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Abstract
Even though photocatalyst nanoparticles can offer effective degradation of organic pollutants, this can stimulate another pollu-
tion problem related to contamination with nanoparticle themselves. Furthermore particle aggregation could cause reduction 
of interfacial surface area and photocatalytic efficiency. One effective approach for wastewater treatment is superimposing 
photocatalyst on a high surface area porous support. MnO2 has attracted attention as its electronic structure is semiconduct-
ing. The d–d electronic transitions can take place under illumination as the d-orbitals are not completely occupied. This study 
reports on a new approach of sustainable fabrication of mono-dispersed MnO2 particles (20 nm average particle size) with 
a constant product quality using hydrothermal synthesis procedures. TEM and SEM procedures were utilized to study the 
particle size and morphological structure of the prepared MnO2 particles. While the crystalline phase was measured using 
XRD. The synthesized colloidal MnO2 particles were supported onto porous aluminum oxide and physically attached to the 
support free surface via calcinations at 500 °C. MnO2-coated Al2O3 demonstrated an extensive surface area of 140 m2/g. The 
catalytic activity of MnO2-coated AL2O3 was evaluated by degrading organic contaminant. Catalytic process in presence 
of UV-irradiation and H2O2 removed 95% of contaminant within 10 min. The mechanism of dye-removal was reported to 
be a novel combinatorial synergistic effect of adsorption, oxidation, and photocatalysis. Coupling different semiconductor 
metal oxides together extended sample’s light response to visible region and enhance photo-generated e−-h+ separation effi-
ciency. This study shaded the light on novel high interfacial surface area photocatalyst; that can be easily isolated avoiding 
contamination with nanoparticles.
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1  Introduction

The immense demand for drinking water quality and indus-
trial drainage boosts the technologies for adequate and eco-
nomic water treatment. Combining two or three methods 
for wastewater treatments into the hybrid process is con-
sidered as a new methodology to achieve this purpose [1]. 
In a hybrid process, different cohesive procedures are com-
bined into one system. Diverse of biological, physical and/or 

chemical processes could be united, completing each other, 
forming a hybrid process [2]. Such an approach can rise 
above any single process disadvantages and can offer syn-
ergistic effect with better efficiency and sustainability [3]. 
Much research work has been directed to the development 
of hybrid material candidate for adsorption and photoca-
talysis for water treatment [4]. Photocatalytic degradation of 
organic compound basically involves three stages:

1.	 The activation of the photocatalyst by light energy to 
generate electrons and holes.

2.	 The holes oxidize water to generate hydroxyl radicals 
(primary oxidant), and at the same time the electrons 
reduce oxygen to form other oxidizing agents including 
more hydroxyl radicals.

3.	 The radicals oxidize the pollutants eventually to carbon 
dioxide, water, and simple mineral acids [4–7].
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TiO2-coated activated carbon demonstrated several 
advantages for methyl orange photo-degradation compared 
to adsorption or photocatalysis [8]. Lim et al. [3] investigated 
the hybrid process of using adsorption and photocatalysis for 
organic pollutants degradation using TiO2/activated carbon 
(AC). This approach offered many advantages including; 
TiO2/AC was reported to be more reliable pollutant removal 
and more versatile. TiO2/AC could be more resistant to deac-
tivation. TiO2/AC provided better mineralization results; the 
micron size of TiO2/AC could be easily recovered compared 
to TiO2 nanoparticles [3].

The photocatalytic properties of manganese oxide have 
drawn an increasing attention as its electronic structure is 
semiconducting [9]. Electronic transitions could occur under 
irradiation, owing to incompletely occupied d-orbitals. 
Therefore manganese oxide can act as an effective photo-
catalyst without doping with other cations [10]. The catalytic 
action can occur by stimulating the occupied electrons on 
O-2p to the unoccupied 3d orbits [11, 12]. Manganese oxide 
was employed to degrade halogenated methane in the gas 
phase under visible illumination [13–15]. Under UV illumi-
nation, manganese oxide demonstrated effective photo-cata-
lytic degradation of methylene blue compared with TiO2 [9]. 
This indicates that the photocatalytic activity of manganese 
oxide could be greater than common catalysts i.e. TiO2 or 
ZnO [16]. Manganese oxide can offer significant capabili-
ties including; surface adsorption; oxidation–reduction and 
photocatalytic-oxidation [17]. These reactions can happen 
simultaneously and rapidly [18].

