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The catalytic degradation of organic dye (methylene blue, MB) has been studied using green oxidation methods
(tertiary-butyl hydrogen peroxide, TBHP, as the oxidant with several doped mixed-valent and regular manganese
oxide catalysts in water) at room and higher temperatures. These catalysts belong to a class of porous manganese
oxides known as octahedral molecular sieves (OMS). The most active catalysts were those of Mo®"- and
V3*-doped OMS. Rates of reaction were found to be first-order with respect to the dye. TBHP has been
found to enhance the MB decomposition, whereas H,O, does not. Reactions were studied at pH 3—11. The
optimum pH for these reactions was pH 3. Dye-decomposing activity was proportional to the amount of
catalyst used, and a significant increase in catalytic activity was observed with increasing temperature. X-ray
diffraction (XRD), energy dispersive spectroscopy (EDX), and thermogravimetric analysis (TGA) studies
showed that no changes in the catalyst structure occurred after the dye-degradation reaction. The products as
analyzed by electrospray ionization mass spectrometry (ESI-MS) showed that MB was successively decomposed

through different intermediate species.

Introduction

Today more than 100 000 commercially available organic
dyes play a major role in not only the traditional textile and
dyeing industries but also in new areas such as food, pharma-
ceutical, cosmetics, imaging biological samples, liquid crystals,
lasers, solar cells, as well as optical data discs and computer
industries. These newly developed applications are based on
color changes but pose pollution problems in the form of colored
wastewater being discharged into water bodies. Discharging
most of these dyes creates acute problems to the ecosystem as
they are microtoxic, mutagenic, and carcinogenic for aquatic
life as well as humans. Therefore, the removal of dyes from
waste effluents has become environmentally important because
contamination of dyes even at 1.0 mg/L results in water that is
unfit for human consumption.'~¢

Globally, there has been a growing interest in the development
of advanced oxidation processes for dye removal from water
streams. Breaking bonds in the dye molecules is sufficient to
remove unwanted color but products created during oxidation
are sometimes difficult to convert into harmless small fragments
(CO, and H,0).” The goal of the oxidation process is to
decompose the carbon and hydrogen atoms of the dye to carbon
dioxide and water. Several oxidation methods have been
reported with the combined effect of hydrogen peroxide
(oxidant) and metal oxides.®™ 10

Manganese oxides are one of the largest families of porous
materials with various structures. Among these, tunnel structure
octahedral molecular sieves (OMS), octahedral layered structure
(OL-1), and amorphous manganese oxide (AMO) materials have
been extensively studied in our laboratory.'' "' OMS-2, shown
in Figure 1, the main catalyst used in this work, is a microporous
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Figure 1. Structures of K—OMS-2 and doped K—OMS-2 catalysts.

(diameters of pores ~4.5 to 6.5 A),'7 tunnel-structured (4.6 x
4.6 A? tunnels in 2 x 2 arrangement), and mixed-valent (the
average manganese oxidation state is 3.9 in the presence of a
mixture of Mn*", Mn**, and Mn?* ions) material with a Lewis
acidity of 0.7 and basicity of 0.05.!872! OMS-2 is a very good
oxidation catalyst for organic species due to high specific surface
area, high porosity, and average oxidation state.

Catalytic applications of these materials showed that various
organic molecules and functional groups are effectively oxidized
in the presence of OMS-2 such as: partial oxidation of butane®?
and cycloalkanes,? oxidation of alcohols,* indene,'®? 9H-
fluorene,* conversion of ethylbenzene to styrene,”’ conversion
of n-paraffin to n-olefin, oxidative dehydrogenation of cyclo-
hexane,”® partial epoxidation of olefins* and epoxidation of
styrene,?! syntheses; of 2-aminodiphenylamine,*® imines,?! and
2-thiophenemethanol.* These reactions show the ability of OMS
to react with organic substrates, which contain different het-
eroatoms — nitrogen and sulfur and also carbon. In addition,
OMS-2 and doped OMS-2 materials were successfully used to
decompose the pinacyanol chloride (PC), cyanine dye in our
laboratory. '

The current study reports a green decomposition of methylene
blue (MB) (Figure 2), the most important basic cationic dye,
using tert-butyl hydroperoxide (TBHP) as the oxidant with the
catalysts of OMS-2 and doped OMS-2 materials as catalysts in
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Figure 2. Structure of MB dye.

aqueous media. This heterogeneous catalysis method, because
of its nature, seems to be the most economically attractive and
environmentally friendly oxidation technology for the treatment
of organic pollutants. To our knowledge, this is the first report
investigating TBHP as an oxidant for MB decomposition with
OMS-2 catalysts.

