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Introduction
Zinc is an essential trace element 

that can be found in cells throughout 
the human body as well as animals 
and plants. However, Zinc can cause 
depression, lethargy, neurological signs, 
and excessive thirst [1]. Zinc is widely 
used in many important industrial 
applications such as mining, coal and 
waste combustion, and steel processing 
[2]. Various treatment techniques have 
been applied to remove Zinc(II) ions from 
contaminated water such as chemical 
precipitation, flotation, adsorption, 
ion exchange, and electrochemical 
deposition [3]. Adsorption technology is 
considered as one of the most efficient 
and promising methods for the treatment 
of trace amount of heavy metal ions in 

a large volume of water because of its 
enrichment efficiency and the ease of 
phase separation [4-9].

Manganese dioxide is a low-cost 
and environmentally friendly material. 
Along with many types of crystalline 
structures such as a-, β-, and g-, etc., 
manganese dioxide has been extensively 
studied due to its excellent chemical 
characteristics. Therefore, this material 
is applied in different areas such as 
batteries, molecular sieves, catalysts, 
and adsorbents [10-12]. However, a 
systematic comparison of the adsorption 
of Zn(II) from the aqueous solution onto 
a- and g-MnO2 nanomaterials has not 
been reported.

Our goal is to compare the adsorption 

capacity of Zinc(II) from aqueous 
solution by using a- and g-MnO2 
nanomaterials as adsorbents. Four non-
linear adsorption isotherm models, 
namely Langmuir, Freundlich, Temkin, 
and Dubinin - Radushkevich and three 
kinetic models, namely pseudo-first-
order, pseudo-second-order, and intra-
diffusion were used to assess the uptake 
capacity and to predict the adsorption 
mechanism.

Material and methods
Chemicals

Potassium permanganate (KMnO4), 
ethyl alcohol (C2H5OH), HNO3, and 
NaOH with analytical grade were 
purchased from Merck. Zn(II) ion was 
used as the adsorbate. 1000 mg/l of zinc 
standard stock solution was prepared 
by dissolving Zn(NO3)2 respectively in 
double-distilled water. 

Analytical methods

Atomic Absorption Spectrometry 
(flame technique) was used to determine 
the concentration of zinc in aqueous 
solution by using an atomic absorption 
spectrophotometer AA - 7000 
(Shimadzu, Japan).

The pH measurements were done with 
a pH-meter (MARTINI Instruments Mi-
150 Romania) which was standardized 
by using HANNA instruments with three 
buffer solutions with the pH values of 
4.01±0.01, 7.01±0.01, and 10.01±0.01.

Temperature-controlled shaker 
(Model IKA R5) was used for the 
equilibrium studies.
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Preparation a-MnO2 and g-MnO2

The g-MnO2
 was successfully 

synthesized by L. Ngoc Chung and 
D. Van Phuc [11] from ethanol and 
potassium permanganate; whereas, 
a-MnO2 was formed by heating g-MnO2 
at 6000C [12]. The synthesized g-MnO2 
and a-MnO2 characterized by X-ray 
Diffractometer D5000 with X-ray 
radiation: CuKa, λ = 1.54056Å, Ultra 
High Resolution Scanning Electron 
Microscopy S - 4800, Transmission 
Electron Microscope with physical 
absorption system Micrometrics Gemini 
VII, and BET-BJH analysis were used as 
absorbents to adsorb Zinc(II) ions from 
aqueous solution.

Adsorption study

0.1 g of adsorbents was placed 
into 50 ml of Zn(II) ion solution in a 
100 ml conical flask. The effect of pH 
(2-6), contact time (20-240 min), and 
initial concentration of Zn(II) ions 
were examined. The obtained mixture 
was centrifuged at 5500 rpm within 10 
minutes, then was purified by PTFE 
Syring Filters with 0.22 µm of pore size 
to get the filtrate. The concentrations 
of Zn(II) ions in the filtrate before and 
after the adsorption were determined by 
F- ASS.

The adsorption capacity was 
calculated by using the mass balance 
equation for the adsorbent [12].
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calculated using the following formula: 
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where: q is the adsorption capacity 
(mg/g) at equilibrium, Co and Ce are the 
initial and the equilibrium concentrations 
(mg/l), respectively. V is the volume (l) 
of the solution, and m is the mass (g) of 
the adsorbent used.

