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ABSTRACT

In this work, a-MnO, and y-MnO, nanomaterials are used to remove methylene blue (MB) from
aqueous solution. Factors affecting the adsorption of MB on both materials are investigated, such as
pH, adsorption time, and initial concentration of MB. The maximum adsorption of MB is obtained at
pH = 8 after 80 min for y-MnO, and pH = 9 after 150 min for a-MnO,. Adsorption isotherm studies
show that the adsorption monolayer capacity calculated from Langmuir models of y-MnO, is higher
than a-MnO, nanomaterial. Energy values calculated from Temkin and Dubinin-Radushkevich show
that the uptake of MB on both a- and y-MnO, materials is a physical process. Kinetic studies propose
that the adsorption of MB on both a- and y-MnO, materials follows the pseudo-second-order models.
The results suggest that y-MnO, nanomaterial can be used as an effective, low-cost adsorbent for the

removal of MB from aqueous solution.
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1. Introduction

Dyes and pigments are the main organic pollutant
compounds in effluents released from various industries,
especially the textile dyeing and processing factories. The
presence of dyes in aqueous solution is very harmful to
human beings and microorganisms even at low concentra-
tions. Although methylene blue (MB) is a cationic dye which
has a great number of applications in chemistry, biology,
medical science, and dyeing industries, its long-term expo-
sure can cause vomiting, nausea, anemia, and hypertension
[1,2]. Thus, the treatment of wastewater containing such dyes
and pigments is of interest owing to its harmful impacts on
receiving waters [3].

A variety of physicochemical methods have been
used to remove dye contaminants from wastewater, such as
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adsorption, flocculation, advanced oxidation processes, 0zo-
nation, membrane filtration, and biological treatment. The
advantages and disadvantages of these methods have been
extensively reviewed [4]. Among these techniques, adsorp-
tion is a promising method attracting scientists due to its high
enrichment efficiency and the ease of phase separation [3-8].

Owing to various crystalline and morphologies, MnO,
nanomaterials have been studied and applied for many areas,
such as catalysts, electron materials, batteries, and adsorption
[5,6,9-11]. In our previous researches, a- and y—MnO2 mate-
rials have been used to remove toxic heavy metal ions from
aqueous solution [9-11]. Results show that these materials
have large surfaces and are good for removing toxic heavy
metal ions from aqueous solution with high efficiency. In this
work, our goal is to compare the uptake of MB onto a- and
¥-MnO, from aqueous solution in optimal condition by using

Presented at the 2017 International Environmental Engineering Conference & Annual Meeting of the Korean Society of Environmental Engineers

(IEEC 2017), 15-17 November 2017, Jeju, Korea.

1944-3994/1944-3986 © 2019 Desalination Publications. All rights reserved.



V.-P. Dinh et al. | Desalination and Water Treatment 144 (2019) 384-392 385

five nonlinear models: Langmuir, Freundlich, Sips, Temkin,
and Dubinin—-Radushkevich, and three kinetic models: pseudo-
first-order, pseudo-second-order, and intraparticle diffusion
models. Additionally, the mechanism of the uptake of MB on
these materials will be discussed. Finally, the better material
for removing MB in effluent will be proposed.

2. Materials and methods
2.1. Materials

y-MnO, and a-MnQO, are synthesized via the reaction
between KMnO, and C,H.,OH as described in our previous
reports [9,10]. Saturated KMnO, solution of 50 mL (3.0 g
of KMnO, in 50 mL of double-distilled water) is gradually
added into 150 mL of the mixture of 100 mL of C,H.OH and
50 mL of H,O. The mixture is then strongly agitated for 8 h at
room temperature to obtain y-MnO, nanomaterial. a-MnQO,
nanomaterial is formed by calcining y-MnO, at 600°C.

MB used as an adsorbate was prepared by dissolving MB
(solid phase) in double-distilled water. Chemical structure
and the ultraviolet (UV)-Vis absorption spectrum of the MB
in solution are shown in Fig. 1. Three characteristic peaks
(245, 292, and 664 nm) of MB are observed similar to those
reported previously [12].

2.2. Instruments

The morphology of materials is investigated by ultrahigh-
resolution scanning electron microscopy S — 4800 (SEM),
and the surface area and pore size of the materials are
determined by Brunauer-Emmett-Teller (BET) and Barrett—
Joyner-Halenda (BJH) theories.