The extent of dye decomposition was monitored using
UV —vis spectroscopic techniques. The effects of TBHP con-
centration and of doped metals have been studied and the
kinetics of these reactions investigated. In addition, parameters
such as catalyst amount, pH, and temperature on the rate of
MB decomposition were examined. XRD was used to confirm
the crystalline structure of the catalysts before and after the
catalytic reaction. Finally, ESI-MS experiments were performed
to analyze the products of this reaction.

Experimental Section

Reagents. The basic cationic dye methylene blue (MB) was
purchased from Pfalz&Bauer Inc. (Flushing, NY) and was used
without further purification. MB exhibits a maximum absorbance
(Amax) at 665 nm and is dark blue in color. fert-Butyl hydro-
peroxide (TBHP, 70% in water) was from Sigma Aldrich, Inc.
(St. Louis, MO) and hydrogen peroxide (30%) was obtained
from Fischer Scientific (Fair City Lawn, NJ). Dye and peroxide
solutions were made fresh in distilled deionized water (DDW)
just before the experiment. All of the other chemicals were of
analytical grade and were purchased from Aldrich.

Synthesis of Catalysts. Doped and undoped OMS-2, having
the cryptomelane structure, were prepared by refluxing mixtures
of KMnO,, MnSO,, concentrated HNO; and corresponding
metal nitrates or oxides in aqueous solution for 24 h.'®
H—K—OMS-2 and Nano-K—OMS-2 were prepared according
to the procedures used by Makwana et al.** and Villegas et al.,'®
respectively. OMS-1, todorokite, was synthesized using a
precipitation method by adding the mixture of NaOH, MgCl,,
and MnSO;, to a solution of KMnO,.>* OL-1, birnessite, was
prepared following our previous report.>> Amorphous manganese
oxides (AMO) were prepared by reduction of KMnO, with
oxalic acid following the procedure described elsewhere.!”
Commercial MnO, (pyrolusite) was obtained from Johnson
Matthey, Inc. Seabrook, NH.

MB Decomposition. The catalysts to be tested were dried
overnight at 110 °C (to remove moisture) prior to the catalytic
reactions. The catalytic reaction was carried out in a 250 mL
batch reactor at room temperature by mixing 50 mL each of
dye and peroxide. After adding 50 mg of catalyst, the flask was
sealed and allowed to react for 120 min with continuous stirring.
The concentrations of reactants in the reactor were 5 x 107 M
in TBHP (or H,0,) and 60 ppm (1.6 x 107* M) in the dye.
Reactions were also performed in the absence of oxidant by
substituting DDW for TBHP and allowed to react for 30 min.
The effects of oxidant and catalyst concentrations were studied
by changing the TBHP concentration from 5 x 107% to 5 x
107 M and the catalyst amount from 12.5 to 100.0 mg,
respectively. A pH range of 3—11 was used to study the reaction
by using buffers made of acetate, carbonate, borate, and
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phosphate salts. The initial pH was adjusted with 4.0 M NaOH
or HCI solution using an Oakton pH meter equipped with a
combined pH electrode. The pH meter was calibrated using
standard buffer solutions purchased from Sigma before every
measurement. Dye-decomposition studies were also carried out
at different temperatures from 20.0 to 80.0 °C (£0.5 °C) using
an oil bath to keep the temperature constant, and a condenser
to avoid the solution being evaporated at higher temperature.
All of the experiments were carried out in duplicate.

Optical absorbance measurements were taken by pipetting
0.5 mL aliquots of the reaction mixture at various time intervals
during the reaction, and quickly diluting with water to 5 mL
prior to analysis. The diluted solution was immediately centri-
fuged for 5 min at 8000 rpm to remove any solid particulates,
which tend to scatter the incident beam. The centrifuged solution
was then put into a quartz cell of path length 1.0 cm, and the
absorbance spectrum was measured using a Hewlett-Packard
8453 diode array UV —vis spectrophotometer. A linear calibra-
tion curve for the dye concentrations was obtained by monitoring
the peak intensity (Ama.x) at 665 nm for a series of standard
solutions according to Beer’s law. To avoid constructing
calibration curves of MB for each pH value, the % decrease of
MB is calculated using eq 1,%

AO At

% decrease in MB = ( ) x 100% (D

0
where Ay and A, are absorbance at 0 min and at a given time
respectively, and those values correspond to the initial and final
dye concentrations in the reaction mixture at a given pH value.