Nanosized manganese oxide semiconducter based mate-
rials have been found to be good environmental catalysis. 
To synthesize such material needs knowledge to control its 
crystal size in the photocatalyst [19]. This is, due to the par-
ticles agglomeration in solution which causes the reduction 
of photocatalytic efficiency. One way to overcome this draw-
back is to apply solution-based chemical synthetic method-
ologies such as sol–gel [20], in-situ oxidative method [21] 
and chemical oxidative polymerization method [22] that 
can easily disperse the oxide in organic solvent and homog-
enously load on the supported material. Nanoparticle refers 
to size of a particle with at least one dimension from 1 to 
100 nm [23]. Coupling different semiconductor metal oxides 
together extend sample’s light response to visible region and 
enhance photo-generated e−-h+ separation efficiency.

The sustainable fabrication of manganese oxide at the 
nanoscale is a vital issue for enhanced reactivity [24]. Many 
researcher investigate the catalytic activity of manganese 
oxide in different applications [17, 25]. It is broadly estab-
lished that the classical batch synthesis procedures are labo-
rious and time-consuming. These procedures cannot offer 
nanoparticles with controlled morphologies. Furthermore, 
they usually involve nanoparticle drying and sintering pro-
cesses. Accordingly, these resulted in producing of sturdily 

bonded or merged particles, with a fundamental reduc-
tion in their external surface area and reactivity. There are 
many techniques for the sustainable fabrication of different 
nanoparticles however, hydrothermal processing proved to 
be one of the most promising methods [26–31]. The uti-
lized fluid for hydrothermal processing is supercritical fluid 
(SCF) [32]. Despite the fact that, supercritical water (ScW) 
requires severe conditions (Critical temperature and pressure 
of 374.2 °C and 220.5 bar respectively); it is the common 
ScF in use for hydrothermal processing [33]. ScW imposes a 
tremendous number of hydroxide ions (OH−) and hydrogen 
ions (H+). The elevated levels of (OH−) ions at the critical 
point can be exploited for nanoparticle fabrication [34, 35]. 
Nanoparticles can be formulated through, hydrolysis of a 
metal salt (Eq. 1) that is immediately followed by a dehydra-
tion step (Eq. 2) [34, 35].

Hydrothermal fabrication includes instantaneous mixing 
of metals salts with ScW. Consequently, nanoparticles are 
formed at the edge of the two liquids [22, 23]. While most 
researches on manganese oxide photocatalysis have been 
directed to the gaseous degradation of organic compounds, 
rare research has been directed on adsorption, oxidation and 
photocatalytic activity of manganese oxide nanoparticles in 
solution.

This work demonstrates a new procedure for manufac-
turing MnO2 nanoparticles of 20 nm average particle size 
by sustainable hydrothermal technique. The developed 
colloidal particles were supported on a porous aluminium 
catalyst support of 185 m2/g and physically attached to the 
support surface via calcinations at 500 °C. MnO2-supported 
on Al2O3 demonstrated a surface area of 140 m2/g. This 
approach offered superior photocatalytic performance; the 
proposed mechanism for organic dye-removal is a combi-
nation effect of adsorption, oxidation, and photocatalysis. 
Under optimized photocatalytic process with UV-irradiation 
and H2O2 concentration, MnO2 demonstrated 95% removal 
of MB within 10 min. In the meantime, the catalyst can be 
easily isolated avoiding contamination with nanoparticles.

2 � Experimental Work

2.1 � Hydrothermal Fabrication of MnO2 
Nanoparticles

Hydrothermal processing method was used to manufacture 
manganese oxide nanoparticles where, the manganese metal 
salt flow (B) was immediately mixed with the flow (A) of 

(1)Hydrolysis ∶ MLx + xOH−
→ M(OH)x + xL−

(2)Dehydration ∶ M(OH)x → MOx/2 +
x

2
H2O
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supercritical water (ScW). Nanoparticles were continuously 
produced in the reactor (R) at the boundary of the two fluids. 
Flow (A) was 20 ml/min ScW at a temperature of 400 °C 
and a pressure of 240 bar. 0.05 M manganese acetate was 
manipulated as the metal salt precursor, flow (B), with the 
flow rate (10 ml/min). The complete manufacture procedure 
and more details about the hydrothermal processing of vari-
ous forms of manganese-oxides can be found in the follow-
ing reference [36, 37].