The pH values at the point of zero charge (pH,,.) of
y-MnQO, and a-MnO, nanomaterials are determined by using
salt addition method [13]. Here, 0.200 g of each y-MnO, or
a-MnQO, nanomaterial is added to 50.0 mL of 0.1M KNO, in
ten 100-mL plastic beakers. The pH values are adjusted using
a pH meter (MARTINI Instruments Mi-150, Romania) from
2 to 11 (x0.1) with 0.IM HNO, or 0.1IM NaOH as needed in
each beaker. These are then shaken for 24 h to obtain the
equilibrium. After this period, each resulting pH is measured
and the plot of initial pH (pHi) versus the difference between
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Fig. 1. UV-Vis absorption spectra of the MB solution.

the initial and final pH values (DpH) is plotted. The PZC is
taken as the point where pH = 0.

Infrared spectra of these materials before and after the
adsorption recorded over the wave number range of 4,000
to 400 cm™ have been taken on a Fourier transform infrared
(FTIR) spectroscopy (Perkin Elmer, Spectrum GX-FTIR, USA).

UV-Vis Spectrophotometer (V-630 made in Japan by
Jasco) is used to determine the concentration of MB before
and after the adsorption.

The pH measurements are done using a pH meter
(MARTINI Instruments Mi-150, Romania); the pH meter is
standardized using HANNA Instruments buffer solutions
with pH values of 4.01 +0.01, 7.01 + 0.01, and 10.01 + 0.01.

A temperature-controlled shaker (Model IKA R5) is used
for equilibrium studies.

2.3. Methods

The batch method is used to study the adsorption of MB
on both materials. A 0.1 g of the nanomaterials is placed into a
100-mL conical flask containing 50 mL MB. The influences of
pH, adsorption time, and initial MB concentrations are stud-
ied. Concentrations of MB before and after the adsorption are
determined by UV-Vis method at 664 nm of the wavelength.

The percentage of removal and the adsorption capacity
(9,) are calculated using the mass balance equations as
follows:

Cc,-C
%Removal = M x100% (1)
C

0

(Co_ce)

=7 XV @

where C; and C, are the initial and equilibrium concentra-
tions (mg/L), respectively.

2.4. Data analysis and model fitness

Five nonlinear isotherm models (Langmuir, Freundlich,
Sips, Temkin, and Dubinin—-Radushkevich) (Table 1) and
three kinetic models (pseudo-first-order, pseudo-second-
order, and intraparticle diffusion models) are fitted to the
experimental data to investigate the nature of the adsorp-
tion [14]. All nonlinear isotherm parameters are evaluated
and optimized by nonlinear regression using Origin 8.5.1
software.

3. Results and discussion
3.1. Characterization of yv-MnO, and a-MnO,

Surface properties affecting the ability of adsorption of
both materials are determined by SEM (Fig. 2) and trans-
mission electron microscopy (TEM) (Fig. 3) and BET and
BJH theories. Comparison of SEM and TEM images between
7-MnO, and a-MnQO, materials shows that the a-MnO, nano-
material consists of a large number of nanorods, whereas
y-MnO, nanomaterial possesses a porous surface including
many nanospheres, which are smaller than the nanorods.
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Table 1

Nonlinear isotherm models and meaning of nonlinear parameters

Isotherm Nonlinear forms

Meaning of nonlinear parameters

Q, xK, xC,

Langmuir == ¢
8 971K «C,

Freundlich

q, =K% C;/”

Sips q,

Temkin

Dubinin-Radushkevich q,=

g, the adsorption capacity at equilibrium (mg/g)

Q,: the monolayer maximum adsorption capacity (mg/g)
C_: the equilibrium concentration (mg/L)

K,: Langmuir constant

K,: Freundlich constant

n: adsorption intensity

Q,: the maximum adsorption capacity (mg/g)

K,: Sips isotherm model constant (L/mg)

B: Sips isotherm model exponent

K: Temkin isotherm equilibrium binding constant (L/g)
B;: Temkin isotherm constant

Q, 5 the D-R maximum adsorption capacity (mg/g)

B: Dubinin—-Radushkevich isotherm constant (mol*/kJ?)
&: Dubinin—Radushkevich isotherm constant

E: mean free energy (kJ/mol)

i (‘7 emeas  Aecale )2

n _\2

(’7 e,meas qe,calc)

n=1

: correlation coefficient

n

1
RMSE= \/ — Z:(qmeaS =, cale )2 : Root mean square error

n-1

XZI"M

: Nonlinear chi-square test
n=1 qe/calc

IMS-NKL x100k SE(M)

Fig. 2. (a) SEM images of y-MnO, and (b) a-MnO, [11].