Catalyst Structure and Surface Area Determination. X-ray
diffraction analysis was performed on the catalysts using a
Scintag model PDS-2000 66 diffractometer, before and after
the reaction to see if any structural changes occurred during
the reaction. The surface area of the materials was measured
using the Braunuer-Emmet-Teller (BET) method on a Mi-
cromeritics ASAP 2010 instrument. Analysis was made by a
multipoint method with N, gas as the absorbent.

Potentiometric Titrations, Chemical Composition and
Thermal Stability Analysis. The average oxidation state (AOS)
was determined by performing potentiometric titrations.!®
Chemical composition and thermal stability of K—OMS-2
catalysts were determined before and after the reaction to see
if any structural changes occurred during the reaction. Briefly,
thermogravimetric analysis was performed on a TA Instruments
TGA 2950. The program was run from about 25 °C (room
temperature) to 900 °C at a ramp rate of 10 °C per minute under
an argon atmosphere, elemental composition was performed on
an Amray 1810 D instrument, with an Elemental analysis
obtained from K K-alpha, Mn K-alpha, calculated for pure
elements on a IXRF Systems 500 digital processor at 15 kV
accelerating potiential.

Product Analysis. To identify the intermediates formed from
the MB decomposition, the product analysis was performed with
the positive ion mode ESI-MS of a Micromass Quattro II,
Beverly, MA, mass spectrometer. The reaction samples, re-
moved at different time intervals during the reaction were
analyzed by introducing the aliquots into the ESI source. Typical
ESI conditions were heated capillary temperature 150 °C, sheath
gas N, at a flow rate of 20 units, cone voltage of 30 V, and
capillary voltage of 3.5 eV.

Results

Effect of Oxidants. Part b of Figure 3, a plot of percentage
decrease in [MB] versus time, represents the influence of oxidant
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Figure 3. (a) Changes in the UV —vis absorbance spectra of MB dye using K—OMS-2 with TBHP for 120 min. Fifty milliliters of 120 ppm dye
was reacted with 50 mL of 0.1 M TBHP and 50 mg of K—OMS-2 at 20 °C. (b) Percentage decomposition of MB with varying concentrations of

TBHP/H202.

(TBHP/H,0,) on the decomposition of MB dye catalyzed by
OMS-2 catalysts at room temperature. Blank reactions (control)
were first done at room temperature in the presence of oxidants
(50 mL of TBHP/ H,0, + 50 mL of 120 ppm MB dye) but
without any catalysts in which no dye decomposition was
observed even after 120 min. The activity of the catalysts is
expressed as the percent decrease in dye concentration during
the reaction. This quantity is proportional to the color loss of
the dye during the reaction.

Experiments were then carried out by varying the initial
TBHP/H,0O, concentrations with catalysts present. Part b of
Figure 3 shows the results of these experiments. In experiments
where no oxidant was used, the concentration of dye was only
reduced by between 25—30% in 30 min and then tended to
remain constant. However, when the initial [TBHP] was
increased, a drastic increase (from 20% to 95%) in dye
decomposing activity was observed. A complete decolorization
was observed in the presence of 0.05 M TBHP after 120 min
reaction. Whereas when the initial [H,O,] was increased, a
decrease (from 20% to 6%) in the decomposition was observed.
This suggests that TBHP induces the catalytic ability of OMS-2
materials to degrade MB, whereas H,0, inhibits such ability of
these materials. Therefore, TBHP is a better oxidant for
K—OMS-2 catalyst, and 0.05 M is its critical concentration for
these experiments. Part a of Figure 3 shows a steady decrease
of the absorbance of the dye occuring in the UV —vis spectra
with the progress of the reaction when K—OMS-2 catalyst was
used with 0.05 M TBHP.

Doped Catalysts’ Effect. To study the effect of doped
K—OMS-2 catalysts on dye decomposition, catalytic reactions
were carried out with selected doped (H, V, Fe, Mo, W, and
Co) OMS-2 catalysts for 30 min, and the result is tabulated in
Table 1 (column 2). Part b of Figure 4 shows the trend and
degree of MB decomposition catalyzed by H-, V-, and Mo-
doped OMS-2 catalysts compared to regular K—OMS-2. OMS-2
materials doped with V (75% decrease in MB) and Mo (94%
decrease in MB) show a high impact on catalytic activity,
whereas other doped (H, Fe, W, and Co) materials showed less
activity than undoped K—OMS-2 material. Part a of Figure 4
shows the UV—vis absorbance spectrum with time when
Mo—K—OMS-2 was used as catalyst. These results indicate
that addition of dopants causes changes in the ability of catalysts
to decompose the dye.

