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Abstract 

Magnesium Oxide (MnO2) nanoparticles were synthesized by 
Hydrothermal method. The synthesized samples were 
characterized using FT-IR, X-ray diffraction, AFM, and SEM. 
The adsorption of Orange G dye from aqueous solution onto 
MnO2 as adsorbent by batch method, under various experimental 
conditions including exposure time, MnO2 dosage, pH, 
temperature, and initial Orange G dye concentration was 
investigated. Adsorption isotherms were used to test the 
adsorption data for Langmuir, Freundlich, Dubinin and Temkin as 
it was fit to Langmuir isotherm and type S according to Gilles’ 
classification. Thermodynamic functions’ data such as ΔH°, ΔG°, 
and ΔS° of the adsorption process were calculated, which showed 
that the adsorption endothermic process and the value of ΔG° was 
negative. This indicate that the adsorption happened 
spontaneously. The value of ΔS° is positive, which means the 
movement of dye molecules is unrestricted. Kinetic data were fit 
to pseudo-second order model. 

Keywords: Adsorption, Orange G, MnO2, Thermodynamics, 
kinetic study. 
 
Introduction 
 
Dyes are widely used in industries such as textile, leather, food, 
and plastic materials (Li et al. 2012). The waste water of industrial 
activities contains a variety of potentially toxic and 
environmentally harmful compounds. These compounds present 
an increasingly serious threat to human and environmental health 
(Tiwari et al. 2013). Most of the dyes are stable in nature when 
exposed to light and oxidizing agents (Wang et al. 2010). Various 
methods such as biodegradation (Kalyani et al. 2009), advanced 
oxidation (Ghoneim et al. 2011), ultrafiltration (Deriszadeh et al. 
2010), and adsorption (Luo et al. 2010) have been applied to 
remove dyes from aqueous solutions. Adsorption has gained 
increased attention in removing dyes because of its simplicity, 
high efficiency, minimization of chemical sludge, and 
regeneration of adsorbents. A wide variety of adsorbents, have 
been used to remove dyes from aqueous solutions including 
activated carbon, zeolite (Meshko et al. 2001), perlite (Doğan and 

Alkan 2003), chitin (Mckay et al. 1982), lemon peel (Kumar 
2007). Manganese dioxide (MnO2) is one of the most stable 
compounds with excellent physical and chemical properties under 
ambient conditions (Zordan and Hepler 1968; Zhang, 2008; 
Cheng et al. 2006; Subramanian et al. 2008; Pang et al. 2012). 

Experimental 

Instruments: UV-Visible (Shimadzu, Japan 1700) was used to 
measure the dye concentration in aqueous solution. The pH of all 
solutions was recorded by pH meter 7110 wtw, Germany. The 
temperature was controlled using isothermal water bath shaker 
(BS-11, Korea). MnO2 was measured using XRD (XRD-6000; 
Shimadzu company, Japan) with Cukα radiation of λ = 0.15406 
nm. The measurement conditions of XRD were 40 kv, 30 mA, 
with the scanning range of 10-80° and the scanning speed of 5 
deg/min. FTIR (Shimadzu, IR PRESTIGE 21) was performed 
with KBr pellet technique, and the effective range was from 4000 
to 400 cm-1. AFM (SPM-AA3000, Advanced Angstrom Inc.) and 
SEM (Type Tescan Brno-Mira 3LMU) were also used. All of the 
chemicals were used without further purification. 

Synthesis of MnO2 

MnO2 nanoparticles were synthesized by mixing aqueous solution 
of KMnO4 and MnSO4 at ambient temperature and pressure; the 
pH of solution mixture was adjusted ≈1 with concentrated HNO3. 
1.84 g of KMnO4 (dissolved in 31.25 ml H2O) was mixed with 
2.75 g of MnSO4 (dissolved in 9.5 ml H2O) at ambient 
temperature and pressure. Concentrated HNO3 was added to the 
reaction vessel to adjust the pH to ≈1. The reaction product was 
then incubated at 80 ºC for 24 hours, filtered, washed with water 
until the pH reached 6, and dried at 110 ºC (Pang et al. 2012; Xiao 
et al. 1998).  