As a result, adsorption sites are formed on the y-MnO, more
than a-MnO, nanomaterial. In addition, both materials are
mesoporous materials because of the average pore widths
with diameters between 2 and 50 nm. Moreover, the surface
area of y-MnO, was 65.00 m*/g, which was approximately
6.5 times more than that of a-MnO, (about 9.37 m*/g). It can
be predicted that the adsorption properties of y-MnQO, are
more favorable than o-MnQO,.

Fig. 4 shows the FTIR spectra of y-MnO, and a-MnQO,
nanomaterials. As can be seen, there are specific peaks of
y-MnO, nanomaterial in Fig. 4(a), including 3,451, 1,631,
1,535, and 1,413 cm™ corresponding to physical and chem-
ical water molecules in the structure of these materials and
522 cm™ correlated with Mn-O bonding. However, these
above specific peaks of water molecules disappeared when
a-MnQ, is formed from y-MnO, at 600°C. Thus, there are
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Fig. 3. (a) TEM images of y-MnO, and (b) a-MnO, [11].
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Fig. 4. FTIR spectrum of y-MnO, (a) and a-MnQO, (b) before and after the adsorption of MB.

two unique peaks of Mn—O bonding at 109 and 525 cm™ that
appeared in the FTIR spectra of a-MnQO, as shown in Fig. 4(b).

pH,,. is the value of pH at which the charge of surface
obtains zero. If the pH values of solution are smaller than
pH,,. value (pH < pH,,.), the adsorption sites will be pro-
tonated and the surfaces of these materials will be positively
charged, through the ease of the adsorption of anion [Eq. (3)].
In contrast, when pH values of solution are higher than
pH,,. value (pH > pH,, ), the surfaces of these materials are
negatively charged that are more favorable for the uptake of
cation [Egs. (4) and (5)] [13,15-17]. In this work, pH,,. val-
ues of y-MnQO, and a-MnQO, are approximately 7.30 and 8.50,
respectively (Fig. 5).

MOH,,,,, +H;, =MnOH, @)
MOH,, +OH, =MnOOH_ )
MOH,,, +OH, =MnO__,, +H,0 ®)

3.2. Factors affecting the removal of MB by y-MnO, and o-MnO,

Figs. 6(a) and (b) show the influence of pH on the uptake
of MB by y-MnO, and a-MnO, nanomaterials. As can be seen,
there are fluctuations in the adsorption percentage of MB
while pH values are changing. The maximum adsorption of
MB is obtained at pH = 8 for y-MnO, with nearly 96.96% of
the removal and pH = 9 for a-MnO, with about 47.47% of
the uptake. These results can be explained when the pH,, . of
y-MnO, and a-MnQO, nanomaterials are 7.3+ 0.1 and 8.5+ 0.1,
respectively (Figs. 6(a) and (b)). Hence, when pH values of
solution are higher than pH,,, the surfaces of y-MnO, and
a-MnO, nanomaterials are negative and acid Bronsted which
are satisfied with the adsorption of cation as MB [13,15-17].

Fig. 7 shows the influence of time on the adsorption
of MB on y-MnO, and a-MnQO,. The uptake of MB by both
y-MnO, and a-MnO, nanomaterials increases with the
increase in the adsorption time. These results can be deter-
mined via the decrease in the intensity of absorbance ver-
sus the adsorption time. However, y-MnO, nanomaterial
removes MB from aqueous solution better than o-MnO,
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nanomaterial at different times. The adsorption of MB on
y-MnO, reaches the equilibrium after 80 min with over
96.53% of removal, whereas the uptake of MB by a-MnO,
reaches the equilibrium after 150 min with roughly 40.6%
of removal. These can be explained when the uptake of MB
onto y-MnO, nanomaterial surface occurred and obtained
rapidly the equilibrium more than a-MnO, because this
material possesses more adsorption sites than o-MnO,
nanomaterials. In addition, there is not any shift at specific
peaks which informs that the adsorption of MB on MnO,
nanomaterials is unique. This mechanism is different from
the researches of Zhang et al. [5] and Kuan et al. [6] who
proposed that MB was not only adsorbed onto MnO, mate-
rial surface but also partially oxidatively degraded to other
organic compounds.