Combined Effects of Doped Catalyst and TBHP. Table 1
describes the combined effect of doped catalysts and TBHP on

TABLE 1: BET Surface Area and Dye Decomposition
Activities of Various Doped K—OMS-2 Catalysts with® and
without* TBHP

b % deciy BET surface

catalyst “ % decy,  with TBHP? area (m%/g)
K—OMS-2 28 96 88
H—K—OMS-2 21 76 63
V—K—0OMS-2 75 88 179
Fe—K—0OMS-2 17 61 160
Mo—K—0OMS-2 94 98 270
W—-K—0OMS-2 20 84 64
Co—K—OMS-2 16 29 19

“Reaction Conditions: 25 mL of 120 ppm MB dye, 75 mL of
DDW, 50 mg of catalyst. ® Reaction Condition: 50 mL of 120 ppm
MB dye, 50 mL of 0.1 M TBHP, 50 mg of catalyst. “Percent
decrease in [MB] after 30 min of reaction. ¢ Percent decrease in
[MB] after 120 min of reaction.

the MB decomposition along with the surface areas of the
catalysts. TBHP gives enhancement effects (29—98%) with
doped catalysts as with undoped catalysts. UV—vis spectrum
(Figure S1 of the Supporting Information) of the reaction in
the presence of Mo—K—OMS-2 with TBHP shows that the dye
is fully removed after 120 min and the spectrum at this time
looks close to a blank solution, DDW.

Kinetic Studies. Kinetics of MB decomposition reactions
were studied by considering two typical reactions where MB
was completely decomposed with Mo—K—OMS-2 as catalyst
and K—OMS-2 catalyst used along with TBHP. Part a of Figure
5 illustrates, with an assumption of first-order kinetics, a plot
of In ([MB]y/[MB]) versus time for the MB decomposition
reaction where Mo—K—OMS-2 was used as catalyst. The data,
taken during the course of a 30 min reaction period, show a
good linear correlation (R? = 0.9989), suggesting that the
reaction follows first-order kinetics with respect to the dye. The
slope of the linear line reveals a first-order rate constant, k =
7.6 x 1072 min~!. The plots of zero-order and second-order
kinetics gave poor linear correlation (R?) values.

With the same assumption, a plot of In ([MB]y/[MB]) versus
time was made and is represented in part b of Figure 5 for the
dye decomposition of K—OMS-2 with 0.05 M TBHP over a
time of 120 min. The slope gives a good linear correlation (R?
= 0.9983) suggesting that the reaction follows a pseudo-first-
order rate law with respect to dye concentration. The rate
constant of the reaction from the slope, and k is equal to 3.7 x
1072 min~". Kinetic data obtained for these two reactions were
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Figure 4. (a) Changes in the UV—vis absorbance spectra of MB dye using Mo—K—OMS-2 for 30 min. A 25 mL of 120 ppm dye + 75 mL of
DDW was reacted with 50 mg of Mo—K—OMS-2 at 20 °C. (b) Decomposition of MB using different doped K—OMS-2 catalysts under the same

conditions.
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Figure 5. (a) First-order kinetic plot of In[MB] vs time of a 25 mL of 120 ppm dye + 75 mL of DDW was treated with 50 mg of Mo—K—OMS-2
at 20 °C for 30 min. (b) Pseudo-first-order kinetic plot of In[MB] vs time of a 50 mL of 120 ppm dye was reacted with 50 mL of 0.1 M TBHP +
50 mg of K—OMS-2 at 20 °C for 120 min. Error bar was made for three repeated trials of each time point. Solid line is the best fit of the slope.

also fit to higher-order (second and third) kinetics and resulted
in lower R? values implying poor correlation.

Temperature Effect. A series of similar experiments were
conducted at temperatures of 20, 40, 60, and 80 °C to study the
effect of dye decomposition by K—OMS-2 with and without
TBHP and Mo—K—OMS-2. This is illustrated in part a of Figure
6. A general trend of an increase in MB decomposition with
increasing temperature was observed in all three cases. However,
a drastic but steady increase in reaction activity was observed
with temperature when TBHP was used with K—OMS-2
catalyst. Because of this increased activity at higher tempera-
tures, the dye decomposition was complete in 10 min at 80 °C
as compared to 2 h at room temperature. Doped Mo—K—OMS-2
catalyst shows a sudden increase at 40 °C and then slightly
increased at higher temperatures.