2.2 � MnO2 Nanoparticles Characterization

Transmission Electron Microscope (TEM) (JEM-HR-2100, 
Joel Corporation) and Scan Electron Microscope (SEM) 
(Zeiss EVO-10, Carl Zeiss Corporation) were used to study 
the morphological structure of manufactured MnO2 nano-
particles. The crystalline phase of manganese oxide was 
examined using XRD D8 advance by Burker Corporation.

2.3 � Supporting MnO2 Nanoparticles on a Porous 
Aluminum Substrate

Colloidal MnO2 nanoparticles were flocculated from their 
synthesis medium, excess water was decanted. Colloidal 
MnO2 particles were integrated onto the porous structure 
of aluminum substrate by sonication for 2 h. The porous 
substrate was separated and calcinated at 500 °C for 2 h. 
This approach could secure high crystalline structure and 
effective physical attachment to the substrate surface. Fig-
ure 1 shows the change of color of the substrate from white 
yellow to dark brown after calcination.

Figure 1 demonstrated that a uniform and effective coat-
ing with MnO2 nanoparticles was achieved. MnO2 loading 
level was found to be 17 wt%.

2.4 � Surface Area and Porosity Measurements

The porosity of developed photocatalyst was examined using 
the nitrogen adsorption–desorption method in a Micromerit-
ics apparatus. The relative pressure (p/p0) of the isotherms 
was measured for a relative range between 0.01 and 0.99. 
For every pressure step, and after equilibrium had been veri-
fied the amount of N2 adsorbed was measured. The photocat-
alyst porosity parameters such as surface area, pore volume, 
pore diameter, and micropore surface area were then calcu-
lated. The Brunauer-Emmett-Teller (BET) investigation was 
accomplished at a relative pressure (p/p0) between 0.06 and 
0.2 [38]. While N2 adsorbed at a relative pressure of 0.975 
was employed for the calculation of the total pore volume. 
Horvath-Kawazoe and BJH models were used in the estima-
tion of the size distribution of micropores and mesopores, 
respectively. The micropore volume was measured at (p/p0) 
of 0.2. However, the mesopore volume was estimated by 
subtracting the amount of N2 adsorbed at (p/p0) of 0.2 from 
that adsorbed at (p/p0) of 0.99 [38].

2.5 � Adsorption Measurements

The kinetic adsorption measurements were conducted using 
batch equilibrium techniques in Erlenmeyer flasks at 25 °C. 
0.5 g of catalyst was added to 50 ml of MB aqueous solution 
with a concentration range of 10–30 mg/l under a stirring rate 
of 100 rpm and natural pH (pH 6.2). Time recording started 
with the addition of the catalyst. At each time interval, 2 ml 

Fig. 1   Photo images of an aluminum substrate (a), and MnO2-coated aluminum substrate (b)
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were taken from the solution to be analyzed in a UV–Vis spec-
trophotometer (Shimadzu UV-1700 UV–Vis) at 664 nm for 
MB. The adsorption capacity at time t, Qt (mg/g) was deter-
mined using Eq. 3.

where C0 is the initial concentration of the dye, Ct is the 
concentration of the dye at measuring time t, m is the mass 
of the MnO2-coated aluminum catalyst, and V is the volume 
of the MB aqueous solution.

For the adsorption experiments, a fixed sample weight 
of 500  mg was added at different initial concentrations 
(10–30 mg/l) of MB. After every 10 min. the concentration 
was measured with a UV–Vis. The adsorption capacity of the 
prepared MnO2 particles, Qe (mg/g), was measured at equilib-
rium and given by Eq. 4.

where Ce is the concentration of the liquid at equilibrium. 
The experiments were accomplished at a natural pH of 6.2 
and the efficiency of the removal of methylene blue was 
described as Eq. 5.

(3)Qt =
V( C0 − Ct)

m

(4)Qe =
V(C0 − Ce)

m

(5)Removal(%) =

(

C0 − Ce

)

× 100

C0

2.6 � Photochemical Measurements

Photochemical measurements were conducted in a 250-ml 
glass immersed in a photochemical reactor, charged with 
50 ml of MB aqueous solution, where the solution is illu-
minated using a low-pressure 10 Watts mercury lamp with 
an emittance of 90% at 254 nm, placed axially and retained 
in a quartz immersion tube. Samples (ca. 2 ml) were taken 
at regular intervals for UV–Vis measurements at the maxi-
mum absorption peak of methylene blue (λmax = 664 nm). To 
guarantees that the adsorption–desorption equilibrium was 
established, the solution was stirred under dark conditions 
for 120 min.

