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Abstract

This work reports approach of facile and one-step synthesis of manganese

oxidegraphite (MnO,-G) composite and its catalytic activity towards

degradation of methylene blue (MB) dye. The composite was characterized by
using SEM/EDS, XRD, and FTIR. Degradation reaction of MB was investigated
by varying composite doses, MB concentrations, temperatures and pH values.
The residual concentration of the dye in the aqueous solution was determined
using UV-Vis spectrophotometer. The kinetics of adsorption step was described
by pseudo first-order and pseudo-second order kinetic models. The pseudo-
second order well fitted the experimental data. Moreover, Langmuir-
Hinshelwood (L-H) model pseudo first order was utilized to evaluate the

degradation reaction rate at different experimental conditions. Degradation
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reaction rate has increased with the increase in composite dose to a certain
point after which the rate decreased. Also, the degradation rate increased
proportionally with temperature, while inversely proportional with dye
concentration and pH value. A simple mechanism for adsorption and

degradation of the dye over the composite was proposed.
1. Introduction

Nowadays, the industrial wastewater considers a one from essential
sources that introducing the pollutants in the environment. However,
effluents from textile and dyeing industries containing synthetic dyes
and pigments are considered as environmental hazardous that cause
messing up of drinking water and sometimes characterized as a
carcinogenic [1]. The presence of the dye in water even at very low
concentrations was harmful to the underwater plants [2], where the dyes
interfere with water properties and inhibit the penetration of sun light
causing reduction of the photosynthesis process.

Methylene blue (MB) dye is used in various applications such as
dyeing cotton, wood, silk, furthermore, MB is commonly used as a
photodynamic anti-microbial agent in biological materials, moreover, MB
act as a photosensitizer in solar cells and a surface modifier of
semiconductor colloids and a test compound in semiconductor
photocatalysis [3]. However, MB-dye has a harmful effects on both
human and animals that causes permanent burn in eyes nausea,
vomiting, and methemoglobinemia [4]. Therefore, it is necessary to
remove MB industrial wastewater before it damages the natural

environment.

Manganese oxides are natural occurring materials that are widely
extended in soils and sediments. Because of their excellent
semiconductivity, porosity, and mixed-valent property, manganese oxides
have also been used or synthesized recently as a catalyst via the
re-oxidation of manganese from a lower valence to a higher valence in
many technological applications [3]. With reducing potential between
1.27V-1.5V [5], MnO, acts as potential oxidant and diminished the

toxicity of organic and inorganic materials [6, 7].
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Manganese oxide is required in a wide applications in water
treatment [8, 9], this is attributed to its ability to form multi-oxidation
states (MnO, MnOg, Mny03, and Mn3Oj5) [10].

MnO,, particles in the nanoscale tend to aggregate as well as become

less stable, which leads to decrease their catalytic efficiency, moreover,
the difficulty of removing these nanomaterials from the treated water, it

becomes more interest to support MnO, nanoparticles on a suitable

substrate to give a good separately and remarkable oxidation properties

for the treated wastewater.

In this study, MnO, nanoparticles supported by graphite flakes were

prepared using wet attrition process as a green, simple and low cost
technique. The composite prepared was used to remove MB dye from
water. The effect of sample dosage, dye concentration, initial pH, and

temperature on the removal rate of the dye was investigated.
2. Experimental

2.1. Materials and instrumentation

All chemicals were of analytical grade and used as received.
Methylene blue (MB) was purchased from Sigma-Aldrich. Water
distillatory (2108, GLF, Germany), pH meter (3510, Genway), Hot plate
stirrer (SB 162, Stuart, UK), Centrifuge, (Mikro 220R, Hettich, UK),
UV/Vis. Spectrophotometer-Double beam (T80+, PG instruments Ltd.,
UK), Analytical balance (CP 2245, Sartorius, USA) and ball mill (Retsch-
PM400) were used during the experimental preparations and

investigation.

Surface morphologies of nanoparticles were investigated by using
scanning electron microscopy (SEM) “Jeol Japan —JSM-636 OLA”, while
elemental analysis was achieved using SEM-EDS unit. Crystallinity of
particles was determined by X-ray diffraction (XRD) “Shimadzu, Japan
XRD - 7000”. Various vibration modes were performed by Fourier

transmission infrared spectroscopy (FTIR) “Shimadzu, Japan-8400s”.
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2.2. Preparation of manganese oxide-graphite (MnO, -G) composite

MnO, -G composite was prepared using wet attrition technique.

