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Structural Characterizations of Copper Incorporated Manganese Oxide OMS-

2 Material and Its Efficiencies on Toluene Oxidation

Abstract

This work aimed to study the excellent properties of the high-valent copper doped into the
framework structure of K-OMS-2 catalyst (Cu-K-OMS-2). The physicochemical properties of
Cu-K-OMS-2 material were examined using X-ray Diffractometer (XRD), N, adsorption-
desorption, X-ray photoelectron spectroscopy (XPS), X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) techniques. The copper dopant
can improve the physicochemical properties of K-OMS-2 catalyst including the specific surface
area, O,q4/Opy ratio and Cu*/Cu?" ratio, resulting in enhanced catalytic activity. The Cu®* species
were observed in the Cu-K-OMS-2 structure. In addition, the oxidation state of copper on the Cu-
K-OMS-2 surface revealed both Cu?* and Cu?* species, which affected toluene removal. The
existence of the Cu’*/Cu?' ratio led to enhance toluene removal at low reaction temperature.
Moreover, the Cu K-edge EXAFS spectrum demonstrated that the Cu ions existed in the same site
as the Mn ions in the K-OMS-2 framework structure. Consequently, we can propose that Cu®*
existed in the Cu-K-OMS-2 framework structure by Mn?* substitution in the MnOg octahedral site,
which influenced the high toluene oxidation at low reaction temperature. In addition, the high-
valent copper doped into K-OMS-2 catalyst showed high stability for VOCs oxidation. The
activation energy of toluene oxidation over Cu-K-OMS-2 catalyst was computed as shown about

91.18 kJ mol!.

Keywords: Trivalent copper; Divalent copper; Toluene oxidation; Oxidation state; OMS-2; Cu-K-

OMS-2
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Introduction

The catalytic oxidation technology with cryptomelane (K-OMS-2) has been widely used for the
removal of volatile organic compounds (VOCs) in the gaseous phase (Fu et al., 2017; Hou et al.,
2013b; Said et al., 2016; Santos et al., 2011, 2010; Sihaib et al., 2017; Wang and Li, 2010). The
high catalytic performance of K-OMS-2 is related to its unique structural properties such as open
tunnel structure, mixed-valent manganese oxide, mobile and lattice oxygen species, high specific
surface area, hydrophobicity and easy release of lattice oxygen (DeGuzman et al., 1994; Hou et
al., 2018, 2013a; Luo et al., 2008, 2000; Shen et al., 2011; Suib, 2008). The excellent properties
correlate with the particle morphology and synthesis route (Schurz et al., 2009). The nest-like K-
OMS-2 catalyst, synthesized via the hydrothermal method, exhibits a high catalytic activity due to
the high concentration of oxygen species and good mobility of oxygen species (Deng et al., 2014).
Hou et al. reported that the presence of Mn3* in the OMS-2 samples could imply oxygen vacancy
defects, which affect the catalytic oxidation ability of OMS-2 (Hou et al., 2013a). In addition,
rising the oxygen vacancy defect concentrations considerably enhances the lattice oxygen
reactivity and increasing VOCs removal, for example, benzene (Hou et al., 2013a; Yodsa-nga et
al., 2015), toluene (Fu et al., 2017), carbon monoxide (Chen et al., 2008), peroxymonosulfate
(Fang et al., 2017) and ozone (Jia et al., 2016; Wang et al., 2015). Moreover, the K-OMS-2 catalyst
with high O,45/O\a mole ratio influences the enhancement of the VOCs’ oxidation (Jia et al., 2016;
L. Liuetal., 2017; H. Sun et al., 2017). However, the K-OMS-2 material displays complete VOCs
oxidation at high reaction temperature (more than 250°C) (Gandhe et al., 2007; Genuino et al.,
2012; Liu et al., 2017; Sun et al., 2011; Sun et al., 2015). Thus, the material’s efficiency is
necessarily improved owing to the deactivation of K-OMS-2 catalyst at low reaction temperature,