3 � Results and Discussions

3.1 � Characterization of Synthesized MnO2

TEM micrographs demonstrated colloidal mono-dispersed 
MnO2 of an average particle size of 20 nm (Fig. 2a). While 
(Fig. 2b) verified the lattice high crystalline structure.

Figure 2 demonstrated MnO2 nanoparticles, with con-
sistent product quality, have been developed using hydro-
thermal processing. It is established that similar particles 
are expected to be developed as nucleation and subsequent 
particle growth are the same for all particles [26, 39]. Man-
ganese (IV) oxide crystalline structure was reported from 
XRD diffractogram (Fig. 3).

The spectrum above shows nine sharp peaks which agreed 
with the literature and Joint Committee on Powder Diffrac-
tion Standards (JCPDS) [10, 40]. Figure 4 shows that the 

Fig. 2   TEM micrographs of MnO2 nanoparticles: morphology (a), lattice from b 
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morphology of MnO2 particles visualized by SEM which 
demonstrated a great tendency of the particles to aggregate 
under the drying process.

It has been recognized that nanoparticles have a great 
tendency to aggregate over the drying process with a radical 
lessening in their reactivity and surface area [26]. This is why 
colloidal MnO2 nanoparticles were integrated into/onto the 
catalyst support in an attempt to maintain their high interfacial 
surface area and reactivity [11, 41].

3.2 � Characterization of MnO2‑Supported 
on a Porous Substrate

SEM micrograph of MnO2-coated Al2O3 demonstrated 
uniform coating throughout the porous substrate surface 
(Fig. 5).

Figure 5 reveals sphere porous substrate of 4 mm diam-
eter that is uniformly coated with MnO2 nanoparticles; 
there were no aggregates over the surface. The amount 
of N2 adsorbed at 77 k was plotted against the relative 
pressure shown in Figs. 6 and 7 for Al2O3 substrate and 
MnO2-coated Al2O3, respectively. The isotherm is consoli-
dation of types I and IV isotherms which are characteristic 
for micro-mesoporous adsorbent. The type IV isotherm 

Fig. 3   XRD spectrum of pre-
pared MnO2 nanoparticles
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Fig. 4   SEM micrographs of developed MnO2 nanoparticles

Fig. 5   MnO2 supported on Al2O3 porous substrate micrographs by 
SEM
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arises from both mesoporous and non-porous adsorbent, 
where the comprehensive filling of the smallest capillaries 
has arisen, it also defines a multilayer adsorption process. 
While type I isotherm arises from monolayer adsorption 
which is distinctive for microporous adsorbent. In these 
micropores, filling takes place significantly at a rela-
tively low partial pressure less than 0·1 p/p0, the adsorp-
tion process is complete at a partial pressure around 0·9. 

Moreover, nitrogen uptake takes place mostly at a partial 
pressure of more than 0.4. This indicates that the meso- 
or macro-pore structure in the sample was significantly 
developed. Both isotherms are distinguished by hysteresis 
loops, which developed in the multilayer domain of phy-
sisorption isotherms. Generally, these types of loops are 
accompanying with capillary condensation which is dis-
tinctive and reproducible for most mesoporous adsorbents. 

Fig. 6   Adsorption profiles of N2 
at 77 K on the alumina porous 
substrate
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BJH adsorption pore distribution of mesopores size for 
MnO2-coated Al2O3 is represented in Fig. 8, where broad 
peaks in the meso- and macropore range were observed. 
The main characteristic pore properties of the Al2O3 and 
MnO2-coated Al2O3 are listed in Table 1.

The results of Table 1 revealed that the synthesis pro-
cedure does not affect the surface area of the catalyst and 
both Al2O3 and MnO2-coated Al2O3 have high pore volumes 
and surface areas in comparison with other adsorbents and 
photocatalysts found in the literature [42–44]. The percent 

Fig. 8   The BJH adsorption pore distribution of meso-size for the MnO2-coated Al2O3
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of micro-pore volume (0.121 cm3/g) to the total pore volume 
(0.210 cm3/g) of the MnO2-coated Al2O3 catalyst is approxi-
mately 60%. Therefore, it is a good candidate as adsorbent 
and photocatalyst.