Briefly, 5g of graphite, 6g of potassium permanganate, and 4g of sodium
nitrite were charged in a laboratory scaled ball mill. Steel balls were used
as milling media, 250ml steel vial was used as a reactor and the ball mill
was adjusted at 400rpm on a “continuous mode”. A milling period of 8 hr,
media weight of 113g and ethanol volume of 50ml were taken as milling
conditions. The produced composite was then separated by filtration,
washed several time with distilled water and finally washed by 200ml
hot distilled water, then dried at 110°C for 24 hr.

2.4. Catalytic degradation and removal efficiency

The dye degradation by MnO,-G was studied by monitoring the

color change of the MB dye in an aqueous solution under continuous
stirring. The experiments were carried out in a glass beaker where
different amounts of composite (10mg, 25mg, 50mg, and 100mg) were
added into four beakers each of them containing 10ml aqueous solution of
certain concentration of MB dye. The dye concentration was 100ppm,
150ppm, 200ppm, and 300ppm, temperature (25°C, 40°C, 60°C, and 80°C)
and pH (1.5, 3, 7, 9, and 11). 0.5ml of the suspension was removed and
centrifuged. After phase separation 0.1ml of the centrifuged solution was
diluted to 10ml by distilled water and MB concentration was determined
at 662nm, 293nm, and 243nm.

The dye removal efficiency (Deg.%) is defined as:

Deg.% = (COC—_OC” x 100, )

where, Cy and C; are the initial concentration and the concentration of

dye at time ¢, respectively.
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2.5. Kinetic study
2.5.1. Adsorption kinetic
2.5.1.1. Pseudo first order kinetic model

The adsorption kinetics can be described by a pseudo-first order

equation as suggested by Lagergren [11]:

K it
log(q, —q;) = log g, + 2;33 : 2

where ¢,(mg/g) is the amount of sorption at equilibrium time, g,(mg/g)
is amount of sorption at time ¢, K,g( min™') is the rate constant of
pseudo first order sorption. Values of K,; were calculated from the slope
of linear plots of log (g, — q;) versus t.

_ (CO - Ce)V

e = 1000w @)

where Cj is the initial concentration (mg/L), C, is the dye concentration
at equal time intervals (mg/L), V is the volume of dye solution (mL), w is

the mass of adsorbent (g).

(G -C)V

_ 4
qt 1000w @)

where C; is the dye concentration at different time intervals (mg/L).

2.5.1.2. Pseudo second order kinetic model

The pseudo second order equation developed by Ho and McKay [12]

has a linear form as:

Lo Lo, L 6)
qt que Qe

where Ks(g mgf1 minfl) 1s the rate constant of pseudo second order

reaction.
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2.5.2. Catalytic kinetic (first order kinetic model)

1n% = Kt, (6)

where A, the absorbance of MB at ¢t = 0, A the absorbance of MB at

different time intervals, and K(min~!) is the apparent rate constant.

3. Results and Discussion

3.1. Characterization

The morphology of the precursor graphite (pr-G) and MnO,-G

composite at different magnifications was investigated by SEM, as shown
in Figure 1. The pr-G seems as compacted flakes-like structure, as in

Figure 1(a)-(c) (left). The SEM micrographs of MnO,-G composite
indicate that the MnO, nanoparticles were emerged everywhere on the

surface and within the graphite flakes, as demonstrated in Figure 1(d)-(f)
(right). Consequently, MnO, will be highly dispersed on the graphite

layer and accordingly the catalytic activity should enhance dramatically.
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[II] MnO, -graphite composite

Figure 1. SEM image of [I] precursor graphite ((a), (b) and (c)) and [II]
the MnO,, -graphite (MnO,.-G) composite ((d), (e) and (f)).