2KMnO4 + 3MnSO4 + 2H2O = 5MnO2 + 4H+ 

Synthesis of Orange G solution 

Orange G is water soluble (λ max 478 nm). A standard solution 
(1000 mg/L) was prepared by dissolving 1 g of Orange G dye in 1 
L of DI water. The experimental solution was prepared by diluting 
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the standard solution of dye with DI water to obtain the 
appropriate concentration of the desired solutions (5-30 ppm), and 
the solutions were left for 24 hours in order to homogenize. 
Diluted HCl (0.1 M) and NaOH (0.1 M) were used for pH 
adjustment. The UV-Visible spectrometer used to determine 
calibration curve for Orange G dye at λmax 478 nm. The dye 
adsorption was evaluated by batch process with different 
parameters such as contact time (25-125 min), dose of adsorbed 
MnO2 (0.01-0.05 g), pH (3-10), concentration of dye (5-30 ppm), 
and temperature (20- 40°C). The samples were shaken and kept in 
a thermostat for 2 h, filtered in a centrifuge for 15 min at 3500 
rpm, filtered again, and analyzed spectrophotometrically. The 
percentage of dye adsorption from the aqueous solution was 
determined according to the following equation (Bykkam et al. 
2013):      

% Adsorption =
Co  − Ce

Co
× 100                     (1) 

Where Cₒ and Ce (both mg/L), are the initial concentration and the 
concentration at any time, respectively. The adsorption capacity 
Qe (mg/g) was calculated as follows: 

Qe =
Co − Ce

m
. Vsol.                                            (2) 

Qe: Amount of solute adsorbed per unit weight of adsorbent 
(mg/g); Ce: Equilibrium concentration of solute (mg/L); Vsol.: 
Volume of solution (L); m: mass of adsorbent (g). 

Results and Discussion 

Characterization of MnO2 

In order to investigate the functional groups of MnO2, FT-IR 
spectroscopy was used in the wave number range of 4000- 400 
cm-1 (Figure 1). At this range the bands at 524 and 462 cm-1 
assigned to Mn-O vibration of MnO2 Nano powder. The bands at 
3354 and 1647 cm-1 can be assigned to OH stretching vibration 
and bending vibration of absorbed H2O (because of high surface-
to-volume ratio in nano-crystalline materials). 

 
Figure 1: FTIR spectra of MnO2 

Figure (2) shows all diffraction data are in good agreement with 
JCPDS files No. 00-044-0141. The diffraction peaks are sharp and 
the crystal grows completely with high purity and with good 

agreement with ref. (16). From peak at 2 θ = 28.55, particle size 
for α- MnO2 has been calculated by using Debye-Scherer's 
Equation D = 0.9 λ / β cos θ = 8.1 nm.                   

The strongest three peaks were 2 θ, 28.55º 
(FWHM=1.02,1/11=100), 37.41º (FWHM=0.6467,1/11=88), and 
12.61º (FWHM=0.6600,1/11=44). Other peaks appeared at 2 θ = 
13.26º, 17.9º, 36.47º, 41.76º, 49.61º, and 68º. Peaks of a tetragonal 
α- MnO2 phase showed a complete phase transformation of δ-
MnO2 into α- MnO2 phase upon aging at 80 ºC for 24 hours. Such 
transformation could be associated with the simultaneous 
morphological transformation from spherical nanoparticles to 
nano-rods during prolonged aging at 80ºC.    

Figure 2: XRD pattern of MnO2 nanoparticles 

Atomic force microscopy (AFM) is a powerful characterization 
tool for determination of the particle size and surface organization 
of the synthesized materials. The wetting ability of a surface 
depends on its chemical composition, and also on the topography 
of the surface. MnO2 was characterized by two- and three-
dimensional AFM images, and particle size distribution for 
adsorbent surface was represented in figures (3, 4). The average 
diameter of the particle for MnO2 was 58.48 nm; 50% with 
average diameter of 55 nm, 90% with average diameter of 65 nm, 
and the height of the sample was 1.1 nm (Fig. 3). AFM image of 
molecular nano-rods showed that the length is 71 nm, the width 
about 0.41 nm and its height 0.32 nm, while the AFM image to 
another molecular revealed the length to be 54 nm, the width 0.19 
nm, and the height 0.66 nm. Figure 5 shows the SEM image of 
rod-like nanostructures of α- MnO2.     