3.3 � Adsorption of Methylene Blue on MnO2‑Coated 
Al2O3

The adsorption of MB on the MnO2-coated Al2O3 catalyst 
at several initial dye concentrations in the range from 10 to 
30 mg/l, while maintaining other experimental parameters 
to be constant are shown in Fig. 9.

Figure  9 revealed that the adsorption of MB on the 
MnO2-coated Al2O3 catalyst can be divided into two time 
period steps. The first step, there was an increase in the adsorp-
tion capacity in a first step reaching a plateau in the second 

step, which corresponds to the maximum amount that could 
be adsorbed after around 120 min. As predictable, as the initial 
concentration increases the adsorbed amount increase due to 
an increase of the driving forces. To gain a better understand-
ing of the adsorption mechanism, the adsorption isotherms 
were studied. The isotherms were recorded at a tempera-
ture of 25 °C and displayed for the adsorption of MB onto 
MnO2-coated Al2O3 catalyst.

In an attempt to identify the interactions between 
MnO2-coated Al2O3 catalyst and MB, the experimental data 
points were estimated and fitted using the Langmuir, Freun-
dlich and Sips modeling [45, 46]. The empirical models used 
in this study involve two-parameter as well as three-parameter 
equations, at a constant temperature, describing the nonlin-
ear equilibrium between the pollutant in solution (Ce) and the 
adsorbed amount (Qe) [47–49]. The hypothesis of the Lang-
muir isotherm model is based on a homogeneous energy of 
adsorption at the adsorbent surface in the presence of a mon-
olayer coverage by the dye at all surfaces of the adsorbent, and 
in this case, all sorption sites are equal [50, 51]. Equation (6) 
describes the Langmuir equation, while Eq. (7) shows the lin-
earized form of it.

where b is the Langmuir constant, qm is the adsorption 
amount (mg/g) of the solid at monolayer inclusion. b and qm 
can be derived from the linear plot of Ce/q versus Ce. Table 2 
shows the calculated values of b and qm along with the cor-
relation coefficients. The dimensionless constant (RL) that 
is the fundamental characteristic of the Langmuir isotherm 
is given by:

where Ci (mg/L) is the highest initial concentration of MB 
and (RL) values between 0 and 1 indicate favourability 
of adsorption. (RL) was calculated to be 0.45 in the cur-
rent study which implies favorable adsorption of MB onto 
MnO2-coated Al2O3 catalyst surface. Figure 10 demonstrates 
the Langmuir adsorption isotherm and experimental data of 
MB adsorption over the MnO2-coated Al2O3 catalyst.

The hypothesis of the Freundlich isotherm model is not 
based on limited levels of sorption homogeneous or location 
energies, instead, the model describes the exponential distribu-
tion of active centers and heterogeneous surfaces [24]:

(6)q =
qm b Ce

1 + b Ce

(7)
Ce

q
=

1

qm b

+
Ce

qm

(8)RL =
1

( 1 + KLCi)

(9)q = k C1∕n
e

Table 1   The characteristic pore properties of Al2O3 and MnO2-coated 
Al2O3

a BET surface area
b Total pore volume
c Micropore volume estimated by the Horvath-Kawazoe model from 
the amount of N2 adsorbed at a relative pressure p/p0, of 0.20
d Mesopore volume, estimated by deducting the amount of N2 
adsorbed at p/p0 of 0.2 from that adsorbed at p/p0 of 0.99
e Mean pore diameter is estimated from (4 Vt/SBET)

Nomenclature SBET
a 

± 10
(m2/g)

Vt
b 

± 0.01
(cm3/g)

Vmic
c 

± 0.01
(cm3/g)

Vmes
d 

± 0.01
(cm3/g)

Dp
e 

± 0.01
(nm)

Al2O3 185 0.315 0.170 0.145 1.91
MnO2-coated Al2O3 140 0.210 0.121 0.089 2.10

0
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Fig. 9   Adsorption kinetic of a MnO2-coated Al2O3 catalyst, experi-
mental conditions: pH 6.2, m (catalysts) = 0.5 g, V (solution) = 50 ml, 
r (rate) = 100 rpm, T = 25 °C
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n and k are the constants of adsorption potential and adsorp-
tion depth respectively. Equation (9) can be linearized as 
shown in the equation below:

The value of n and k can be calculated from the slope 
and intercept of the linear plot of ln q against ln Ce. The 
Freundlich isotherm implements no data on the mon-
olayer adsorption density in contrast with the Langmuir 
model. Figure 11 shows the Freundlich adsorption iso-
therm and experimental data of MB adsorption over the 
MnO2-coated Al2O3 catalyst. Table 2 shows the values of 

(10)ln q = ln k +
1

n
lnCe

n and k obtained from the linear plots and the regression 
correlation coefficients.

