of ΔH0 show that the adsorption process was endothermic 
in nature, while the positive values of ΔS0 show the increasing randomness at solid/
liquid interface during the adsorption process.

3.5 Determination of kinetic parameters

The pseudo-first-order and pseudo-second-order kinetic equations as well as the 
intraparticle diffusion model were applied to predict the kinetics of the adsorption 
of all ions onto the two adsorbents. The values, which are founded for the kinetic 
model, were excessively high (> 0.998); this result decreases for the intraparticle 

Element SCM BCM

Kf 1/n R2 Kf 1/n R2

Lead 3.53 0.26 0.997 2.97 0.33 0.97

Phosphate ions 0.58 0.39 0.98 0.78 0.36 0.98

Nickel 0.32 0.22 0.98 0.61 0.26 0,91

Table 2. 
Freundlich parameters.

Temperature (°C) 10 20 40

MOCS Lead ΔG° (kJ/mol) −30.948 −32.042 −34.229

ΔH° (kJ/mol) 42.776 42.776 42.776

ΔS° (kJ/(kmol)) 0.252 0.252 0.252

Nickel ΔG° (kJ/mol) −23.35 −24.17 −25.82

ΔH° (kJ/mol) 17.63 17.63 17.63

ΔS° (kJ/(kmol)) 0.14 0.14 0.14

Phosphate ions ΔG° (kJ/mol) −24.827 −25.704 −27.459

ΔH° (kJ/mol) 12.342 12.342 12.342

ΔS° (kJ/(kmol)) 0.129 0.129 0.129

MOCB Lead ΔG° (kJ/mol) −28.432 −29.437 −31.446

ΔH° (kJ/mol) 32.753 32.753 32.753

ΔS° (kJ/(kmol)) 0.211 0.211 0.211

Nickel ΔG° (kJ/mol) −24.78 −25.68 −27.44

ΔH° (kJ/mol) 22.78 22.78 22.78

ΔS° (kJ/(kmol)) 0.16 0.16 0.16

Phosphate ions ΔG° (kJ/mol) −27.703 −28.862 −30.640

ΔH° (kJ/mol) 24.693 24.693 24.693

ΔS° (kJ/(kmol)) 0.182 0.182 0.182

Table 3. 
Thermodynamic parameters.
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diffusion equation and also for the pseudo-first-order equation. Furthermore, the 
quantity of all considered elements adsorption at equilibrium (qe) compared to the 
experimental data concluded the pseudo-second-order link was more reasonable 
than that of the pseudo-first order model. This proposed that the removal opera-
tion move forward via a pseudo-second-order rather than a pseudo-first-order 
kinetic model. For this model, the initial adsorption rate, h, and the rate constant 
K2 diminished with the increase of the initial concentration of all considered ions; 
then, a limiting step may involve chemisorption [20].

4. Conclusions

Results obtained from this work showed that the deposited oxides were essen-
tially amorphous and corresponded to 1.5 mg Mn(II)/g sand and 2 mg Mn(II)/g 
crushed brick.

The optimal pH adsorption for all considered ions was 5, and adsorption capaci-
ties were higher onto MOCB than MOCS.

The activation energy values for the two adsorbents found from Arrhenius plots 
and the kinetics which found pseudo-second order suggested that the limiting step 
of adsorption of all ions could be chemisorption. The results obtained in the present 
study suggest that manganese oxide-coated adsorbents are potentially suitable for 
removing of cations and anions from aqueous solution.
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