 
Figure 3: AFM images of MnO2 nanoparticles 
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Figure 4: Particle size distribution percentage of MnO2 
nanoparticles 

Figure 5: SEM images with different magnification power of 
MnO2 nanoparticles synthesized at 80 °C for 24 hours. 

Determination of Equilibrium Time of adsorption 

Several adsorption experiments in contact time range of 25-125 
min were performed (fig.5). The removal rate of dye onto MnO2 
gradually increased with the increase of contact time from 25 to 
125 min and then remained constant (Liu et al. 2014) with further 
increase in contact time. Therefore, a period of 125 min of 
equilibrium was selected for the next studies. In the initial stage, 
dye contact quickly with a lot of available active sites on the 
surface of MnO2, resulting in the fast adsorption. The increase of 
the contact time gradually lessened the available active sites, and 
weakened the driving force, resulting in the slow adsorption 
process and longer time to achieve adsorption equilibrium.  

 

Figure 6: Effect of equilibrium time on adsorption of Orange G 
dye on MnO2 nanoparticles at 25 oC, Co= 30 ml of 10 ppm, dose 

of 0.04 g, and pH=8. 

Effect of pH 

The initial pH of the Orange G dye solution can significantly 
affect the adsorption capacity of the dye, because it affects the 
charge distribution of the surface of the adsorbent (MnO2) as well 
as adsorbate (the dye molecules). Figure (7) shows that in acidic 
medium the adsorption capacity is maximum, and it decreases 
with the increase in pH. 

 
Figure 7: Effect of pH on the adsorption of Orange G dye on 

MnO2 nanoparticles at 25 oC, 30 ml of 10 ppm dye, and dose 0.04 
g. 

Adsorbent Weight 

The effect of adsorbent on removal percentage of dye was 
examined by taking different quantities of MnO2 ranging from 
0.01 to 0.05 g. Our results (Figure 8) showed that the best 
removal efficiency was obtained at 0.05 m (Smaranda et al. 
2011).  

 

 
Figure 8: Effect of adsorbent weight on the adsorption of Orange 
G dye on MnO2 nanoparticles at 25 oC, Co=30 ml of 10 ppm, and 

pH=3. 

Effect the concentration of dye on adsorption 

Figure (9) shows the effect of concentration of dye (5 -30 ppm) 
on removal percentage of dye. Our results (figure 9) showed that 
the best removal efficiency was obtained at 10 ppm (Amir et al. 
2017). 
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Figure 9: Effect of dye concentration on adsorption of Orange G 
dye on MnO2 nanoparticles at 25 oC, dose of 0.05 g, and pH =3. 

Adsorption Kinetics 

In order to assess the rate of the adsorption for Orange G dye, 
both pseudo-first order and pseudo-second order kinetics were 
applied to the adsorption data (Lagergren 1898). 

ln (qe - qt) = ln qe – k1 t                              (4) 

t / qt = 1/ k2 qe2 + (1/ qe) t                          (5) 

Where qe and qt (mg/g) are the amounts of dye adsorbed at 
equilibrium and time t, respectively; k1 and k2 are the rate 
constant of pseudo-first order (min-1) and pseudo-second order 
(g/mg.min). The plots of the equations were examined for best 
fit by comparing their correlation coefficients (R2). Figure 10 
and 11 show the straight plots of ln (qe- qt) vs. t and t/qt vs. t, 
respectively. The correlation coefficients of the linear curves of 
both kinetics show that the process more likely follows a second 
order kinetics. Pseudo-second order model assumes that the rate 
–limiting step involves chemisorption of adsorbate on the 
adsorbent. By fitting the experimental data (Figures 10 and 11), 
the adsorption rate constant for each model was calculated and 
summarized in Table (1). As can be seen from the table, the 
kinetics data were well fitted by the pseudo-second order, as 
demonstrated by the obtained higher regression coefficient (R2). 
In addition, the calculated qe values for the pseudo-second order 
is highly matched with the experimental data as compared with 
those of the pseudo-first order model. This indicated that the 
adsorption kinetics of dye on MnO2 was not diffusion controlled 
(Chia et al. 2013). 