Because a steady increase on MB decomposition was
observed for the K—OMS-2 + TBHP system, kinetics of that
reaction was studied for different temperatures (part b of Figure
6), and then the pseudo-first-order rate constants were calculated
from the slopes. The natural logarithm of the Arrhenius eq 2 is
used to calculate the activation energy (E,) of the reaction.

Ink= Eal+1A 2
R VA @

k is the rate constant, E, is the activation energy, R is the
universal gas constant (8.314 x 1073 kJmol'K™'), and A is a

constant. Figure S2 in the Supporting Information represents
the Arrhenius plot (In k vs 1/T) drawn, and the value of E,
calculated from the slope of the plot was found to be 35.15
kJmol ™!,

Effect of pH. The effect of pH on dye decomposition was
examined over a range of pH 3—11. Because the optical
spectrum remains the same in this pH range, the structure of
the dye molecule probably remains unchanged. As elucidated
in Figure 7, the dye decomposition is maximized at pH 3 and
decreases as the pH was increased. There is a sharp decrease in
dye decomposition at pH 4 when K—OMS-2 is used as a
catalyst. For Mo—K—OMS-2 and K—OMS-2 with TBHP, the
sharp decrease is observed beyond pH 4. The dye decomposition
was not significantly altered beyond pH 9. There was, however,
a slight blue shift in the A, of the dye at lower pH (3—4)
values as seen in Figure S3 in the Supporting Information.

Catalyst Amount. The effect of catalyst concentration on
the MB decomposition was examined using different amounts
of K—OMS-2 catalyst with and without TBHP. These data are
shown in Figure S4 in the Supporting Information. The percent
decrease in dye was measured for the range of catalyst amounts
from 12.5 to 100 mg over the 30 min course. In both cases
(with and without TBHP), the catalyst amount shows a linear
increase in dye-decomposing activity. These data show that the
rates of these reactions are controlled by the amount of catalyst.
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Figure 6. (a) Percent decrease in MB dye vs temperature. Twenty-five milliliters of 120 ppm MB dye + 75 mL DDW was reacted with 50 mg
of K—OMS-2 (blue) and Mo—K—OMS-2 (green). Fifty milliliters of 120 ppm MB dye was reacted with 50 mL of 0.1 M TBHP + 50 mg K—OMS-2
(red). (b) Pseudo-first-order kinetic plot of In[MB] vs time of a 50 mL of 120 ppm dye was reacted with 50 mL of 0.1 M TBHP + 50 mg of

K—OMS-2 for 120 min at different temperatures. The best fit is made for the slope for each temperature.
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Figure 7. Percent decrease in [MB] vs pH. Twenty-five milliliters of
120 ppm MB dye in 75 mL DDW was reacted with 50 mg of
K—OMS-2 (vine) and Mo—K—OMS-2 (red) for 30 min. Fifty milliliters
of 120 ppm MB dye was reacted with 50 mL 0.1 M TBHP + 50 mg
of K—OMS-2 for 120 min.

Structural Analysis of the Catalysts. To study the structural
changes of the catalyst, powder X-ray diffraction patterns
(XRD), potentiometric titrations (AOS), thermogravimetric
measurements (TGA), and elemental analysis (EDX) were
performed. The catalyst was recovered by filtering the reaction
mixture after the reaction, and the precipitate was allowed to
dry in air overnight. The XRD patterns for K—OMS-2 and
K—OMS-2 with TBHP before and after reaction are compared
in Figure 8. Thermogravimetric data (TGA) and elemental
composition (EDX) are shown in Figures S6, S7, and S8 of the
Supporting Information. AOS data done before and after reaction
gave values of 3.86 and 3.85, respectively. These results suggest
that no significant changes occurred in the catalyst. Similar XRD
results were observed for doped Mo—K—OMS-2 catalyst before
and after the reaction. Aluminum (Al) peaks were observed
when the sample amount did not cover the surface of the Al
sample holder.

