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Abstract

The high purity of the nanostructured cryptomelane-type manganese oxide catalysts was successfully synthesized
using the different ratio concentrations of KMnOj4 over glucose through a co-precipitation method. The both reactants
were simultaneously mixed with the ratios of KMnOs to glucose of 0.4M/0.6M, 0.2M/0.3M, 0.08M/0.12M and
0.04M/0.06M, respectively. The average oxidation states (AOS) Mn of the products were determined using the back-
titration method, whereas the crystalite size was calculated using Scherrer equation. The XRD analysis showed that while
the phase structure remained unaffected by the concentration and calcination temperature, it had a notable impact on AOS
of Mn, the morphology and the particle size as shown by the SEM images. The lowest concentration ratio resulted in the
small particle size and the low AOS of Mn of the as-synthesized cryptomelane, which correlated with more Mn**
concentration or oxygen defect in the as-synthesized cryptomelane. The vibrational mode Mn-O was demonstrated by the
absorption bands appearing in the FTIR characterization results. The specific Mn-O vibrations of the cryptomelane were
demonstrated using Raman spectroscopy. The catalytic activity of the as-synthesized catalysts was tested in its ability to
degrade MB using a Fenton-like method. The results indicated that there is a strong correlation between the catalytic
performance and Mn®" concentration or oxygen defects present in the catalyst. The catalyst with the lowest concentration
ratio possessing the high Mn*" concentration or oxygen defects demonstrated better catalytic activity compared to the
other as-synthesized catalysts. The optimization of the catalyst was performed by varying solution pH, H,O, volume,
catalyst mass, and initial concentration of methylene blue (MB). According to the research findings, this catalyst achieved
a MB degradation rate of 97.01 + 0.33 % after 120 min of contact time. This result was obtained under conditions of pH
=11, with 15 mL of 30 % H>O,, a catalyst mass of 50 mg and an initial MB concentration of 30 ppm.
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Introduction

Manganese oxides have been used in the various
applications due to its unique structure and properties,
its mixed valence of manganese (Mn?*, Mn>*" and Mn*"),
strong oxidizing agent characteristics, good adsorption
ability, wide availability in nature, low band gap, low-
cost synthesis, and environmental friendliness [1]. Some
reports suggested that manganese oxides can serve as a

highly active heterogeneous Fenton catalyst for

removing dyes from water and wastewater [2,3].
Manganese oxide exhibits different structures such as
layers or tunnels, depending on the arrangement of the
unit structure (MnOg) and the synthesis method [4].
Manganese  oxides like  birnessite  and
cryptomelane have been successfully synthesized using
the sol-gel method from KMnOs and glucose by
adjusting the reactant concentrations. The varying the
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concentration ratios of KMnO4 and glucose resulted in
the different phase manganese oxide products. For
instance, the birnessite was produced with the high
concentrations of KMnOs/glucose (0.16M/0.23M),
while the lower concentrations yield manganese oxide
cryptomelane/Mn,O3;  (0.06M/0.09M) and MnyO;
(0.03M/0.05M) [5]. also conducted synthesis with a
fixed KMnOs concentration (0.27M) but varied the
glucose concentration, producing birnessite at high
glucose concentrations (0.4M and 0.2M), cryptomelane
at lower concentrations (0.10M), and amorphous MnOy
at the lowest concentration (0.05M). Additionally, the
sol-gel method has been utilized for cryptomelane-type
manganese oxide [6] as well as for manganosite-type
manganese oxide [7]. Cryptomelane has shown
excellent catalytic activity in degrading MB [8]. The
birnessite successfully converted into cryptomelane
using a precipitation method with KMnOj4 and reductant
H2C,04 [9], maltose [10] with different modes of the
addition of KMnO4 and reductans. The manganese
oxide successfully synthesized via a precipitation
method with KMnO4 and H>C,04 for MB degradation,
achieving a degradation percentage of 97.73 % [11]. The
manganese oxide was also successfully synthesised
from KMnOs and glucose using the model B
precipitation method conducted by Subramanian et al.
[9], for the degradation of MB with a percent
degradation reaching 91.00 % [12]. The synthesis of
cryptomelane using a precipitation method with
simultaneous variations in KMnOj4 and glucose reactant
concentrations has not been previously reported.

The textile industries are expanding in response to
the growth of world population, textile and textile-
related industries. However, challenges arise when
textile industrial wastes, particularly liquid dye wastes,
are improperly managed and discharged into water
bodies, leading to environmental impacts [13]. The dye
commonly used in the textile industry is MB [14]. MB
has a heterocyclic aromatic structure and is frequently
employed to color leather, silk, plastic, paper, and paint.
Pollution of water by MB can lead to a decrease in
dissolved oxygen content, impacting photosynthetic
activity and disrupting the aquatic ecosystem [15].
According to Fathoni [16], MB is toxic and can pose
health risks to humans. Acute exposure to MB in
humans can result in increased heart rate, vomiting, and

cyanosis [17]. The maximum allowable concentration of

MB, as per the Decree of the Minister of the
Environment (Kep-51/MENLH/10/1995), is 5-10 mg/L.
Therefore, it is essential to conduct studies on effective
removal of MB from polluted water.