whereas complete oxidation at high reaction temperature.
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To modify K-OMS-2 structural properties and catalytic performance, the K-OMS-2
material has been modified by doping with several metal cations into the tunnels and/or the
framework. Alkali metals are usually incorporated into the tunnel sites of K-OMS-2, such as Li*,
Na*, K", Rb* and Cs* (Carabineiro et al., 2016; Liu et al., 2003; Santos et al., 2012, 2009; Wu et
al., 2011). These metal ions can replace K™ or occupy empty sites or replace H;O™ in tunnel sites
(Santos et al., 2012). Hou et al. reported that the substitution of tunnel K ions leads to an increase
in the formation energy of an oxygen vacancy, resulting in decreased oxygen vacancy
concentration, as a reason why low catalytic activity occurred (Hou et al., 2014). Depending on
the results of our literature review, doping metal ions into the framework structure might enhance
the K-OMS-2 performance. Transition metal ions have been used to dope the framework of K-
OMS-2, for example, W6, Mo®", V3%, Cr*, Fe3*, Ru?t, Cu?*, Zn?*, Co?*, Pt**, Pd*", Ni*" and Ag"®
(Adjimi et al., 2017; Calvert et al., 2008; Ching et al., 2016; Herndndez et al., 2012, 2010;
Jothiramalingam et al., 2006a; Li et al., 2015; Ma et al., 2017; Ozacar et al., 2013; Roozeboom et
al., 1981; Shaikjee and Coville, 2011; Sun et al., 2013). Among those dopants, copper ion shows
as a suitable metal ion for modification of K-OMS-2, since it can be prepared by a simple synthesis
and it gives an effective oxidation catalyst. The presence of copper ions in K-OMS-2 catalyst
improves the catalytic properties associated with the average oxidation state, specific surface area,
reducibility, mixed-valent manganese species, oxygen mobility, defect-oxide species and stability
(Chen et al., 2001; Hernandez et al., 2012, 2010; Liu et al., 2010; Yang et al., 2014; Yun et al.,
2017). In addition, the electronegativity property of metal dopants plays an important role in K-
OMS-2 performance. Sun et al. (Sun et al., 2013) reported that the metal electronegativity (Cu >
Co > Fe > Cr) is related to the order of catalytic activity using transition-metal-ion doped OMS-2

catalysts. Because the higher electronegativity leads to a weakness of the Mn—O bond in the Mn—
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O-M bridge, and the greater mobility and reactivity of the active oxygen species. According to the
theory, there are many oxidation states of copper, including Cu*, Cu?*, Cu** and Cu**, which show
different electronegativities (Li and Xue, 2006). The copper ions with an increase in the oxidation
state possibly increase the electronegativity as follows: Cut < Cu?" < Cu3" < Cu*'. Consequently,
Cu*" could show the highest efficiency and higher than Cu?*, Cu?* and Cu*. Commonly, the Cu®*
was successfully doped on K-OMS-2 material by several methods, such as reflux (Liu et al., 2010),
ball milling (Hernandez et al., 2012), incipient wetness impregnation (Davo-Quinonero et al.,
2016), solid-state (Hernandez et al., 2012) and hydrothermal methods (Jothiramalingam et al.,
2006b; Ramstad and Mikkelsen, 2004). The Cu?* ions were incorporated in the tunnel structure of
K-OMS-2 materials (Jothiramalingam et al., 2006b; Yang et al., 2014), which might destroy the
framework structure to become a layer structure resulted in low catalytic activity for VOCs
removal (Yang et al., 2014).