Comparison of Catalysts. Experiments were performed to
compare the dye-decomposition activity of different manganese
oxide catalysts with and without TBHP. The results are tabulated
in Table S1 in the Supporting Information. In the absence of
TBHP, the catalysts show the activity in the range of 0—84%
over 30 min time. Among all of these catalysts, AMO showed
the best catalytic effect followed by K—OMS-1, Na—OL-1, and

Al

‘ K-DMS-2+M?¢-TBHP

K-OMS-2+MB

WA

K-OMS-2

Relative Intensity

10 20 30 40 50 60 70
Two Theta (degrees)

Figure 8. XRD patterns for K—OMS-2 before and after reaction with
MB and MB+TBHP.

K—OMS-2, whereas commercial MnO, (pyrolusite) showed
hardly any activity without TBHP. When TBHP was present,
K—OMS-2 showed the highest activity, totally removed the dye
from the solution, and AMO catalysts are a little less active.
Commercial MnO, showed slightly increasing activity (9%),
whereas K—OMS-1 and Na—OL-1 catalysts showed decreasing
activity over a period of 120 min.

Products Analysis. All of the above spectrophotometric
experiments showed only the total discoloration of the methylene
blue dye. These results however do not show the nature of the
intermediates formed during the oxidation process. Therefore,
ESI-MS experiments were performed on samples collected
during the course of reaction to screen the oxidized species
formed during the reaction. The ESI-MS spectrum (part a of
Figure 9) obtained, at O min of the reaction, showed only a
strong signal at m/z = 284, corresponding to the methylene blue
ion. After 30 min reaction with K—OMS-2 in the presence of
TBHP, new peaks appearing at m/z = 300 and 316 suggest that
1 and 2 hydroxyl groups are incorporated in the aromatic ring
of MB, respectively. The peaks at m/z = 270 and 256 are
probably due to hydroxylation followed by N-demethylation and
decarboxylation (—CO).

The spectra taken at 60 min showed that similar processes
are continuing with time and suggest that cleavage of the ring
structure occurs during the oxidation. The spectrum at 120 min
showed some additional new peaks at lower masses (m/z = 136,
168, and 182), suggesting that dye decomposition occurs via
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Figure 9. ESI mass spectra for monitoring the oxidation of MB (a) by K—OMS-2 + TBHP over the reaction time of 120 min, and (b) by

Mo—K—0OMS-2 over the time of 30 min.

degradation into smaller molecular fragments. The ESI-MS
spectra taken with the collected samples after 1 week (Figure
S5 of the Supporting Information) of the reaction showed no
peak at m/z 284, suggesting that the dye was totally
decomposed to smaller fragments during this time. Similar trends
were also observed when Mo—K—OMS-2 (part b of Figure 9)
was used as a catalyst.

Discussion

Methylene blue (MB) has a basic dye skeleton of a thiazine
group and has been classified as a toxic colorant. MB is widely
used as a stain, an oxidation—reduction indicator, and has a
number of biological uses. MB is known to have various harmful
effects on human beings (eye irritation and lung diseases), so it
is of the utmost importance to remove MB from wastewater.>>’
There are reports where MB dye degradation has been done
photochemically.”~® However, our experimental condition re-
sulted in negligible photodegradation of MB even after 2 h.
Experiments reported here show that MB is being oxidized by
the manganese oxide catalysts.

Doped and undoped octahedral molecular sieves of manga-
nese oxide catalysts containing transition metals are redox
catalysts. They can also act as Lewis acids and therefore catalyze
oxidation reactions by forming acid—base adducts?! either with
the substrate (dye molecule) or with oxidizing agents such as
TBHP/H,0, to enhance reactivity and act as catalysts for the
decomposition reaction. TBHP and H,0,, oxidants considered
in this study, showed totally opposite effects on dye decomposi-
tion activity with increased oxidant concentrations (part b of
Figure 2). As expected, with increased concentration (0 to 0.05
M) of H,O,, the amount of MB dye decomposition is decreased.
This similar observation was also reported by Segal'® and

Ghosh? in the PC dye decomposition and liquid-phase epoxi-
dation of olefins, respectively. The reason may be that the size
of the H,O, molecule is comparable to the pore size of the
OMS-2 catalysts; therefore H,O, can enter into the channels
and decompose to water and oxygen instead of forming the
catalytic active site, an oxo—metal complex. This result is in
agreement with the observation that OMS-2 catalyzes the
decomposition of H,O, as described by Zhou et al.*®