Various methods have been employed to treat
wastewater containing MB, including
electrocoagulation techniques [18] adsorption using fly
ash [19], chemical oxidation using composites [20], and
photocatalysts. Among these methods, the adsorption
method is a common, simple, efficient, and cost-
effective approach [21]. However, the adsorption
method only transfers pollutants to the adsorbent, which
can be problematic if the adsorbent is not reusable.
Advanced Oxidation Processes (AOPs) show promise in
wastewater treatment due to their high efficiency in
removing refractory compounds [22]. AOPs involve
oxidation processes that generate hydroxyl radicals
(OHe) primarily for the destruction of contaminants in
wastewater. Hydroxyl radicals oxidize pollutants into
non-toxic products, such as carbon dioxide (CO,) and
water (H,O). The Fenton method, a type of AOP,
utilizes iron metal to activate H,O, and produce
hydroxyl radicals [23]. Manganese oxide is commonly
used as a catalyst in the Fenton method due to its
environmental friendliness, affordability, and high
catalytic activity in degrading organic compounds [24].

In this study, the cryptomelane-type manganese
oxides were synthesized using the precipitation method
by mixing the KMnO4 and glucose simultaneously
while varying the reactant concentrations. The
cryptomelanes were subsequently evaluated as catalysts
for the degradation of MB using a Fenton-like process.
The effects of the type of catalysts, solution pH, initial
MB concentration, hydrogen peroxide (H,O) volume,
and catalyst mass were optimized to achieve maximal
degradation of MB.

Materials and methods

Materials

The materials used in this study are potassium
permanganate (KMnO4) (Merck), glucose (CsHi20s.
H>0) (Merck), hydrogen peroxide (H.0,), MB (Merck),
Whatman No. 42 filter paper, aluminum foil, aqua DM,
and low-lint tissue (chemical grade).
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Synthesis of catalyst

The synthesis of the manganese oxide catalyst was
carried out with a mole ratio of KMnO4: Glucose of 2:3
(0.02 mol: 0.03 mol) using the precipitation method
in the
concentration of KMnQs /Glucose reactants: 0.4/0.6 M;
0.2/0.3 M; 0.08/0.12 M; 0.04/0.06 M. The catalysts are
then abbreviated as catalysts C-1, C-2, C-3, and C-4,
respectively. For the C-1 catalyst, 3.16 g of KMnO4 was

Subramanian et al. [9] with variations

dissolved in 50 mL of aqua DM, whereas 5.4 g of
glucose was also dissolved in 50 mL of aqua DM. Both

solutions were then mixed together in a glass beaker and
then stirred using a magnetic stirrer at 300 rpm for 30
min. The solution was then heated up to 60 °C and
stirred at 300 rpm for another 30 min. The precipitate
obtained was filtered using Whatman No. 42 filter paper
and dried using an oven at 120 °C for 4 h. Furthermore,
the solid was calcined at 700 °C for 4 h which will then
be characterized and applied to MB dye. The catalysts
C-2, C-3 and C-4 were prepared on the same ways, but
using the different amount of aqua DM.

KMnO, dissolved in DM agqua

‘ Glucose diszolved in DM arqua

\

J

The solutions were both mixed together and then stirred at 200 rpm for 30

minutes.

l

‘ Elackish brown precipitate |

!

‘ The mixture was stirred again for 30 minutes and heated at 600°C. ‘

!

‘ Precipitate formed ‘

!

The precipitate obtaned was then filtered using Whattan 42 filter paper and
driedin an oven at 120°C for 4 hours.

l

The solid was then calcined at 700 for 4 hours.

MnOy crystal

Figure 1 Schematic diagram of the catalyst synthesis.

Characterization of catalyst
The

manganese oxides

characterization of the as-synthesized

was conducted using X-Ray
(XRD), Infrared
Spectroscopy  (FTIR), spectroscopy and
Scanning Electron Microscopy (SEM). The AOS of the
as-synthesized were carried out by the back-titration

method by Ciu et al. [47]. The crystallite sizes of the

Diffraction Fourier Transform

Raman

samples were calculated using Scherrer equation. For
AOS Mn determination, about 0.05 g of sample was
dissolved into 5 mL of oxalic acid solution (H2C>04) 0.5
M and 5mL of sulfuric acid solution (H,SO4) 0.5 M. The

mixture was then heated up to 60 °C until the all solids

were dissolved. The mixture was then transferred into a
250 mL Erlenmeyer and titrated using 0.02 M potassium
permanganate (KMnOs) solution until a color change
occurred from colorless to mauve pink.

Catalyst activity test

MB 50 ppm solution as much as 25 mL was taken
and 60 mL of aqua DM was put into a glass container.
50 mg of C-1 catalyst was weighed and added to the
solution. The solution was stirred using a magnetic
stirrer at 400 rpm for 30 min. Then, 15 mL of 30 % H,0»
solution was added to the solution. A solution of 10 mL
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was taken at 10, 20, 30, 40, 50, 60, 90 and 120 min and
put into a test tube and then centrifuged at 3,000 rpm for
15 min to separate the manganese oxide catalyst from
the degraded MB solution. Next, the remaining MB
concentration analysis was measured using a UV-Vis
spectrophotometer at the optimum wavelength. The
same procedure was carried out for the addition of
catalysts C-2, C-3, and C-4.

Optimization of catalyst

MB solution of (50, 40, 30 ppm) as much as 25 mL
was taken and aqua DM as much as (55, 60, 65, 70, 75
mL) was put into a glass jar then pH was adjusted at pH
(2;3;5;7.6; 8;9; 11). Catalyst with the best degradation
results (C-4 & C-4/500) as much as (0, 25, 50, 75 mg)
was weighed and added to the solution. The solution was
stirred using a magnetic stirrer at 400 rpm for 30 min.
Then, 30 % H»0, solution as much as (0, 5, 10, 15, 20
mL) was added to the solution. A solution of 10 mL was
taken at 10, 20, 30, 40, 50, 60, 90 and 120 min and put
into a test tube and then centrifuged at 3,000 rpm for 15
min to separate the manganese oxide catalyst from the
degraded MB solution. Furthermore, the remaining MB
concentration analysis was measured using a UV-Vis
spectrophotometer at the optimum wavelength.