The three-parameters Sips isotherm equation is postu-
lated from the restriction behavior of the Langmuir and 
Freundlich isotherms. The model is adequate for confined 
adsorption without adsorbate intraparticle interactions 
[15]. In the circumstance of a low value of Ce, Sips iso-
therm efficiently lessens to Freundlich, while at a high 
value of Ce, it can be used to predicts the monolayer sorp-
tion characteristic of Langmuir. The linearized form of 
Sips isotherm equation is expressed as:

where KS in L/mg is the Sips equilibrium constant and Qmax 
in mg/g is the maximum adsorption amount values obtained 
from the slope and intercept of the linear plot, respectively 
as shown in Fig. 4. Whereas n is a dimensionless factor of 
heterogeneity, its value is between 0 and 1. This factor can 
also be utilized to define the adsorption heterogeneity. When 
n = 1, the Sips equation lessens to the Langmuir equation 
and it specifies a homogeneous adsorption [52, 53]. Fig-
ure 12 shows the Sips adsorption isotherm and experimental 
data of MB adsorption over the MnO2-coated Al2O3 catalyst. 
Table 2 shows the isotherm models parameters and correla-
tion coefficient (R2) of MB adsorption over MnO2-coated. 
The R2 coefficient was derived to help in indicating the 
most precise model in describing the obtained experimen-
tal results.

The highest values of R2 Correlation coefficient, 
R2 = 0.99, obtained from applying Sips modeling sug-
gested that the results obeyed this isotherm, then followed 
by the Freundlich modeling isotherm, R2 = 0.96, and the 
Langmuir model, R2 = 0.95. Moreover, it should be rec-
ognized that both Langmuir and Freundlich models have 
only two adaptable parameters while the Sips model has 
three. As far as we know, in general, the accuracy and 
flexibility of the model increase with increasing adjust-
able parameters.

(11)1

qe
=

1

Qmaxks

(

1

Ce

)1∕n

+
1

Qmax
,

4

4.5
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y = 8.6704 - 0.52327x   R= 0.94725 

C
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)

C
e
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Fig. 10   Langmuir adsorption isotherm along with MB adsorption 
experimental data using a MnO2-coated Al2O3 catalyst
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Fig. 11   Freundlich adsorption isotherm and experimental data of MB 
adsorption over the MnO2-coated Al2O3 catalyst

Table 2   Isotherm models parameters and correlation coefficient (R2) 
of MB adsorption over the MnO2-coated Al2O3 catalyst

Isotherm Parameters R2

Langmuir KL = 25.489 L/mg
Qm = 0.037 mg/g

0.95

Freundlich KF = 0.325 (L/g)
1/n = 0.69

0.96

Sips KS = 6.27 × 108 L/mg
Qmax = 0.013 mg/g
n = 0.24

0.99
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3.4 � Photocatalytic Degradation Measurements

This experimental section was conducted to verify that the 
adsorption–desorption equilibrium was established, the solu-
tion was stirred under dark conditions for 120 min. Figure 13 
shows the photodegradation of methylene blue (MB) over 
different dose of MnO2-coated AL2O3 under UV illumina-
tion compared to methylene blue photolysis under the Ultra 
Violet light only, in the absence of catalysts in the solution. 
To ensure that an equilibrium is reached in the establishment 

of adsorption–desorption (not shown) and prior to the pho-
tocatalytic experiment, the concentration of MB was moni-
tored after 120 min. of magnetically stirring in darkness. The 
results showed that a faster degradation of MB solution was 
observed after exposing to 120 min. of UV radiation when 
MnO2-coated AL2O3 were used as photocatalyst.

Under UV illumination, MnO2-coated AL2O3 particles 
interacted with Ultra Violet light to generate hole (h+) and 
electron (e−). The holes were trapped by O2 or H2O at the 
surface of the catalyst particle yielding HȮ radicals and H+, 
which effectively destroyed MB by acting as an oxidation 
agent. These agents could be used to mineralize organic 
pollutants to smaller and less hazardous species, eventually 
generating CO2, H2O, and other degradation through other 
processes [54, 55]. Reactions in the equations from (12) to 
(21), described the simplified mechanism of MnO2 activa-
tion with UV light [17, 56, 57].