TBHP, a bulky oxidant (~4.0 A), cannot readily get into the
channels and thus forms the highly reactive oxo—metal complex
that helps with the decomposition of MB dye. In addition, TBHP
is a stronger Lewis base than H,O, because the t-butyl group
gives a positive inductive effect on the lone pair electron of the
oxygen atoms of TBHP. This can further be enhanced to form
a stronger acid—base adduct between the Lewis acid sites of
OMS-2 materials and Lewis base sites of TBHP. TBHP itself
cannot decompose the dye, therefore causing the formation of
an oxo—metal complex intermediate. The mixed-valent oxida-
tion state of Mn (42, +3, and +4) in OMS-2 and the transition
elements (Mo®", V>, Wé* Fe’t, and Co?") in the doped OMS-2
are good candidates to form oxo—metal catalyst species along
with TBHP. The detailed mechanism of the oxo—metal complex
formation between OMS-2 and TBHP is described in the
literature.?

Catalytic behavior of doped OMS-2 materials shows varia-
tions in their dye decomposing activities, and the differences
are probably due to variations in average manganese oxidation
states, dopant metal amount, oxidation states of the metals, and
surface area. Surface areas of all of the materials range from
~60 to 270 m?/g. In this study, the surface area of the catalyst
follows the order of Mo > V > Fe > K > W ~ H > Co,
whereas the degree of decomposition in the presence of catalyst
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alone follows the order of Mo > V> K > H~ W > Fe ~ Co
and the catalyst with TBHP follows the order of Mo > K > V
> W > H > Fe > Co. K-OMS-2 with a smaller surface area
than Fe—K—OMS-2 has shown better MB degradation in both
cases. A higher surface area is thus not consistent with the higher
activity of all of the catalysts used. Mo—K—OMS-2 (Mo®"),
V—K—0MS-2 (V>"), and W—K—OMS-2 (W°") showed better
catalytic activity because of their d° metal centers forming highly
reactive oxo—metal species with mono-oxygen like TBHP
compared to other doped metal (Fe—K—OMS-2 (Fe**) and
Co—OMS-2 (Co?")) catalysts. Catalytic activity of these
catalysts mainly depends on the oxidation state and the
accessibility of the transition metal in the OMS-2. Other than
the oxidation states, a combination of the above mentioned
factors can play a role to determine the order of the activity of
these catalysts. All of the doped catalysts showed enhanced
activity with TBHP, showing their ability to form oxo—metal
complexes that enhance reactivity.

A drastic increase in the dye decomposition activity of OMS-2
materials observed with raising temperature suggests a swelling
effect produced within the internal structure of the catalyst
enabling a large amount of dyes as well as TBHP molecules to
penetrate through the tunnels and internal pores of the catalysts.
Frequent interaction between MB dye, TBHP, and active sites
of the catalyst therefore increased the decomposition of the dye.
Increased activity on raising temperature implies that the
enthalpy change has a positive value. This indicates that the
decomposition of MB was endothermic, which opposes the
argument of possible exothermic adsorption and strongly
supports the oxidation of the dye by OMS-2 catalysts.

Kinetic studies show that the dye decomposition reactions
by Mo—K—OMS-2 catalysts follow first-order kinetics (k =
7.6 x 1072 min~"), whereas K—OMS-2 along with TBHP follow
pseudo-first-order kinetics (K’ = 3.6 x 1072 min™!) with respect
to dye concentration. These rate constants’ values are higher
than the values of 6.6 x 107 to 7.6 x 107> min~' reported by
S.-A. Ong et al.*! for biodegradation of MB dye. From the rate
constant, the dye decomposition reaction by K—OMS-2 +
TBHP is slower when compared with only Mo—K—OMS-2
catalysts. This longer reaction suggested the formation of an
oxo—catalyst species that initiates the decomposition reaction
of dye in the presence of TBHP. Kinetic data obtained for the
K—OMS-2 + TBHP system over various temperatures also
followed pseudo-first-order kinetics. Apparent rate constants (k)
have been used in obtaining an Arrhenius plot. The apparent
activation energy (E,) estimated from the slope of the plot was
found to be 35.15 kJmol ™.