Results and discussion
Characterization of catalysts

The  as-synthesized

catalysts were  first

characterized using XRD to determine the crystal

structure, crystal size, and percent crystallinity. Figure
2 displayed the diffractogram of the as-synthesized
catalyst at the different concentration ratios and
different calcination temperatures. All peaks were
matched to the standard JCPDS No. 10.00946214 of
cryptomelane diffraction pattern. The catalyst C-1
exhibited 8 peaks at 20 of 13.04, 18.34, 28.93, 37.69,
42.13, 49.94, 60.34 and 69.65 ° with reflection planes
(101), (002), (103), (112), (013), (114),(215), and (604),
respectively. The catalyst C-2 showed the similar peaks
as the C-1 with the additional 1 peak at 36.34 ° due to
(400) reflection plane. The catalyst C-3 displayed only
6 peaks due to the missing peaks at 42.13 and 69.65 °
with reflection plane (604) and (013). The catalyst C-4
also exhibited 6 peaks due to the missing 2 peak at 49.94
and 32.62 °. The calcination temperatures seem to have
a minor effect on the as-synthesized manganese oxides
as shown in Figure 2(b).

All the peaks observed in the 4 catalysts
corresponded to the cryptomelane type manganese
oxide. The characteristic peaks of cryptomelane at 28,
37 and 60 ° are clearly visible in the diffractograms of
the 4 catalysts with relatively high intensity. Similar
results were also reported by Asleni et al. [12] who
produced the cryptomelane-type manganese oxide after
calcination at 600 °C for 4 h with a reactant molar ratio
of 2:3.
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Figure 2 The XRD patterns of as-synthesized cryptomelane catalyst at (a) different concentration ratio of reactans at 700

°C and (b) different calcination temperatures with ratio KMnO4/glucose = 0.04M/0.06M. Description C = cryptomelane.

The Figure 2(a) clearly showed that while the

reactant concentration ratio did not alter the crystal

phase, it significantly impacts the intensity of the

observed peak. This was contradicted with the results
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reported [5]. Ching ef al. [5] synthesized the manganese
oxides with the different concentration ratios of KMnO4
over glucose, but used sol-gel method. The high
concentration reactant resulted in the layer birnessite-
type manganese oxide, while the low concentration of
reactant led to the formation of mixture phase
cryptomelane and Mn,Os. The cryptomelane phase was
obtained with the moderate reactant concentration.
Subramaniam ref synthesized manganese oxides using a
precipitation method, employing a similar approach of
adding reactants with current study and the fixed
reactant concentration, but with significantly lower
reactant concentration. The synthesis resulted in the
formation of the birnessite or cryptomelane, depending
upon the calcination temperature and reaction time. The
birnessite phase was obtained in the low calcination
temperature (400 °C) and short reaction time (2 h),
whereas the cryptomelane started to appear at the similar
calcination temperature with longer reaction time (4 h).
The increase in temperature up to 600 °C led to the
formation of the cryptomelane with greater intensity. In
our study shown in Figure 2(b), the calcination
temperature from 500 to 800 °C seems to have no effect
to the phase change. All the above data suggested that
the cryptomelane is more thermodynamically stable
phase than birnessite. This is consistent with previous
study [8,9,11] where thermal stability of cryptomelane
is higher than that of birnessite. Yu et al. [25] also
synthesized birnessite and cryptomelane using KMnO4
and glucose by adding the glucose solution into the
KMnOs solution dropwise. Either the birnessite or
cryptomelane phases were generated, it depended upon
the washing process. The birnessite was obtained if the
dried products were calcined up to 550 °C without
washing process. If washed with water 3 times, the
cryptomelane phase was generated with the calcination
temperature similar to that of the birnessite. The author
claimed that glucose content was responsible for the
formation of the cryptomelane. A series of experiments
with the different molar ratios of KMnOj4 to glucose and
washing and without washing process were conducted
to support the claim. In contrast, the current results
indicated that the washing processes seem to have the no
effect on the crystal phase of manganese oxides. The
dried samples with or without washing process always
produced the cryptomelane as shown in the XRD pattern

in Figure 2. Becerra ef al. [26] synthesized manganese
oxides from reduction of KMnO4 using solid-state
reaction by varying the synthesis temperature. The
birnessite-type manganeses oxides were produced at
400 and 800 °C even at the different heating rate.
Another solid-state method was used by Saidah [7] to
synthesize manganese oxide using redox reaction
between KMnO,4 and glucose with difference of mole
ratios, calcination temperatures and calcination time.
The products were birnessite-type manganese oxides
differed only in crystallinity and purity even with or
without washing process. Ghaly [28] synthesized
cryptomelane through oxidation method by oxidizing
the acidified MnSO,4 with permanganate solution. With
this method, the nano-cryptomelane was obtained,
which was confirmed by Raman spectroscopy. Zhou et
al. [29] synthesized the pure cryptomelane nanowires by
the hydrothermal redox reaction of KMnO,4and
(NH4)2C,04-H>0. Nguyen et al. [30] used a novel
pathway to synthesize cryptomelane nanosheets from
birnessite via tuning pH and molar ratio of KMnO4 and
oxalic acid. These findings indicated that various
synthesis methods and post-synthesis treatments
frequently led to different crystal structures.