Some adsorption isotherm formula 
and kinetic models which were applied 
to predict both the adsorption capacities 
of materials and the adsorption 
mechanisms were given in Table 1 and 
Table 2 [13].
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The small values of RMSE 
and c2 indicate firstly a better 
fitting model, and secondly the 
correspondence of the model 
with the experimental data.

Freundlich 1/n
e F eq = K .C

Assuming the adsorption 
occurred on multilayers on 
the material surface. 

Temkin ( )RT
e T e

T

q Ln K C
b

=

Evaluating the adsorption 
potentials of the adsorbent 
for adsorbates as well as 
the heat of the adsorption 
process.

Dubinin - 
Radushkevich

( )2..e mq q e β e−
=

Evaluating the value of 
mean sorption energy which 
gives information about 
chemical and physical 
sorption

Kinetic models

Kinetic parameters

g- MnO2 a- MnO2

qe (exp) (mg/g) 25.5 mg/g

Pseudo-first-
order model ( ) 1.log -  log -

2,303e t e
k t

q q q=

K1(min) 7.60.10-3 0.0166

R2 0.5594 0.7323

qe (cal) (mg/g) 1.88 7.00

Pseudo-
second-order 

model

1 1    .
e e

t t
q k q q

 
= +  

 2
2

K2 (g/mg.min) 0.06 5.86.10-3

R2 1.0000 0.9982

qe (cal) (mg/g) 24.94 25.91

Intra-particle 
diffusion 

model
qt= kdt

1/2+ C

k1 4.209 1.741

k2 0.3078 0.1164

k3 0.0026 -0.0025
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Table 1. The non-linear, error functions, and meaning of some models.

Where: qe: the adsorption capacity at equilibrium (mg/g); qm: the maximum 
adsorption capacity (mg/g); Ce: the equilibrium concentration (mg/l); Kl: 
langmuir constant; KF: Freundlich constant; n: adsorption intensity; r: the 
universal gas constant (8.314.10-3 kj/K.mol); t: the temperature (K); bt: temkin 
isotherm constant related to the adsorption heat (kj/mol); Kt: the equilibrium 
binding constant (l/mol); β: Dubinin-radushkevich isotherm constant (mol2/kj2); 
e: Dubinin-radushkevich isotherm constant; e: mean free energy (kj/mol); 
r2: correlation coefficient; rmse: root mean square error; c2: Non-linear 
chi-squared test.

Where: qe: the amount of solute adsorbed at equilibrium per unit weight of 
adsorbent (mg/g); q: the amount of solute adsorbed at any time (mg/g); k1, k2, 
kd: the adsorption constant; t, t1/2: adsorption time.

Table 2. Models and kinetic parameters.
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Results and discussions

Characterization of g- and a-MnO2 
nanomaterials

Figure 1 shows the X-ray diffraction 
patterns of two samples at room 
temperature and at 6000C. The results 
indicated that g-MnO2 was formed at 
room temperature with some specific 
peaks at 2θ = 22.20, 37.80, 42.50, 
56.30, and 65.70 corresponded with 
orthorhombic γ-MnO2 (JCPDS card 
No. 82-2169); whereas, a-MnO2 was 
formed by heating g-MnO2 at 6000C with 
specific peaks at 2q = 28.580, 37.480, 
49.780, 59.980, and 68.980 (JCPDS card 
No. 01-072-1982). Surface properties, 
which affect the adsorption capacity 
of both materials, were determined 
by Scanning Electron Microscope 
(SEM) (Fig. 2) and TEM (Fig. 3). 
The comparison between SEM and 
TEM images of g-MnO2 and a-MnO2 
provided that g-MnO2 nanomaterial 
had a porous surface including many 
nanospheres while a-MnO2 consisted 
of a lot of nanorods which were bigger 
than nanospheres. Moreover, the surface 
area of g-MnO2 was 65.00 m2/g, which 
was approximately 6.5 times higher than 
that of a-MnO2 (about 9.37 m2/g) (Table 
3). It can be predicted that adsorption 
properties of g-MnO2 were more 
favourable than that of a-MnO2.