The other important factor that significantly influences the
rate of MB decomposition is pH, as seen in Figure 7. The
isoelectric point (IEP) of the catalysts is important in order to
keep track of the charge of the catalyst surface as a function of
pH. IEP values are characteristic of the oxidation state of
manganese oxides. The calculated IEPs for octahedrally coor-
dinated Mn?*", Mn®*", and Mn*" are 12.2, 9.6, and 5.8,
respectively. The average oxidation state of Mn in OMS-2 is
~3.8—4, and consequently the IEP value for OMS-2 catalyst
is ~5.8.%2 At higher pH above IEP the catalyst surface exhibits
negative charge and therefore should show higher adsorption
of positively charged MB molecules. Our experiments showed
that lower pH favors the reaction, and as a result the interaction
between MB molecules and OMS-2 catalysts is not just an
electrostatic adsorption. There should be another mode of
interaction that favors the oxo—metal chelation. Literature® data
suggest that Mn is highly mobile in lower pH and its mobility
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is restricted at high pH because of the high concentration of
OH™ ions, which can easily precipitate Mn as hydrous oxides.
Observations made during the course of the reaction: The
reaction rate was faster and completed in very short time at
lower pH, whereas at higher pH the reaction rate was slower,
decomposition is lower and saturated with time, and also in the
reaction mixture dark precipitate was observed is in accordance
with the above reasoning. As a result, formation of the
oxo—metal complex is very fast at lower pH due to high
mobility of Mn; however, at higher pH Mn easily precipitates
as hydrous oxides and much less Mn is available for oxo—metal
complex formation, which leads to less decomposition of MB.

The solubility of manganese oxide is exceedingly small,
suggesting that the reaction is heterogeneous and must be taking
place at the interface of the solid and substrate. The catalytic
activity of manganese oxide may be due to excess surface
oxygen and from the oxidant rather than active or available
oxygen.'%* This is strongly supported by the XRD data that
showed no changes in the bulk structure after reaction. Further
analysis for elemental composition and thermogravimetric
analysis for before and after reaction samples (Supporting
Information) led to a similar conclusion.

Porosity and surface area are important parameters that control
the differences in catalytic activity of other manganese oxide
catalysts. Higher catalytic activity of AMO can be attributed to
its higher surface area. Poor activity of commercial MnQO, is in
agreement with its lower surface area and porosity. The higher
activity of K—OMS-1 and Na—OL-1 catalysts as compared to
OMS-2 is probably ascribed to their higher pore size and pore
volume, but their decreasing activity along with TBHP is a
consequence of the specific selectivity of TBHP into the
channels and due to decomposition rather than forming the
catalytic active site an oxo—metal complex.

The decomposition follows a possible mechanism that
involves formation of an oxo—metal complex of the dye
molecule on the catalyst surface, oxidation (electron transfer)
of dye molecule by the catalyst oxidant adduct, and then
decomposition of the oxidized species. When the reaction
proceeded, a decrease in the absorbance of MB at 665 nm was
accompanied by a blue shift in the spectrum, with the emerging
of a new absorption peak at around 400—500 nm. This indicates
N-demethylation of MB and the formation of new intermediates.*>*
Therefore, the ESI-MS experiments have been performed and
the results are in good agreement with reports in the literature, 3
which show that dye decomposition is initiated through hydroxyl
group incorporation in the aromatic ring followed by cleavage
of dye molecules into oxidative intermediate species. This
prediction was further supported by the ESI-MS spectra taken
with the collected samples after 1 week of the reaction. In those
spectra, there was no peak at m/z = 284, suggesting that the
dye was totally decomposed to smaller fragments during this
time. Further chemical analyses such as total organic content
and HPLC-MS are clearly needed to determine the nature of
the dye degradation products and also to understand processes
of selective oxidation and mineralization.

Conclusions

Experimental results from this economic and environmentally
friendly study show that MB dye is successfully decomposed
using K—OMS-2 and doped K—OMS-2 materials. The best
catalyst is Mo—K—OMS-2 because it gave a total degradation
(94%) in 30 min, whereas K—OMS-2 gave only ~30%
degradation. Oxidant TBHP enhanced the degree of decomposi-
tion with increasing concentration but H,O, inhibited the
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reaction with increasing concentration. Rates of reaction were
found to be first-order and pseudo-first-order with respect to
the dye. X-ray diffraction studies indicate that negligible changes
occurred in the catalyst structure after reaction. The degree of
dye decomposition is increased with increasing catalyst con-
centration. The pH has a major role in the catalytic activity,
and the best pH for these reactions is 3 or 4. A drastic increase
in catalytic activity with increasing temperature implies the
reaction is endothermic. AMO showed good catalytic activity
for MB decomposition among other Mn oxide catalysts.
Analysis of the products with ESI-MS showed that MB was
successively oxidized via different intermediate species.
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