Furthermore, during the photosensitized oxidation pro-
cess in the presence of catalysts (reaction 16), methylene 
blue dye becomes excited by injecting an electron into the 
conduction band. The dye was then changed to a cationic dye 
radical that was subjected to degradation, yielding products 
in conformity with the following reactions (17) to (21) [22].

In addition, HȮ attacked the MB molecule through a 
hydrogen extraction effect or hydroxyl addition, where MB 
was converted to H2O and CO2 through various paths reac-
tions [58, 59].

Normally, the electronic configuration of the catalyst 
played a great role in its photocatalytic activity [60, 61]. In 
Manganese oxide, the d–d electronic transitions commonly 
arise under irradiation because of unoccupied d-orbital. Con-
sequently, to a degree manganese oxide can be successfully 
utilized as a photocatalyst without doping other cations [62]. 
The photochemical reaction usually happened as a result 
of excitation of the O-2p occupied electrons of manganese 
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Fig. 12   Sips adsorption isotherm and experimental data of MB 
adsorption over the MnO2-coated Al2O3 catalyst

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

0 20 40 60 80 100 120 140

Photolysis under UV
pure Al

2
O

3
 under UV

0.1 gm MnO
2
-coated Al

2
O

3
 / UV

 0.3 gm MnO
2
-coated Al

2
O

3
 / UV

0.5 gm MnO
2
-coated Al

2
O

3
 / UV

C
t/C

o

Time (min)

Fig. 13   Kinetic of photocatalytic MB degradation over the differ-
ent dose of MnO2-coated AL2O3. Experimental conditions: pH 6.2, 
V(solution) = 50 ml, C0 = 20 mg/l, T = 25 °C



837Journal of Inorganic and Organometallic Polymers and Materials (2019) 29:827–840	

1 3

oxide to the unoccupied orbits (mainly Mn-3d) when the 
light energy was larger than the energy of the orbit gap [10, 
63]. It is verified by the case that the photo-induced electric 
current of manganese oxide was noticed [41]. Moreover, 
the physiochemical, surface area, severe defects and non-
stoichiometry properties of MnO2 leads to its application 
as an adsorbent, oxidant and catalysis in many studies [1, 
64, 65]. A first-order model was used to express the kinetics 
of the degradation of different photocatalysts shown in the 
equation [3]:

where kapp is the first-order reaction apparent rate constant 
(min−1), C0 is the equilibrium concentration of the dye solu-
tion after adsorption in dark conditions and C is the residual 
concentration at a given time. Figure 14 shows a plot of 
ln (C0/C) against t. The results showed that the photocata-
lytic activity for MB photodegradation over MnO2-coated 
AL2O3 particles, determined from the kapp, was increased 
with increasing the amount of catalyst. Where, the kinetic 
constants, kapp (min−1), were 51 × 10−4 min−1, 56 × 10−4 
min−1, and 69 × 10−4 min−1 for 0.1, 0.3 and 0.5 g of cata-
lyst, respectively. Applying the best photocatalyst dosage 
decreases the energy and cost while maximizing photo-
catalytic accomplishments [8]. However, some researcher 
reported an increase of the number of photons absorbed 

(22)ln
C

C0

= kapp t

on the photocatalyst by increases the dosage of the photo-
catalyst. Consequently, these motivate the increases in the 
creation of hydroxyl radicals and electron–hole pairs, which 
leads to higher removal efficiency.

Usually, the adsorption of organic pollutants on photo-
catalyst is vital for the heterogeneous photocatalytic reac-
tions [2]. Coupling photocatalysis and adsorption simultane-
ously could enhance the rate of degradation of the catalysts 
towards organic pollutant [66]. Consequently, the removal 
of organic contaminants rises significantly with the increase 
of the amount adsorbed of the contaminants on the catalyst’s 
surface in a certain range.

3.5 � Effect of Oxidant

UV-irradiation generates hydroxyl radicals in water by UV-
irradiation which can form H2O2. To investigate whether 
additional H2O2 has an influence on the overall degradation 
of MB, a few experiments were conducted at different con-
centrations of added hydrogen peroxide. So, photodegrada-
tion experiments were repeated with MB solutions with a 
hydrogen peroxide with concentration of 0.15 mM, 0.3 mM 
and 0.6 mM. This will help study the effect of adding hydro-
gen peroxide on the degradation of MB at pH 6.2, V (solu-
tion) = 50 ml, C0 = 20 mg/l, T = 25 °C. The concentration of 
the dye was monitored after the establishment of adsorp-
tion–desorption equilibrium by magnetically stirring in the 
dark for 120 min before the photocatalytic experiment.