Recently, we can dope a trivalent copper (Cu?") into the K-OMS-2 catalyst through the in
situ hydrothermal methods (Kaewbuddee et al., 2019a). The effect of hydrothermal conditions on
Cu-K-OMS-2 synthesis including aging temperature, aging time and amount of copper dopant
were studied by using the Box-Behnken design (BBD) method. The Cu-K-OMS-2 samples were
tested with thermal toluene oxidation. The results indicated that the hydrothermal conditions affect
the physical and chemical properties and the performance of the Cu-K-OMS-2 catalyst. In
addition, the optimal conditions for the Cu-K-OMS-2 synthesis are determined as 120°C of aging
temperature, 6 h of aging time and 6% mole of Cu on K-OMS-2, which exhibited a complete
toluene oxidation at low reaction temperature. According to the review, the incorporation of copper
in the K-OMS-2 tunnel structure showed a disadvantage in its performance. Therefore, the location

of copper ions in K-OMS-2 structure affects the thermal oxidation of VOCs. Continuously, the
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Cu-K-OMS-2 catalyst, prepared by in situ hydrothermal method at optimal condition, was used to
study the excellent properties on toluene oxidation. The local structure of copper in K-OMS-2
material was investigated. The stability of Cu-K-OMS-2 catalyst was considered as well.
Moreover, the kinetic parameters of toluene oxidation by using Cu-K-OMS-2 were examined. The
physicochemical properties of Cu-K-OMS-2 were explained using X-ray diffractometer (XRD),
N, adsorption-desorption calculated the specific surface area by Brunauer—Emmett—Teller (BET),
X-ray photoelectron spectroscopy (XPS), X-ray absorption near edge structure (XANES) and

extended X-ray absorption fine structure (EXAFS) techniques.

Materials and methods

Chemicals

All the chemicals used for this study are of analytical grade. Manganese(Il) acetate
tetrahydrate (Mn(CH;COO),"4H,0) with greater than 99% purity, potassium permanganate
(KMnO,) with 99% purity and glacial acetic acid (CH;COOH) were purchased from ACROS
Organics, UNIVAR and QREC, respectively, and 1000-ppm Cu AAS standard solution from

Applichem.

In situ copper-doped K-OMS-2 (Cu-K-OMS-2) synthesis

Cu-K-OMS-2 was synthesized through a hydrothermal method which was applied following
Kaewbuddee et al. research (Kaewbuddee et al., 2019a). First, the mole ratio of 0.75
KMnO,/Mn(CH;COO), was used to prepare the catalyst. The KMnO, and Mn(CH;COO), were
dissolved separately in 40 mL deionized water under continuous stirring until becoming a perfectly

mixed solution. Second, the KMnQ, solution was dropped slowly into the Mn(CH;COO), solution
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and then the 6% mole of copper standard solution was added to the mixture under continuous
stirring. Third, the pH of the mixed solution was adjusted to an acidic condition (pH lower than
3.5) by concentrated glacial acetic acid and stirred continuously for an hour. After that, the final
solution was transferred into an autoclave for the hydrothermal process at 120°C for 6 h. Finally,
the obtained black slurry was filtered and washed with deionized water until the filtrate was pH
neutral. The obtained catalyst was dried overnight at 100°C. The K-OMS-2 was prepared by the
same technique with Cu-K-OMS-2 following the optimal condition reported by Yodsa-nga et al.

(Yodsa-nga et al., 2015).

Catalyst characterization

The crystalline phase of the samples was analyzed by XRD (PANalytical, EMPYREAN
(Netherlands)) using Cu Ka radiation with wavelength A = 0.1514 nm at 40 mA and 45 kV and
Bruker D8 Advance using Cu Ka with wavelength A =0.1514 nm at 30 mA and 40 kV. The specific
surface area was analyzed using a N, adsorption—desorption analyzer (ASAP2460, Micromeritics,
USA) and calculated using the BET equation. The oxidation states of manganese, copper and
oxygen were determined by XPS and XANES techniques (BL5.3 and BL1.1W, respectively),
Synchrotron Light Research Institute (Public Organization), Thailand. The neighboring atoms and
absorber-neighbor distances were analyzed via the EXAFS technique (BL1.1W). The stand-alone
XPS with a Kratos AXIS Ultra model was operated using monochromatic Al Ka 2v = 1486.71

eV, 5 mA and 15 kV as an X-ray source.