3.3. Adsorption isotherm studies

In order to understand the nature of adsorption of MB
on y-MnO, and o-MnO,, five nonlinear isotherm mod-
els, Langmuir, Freundlich, Sips, Temkin, and Dubinin—
Radushkevich [14], are used to fit the experimental data.
Plots of these models are shown in Fig. 8, and nonlinear
parameters are presented in Table 2.

By comparing error function parameters between y-MnQO,
and a-MnQO,, it concludes that the experimental data of the
removal of MB on y-MnO, fit to five nonlinear isotherm mod-
els better than a-MnO, due to higher R* values, smaller root
mean square error, and smaller y? values. Sips model gives
the best fit to experimental data for both y-MnO, and a-MnO,
nanomaterials. This can be explained that this model which
is an empirical equation with three adjustable parameters
consists of a combination of the Langmuir and Freundlich
isotherm models and cannot be limited by adsorbate
concentrations [11].

The n values which are obtained from Freundlich
models within the present work are about 3.52 and 2.42
corresponding to y-MnO, and o-MnO, nanomaterials,
respectively. The latter indicates that MB can be easily
adsorbed by both y-MnO, and o-MnO, nanomaterials
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Table 2
Nonlinear isotherm equilibrium parameters

Isotherm Isotherm parameters
g-MnO, a-MnO,
Langmuir K, 0.16 0.011
Q, (mglg) 142 59
RMSE 4.175 4.295
R? 0.9847 0.8299
%2 1.955 4.341
Freundlich n 3.52 242
K, 40.6 4.47
RMSE 8.035 5.179
R? 0.9526 0.7527
x? 4.943 6.165
Sips Q, 30.6 447
K, 0.1942 7.88x10718
B, 0.7769 0.4132
RMSE 2.638 2.358
R? 0.9949 0.9487
%2 0.6988 1.209
Temkin K, (L/mg) 2.32 0.08
b, (k]/mol)  0.37 0.67
RMSE 4.079 4.463
R? 0.9878 0.8163
%2 1.284 4.264
Dubinin-Radushkevich Q. (mg/g) 114 44
B 1.72 431
E (kJ/mol)  0.54 0.03
RMSE 17.44 2.289
R? 0.7768 0.9516
x> 41.64 1.132
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Fig. 8. Plots of nonlinear isotherm models of the adsorption of MB on y-MnO, (a) and a-MnQO, (b). Symbols with error bars indicate
mean * ¢.SE (1 =3, P = 95%) (shaking speed = 240 rpm, pH = 8 for y-MnQO, and pH =9 for a-MnQO,, adsorption time = 180 min).
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[18,19]. However, the maximum monolayer capacity (Q,)
calculated from the Langmuir isotherm equation of y-MnO,
(142 mg/g) is approximately three times more than a-MnO,
(59 mg/g). It can be explained that y-MnO, has a surface area
of approximately 6.5 times more than that of a-MnQO,.

Energy values calculated from Temkin and Dubinin-
Radushkevich models were found to be less than 8 kJ/mol
provided that the uptake of MB onto a-MnO, and y-MnO,
is essentially a physical process [19,20]. These results can
be confirmed and verified based on FTIR spectra of y-MnQO,
(Fig. 4(a)) and o-MnO, (Fig. 4(b)) before and after the
adsorption of MB. It is clear that there are no new peaks
formed after the uptake of MB on the surface of both mate-
rials. However, the changes in intensity of specific peaks
of y-MnO, (1,535 and 1,413 cm™) and a-MnO, (709 and
525 cm™) conclude that these peaks are main adsorption
sites of these materials.
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3.4. Adsorption kinetic studies

The kinetics of the adsorption of MB on y- and a-MnQO,
are analyzed by using different kinetic models such as pseu-
do-first-order, pseudo-second-order, and intraparticle diffu-
sion models (Fig. 9). Formulas of three kinetic models and
kinetic parameters are listed in Table 3.