XRD data can also be used to determine the
average crystalite size. Data from Table 1 indicated that
the reactant concentration play significant role in the
crystalite size and AOS Mn of the as-synthesized
cryptomelane. Higher reactant concentrations resulted
in smaller crystalite sizes and AOS of Mn (Table 1). At
higher reactant concentrations, collisions become more
frequent, which speeds up the reaction. This increased
frequency of collisions and promoted nucleation and
particle formation. At low reactant concentrations,
however, the larger crystalite size was obtained. Similar

results were also reported by previous study [5].

The average crystalite sizes of the produced catalysts

were determined by Debye-Scherrer equation:

09411
gCOS 6

M

where D is crystal size (nm), A is the wavelength of X-
ray (0.15406 A) and B is Full Width Half Maximum
(FWHM) (radian).

Table 1 also displayed the AOS of the as-
synthesized catalysts, which were calculated by the
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permanganate-oxalic acid back titration method with the where M, is KMnOy concentration, Vi and M is volume

following equation: and concentration of oxalic acid and V; is volume of

KMHO4.
_2ViM1
5V2

2

2

Table 1 Average crystalite size and AOS of of the synthesized catalyst.

Catalysts
o C-1 C-2 C-3 C-4/700 C-4/500 C-4/600 C-4/800
Average crystalite size (nm)
14.30 17.16  19.81 20.89 73.34 30.21 60.76
AOS of Mn 4.08 4.01 3.81 3.79 3.78 3.78 3.84

AOS = Average oxidation state.

The as-synthesized catalysts were characterized
using FTIR to determine the lattice vibration. Figure 3
showed the FTIR spectra (normalized) of the catalysts
as synthesized. Mn-O vibrations appeared in the
wavenumber range of 400 - 700 cm™'. According to
Stella ef al. [31] Mn-O bending vibrations are observed
in the lower wavenumber region, whereas Mn-O
stretching vibrations are found in the higher
wavenumber region. The IR spectra of Mn-O bending
vibrations from this study appear in the absorption bands

431, 432, 433, 435 and 445 cm!. Meanwhile, Mn-O

Transmutance (%)
- 488 cm')
1
an’)

(431 am™- 435

(482 ey’

T T T T T T T
800 750 700 650 600 550 500 450 400

Wave number (cm™)

Transmitance (%)

stretching vibrations appear in the absorption bands 527,
532, 539, 594, 668 and 682 cm'. The O-Mn-O
vibrations from the C-2 and C-4 catalysts are also
observed at wavenumbers 482 and 488 cm™!. To confirm
the Mn-O vibrations are due to a cryptomelane-type
manganese oxide, the Raman spectroscopy were
conducted and the results are shown in Figure 4. It is
difficult to differentiate Mn-O vibrations in layered
manganese oxide (birnessite) and manganese oxide with

a tunnel structure (cryptomelane) [32].

B.
C-4/800

C-4/700

C-4/600

C-4/500

(436 cm™- 438 em™)

T T T T T T T
800 750 700 650 600 550 500 450 400
Wave number (em™)

Figure 3 The IR spectra of as-synthesized cryptomelane catalyst at (a) different concentration reactant at 0.04/0.06,
0.08/0.12, 0.2/0.3, 0.4/0.6 M and (b) different temperatures from 500 to 800 °C.

The selected Raman spectra for the C-4/ 500 and
C-4/700 samples prepared with the molar ratio
KMnO4/glucose of 0.04/0.06 M and calcinet at 500 and
700 °C were shown in Figure 4. The Raman spectra for
the specific vibration of the Mn-O were observed at
Raman shifts of 184, 579 and 656 cm™'. According to
Hou et al. [33], the strong peak appeared at the 655 cm™

! absorption band is due to the symmetric stretching

vibration of Mn-O, which is perpendicular to the
direction of the octahedral double chain MnOs, and the
weak peak found at the 576 cm™ corresponds to the
displacement of oxygen atoms relative to manganese
atoms along the octahedral chain. The results from Hou

et al. [33] was in good agreement with those from this
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study, showing peaks at 654 and 579 cm!. Jakubek et
al. [34] also reported similar findings, identifying
characteristic absorption bands for cryptomelane at 577
and 632 cm™', which correspond to Mn-O vibrations.

Additionally, the peak observed at 184 cm™! was linked
to the translational motion of octahedral MnQOg units
[28].

250 =
§ —C-4/700
? — C-4/500
200 \“
|
w 5 |
5 ?/J
1504 =
NV
WWWW g Wiy Mooy ™
K-}

100 — ﬁ

Raman intensity (counts)

Raman shift (cm™)

Figure 4 The Raman spectra of as-synthesized cryptomelane catalyst C-4 at 500 and 700 °C.

The AOS of manganese Mn in the as-synthesized
cryptomelane-type manganese oxides was determined
by an oxalic acid-permanganate back titration method.
The results of the AOS Mn in the samples were seen in
Table 1. Table 1 shows that both the molar ratio of
KMnO4 to glucose and the calcination temperature
significantly impact the AOS of the synthesized
cryptomelane. A higher molar ratio of KMnOs to
glucose resulted in a higher AOS value and a higher
calcination temperature also resulted in a higher AOS
value. A low AOS value suggests a high concentration
of Mn3' ions in the MnQO,. The presence of Mn3" or

oxygen vacancy is likely to be associated with defects in

the MnO; structure as revealed by Awaluddin et al. A
defect concentrations in MnQO, have been reported to
have a significant role for a catalytic reaction [34-36].
The results showed that B-MnO, (pyrolusite) exhibits
the highest AOS, o-MnO, (cryptomelane) has a
moderate AOS, and 6-MnO; (birnessite) displays the
lowest AOS. Mn** is known to be crucial for the
catalytic reactivity of Mn-based catalysts [34].
Specifically, Mn3" exhibits longer (Jahn-Teller
distorted) and thus weaker Mn-O bonds compared to
Mn**, which leads to enhanced catalytic activity in water
oxidation [35,36].