Catalytic thermal oxidation of toluene
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The catalytic activities of Cu-K-OMS-2 and K-OMS-2 samples were tested in toluene degradation
via packed bed reactor (PBR), the same apparatus as in our previous work, where 0.01 g of Cu-K-
OMS-2 or K-OMS-2 catalysts were placed in the center of the PBR. Toluene was maintained at —
3°C, using the cold bath as an evaporator. Approximately 7,550 ppmV of toluene concentration,
calculated following Doucet et al. (Doucet et al., 2006), was studied. The gaseous toluene
oxidation was investigated with reaction temperature in the range of 140—300°C and the weight
hourly space velocity (WHSV) was used at 3.41 h™! under atmospheric pressure. Then, the kinetic
parameters were investigated by varying the amount of Cu-K-OMS-2 catalyst between 0.005-0.02
g. Additionally, to study the catalytic stability and the deactivation of Cu-K-OMS-2 catalyst, the
toluene concentration was set up to 13,500 ppmV (about 2 times), then passed through 0.15 g of
catalyst in the PBR at 200°C of reaction temperature. After the toluene oxidation, the spent
catalysts were studied the characteristic, such as the phase structure or the binding energy of XPS
compared with the fresh catalyst. The toluene concentration in the fluid was measured using gas
chromatography with a thermal conductivity detector using Gaskuropack 54 as a column (GC-
TCD, Shimadzu, 8A series, Japan) which was investigated at least three times for each reaction-

temperature testing. The percentage removal of toluene (Y) was calculated using Equation (1).

C,-C,
Y= =2 1x100%, (1)

0

where C) and Cyare toluene concentrations before and after reaction in the PBR, respectively.

Results and discussion
Characterizations
The XRD patterns of the prepared catalysts are presented in Figure 1. According to the previous

work, Yodsa-nga et al. found the optimum conditions of K-OMS-2 synthesis for VOCs removal
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at 75°C of aging temperature for 21 h of aging time (Yodsa-nga et al., 2015). Therefore, the K-
OMS-2 sample as an undoped reference catalyst, synthesized by following Yodsa-nga et al.
(Yodsa-nga et al., 2015), presented characteristic peaks at 26 values of 12.73, 18.21, 28.76, 37.51,
41.89, 50.08, 60.17, 65.32 and 70° which correspond to the cryptomelane type (JCPDS 29-1020,
KMngOy¢) (Iyer et al., 2010; Kumar et al., 2009; Sithambaram et al., 2009). According to our
results, the XRD patterns of Cu-K-OMS-2 catalyst clearly showed the cryptomelane (K-OMS-2)
phase structure. Moreover, no additional peaks were observed, indicating that the Cu-K-OMS-2
materials were a pure phase of K-OMS-2 and the copper oxide phase was not observed. The results
implied that copper ions were well dispersed or incorporated into the K-OMS-2 structure and the

copper amounts did not damage the Cu-K-OMS-2 crystalline phase as well.

[Figure 1 near here]

[Table 1 near here]

The specific surface areas of prepared samples were measured using a N, adsorption—
desorption analyzer and calculated by the BET equation, as shown in Table 1. The results found
that the copper dopant influenced the specific surface area of the K-OMS-2 catalyst. Obviously,
the specific surface areas of Cu-K-OMS-2 samples are higher than undoped K-OMS-2 prepared
at optimal condition reported by Yodsa-nga et al. (Yodsa-nga et al., 2015). Therefore, the K-OMS-
2 materials were doped with the copper dopant, in which the specific surface area was higher than
without doping. The higher specific surface areas of Cu-K-OMS-2 materials could have promoted

the catalytic activity. Likewise, Kaewbuddee et al. research, they reported that the K-OMS-2
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catalyst with a high specific surface area showed the highest toluene removal (Kaewbuddee et al.,

2019b).