PREPARATION AND CHARACTERIZATION OF ... 29

The XRD patterns of pr-G, MnO,, and (MnO,-G) composite are
presented in Figure 2. It is clear that from Figure 2(a), the Pr-G shows a
sharp diffraction peak at 26.8°, this peak characterized the crystalline
structure of the graphite. The diffractogram reveals that MnO,. does not
show any narrow peak, which proves the amorphous structure of
emerged nanoparticles as in Figure 2(b). MnO, -G composite shows XRD

patterns (Figure 2(c)) which combine of the XRD patterns of both pr-G
and MnO,,.

- T ¥ T y T " T

intnsity (a.u.)

0 20 40 60 80 100
2 Theta

Figure 2. XRD patterns of (a) pr-G, (b) MnO,,, and (¢) MnO, -G composite.
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The basic chemical compositions of pr-G and (MnO,-G) composite

were determined by EDS analysis as demonstrated in Figure 3. The EDS
spectrum, Figure 3(a), showed that the pr-G mainly composed of carbon
(At% = 100). On the other hand, the elemental composition of (MnO, -G)

composite (Figure 3(b)) showed that the composition of the composite is
C (At% = 41.01), O (At% = 31.72), Mn (At% = 15.97), Na (At% = 7.61), and
K (At% = 3.68). The atomic ratio of Mn:O is 1:2 and the traces of Na and
K came from NaNO,; and KMnOy, respectively.
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Figure 3. EDS analysis of (a) graphite and (b) MnO, -graphite

(MnO,.-G) composite.

FTIR was used to detect the functional groups within the material

under investigation. Figure 4, summarizes the FTIR of pr-G, MnO,.-G

composite, MB dye,

and MnO,-G-MB

complex composite after

interaction with the dye solution. According to the FTIR spectrum of pr-G

(Figure 4(a)) there is a broad wide band at ~ 3433cm ™! reveals to the O-
H stretching of hydroxyl group, Figure 4(b), which refers to (MnO, -G)

composite, shows two broad bands at ~ 3433cm™! and ~ 530cm ™
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corresponding to OH stretching and Mn-O stretching vibration [13]. The
FTIR bands which reveals to MB dye are shown in Figure 4(c). After the
water treatment process, MnO,-G composite shows FTIR spectrum
(Figure 4(d)) with absence of the MB-dye peaks, this affirms the catalytic
degradation approach of MnO, -G composite.

intnsity (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

-1
cm

Figure 4. FTIR spectrum of (a) pr-G, (b) MnO,. -G composite, (c) MB dye,

and (d) MnO, -G composite after interaction with the dye solution.



PREPARATION AND CHARACTERIZATION OF ... 33
3.2. Influence of experimental parameters
3.2.1. Composite dose

Experiments performed with different doses of the catalyst (Figure
5(a)), show that the removal percent (%R) increases with increasing the
catalyst amount to certain extent after which the %R start to decrease.
This is attributed to increasing the number of available active sites with
increasing of the amount catalyst dose, as a result, the removal percent
increase. Moreover, at addition of the solid to the dye solution with high
dose, the solid composite tend to agglomerate, resulting in reduction of
number of available active sites and decreases the removal percent
[14, 15].

The information calculated from the pseudo first-order and pseudo
second-order kinetic models plots (Figure 5(b) and (c), respectively) at
different MnO, -G dose are presented in Table 1. It is indicated that the

pseudo second-order kinetic model has a high correlation coefficient
(R% > 0.97), moreover, the values of adsorption equilibrium (g,)
calculated much closer to the g, calculated form the experiment than

that calculated from the pseudo first-order. Therefore, it can be concluded
that the pseudo second-order kinetic model is the best fit for the

experimental data.
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Figure 5. Effect of composite dose on (a) removal percent (%R) of the
dye, (b) pseudo first-order kinetic model, (c) pseudo second-order kinetic
model, (d) In (Ao/A) for the catalytic degradation, and (e) change in
reaction rate with catalyst dose. ((MB] = 100ppm, pH = 7 and T = 25°C).
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Table 1. Calculated parameters of the pseudo first-order and pseudo

second-order kinetic models for various MnO,,-G doses

Adsorbent First-order kinetic parameter

dose, mg 9e exp(mee) K (min~L Qe cal (mglg) 2
1(min™") ecal R
0.01 79.60 -0.18 67.61 0.981
0.025 39.80 -0.83 30.90 0.899
0.05 19.80 -0.83 5.70 0.940
0.10 9.53 -0.71 4.41 0.977
Adsorbent Second-order kinetic parameter

dose, mg Qe exp(melg)
Ko(gmg 'min7!)  Jecal (mgfg) R2

0.01 79.60 3.62 x 1073 87.60 0.970
0.025 39.80 0.02 41.67 0.972
0.05 19.80 0.17 20.00 0.997
0.10 9.53 0.39 9.80 0.999