Table 2 The Selected data for C-1 and C-4 samples analyzed by gas surface areca (GSA).

Surface Surface . Average
Pore volume Total pore Pore radius .
Catalysts area BET area BJH pore radius
) 5 (cc/g) volume (cc/g) A)
(m?/g) (m?/g) A)
C-1 2272 1.255 0.006 0.00625 89.157 55.0283
C-4/700 °C 1.599 1.228 0.005 0.004961 34.322 62.0548
C-4/500 °C 2.930 2.209 0.012 0.01075 155.194 73.4068
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The GSA data presented in Table 2 shows that the
calcination temperature have a considerable impact on
the surface area, pore volume and pore radius, whereas
the concentration has a smaller impact than that of
calcination temperature. According to the table, the
sample C-1/700 prepared from the most concentrated
solution ratio has larger total surface area, pore volume
and pore radius compared to the sample C-4/700. The
data also shows that catalyst C-4/500 has higher BET
surface area and adsorption capacity compared to
catalyst C-4/700. This observation is in accordance with
the data from the AOS measurements, the higher
temperatures lead to the higher AOS values (fewer

defects). These results are also in agreement with the
work of Subramanian et al. [9], which indicated that
high calcination temperatures can cause sintering and
phase transitions, resulting in the closure of some pores.
The high BET surface area possessed by the C-1/700
catalyst does not increase its catalytic activity. This is
due to the fact that nitrogen molecules used in BET
surface area determination have smaller size than
molecule of MB. The number of N, molecules that can
be absorbed in the catalyst pore will certainly be more
than MB molecules [37]. Thus, the high surface area
does not necessarily reflect the ability of the catalyst to
degrade MB.
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Figure 5 The Nitrogen adsorption-desorption isotherms of C-1/700, C-4/500 and C-4/700 shows BJH pore size.

Description: Adsorption (blue line) and desorption (red line).

The Figure 5 shows that the C-1 catalyst exhibits
a type 5 isotherm, while the C-4/500 and C-4/700
catalysts display a type IV isotherm, characteristic of
mesoporous materials. This type IV isotherm finding
aligns with prior studies by Subramanian et al. [9]. The
C-4/500 and C-4/700 catalysts demonstrate a strong
adsorption capability right from the start, while the C-
1/700 catalyst exhibits a slower initial adsorption rate,
which only improves after some time. The surface of a
particular catalyst can be seen from the results of
analysis using SEM-EDX. Figure 6 shows that the
black part shows the porosity while the white part
represents the solid surface. The SEM images at 15,000x
magnification show that the C-4/700 °C catalyst
produces a more homogeneous and small particle size
with a particle length of + 50 nm when compared to the
C-1/700 °C catalyst which is £ 90 nm. The C-4/700

catalyst generates more porosity compared to the other
catalysts. This occurs because the introduction of a low
reactant concentration slows down the nucleation
process and particle growth. As a result, there is less
nucleation at the start of the reaction, allowing for more
stable and uniform particle growth. Furthermore, the
low concentration reduces the aggregation rate [38,39].
It also indicates that the particles on the C-4/500 °C
catalyst are clustered together, which can influence both
the particle size and the distribution of particle sizes
[40]. Therefore, the catalyst synthesized at 500 °C
promotes more agglomeration compared to those
prepared at 700 °C. This finding aligns with earlier
studies [41] indicating that higher temperatures lead to
a reduction in agglomerates, as noted by other

researchers as well [42].



Trends Sci. 2025; 22(4): 9286

90of17

Figure 6 The SEM of selected catalysts as synthesized catalyst (a) C-1/700 °C (b) C-4/700 °C, and (c) C-4/500 °C at

magnifications of 5000x, 10000x and 15000x.
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Figure 7 The selected EDX data for catalysts: C-1/700, C-4/700, and C-4/500 °C.

The Figure 7 and Table 3 display the EDX data
for C-1/700, C-4/700, and C-4/500 °C catalysts. Based
on the EDX results, the percentage of O atoms decreased
as the the
occurrence of OVD. The results revealed that the C-

concentration decreased, indicating

4/700 °C catalyst possesses the lowest oxygen content,

indicating more oxygen vacancies are available as active
sites for the catalytic reaction. Oxygen Vacancy Defect
(OVD) affect the ratio of Mn and O content but can
increase the catalytic activity of the catalyst as reported
by previous studies [43,44].
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Table 3 The EDX data for the selected catalysts.
Weight % Atomic%
Catalyst
OK KK Mn K OK KK Mn K
C-1/700 °C 17.37 10.67 71.96 40.69 10.22 49.09
C-4/700 °C 14.73 01.58 83.69 37.05 01.62 61.32
C-4/500 °C 20.61 05.86 73.53 46.40 05.40 48.20