[Figure 2 near here]

The copper and manganese species in K-OMS-2 material were investigated by the XANES
technique, as presented in Figure 2. The oxidation state of manganese in K-OMS-2 structure was
analyzed using the XANES technique with Mn K-edge energy, as shown in Figure 2(a). The Mn
K-edge features of manganese standards and prepared Cu-K-OMS-2 materials were explored. The
pre-edge features of Cu-K-OMS-2 material and MnO, standard were quite the same shape. But,
the Cu-K-OMS-2 presented lower intensity of pre-edge than the MnO, standard. However, the
shoulder peak of Cu-K-OMS-2 materials displayed features similar to the Mn,O; standard. In
addition, the Mn K-edge absorption energy (Ej) of Cu-K-OMS-2 materials was determined at
~6,551 eV, which was higher than E, of the Mn,0; standard (6,548 e¢V), but lower than E, of the
MnO, (6,552) standard. These results indicated that the oxidation states of manganese in Cu-K-
OMS-2 structure were the mixed-valence states of Mn,O3 (3+) and MnO, (4+). The Mn3*/Mn**
ratios of Cu-K-OMS-2 and K-OMS-2 samples were estimated by linear combination fitting (LCF)
of XANES spectra with MnO, and Mn,0; reference materials using Athena software. The LCF
results presented that the Mn3*/Mn*" ratio of the Cu-K-OMS-2 sample (0.08) was slightly lower
than the K-OMS-2 sample (0.10), as shown in Table 1. This phenomenon might be caused by the
replacing of Cu ions in Cu-K-OMS-2 structure. According to Wu et al. work, they found that the
amounts of Mn ions in Co-K-OMS-2 and Cu-K-OMS-2 were lower than in the K-OMS-2 material,

which indicated that the Mn ions were replaced by Co or Cu ions in the framework of K-OMS-2
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structure (Wu et al., 2018). The oxidation states of copper in the K-OMS-2 structure were
confirmed by the XANES spectra with Cu K-edge energy. The XANES features of copper
standards are shown in Figure 2(b). There obviously showed different position edges and shapes.
The pre-edge energy of Cu,0O and CuO appeared at 8,977.31 and 8,978.64 eV, respectively,
corresponding to the literature (Adak et al., 2017; Munoz-Rojas et al., 2007). To visibly compare
the position edges and shapes, copper standards were plotted along with Cu-K-OMS-2 materials,
as shown in Figure 2(b). According to our results, the pre-edge energy of Cu-K-OMS-2 catalyst
was shifted to 8,980.54 eV, which is correlated with the pre-edge energy of Cu?' species
(Chandarak et al., 2011; Munoz-Rojas et al., 2007; Sinha et al., 2015; Tomson et al., 2015). The
pre-edge energy of Cu-K-OMS-2 material is higher than the Cu,O and CuO standards. The results
showed that the XANES feature of Cu-K-OMS-2 sample does not match with Cu,O and CuO
standards. The Cu-K-OMS-2 material does not present the shoulder peak, unlike with Cu,O and
CuO standards. In addition, the white line peak of the prepared sample is more intense than both
standards, this phenomenon relates to the oxidation state (Gomes et al., 2013). The greater the peak
intensity, the wider the white line of the copper absorption edge, demonstrating the higher
oxidation state (Chen et al., 2006; Tsai et al., 2004). Therefore, the copper species in K-OMS-2
structure was not Cu* and Cu?" species, it should be higher than Cu®* species. Likewise, Elias et
al. found that the edge position for Cug;Ce( 90, sample is higher than CuO standard about 3.2
eV, which indicates a formal valence higher than 2+ (a mixture of 2+ and 3+). Then, they
confirmed that the weak pre-edge feature of Cuy Ceg 90, sample specifies the Cu’* type (Elias et
al., 2014). Moreover, Deng et al. reported that the NaCuO, K-edge shifts by ~2.2 eV, relative to
CuO standard. The shift in edge energy demonstrates an increase in the average valence of copper,

which can be indicated to the formation of Cu*" (Deng et al., 2016). According to these results, we
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can propose that the pre-edge position (8,980.54 eV) and the unique XANES features of Cu-K-
OMS-2 materials indicated the trivalent copper (Cu’").