Investigation of factors affecting 
the adsorption

The pH and adsorption contact 
time are important factors affecting the 
adsorption of Zinc(II) ions on a- and 
g-MnO2 nanomaterials. As shown in 
Fig. 4A, at low pH values, the uptake 
of Zn(II) onto these materials was lower 
because the H+ ions effectively compete 
with the Zn2+ [14]. At high pH values, the 
adsorption of Zinc(II) ion also decreased 
due to the formation of different types 
of Zinc(II) such as Zn(OH)+, Zn(OH)2 

or ZnO2
2- [15]. Although the charging 

behaviour of MnO2 could induce 
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Table 3. BET and BJH analysis results of g-MnO2 and a-MnO2.

Fig. 1. XRD patterns of g-MnO2 (A) and a-MnO2 (B).

Fig. 2. SEM images of g-MnO2 (A) and a-MnO2 (B).

Fig. 3. TEM images of g-MnO2 (A) and a-MnO2 (B).

Materials BET surface 
area

BJH adsorption 
pore size

BJH desorption 
pore size

g-MnO2 65.00 m2/g 417.83 Å 340.23 Å

α-MnO2 9.37 m2/g 162.95A0 734.37A0
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adsorption, this effect was not mentioned 
in the present study. Therefore, a range 
of pH values was chosen from 2.0 to 5.5. 
As a result, the maximum adsorption 
capacity obtained at pH=4.0 for both 
a- and g-MnO2 nano-adsorbents was 
approximately 94.96% removal for 
a-MnO2 and nearly 98.90% removal for 
g-MnO2. 

Figure 4B shows that the adsorption 
increases with the increase in the contact 
time and reaches equilibrium after 80 
minutes for a-MnO2 and 60 minutes 
for g-MnO2. However, the adsorption 
capacity of g-MnO2 was better than that 
of a-MnO2 at any time.

Adsorption models studies

Isotherm models:

In order to predict adsorption 
mechanisms and assess the adsorption 
capacities of a- and g-MnO2  materials, 
four models namely Langmuir, 
Freundlich, Temkin, and Dubinin - 
Raduskevich were chosen and fitted 
with the experimental data. 

On the one hand, Langmuir model 
assumes the uptake of Zinc(II) onto both 
materials to be monolayer adsorption. 
Plots of Langmuir models in Fig. 5 and 
non-linear isotherm Langmuir models 
parameters given in Table 4 provided 
that the experimental data of the 
adsorption of Zinc(II) ions on a-MnO2 
fitted to the Langmuir model better than 
that of g-MnO2, which corresponded 
with higher R2 value and smaller 
RMSE and c2 values. In contrast, the 
maximum capacity of a-MnO2 (28.50 
mg/g) was two times less than that of 
g-MnO2 (55.23 mg/g). It was completely 
concordant with the porous structure of 
g-MnO2 with many adsorption sites. 

On the other hand, Freundlich model 
assumes the adsorption of Zinc(II) 
ions as the multilayer adsorption and 
the interaction between adsorbate and 
absorbent. As shown in Fig. 6 and 

Fig. 4. The influence of pH (A) and adsorption contact time (B) to the removal 
of Zinc(II) by a- and g-MnO2 (240 rpm of shaking speed and 50 ppm of initial 
concentration).

Fig. 5. Plots of non-linear isotherm Langmuir models of g-MnO2 (A) and 
a-MnO2 (B).

Fig. 8. Plots of non-linear isotherm Dubinin - Radushkevich models of g-MnO2 
(A) and a-MnO2 (B).

Fig. 6. Plots of non-linear isotherm Freundlich models of g-MnO2 (A) and 
a-MnO2 (B). 

Fig. 7. Plots of non-linear isotherm Temkin models of g-MnO2 (A) and a-MnO2 (B).

Physical sciences | Chemistry
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Table 4, the experimental data of the 
uptake onto a-MnO2 did not fit well 
to Freundlich model as g-MnO2 did. In 
addition, Zinc(II) ions could interact 
with g-MnO2 stronger than a-MnO2 
because of the smaller n value of 
g-MnO2. Nevertheless, the interactions 
between Zinc(II) and both materials 
were favourable since the 1/n values of 

a-MnO2 (0.0505) and g-MnO2 (0.1425) 
were less than 1.