The catalytic studies of as-synthesized catalyst

The catalytic performance of the as-synthesized
catalysts was evaluated based on their ability to degrade
MB using a Fenton-like process. The Catalysts C-1, C-
2, C-3, and C-4 were all tested under identical
conditions: 25 mL of 50 ppm MB solution, 65 mL of
distilled water, 15 mL of 30 % hydrogen peroxide, 50
mg of catalyst and no pH adjustment. The influence of
the type of catalyst prepared at different reactant
concentration on MB degradation at the different
reaction time is illustrated in Figure 8(a). The results
indicated that the concentration of reactan affects
catalytic performance, as confirmed by the ANOVA test
detailed in Appendix 13, which shows significant
differences in degradation percentages among the
different catalysts. After 120 min, the degradation
percentages for C-1, C-2, C-3 and C-4 were 61.03 = 0.60
%, 66.51 £0.50 %, 68.25 £ 1.09 % and 73.98 + 0.33 %,
respectively. Percent degradation was calculated using
the following Eq. (3):

co-C

25100 % 3)

where Cy is the initial concentration of MB solution
before degradation and C is the concentration of MB
solution at a certain min. The degradation graph was
processed using the C/Co value expressing the
normalized MB solution concentration as the Y-axis
versus time (min) as the X-axis.

The data from crystalite sizes seems to contradict
with the degradation of MB. Although the catalyst C-4
has the largest crystalite size, it exhibits the highest
catalytic performance, contrary to what would be
expected. The degradation of MB was inversely related

to the AOS Mn of the as-synthesized catalysts, meaning
that lower AOS Mn levels led to greater MB
degradation, as illustrated in Table 1 and Figure 8(a).
A low value of AOS means more Mn*" or oxygen
vacancy presence in a material. The similar results were
also reported by Awaluddin et al. [8]; the catalysts with
low AOS Mn posseses high catalytic performance for
the degradation of MB. Mn>" is known to be crucial for
the catalytic reactivity of Mn-based catalysts [16].
Specifically, Mn*" exhibits longer (Jahn-Teller
distorted) and thus weaker Mn-O bonds compared to
Mn*", which leads to enhanced catalytic activity in water
oxidation [35,36]. Hou ef al. [33] suggested that Mn**
arises due to the formation of OVD to maintain
electrostatic balance. The presence of Mn*" and OVD is
described by Eq. (4) [33].

-Mn*"-0%*-Mn*" > -Mn**-Y-Mn*-+ 1 O, 4)

According to Awaluddin et al. [8], Mn*' ions
belong to a d* system, with one electron in the highly
reactive e,' antibonding orbital. These highly reactive
electrons in Mn*" readily interact with hydrogen
peroxide (H:0:), generating more hydroxyl radicals
(OHe) and thereby enhancing the degradation of MB.
The OVD plays a crucial role in the catalytic activity of
metal oxides like manganese oxide, serving as an active
site during the reaction. OVD induces lattice oxygen
vacancies in the crystals [33]. A higher content of Mn?**
or more OVD leads to increased catalytic activity. These
oxygen vacancies create reactive sites by facilitating
interactions with surrounding molecules such as H.O:
and MB, due to the absence of oxygen making the area

more accessible.
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Figure 8 The effect of the type of catalyst on degradation of MB, the catalysts prepared at different molar ratios (a); the

catalysts prepared at molar ratio KMnO4/glucose of 0.04/0.06 at different calcination temperatures (b). Description: Co

MB :12.5 ppm; volume of 30 % H»0; :15 mL; mass of catalyst : 50 mg. C/Cy = normalized concentration of MB.

The data from Figure 8(a) indicated that the C-4
catalyst posseses the best catalytic performance and thus
was selected for studying how calcination temperature
affects the degradation of MB. Figure 8(b) shows the
effect of calcination temperature on the catalytic
performance for the degradation of MB at different
reaction time. It is obvious that the catalyst C-4/700 has
the best catalytic performance, whereas the catalyst C-
4/500 has the lowest catalytic performance. A higher
temperature facilitates more reaction to occur since it
posseses higher kinetic energy. The data from the
average crystal size value shown in Table 1 also
supported this result, the catalyst C-4/700 with the

—o—pH 2 —B-pH 3 —a—pH 5
—%—pH 76 —*—pH$§ —o—pH 9

——pH 11

() 1.00

Time (minute)

-30 -20 -10 0 10 20 30 40 50 60 70 80 90 100110120

highest catalytic performance also has the smallest
average crystal size. There is also strong correlation
between catalytic performance and the AOS value
shown in Table 1. The C-4/700 catalyst with the low
AOS value posseses the highest catalytic performance.
The presence of more OVD in the C-4/700 catalyst
could be responsible for the highest -catalytic
performance as reported by previous studies Hou et al.
[33] Data from Figure 8(b), however, revealed that the
C-4/500 with similar AOS value to the C-4/700 has the
low catalytic performance. Both catalysts were then
tested to study the effect of solution pH on the
degradation of MB.

—o—pH 2 —&8-pH 3 —a—pH 5
—%—pH 7.6 —%—pH 8 —o—pH 9
——pH 11
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Figure 9 The effect of pH on the degradation of MB at different reaction time (a) The samples prepared at 700 °C (C-
4/700) and (b) The samples prepared at 500 °C (C-4/500). Description: Co MB 12.5 ppm; volume of 30 % H>O, 15 mL;

mass of catalyst 50 mg. C/Cy = normalized concentration of MB.