The catalytic degradation kinetic of some organic dye species use
Langmuir-Hinshelwood (L.-H) model pseudo first order to evaluate the
degradation reaction rate [15]. The model determines the relation
between the initial degradation rate and initial concentration of organic

adsorbate. L-H model can be expressed by Equation (6).

The inset of Figure 5(d) shows a good linear relationship between
In (AJ/A) versus reaction time for various catalyst dose and the rate
constant (k) was calculated from the obtained slopes. Figure 5(e) presents
the relation between K and the catalyst dose amount. The figure shows
that at the beginning, the rate increases with increase of the catalyst
amount. However, at higher amount of composite dose (> 50mg) the
degradation rate decreases. This is referring to the rate of degradation
reaction highly affected by the adsorption process [16, 17], where, the dye
species transfer from the bulk of solution to the surface of catalyst by

adsorption process.
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3.2.2. Dye concentration

The degradation of MB was carried out over a constant condition of
T = 25.0°C, pH = 7.0 and catalyst concentration = 25mg/10ml within
15 min for various dye concentrations. As indicated from Figure 6(a), the
removal percent of the dye decreases with increasing the dye
concentration in the range (100, 150, 200, and 300mg/L). This is due to,
increase the number of the dye species in the aqueous solution, as a
result of increasing in the concentration of the dye, while, the number of
available active sites are limited, this leads to decrease the degradation
percent [18]. Moreover, the increase in the number of substrate ions
accommodating in the interlayer spacing inhibits the action of catalyst
[19].

The adsorptions kinetic models; pseudo first order and pseudo second
order were plotted at various concentration of MB dye as presented in
Figure 6(b) and (c), respectively. The kinetic parameters were calculated

and the correlation coefficients obtained are listed in Table 2. From the
R? values (> 0.990) and the calculated g, values, it can be demonstrated

that the pseudo second order adsorption kinetic models fitted well the

experimental data.
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Figure 6. Effect of MB dye concentration on (a) removal percent (%R) of
the dye, (b) pseudo first-order kinetic model, (c) pseudo second-order
kinetic model, (d) In (A./A) for the catalytic degradation, and (e) change in
reaction rate with dye concentration. (Catalyst concentration = 25mg/10ml,
pH=7and T = 25°C).
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Table 2. Calculated parameters of the pseudo first-order and pseudo

second-order kinetic models for various concentration of MB

First-order kinetic parameter

[MB], ppm  4eexp (mglg)

Kl(mjnfl) Qe cal (mglg) R2
100 37.80 -0.38 30.90 0.899
150 55.12 -0.24 46.77 0.987
200 50.00 -0.17 41.70 0.988
300 34.00 -0.14 24.55 0.993

Second-order kinetic parameter

[MB], ppm 9eexp (mglg)

Ky(gmg ' min1) e cal (mglg) R2
100 37.80 0.02 41.67 0.997
150 55.12 5.70 x 10~ 62.50 0.990
200 50.00 4.60 x 1073 57.50 0.993
300 34.00 0.011 34.50 0.992

Different dye concentrations gave linear -correlations between
In (AJ/A) and the reaction time (Figure 6(d)) indicating the degradation
reaction is a pseudo first order kinetic reaction. The rate constants were
calculated from the obtained slopes. By plotting the rate constants vs.
different dye concentrations (Figure 6(e)), it is clear that the kinetic rate

constant decreases with the increase in dye concentration.
3.2.3. Temperature

The catalytic degradation studies were carried out at 25°C, 45°C,
60°C, and 80°C and the results of these experiments are shown in Figure
7(a). It is clear from the figure that the used temperature range has not
influenced on removal of MB-dye, where the removal percent at 25°C
(91.86), 45°C (92.88), 60°C (94.24), and 80°C (92.54).
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The linear relation of pseudo first order and pseudo second order
adsorption kinetic models are shown in Figure 7(b) and (c). The calculated

values of ¢, and correlation coefficients R? are summarized in Table 3.