Figure 10: Plot of pseudo-first order model of Orange G dye on 
MnO2 nanoparticles at different temperatures.  

 
Figure 11: Plot of pseudo –second order model of Orange G dye 

on MnO2 nanoparticles at different temperatures. 

Table 1: Kinetics parameters for adsorption of Orange G dye on 
MnO2 nanoparticles. 

pseudo-second –order  pseudo-first  -order 
T 

(c0) Co 

R2 K2 
g.mg1.min-1 

qe 
(calc.) R2 

qe 
(calc.) 

K1 
(min-1) 

qe 

(exp.)  

10 
Ppm 

0.994 0.011 5.78 0.991 4.22 0.0027 5.78 20 
0.998 0.012 5.83 0.993 4.17 0.0025 5.83 25 
0.996 0.013 5.88 0.988 4.12 0.0024 5.88 30 
0.995 0.014 5.93 0.978 4.07 0.0023 5.93 35 
0.998 0.015 5.94 0.969 4.06 0.0022 5.94 40 

 
Adsorption Isotherm 

The adsorption isotherms are to explore the relation between the 
adsorbate concentration in the bulk (at equilibrium) and the 
amount adsorbed at the surface. In this study four commonly used 
isotherm models (Langmuir, Freundlich, Timken, and Dubinin-
Kaganer-Radushkevich) were applied to the experimental data to 
explain the dye –Nano (MnO2) interaction. The Langmuir 
isotherm model assume monolayer coverage of the adsorbate over 
a homogenous adsorbent surface with identical adsorptions sites 
and their binding energies and neglecting any interactions 
between adsorbed ions, atoms or molecules (Karim et al. 2017) 
with each molecule adsorbed onto the surface having the same 
adsorption energy. The Langmuir isotherm is expressed as 
(Freundlich 1973): 

Ce
Qe

= 1
qmaxkL

+ Ce
qmax

                   (6) 

Where Ce is the equilibrium concentration of dye (mg/L); qmax, Qe 
are the maximum adsorption capacity corresponding to complete 
monolayer coverage on the surface (mg/g) and capacity at 
equilibrium (mg/g), respectively; and KL is Langmuir constant 
(L/mg) (Crosby 1998) related to energy of sorption. Therefore, a 
plot of Ce/Qe versus Ce gives a straight line of slope 1/qmax and 
intercept (1/KL qmax) (Figure 12). Table (2) shows that the values 
of qmax and KL are increased when the solution temperature 
increased from 20 to 40°C, which indicates that the dye is 
favorably adsorbed by MnO2 at lower temperatures, which shows 
that the adsorption process is endothermic. A dimensionless 
constant separation factor of Langmuir isotherm (RL) was also 
calculated using equation (Gan et al. 2015): 



35                                                                                                                                                               J Biochem Tech (2018) 9(3): 31-38 
 

RL = 1/ (1+KL Cₒ)                            (7) 

Where Cₒ is the initial concentration of Orange G dye solution 
(mg/L) and KL (L/mg) is the Langmuir adsorption constant given 
in Table (2). Table (2) explains the relation between RL and the 
natural adsorption. 

Table 2- Values of RL and type of isotherm. 
Value of RL  RL ˃ 1   RL = 1 RL  ˂ 1 RL = 0 

Type of isotherm Unfavorable Linear Favorable Irreversible 
 

Figure 12: Isotherm Langmuir for Orange G dyes on MnO2 
nanoparticles at 25 oC. 