The catalytic performance of the as-synthesized
catalysts was evaluated across a range of pH values,
including pH 2, 3, 5, 7.6, 8, 9 and 11. The effects of pH

on the catalytic performance of the catalysts prepared at

500 °C (C-4/500) and 700 °C (C-4/700) are depicted in
Figures 9(a) - 9(b). An ANOVA test was performed to
determine the impact of pH on the percent degradation
of MB. The results indicated that pH significantly
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influences MB degradation. The highest degradation
rate, 88.97 = 1.36 %, was observed at pH 11 after 120
min of reaction. Surprisingly, a high degradation rate of
82.89+0.12 % was also recorded at pH 2 under the same
reaction time. The catalysts maintained effective
performance for MB degradation across other pH values
as well, with the lowest degradation, 68.66 + 2.83 %,
occurring at pH 5. At basic pH, the catalyst’s surface
becomes negatively charged, enhancing electrostatic
interactions with the positively charged MB molecules.
This interaction promotes more reactions between MB
molecules and the reactive species on the catalyst,
leading to increased MB degradation. In this studies,
H>0O, molecules were added to the reaction mixture to
promote the production of hydroxyl radical (OHe). This
reactive spesies then reacted with MB molecules to
generate more simple molecules, or CO» gases and H,O
when complete oxidation occurred. The formation of the
gases during the reaction was confirmed with the
generation of bubbles following the reaction. Both
Figures 8 and 9 also displayed the removal of MB
without the presence of H,O, molecules. The values
between —30 and 0 in the Y axis indicated the removal
of MB without the addition of H,O,. The maximum of
MB removal is about 30 % (Figure 9(a)), which could
be due to an adsoption process. Following the addition
of H,O, , known as the Fenton-like method, the removal
of MB continue to progress and achieve slow rate at 120

min of reaction time. This removal of MB was believed
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due to degradation process with OHe radicals acting as
reactive species.

The reaction between H>O, with metal oxides
surfaces, generating OH radicals have been reported by

previous reports [43]:

Mn*" + H,0, = Mn*".H,0, %)
Mn* + Hy0, > Mn?* + HO,+ + H* (6)
Mn?" + H,0, > Mn*" + OH+ + OH" 7
HOz > H" + 0, ®)
MnO,.H,0, = HOO" + H* )
(HOe, 0,+) + MB (adsorbed) > CO» + H,O (10)
2HO* + 2HO* = O, + 2H,0 (1)

Metal oxides have the ability to form reduction-
oxidation pairs that can be used as catalysts in degrading
organic compounds with the addition of H,O, producing
hydroxyl radicals (OHe) as strong oxidizing agents
capable of degrading organic compounds [44]. The
volume variation of 30 % H,O> used in this study is (0,
5, 10, 15 and 20 mL). The effect of 30 % H,O, volume
on the percent degradation of MB can be seen in Figure
10. Anova testing data (Appendix 13) shows that the
volume of H>O, affects the percent degradation of MB.

(b)
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Figure 10 the curve of the relationship of time to C/Cy ratio by the synthesized catalysts at different different volume
H>05 30 % by catalyst (a) C-4/700 and (b) C-4/500. Description: Co MB 12.5 ppm; pH 11; mass of catalyst 50 mg. C/Cy

= normalized concentration of MB.
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It is obvious from the both Figures 10(a) - 10(b).
that the of H,O, concentration had a sizable impact on
the degradation of MB. Without the addition of H>O, the
maximum removal of MB was 58.75 £+ 2.69 % for C-
4/700 and 51.76 £ 7.11 % for C-4/500, respectively. For
C-4/700 catayst, the addition of 5 mL of H,O> increased
the degradation of MB to 74.67 £ 1.42 %. When the
volume of H,O;, was further increased to 15 mL, the
degradation of MB rose to 96.07 + 0.33 %. However,
when the volume of H,O; was increased to 20 mL, the
degradation of MB dropped to 90.91 + 0.43 %. This
observation was also reported by previous studies
(Merdoud et al. 2024). The C-4/500 also displayed a
similar trend, but with lower catalytic performance.
Without the addition of H»O, , an adsorption process
was believed to occur without degradation process. The
positively charged MB particles would be adsorbed on
the surface of the negatively charged C-4 catalyst at pH
11 and no degradation process occurs. The addition of
H,0, facilitated the generation of OHe, which then
reacted with adsorbed MB molecule to produce simplier
molecules or CO, and H>O. The formation of OHe
seems to be linear to the volume of 30 % H,0, added,
that is, the more the volume of is H,O, added, the more
OH- is produced. The results also indicated that there is

@ 100 =
0.90
0.80
0.70
0.60
0.50

0.40

CiC,

0.30
0.20

0.10

0.00 + i
-30 -20 -10 0 10 200 30 40 50 60 70 80 90 100110120

Time (minute)

a optimum volume of H,O, for the maximum
degradation of MB. The addition of 20 mL H>O, caused
the decreased degradation of MB.

According to Erda er al. [45], the addition of
excess H,O, volume causes the percent degradation to

decrease as seen in Egs. (11) - (13).

H,O, + OH* > HO,* + H,O (12)
HO,+ + OH+* > H,0 + O (13)
OH- + OHe = H,0, (14)

The accumulation of excess OHe due to excess
H,0O; resulted in OHe reacting with H,O» to produce
HO;* which is less reactive than OHe (Eq. (12)).
Hydroxyl radicals could also react with HO,* to produce
water and oxygen which can be shown by Eq. (13). In
addition, OHe could react with OH- to produce H,O,
again (Eq. (14)). The reactions in the 12 - 14 caused the
negative effect on MB degradation. In order to test
weather the addition of H>O, possesses a significant
effect on the degradation of MB, the Duncan test was
performed. The results were shown in the Appendix 13,
which clearly supported the results.