The values of R? obtained from pseudo first order model was < 0.990,
while in case of pseudo second order adsorption model R? > 0.990.
Moreover, the calculated values of ¢, agree very well with the

experimental data. This indicates that the reactions kinetic of the

adsorption process is more likely flow the pseudo second order models.

Table 3. Calculated parameters of the pseudo first-order and pseudo

second-order kinetic models at different temperatures

First-order kinetic parameter

T, °C de exp (mglg)

Kl(minfl) e cal (mg/g) R2
25 55.12 0.24 46.77 0.988
45 55.73 0.38 41.90 0.990
60 56.54 0.49 33.90 0.979
80 55.52 0.39 19.10 0.860

Second-order kinetic parameter

T, °C deexp (mglg)

Ko(gmg T min!)  ecal (mglg) R2
25 55.12 5.70 x 103 62.57 0.990
45 55.73 0.013 62.50 0.999
60 56.54 0.046 55.56 0.998
80 55.52 0.032 58.82 0.999

The apparent pseudo first order constants at different temperatures
were evaluated by plotting the natural logarithm of AJ/A as a function of
time using the first order kinetic analysis as shown in Figure 7(d). The
relation between the rate constant and temperature was investigated as
presented in Figure 7(e). From the graph, it can be concluded that by

increasing the temperature the degradation rate increases.
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Figure 7. Effect of temperature on (a) removal percent (%R) of the dye,
(b) pseudo first-order kinetic model, (c) pseudo second-order kinetic model
(d) In (As/A) for the catalytic degradation, and (e) change in reaction rate
with temperature. (Catalyst concentration = 25mg/10ml, [MB] = 100ppm
and pH=7).

3.2.4. pH

Decolorizing reactions involving MnO, catalyst were investigated

within pH range 1.5-11 at 25°C, [MB] 150mg/L. and catalyst dose
25mg/10ml, as explained in Figure 8(a). The results obtained indicated
that by decreasing pH from 11 to 1.5, the decolorization increases. This
phenomenon can be explained as follow, the pH value of the aqueous

solution not only affected on charge density of both adsorbent (MnO, -G)

and the adsorbate (MB) species, but also, the variation in the pH values

will be influenced on the reduction potential of MnO, according to

Nernst equation (Equation (7)), which indicating that the decreasing in
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the pH values leads to increase the reduction potential of MnO,

according to Equation (7):
MnOy(s) + 4H" < Mn%"(aq) + 2H50, ¢°(MnOy/Mn2*) = 1.23V.  (7)

Moreover, the %R decreased with increasing pH, suggesting that the
increase in density of surface complexes was not the predominant factor
that control the oxidative decolorization of MB. Thus, pH causes a double
edged effect on MB oxidation by controlling the surface complex

formation and MnO, reduction potential.

Furthermore, the larger %R results at lower pH than at higher pH
refer to the effect of pH on the reduction potential rather than its effect
on the surface complexation [5]. The kinetic data at different pH values

obtained from the pseudo first order and pseudo second order kinetic
models are found in Table 4. Values of R% and q. calculated from pseudo

first order model (Figure 8(b)) and pseudo second order kinetic model
(Figure 8(c)) confirm that the experimental data fit very well pseudo

second order kinetic model.
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Figure 8. Effect of pH of solution on (a) removal percent (%R) of the dye,
(b) pseudo first-order kinetic model, (c) pseudo second-order kinetic model
(d) In (Ao/A) for the catalytic degradation, and (e) change in reaction rate
with pH value. (Catalyst concentration = 25mg/10ml, [MB] = 100ppm and
T = 25°C).
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Table 4. Calculated parameters of the pseudo first-order and pseudo

second-order kinetic models for different pH values

First-order kinetic parameter

pH de exp(mg/g)

Kl(minfl) Qe cal (mg/g) R2
3 59.59 -0.25 49.00 0.990
7 55.12 -0.24 46.77 0.990
9 51.26 -0.35 55.00 0.990
11 49.83 -0.17 36.31 0.993

Second-order kinetic parameter

pH 9eexp (mglg)

Ky(g mg ™! min~! ) e cal (mglg) R2
3 59.59 0.015 66.60 0.993
7 55.12 5.70 x 10~ 62.50 0.990
9 51.26 0.017 58.22 0.994
11 49.83 0.020 50.00 0.972

By fitting the kinetic data obtained at different pH values in the
pseudo first order rate Equation (6) gives Figure 8(d) and the slope of the
linear graph gives the rate constants for each pH value. Figure 8(e) gives
the relationship between the rate constants and different pH values, in
which it is clear that decreasing the pH value is accompanied by decrease

in the rate constant.