 
The Frenudlich model is a case for multilayer adsorption and 
adsorption on heterogeneous surface energies, and it gives an 
exponential distribution of active sites. The linear form of this 
model is represented by: 

ln Qe = ln KF + 1/n lnCe                      (8) 

The Frenudlich constants KF and n indicate the adsorption 
capacity and the adsorption intensity are calculated from the 
intercept and slope of plot ln Qe versus ln Ce, respectively (Figure 
13). The intensity of adsorption (n) showed low values (n<1); this 
indicates a very low affinity between adsorbents and adsorbate. 
The Freundlich constant (KF) decreases with increasing the 
temperature, and this is an indication for exothermic reaction. The 
values of n larger than 1 represent a favorable removal condition 
(Fungaro et al. 2011). 

 
Figure 13: Isotherm Freundlich for Orange G dyes at different 

concentrations and 25 oC on MnO2 nanoparticles. 

 
A more common isotherm than Langmuir is the Dubinin-Kaganer 
–Radushkevich (DKR) model proposed by Dubinin, which does 
not assume a homogenous surface of sorbent. It is applied to 
determine the adsorption mechanism (physical or chemical). The 
linear form of (DKR) is as follows (Stoeckli 1998): 

lnQe = lnqmax − βε2                        (9) 

Where qmax is the maximum sorption capacity (mg/g),β  is the 
activity coefficient related to mean sorption energy (mol2/ J2), and 
ε is the Polanyi potential defined as: 

ε= RT  ln (1+ 1/Ce)                           (10) 

Where R is the gas constant (KJ/mol. K). The slope of the plot of 
lnqe versus ε2 gives β and the intercept yields the sorption 
capacity qmax, as shown in Figure (14). Prediction of the 
adsorption mechanism (physical or chemical) can be done by 
calculating the value of the mean sorption energy, E (J/mol), from 
the following equation (Mall et al. 2006): 

𝑬𝑬 = (−𝟐𝟐 β) −𝟎𝟎.𝟓𝟓                                (11) 

The values of β, qmax, E and R2 as a function of temperature are 
listed in Table (3). If the values of E were less than 8 kl/mol, the 
mechanism maybe a physical adsorption, while E values between 
8-16 kJ/mol assumes the adsorption to be controlled by ion 
exchange, and E greater than 16 kJ/mol presume a particle 
diffusion mechanism (chemical process). It can be observed that 
the values of E may be physical (electrostatic) in nature. 
 

 
Figure 14: Isotherm Dubinin (DKR) for Orange G dye at 25 oC 

and different concentrations on MnO2 nanoparticles. 
 
The Temkin isotherm in the linear form has been used as the 
following equation: 

Qe = BlnKT + BlnCe                  (12) 

Where B= RT/ b is related to heat of adsorption (J/mol), KT is 
equilibrium binding constant (L/gm), and R is the gas constant 
(8.314 J/mol. K). Both KT and B are calculated (as shown in Table 
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3) from the intercept and the slope of curve between ln Ce and Qe 
as in Figure (15). 

 
Figure 15: Isotherm Temkin for Orange G dye at 25 oC and 

different concentrations on MnO2 nanoparticles. 
 
Table 3- The calculated adsorption parameters of the four used 
isotherms.  

Langmuir Freundlich 
T( °C ) KL R2 qmax  RL 2R 1/n 𝑲𝑲𝑭𝑭 

20 0.9319 0.9754 5.78 0.0969 0.94 2.075 4.0771 
25 3.6648 0.9092 5.83 0.0265 0.942 2.264 4.6568 
30 1.7257 0.9808 5.88 0.0547 0.938 2.507 5.3941 
35 2.3029 0.9806 5.93 0.0416 0.900 2.665 5.9685 
40 2.6638 0.9804 5.94 0.0.036 0.864 2.569 6.054 