Results show that the correlation coefficient R* val-
ues for pseudo-second-order model for both materials are
higher than pseudo-first-order ones. In addition, the g,
values calculated from pseudo-first-order model are not as
close to the experimental values (g, . ), whereas g, , values
calculated from pseudo-second-order model satisfied with
the experimental values (g, ). All things considered, the
adsorption of MB onto both materials is controlled by the
pseudo-second-order model.

On the other hand, the pseudo-first-order and
pseudo-second-order models are not able to identify the

4 gamma_NnO1
®alpha Mun(2

(2)

y=-00077x+ 12689
R?=09623

Log(qe-qt)
=
L=
/

L ]
0.5 1 v=-0.0050x+ D526
s R:=05086
10 -
time (nis)

3 =
#zamma_MnO2
. y=00170x+0.4236 (b)
il R=09970
541
r y=00102x + 0,008
R*=1.0000
1 4
0 T T T T T 1
0 50 100 150 200 150 300
time (mms)

Fig. 9. Plots of pseudo-first-order kinetic (a) and pseudo-second-order kinetic (b) for the adsorption of MB onto y- and a-MnQO,
(C, =200 mg/L; shaking speed = 240 rpm, pH = 8 for y-MnO, and pH =9 for a-MnQO,).

Table 3
Models and kinetic parameters

Kinetic models

kinetic parameters

a-MnQO, ¥-MnO,
T, expy MB/8) 35 mg/g 98 mg/g
Kt K, (1/min) 0.018 0.012
Pseudo-first-order model log (‘L - qt) =logg, - 5 3103 R? 0.9623 0.5086
’ T, cay (MB/8) 18.57 3.36
. . K, (g/mg/min) 0.0017 0.0118
Pseudo-second-order model L ot (] xt R 0.9970 1.0000
T B \4. 9. (M8/3) 37.04 98.04
S ) k, 1.6274 2.3207
Intraparticle diffusion g, =kt +C K 01744 0.0097

d2

q,: the amount of solute adsorbed at equilibrium per unit weight of adsorbent (mg/g); g: the amount of solute adsorbed at any time (mg/g);

K, K,: the adsorption constants; ¢: adsorption time.
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Fig. 10. Plots of intraparticle diffusion models for the adsorption
of MB onto y-MnQO, (a) and a-MnQ, (b).

diffusion mechanisms. Thus, the intraparticle diffusion
model developed by Weber and Morris [21] is utilized in
order to determine the diffusion mechanism involved in the
adsorption process. This model is based on the following
equation [21]:

q, :kdt”2+C 6)
where C characterizes the effects caused by the boundary
layer. The results obtained within this model are shown
in Fig. 10. These results clearly indicate that the uptake
of MB on both material surface is likely to occur through-
out two stages. In the first stage, MB particles are quickly
transferred from the solution to the boundary film of the
particles (bulk diffusion) within about 80 min for y-MnO,
and 150 min for a-MnO,. In the second stage, a gradual
adsorption occurred because of the main reason that the
concentration of MB in the solution is extremely low as
well as the number of adsorption sites decreases [22].
Additionally, it is seen that the plot of g, versus ' obtained
within this first stage does not pass through the origin and
the presence of the boundary layer effect characterized
by the nonzero value of C. These results indicate that the
uptake follows not only the intraparticle diffusion but also
two or more different diffusion mechanisms [23]. The val-
ues of the diffusion constants (k,, k,,) obtained within all
three stages are listed in Table 3.

a1’

4. Conclusions

The removal of MB using a- and y-MnQO, nanomaterials is
investigated. Sips model gives the best fit to the experimen-
tal data for both materials. Energy values calculated from
Temkin and Dubin-Radushkevich indicate that the uptake of
MB on a- and y-MnO, nanomaterials is physical process. The
pseudo-second-order kinetic models describe the adsorption
of MB on both materials better than the pseudo-first-order
kinetic models. Results show that y-MnO, nanomaterial
removes MB from aqueous solution better than o-MnO,;
hence, y-MnO, nanomaterial will be satisfied material for the
treatment of MB from wastewater.
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