Figure 15 shows the effect of the addition of different 
amounts of hydrogen peroxide on the MB solution. It is 
clear from the figure below that the addition of hydrogen 
peroxide had a positive influence on the degradation of MB 
in comparison with its absence. The larger the amount of 
hydrogen peroxide in presence of UV-irradiation increases 
the degradation of MB and could remove up to 95% of MB 
within 10 min. While the percent removal of MB by adsorp-
tion and UV-irradiation alone reached 35% and 56% within 
120 min. respectively, as demonstrated in Fig. 16.

Under UV-irradiation, H2O2 decomposes readily into ȮH 
which leads to high degradation rate, according to the fol-
lowing equations.

UV-irradiation alone produces a small amount of hydro-
gen peroxide which will not be sufficient to dissociate a 
large number of hydroxyl radicals. Therefore, an additional 
amount of hydrogen peroxide is added to accelerate the deg-
radation process significantly. Hydroxyl radicals formation 
will be increased by hydrogen peroxide in two ways. The 
first way is by the self-decomposition due to the UV-irrita-
tion or as shown in reactions (23) and (24) where hydrogen 

(23)H2O2 + UV → 2 ̇OH

(24)Ḣ + H2O2 →
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peroxide reduction occurs at the conduction band of the 
photocatalyst. It can be established that the acceleration of 
photocatalytic degradation of organic compounds can be 
increased significantly by the addition of external oxidants 
that increase the decomposition rate such as hydrogen perox-
ide. Hydrogen peroxide undergoes photolysis readily decom-
posing into hydroxyl radicals as the dissociation energy of 
O–H bond in the water molecule is 418 kJ/mol which is 
almost double the dissociation energy that of the O–O bond 
in the hydrogen peroxide molecule which is 213 kJ/mol. 
Nevertheless, many research papers that reported the addi-
tion of hydrogen peroxide to improve the rate of degradation 

of organic compounds, it is clear that the optimum amount 
of hydrogen peroxide added highly depends on the configu-
ration of the equipment, the type of organic compounds and 
the operating conditions used. Consequently, all of these 
parameters have great influence on the creation of hydroxyl 
radicals in the reaction medium. As a final point, the concen-
tration of hydrogen peroxide used should not be more than 
the optimum value as that it can recombine with the ȮH and 
result in a decrease in the efficiency of degradation.

4 � Conclusion

In this work, MnO2 nanoparticles of 20 nm average par-
ticle size were synthesized successively using hydrother-
mal synthesis approach. The synthesized colloidal MnO2 
nanoparticles were physically attached to the free surface of 
the porous support (Al2O3) via calcinations. This approach 
leads the colloidal MnO2 nanoparticles to be integrated into/
onto the catalyst support without aggregation, to maintain 
their high surface area. The adsorption and photocatalytic 
degradation activity of MnO2-coated AL2O3 were investi-
gated by degrading organic contaminant (MB) at ambient 
conditions. The developed catalyst offered superior photo-
catalytic performance and displayed rapid deterioration of 
methylene blue (MB) under optimum conditions. And more 
easily recovered than the MnO2 nanoparticles. Adsorption 
results showed that isotherms followed the Sips Model as it 
had the highest R2 value of 0.99. While the nitrogen adsorp-
tion–desorption isotherm revealed that the prepared cata-
lyst is micro-mesoporous solid with a high surface area of 

Fig. 15   Effect of H2O2 addition 
on the degradation of MB com-
pared with the results obtained 
due to adsorption, H2O2/UV, 
M2O2/H2O2 and photocatalytic, 
at pH 6.2, V(solution) = 50 ml, 
C0 = 20 mg/l, T = 25 °C
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140 m2/g. Generally, this approach can rise above any sepa-
rated process disadvantages where; (1) The porous support 
can offer extensive surface area and reactivity. (2) Any toxic 
intermediates can be adsorbed and oxidized; thus, secondary 
pollution can be prevented. (3) The high removal efficiency 
of the hybrid photocatalysts is maintained for a long time. 
(4) The photocatalyst can be easily isolated avoiding con-
tamination with nanoparticles.
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