Temkin and Dubinin-Raduskevich 
models were used to estimate the heat of 
the adsorption and the mean free energy 
of the uptake of Zinc(II) ions onto both 
materials. Fig. 7, Fig. 8 and Table 4 
showed that the experimental data fitted 

to Temkin model better than Dubinin-
Radushkevich model for g-MnO2; 
whereas, a-MnO2 followed Dubinin 
- Radushkevich model. Energy values 
calculated from both models to be less 
than 8 kJ/mol provided that there was a 
weak interaction between the absorbent 
and adsorbate [16] and the adsorption of 
Zinc(II) ions onto a-MnO2 and g-MnO2 
was essentially a physical process [8]. 

Kinetic models:

The uptake rate of Zn2+ ions onto 
a-MnO2 and g-MnO2 surface was 
described by three kinetic models, 
namely pseudo-first-order, pseudo-
second-order, and intra-particle 
diffusion model. The calculated results 
showed that although the adsorption 
process partially followed both 
pseudo-first-order and pseudo-second-
order equations for different time, the 
adsorption of Zinc(II) ions onto both 
materials was controlled by the pseudo-
second-order model because of its 
higher R2 values (Fig. 9 and Table 2). In 
addition, intra-particle diffusion model 
developed by Weber and Morris [17] 
was applied to identify the diffusion 
mechanism involved in the adsorption 
process. Fig. 10 showed that there were 
three stages in the uptake of Zn2+ ions 
onto both a-MnO2 and g-MnO2 surfaces. 
In the first one, Zn2+ ions were transferred 
from the solution to the material’s 
surfaces. A gradual adsorption stage, in 
which the intra-particle diffusion was 
the controlling factor, was occurred 
in the second part. However, the plot 
did not pass through the origin. It was 
thereby concluded that the sorption 
can be controlled by two or more 
diffusion mechanisms [18]. The last one 
constituted the final equilibrium stage 
where the intra-particle diffusion started 
to decelerate. This can be explained 
that firstly, Zn2+ ion concentration in 
the solution was extremely low; and 
secondly, the adsorbent equilibrium was 
obtained when the number of adsorption 
sites decreased [19].

Isotherm Nonlinear forms
Isotherm Parameters

g-MnO2 a-MnO2

Langmuir m L e
e

L e

q .K .Cq =
1+K .C

KL 0.0379 1.805

qm (mg/g) 55.23 28.76

RMSE 0.619 0.1899

R2 0.9928 0.9877

c2 0.0561 0.0078

Freundlich 1/n
e F eq = K .C

n 3.17 18.79

KF 10.19 23.44

RMSE 1.036 0.687

R2 0.9798 0.8395

c2 0.2031 0.1089

Temkin ( )RT
e T e

T

q Ln K C
b

=

KT (l/mg) 0.4156 7.34.106

bT(kJ/mol) 0.21 1.69

RMSE 0.6380 0.6544

R2 0.9923 0.8542

c2 0.0693 0.0981

Dubinin - 
Radushkevich

( )2..e mq q e β e−
=

qm (mg/g) 44.16 28.17

β 57.13 0.2859

E (kJ/mol) 0.094 1.32

RMSE 2.262 0.2972

R2 0.9037 0.9699

c2 0.8348 0.0192

Table 4. Isotherm equilibrium parameters.
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Conclusions

To our knowledge, the comparison 
of the uptake of Zinc(II) ions onto 
a-MnO2 and g-MnO2 nanomaterials 
in the optimal condition (4.0 of pH, 80 
minutes of shaking time for a-MnO2 
and 60 minutes for g-MnO2, and 40-200 
mg/l of initial concentration) is the first 
report. The results indicated that the 
maximum adsorption capacity calculated 
from Langmuir for g-MnO2 material was 
nearly two times higher than a-MnO2. 
Energy values estimated from Temkin 
and Dubinin - Radushkevich models 
to be less than 8 kJ/mol informed that 
the uptake of Zinc(II) ions onto both 
materials was essentially a physical 
process. Kinetic studies showed that the 
adsorption data was well represented 
by pseudo-second-order models and 
the uptake of Zinc(II) ions onto both 
materials followed three stages.
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Fig. 9. Plots of pseudo-first-order (A), pseudo-second-order (B).

Fig. 10. Plots of intra-particle diffusion models of g-MnO2 (A) and a-MnO2 (B).