Several UV-Vis spectrum of MB-dye with time 0-15 min for the MB
solution treated with MnO, -G at pH 1.5 are displayed in Figure 9. From
this figure, over time, the absorbance not only decreased but also A,

was blue shifted from 664 (at zero time) to 552nm (after 15 min treating
time). Wang et al. [20], had reported similar observation at using

MnO, -MB-dye system under microwave irradiation. Where, they

indicated that maximum peak at 665nm was blue shifted to 618nm,

600nm, 588nm, and 562nm as a function of time.
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Figure 9. The UV-Vis spectra in the range of 190-700nm of MB-dye
(IMB] = 100ppm, catalyst dose = 0.2g/20ml, T = 25°C and pH = 1.5 for
0-15 min).

We can refer the shift in the maximum wave length (A, ) to the

presence of auxochromic alkylamine group in MB-dye, on one hand, the
catalytic degradation of this type of the dye proceeded through
N-dealkylation. On the other hand, the gradual degradation of all or part
of auxochromic group (methyl or methyl amine) cause gradual decrease
in color intensity and also blue shift [21, 22]. The change in the color of
the dye as the treated time was prolonged (0-15 min.) with MnO, -G at

pH 1.5 was shown in Figure 10.
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Figure 10. Change in the color of dye with the treated time of MnO,. -G
([MB] = 100ppm, catalyst dose = 0.2g/20ml, T = 25°C and pH = 1.5 for 0-15 min).

3.3. Comparison with different degradation systems

A comparison of the obtained MB degradation results in this paper on

using MnO, -G composite with other recent systems using copper,

ruthenium, chromium, cobalt, and iron based oxides are reported in
Table 5. From the data receded in the table, we can concluded that the
composite prepared in this research consider to be more efficient and

save the time more than the other used catalysis.
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Table 5. Comparison of degradation of MB-dyes using various degradation

systems

Catalyst [MB] [Dose] time [0.A] %R Ref.
CuO petals 0.2¢g/L 20mg/100ml 24 hr 200ml/L HyOg 95 [23]
CuO flowers 0.2g/LL 20mg/100ml 24 hr 200ml/L Hy0g9 72 [23]
[RuIH(hedtra)(HZO)] 0.05mM 0.05mM 10 min 20mM Hs09 99.9 [24]
CrO(OH) NPs 200mg/L | 0.04g/10ml | 30 min 80 [25]
CrO(OH) NPs 200mg/L 0.04g/10ml 10 min | 100mV/L Hy0y 80 [25]
CuO 10mg/L 10mg 60 min | 200ml NaOCl 100 [26]
Co-oxide 50mg/L 0.5g/LL 25 min | 45g/L NaOCL 100 [27]
Fe Co-oxide 50mg/L 0.5g/LL 40 min | 45g/L NaOCL 100 [27]
Fe Co-oxide 50mg/L 0.5g/L 60 min | 45g/L NaOCL 72 [27]
MnO, -G 100mg/L 25mg/10ml 10 min 99.5 This work

4. Conclusions

This paper states an easy preparation of a highly active MnO, -G

catalytic composite. The composite was prepared by one-step wet milling

approach and used as a catalyst in the catalytic degradation of the MB

dye. Based on the calculated and experimental ¢, and R? values

obtained from different experimental conditions, the pseudo second-order

kinetic model was suggested to describe the kinetic of adsorption step.

The catalytic degradation of MB dye was fitted by pseudo first-order

kinetic model according to L-H model. The rate of catalytic degradation

was increased with the increase in composite dose to a certain point

(26mg) after which the rate decreased. Also, the degradation rate

increases with rising in the temperature, while the degradation rate

decreases with further increasing in the dye concentration and pH value.
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