M 100
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—o—0 mg =825 mg
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Figure 11 The curve of the relationship of time to C/Cy ratio by the synthesized catalysts at different mass by catalyst (a)
C-4/700 and (b) C-4/500. Description: Co MB 12.5 ppm; pH 11; volume H>O, 30 % 15 mL. C/Cy = normalized

concentration of MB.

A catalyst plays a crucial role in degrading MB by
activating the H,O» solution, leading to the production
of hydroxyl radicals (OHe). A catalyst also acts as an
active site where adsorption and degradation processes

occur. To study the effect of catalyst concentration on

the degradation of MB, the amount of C-4 catalyst was
varied (0, 25, 50 and 75 mg). The results are displayed
in Figures 10(a) - 10(b) for the catalysts C-4/700 and
C-4/500, respectively. The Anova test was also
conducted to assess whether the catalyst concentration
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gave significantly different percent degradation. The
data from Anova test can be seen in Appendix 13. The
results showed that the addition of catalysts resulted in
significant effect on the degradation of MB. Without the
catalyst, MB removal achieved was only 59.59 £ 0.61 %
after 120 min of reaction time. Following the addition of
C-4/700 catalyst, the percent of degradation increased to
94.46 + 1.44 %, 96.07 + 0.33 % and 92.03 + 0.31 % for
the addition of catalyst as much as 25, 50 and 75 mg,
respectively after 120 min of reaction time. More
catalyst added means more active sites are available for
a reaction to occur, thus more OHe radicals to degrade
MB molecules. The degradation of MB without the

(@ 100

—o—50 ppm —@—40 ppm —a—30 ppm

cic,
=]
L
(=]

-30 -20 -10 0 10 20 30 40 50 60 70

Time (minute)

80 90 100110120

(b)

presence of the C-4 catalyst could be due to the
decomposition of H,O itself absorbing light to produce
OHe and OH™ [46]. However, this reaction requires a
longer time to occur and also produce H>O and O,.

The Figure 11(a) also indicated that the optimum
mass of the catalyst was 50 mg and used to study the
effect of initial MB concentration on the degradation of
MB. The Duncan test in Appendix 13 was also
conducted to validate the result. The addition of excess
catalyst resulted in the decreased catalytic performance.
Excessive catalyst can lead to agglomeration, where
particles clump together, decreasing the surface area
available for reaction.
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Figure 12 the curve of the relationship of time to C/Cy ratio by the synthesized catalysts at different different Co MB by
catalysts (a) C-4/700 and (b) C-4/500. Description: Mass of catalyst 50 mg; pH 11; volume H,O, 30 % 15 mL. C/Cy =

normalized concentration of MB.

The influence of initial concentration of MB on the
degradation of MB was shown in Figures 12(a) - 12(b).
The degradation of MB for C-4/700 catalyst relatively
unchanged after 120 min of reaction time. For C-4/500
catalyst, there is a significant different in the catalytic
performance at 10 min of reaction time with different
initial concentration of MB. In the low initial
concentration (30 ppm) of MB, the catalyst was able to
degrade almost 90 % of MB, whereas the degradation of
MB reached only about 80 % in the medium (40 ppm)
and high (50 ppm) initial concentration of MB. It is
believed that the active sites of the catalyst were almost
fully covered by MB molecules at 10 min of reaction
time for low concentration of MB. The degradation of
MB remained relatively constant after 10 min of
reaction time, suggesting that the surface of the C-4/500

catalyst was fully covered by MB molecules. For the C-

4/700 catalyst, the catalytic performance remained high
even at high concentration of MB. After 10 min of
reaction time, the catalyst successfully degraded over 90
% of MB from an initial concentration of 50 ppm. For
C-4/700 catalyst, the percent degradation of MB is
similar for the 3 different initial concentration of MB.
However, the Anova test data (appendix 13) indicated
that there are statistically significant differences
between percent degradation of MB due to the C-4/700

catalyst at different initial concentration of MB.

Conclusions

The nanostructured cryptomelane-type manganese
oxides have been successfully synthesized using
precipitation method with simultaneous mixing of the
solutions of KMnOj4 and glucose. The characterization

of the as-synthesized manganese oxides using XRD
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revealed that the pure cryptomelane phases were
produced for all reactant concentration ratios. The SEM
images showed that as the calcination temperature
increased, nanostructured particles formed with smaller
sizes. The IR spectroscopy also confirmed the presence
of Mn-O bond vibrations at wave numbers 430 to 700
cm! and O-Mn-O vibrations at wave numbers 482 and
488 ¢cm!' and Raman spectroscopy further supported
presence of pure cryptomelane phase at Raman shifts
184.01, 579.71 and 654.71 cm!. The concentration of
reactant KMnOs and glucose greatly affect the
physicochemical properties such as crystal size,
morphology and AOS of Mn. The catalyst with the
lowest concentration ratio (0.04/0.06) displayed the
highest catalytic performance for the degradation of
MB, which correlated lowest particle size and AOS of
Mn. The catalytic performance of the as-synthesized
cryptomelanes was optimized by varying the type of
catalyst, solution pH, volume of H,O», the catalyst mass
and the initial concentration of MB solution. The results
indicated that the molar ratio 0.04/0.06 of the catalyst
was able to degrade 97.01 + 0.33 % of MB using 30 ppm
of initial concentration of MB, 15 mL H>0,, 50 mg of

catalyst, 120 min of reaction time at pH 11.
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