 
DKR( ) Temkin 

R2 E 𝐪𝐪𝐦𝐦𝐦𝐦𝐦𝐦 𝛃𝛃 R2 B 𝑲𝑲𝑻𝑻 
0.397 0.397 2.502 -0.0789  0.969 3.387 8.355 
0.941 0.336 2.506 -0.0567  0.975 3.143 9.026 
0.935 0.278 2.514 -0.0388  0.970 2.853 9.720 
0.891 0.240 2.534 -0.0289  0.955 2.639 10.357 
0.905 0.219 2.553 -0.0240  0.953 2.625 10.804 

 
The adsorption of Orange G dye on MnO2 nanoparticles was fit to 
Langmuir isotherm by higher correlation factor (R2) values (Table 
3) (Farghali et al. 2013). 
The values of dimensionless sorption factor (KL) were close to 
zero and this is an indication for favorable adsorption. The 
intensity of adsorption (n) showed low values (n<1); this indicates 
a very low affinity between adsorbents and adsorbate (Fungaro et 
al. 2011). The Freundlich constant (KF) increased with increasing 
the temperature and this is an indication for endothermic reaction. 
In isotherm Dubinin (DKR), the energy equation gives us a 
perception of the adsorption mechanism. E <8 KJ /mol indicates 
that the physical force influence adsorption, E> 16 indicates the 
spread of molecules, and when E between 8 and 16 indicates that 
adsorption is directed by ion exchange; the value of B less than 40 
kJ/mol is an indication for physical adsorption (Amir et al. 2017). 

 Thermodynamics parameters 

The thermodynamics parameters (ΔH°, ΔG°,  Δ S°) of the removal 
of dye on MnO2 were calculated according to the following 
relations: 

KC = Ae−∆H/RT                               (13) 
lnXm = −∆H

T
+ K                            (14) 

Where lnXm is the natural logarithm for greatest amount adsorbed 
(mg/g), K is the constant of Van’t Hoff equation, R is the 
universal gas constant (8.314.10-3 J/mol. K-1) and T is the 
temperature in Kelvin. 

∆G° = −RTlnK                               (15) 

K =
Qe × m
Ce × V

 

∆G° = ∆H − T∆S°                           (17) 

∆S° = ∆H−∆G°

T
                                    (18) 

 
The value ΔH° was calculated from the slope and intercept of the 
Van’t Hoff plots (the plots of ln Xm versus 1/T) (Figure 16, Table 
4) (Haciyakupoglu et al. 2015). The value of ΔH° was positive, 
which means the adsorption processes is endothermic; the value 
of ∆G is negative indicating that the adsorbent could be happened 
spontaneously; and the value of ∆S is positive and that means the 
molecules motion aren’t limited. 
 
 
Table 4- Values of thermodynamic functions for adsorption 
Orange G dye on MnO2 nanoparticles. 

40 oC Co 35 Co 30 25 oC 20 oC Thermodynamic 
function 

Ce 
(mg/L) 

1.63 ∆H 
kJ.mol-1 

30ppm -3.51 -3.19 -2.93 -2.57 -2.60 ∆𝐺𝐺 
kJ.mol-1 

16.42 15.64 15.04 14.09 14.43 ∆𝑆𝑆 
J.mol-1 K-1 

 

 
Figure 16: Values of greatest amounts adsorbed (ln Xm) for 
Orange G dye on MnO2 nanoparticles at different temperatures 
(293-318 K). 

Conclusion 

Based upon the experimental results of this study, nano-MnO2 can 
be considered as an adsorbent for the treatment of Orange G dye 
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from waste water. In batch experiment, the influence of contact 
time, initial dye concentration, amount of MnO2, and temperature 
were showed to be effective. The removal of dye is an 
endothermic process. It was found that the pseudo –second order 
model might have followed by the adsorption process as 
supported by correlation coefficients of the linear plots, and also 
qcala were very close to the qexp for the pseudo –second order rate 
kinetics. The isotherm study indicates four isotherms models. 
Adsorption data was fit to Freundlich isotherm. The Freundlich 
constant (kF) increases with increasing the temperature and this is 
an indication for endothermic. In isotherm Dubinin (DKR), the 
energy equation gives us a perception of the adsorption 
mechanism. E <8 KJ /mol indicates the physical force influence. 
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