[Figure 3 near here]

Figure 3(a) shows the XPS results. The Cu-K-OMS-2 materials were analyzed for surface
oxidation using the XPS technique with Cu 2p spectra with binding energy at 925-970 eV. The
Cu 2p XPS spectra can be used to confirm the oxidation state of copper on the Cu-K-OMS-2
surface. Normally, the Cu 2p energy level of copper is composed of main characteristic doublet
peaks corresponding to Cu 2p;/, and Cu 2p,, peaks along with the shake-up satellite structures at
~8 ¢V and ~10 eV binding energies higher than the main Cu 2p peak. The binding energies at ~931
eV and ~951 eV corresponding to Cu 2p;, and Cu 2p,, peaks, respectively, indicate the Cu*
species. In addition, the Cu?* species appear at ~933 eV and ~953 eV, associated with Cu 2ps,, and
Cu 2p; energy levels, respectively (Akgul et al., 2014; Kataoka et al., 2011; H. Liu et al., 2017;
Natarajan et al., 2018; Rebhan et al., 2015; Sharma et al., 2018). Generally, the XPS spectra of
Cu?" oxides are composed of the main peak and satellite feature at 2p3d!°L? (~934 e¢V) and 2p3d°L
final state (~945 eV), respectively (Kataoka et al., 2011). According to our results (Figure 3(a)),
the Cu 2p energy level displayed that the Cu 2p;/, spectra overlap with the Cu 2p;,, peak position.
Remarkably, the Cu 2p;/, spectra of Cu-K-OMS-2 materials consisted of two main peaks at 933
eV and 936 eV, and a satellite peak located at around 945-946 eV. Clearly, the binding energy of
Cu 2ps, spectra were deconvoluted with two components corresponding to the Cu?" and Cu?* at
933 eV and 936 eV, respectively. Similarly, Kim et al. found the mixed states of Cu?" and Cu?" in
Cu-substituted LaSrMnO samples (Kim et al., 2008). However, we could not propose that the

satellite peak of Cu 2ps), spectra refer to the Cu’* state because the background of Cu 2p spectra
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overlap with Mn LMM (945 eV) region (Chen et al., 2018). Therefore, the Cu**/Cu?* ratio was
computed by based on the fitting results of Cu 2p;,, spectra, as shown in Table 1. Consequently,
we can suggest that the mixed-valence of Cu?" and Cu?* species existed on the Cu-K-OMS-2
surface.

The Mn 2p spectra of Cu-K-OMS-2 samples were fitted, as shown in Figure 3(b). The Mn
2p energy level of manganese consisted of two characteristic doublet peaks corresponding to Mn
2ps» and Mn 2p,); energy. The doublet peaks of Mn 2p spectra at binding energies ~642 eV and
~654 eV were assigned to Mn?* species; besides, the binding energies at ~644 eV and ~656 eV
were assigned to Mn*' species (Biesinger et al., 2011; McManus et al., 2016; F. Pan et al., 2016;
Wu et al., 2018, 2017). Therefore, the manganese species on the Cu-K-OMS-2 surface were
mixed-valent Mn?* and Mn*" species.

The kinds of oxygen species were fitted, as displayed in Figure 3(c). The O 1s spectra of
Cu-K-OMS-2 samples were composed of three characteristic peaks corresponding to lattice
oxygen (Oy,y), surface adsorbed oxygen (O,4s) and adsorbed molecular water species (Oyat). The
binding energy peak, located at ~530 eV, was identified to Oy, (O,>"), which is an oxygen species
bonded to metal cations in a coordinately saturated environment (Genuino et al., 2013; R. Pan et
al., 2016; L. Sun et al., 2011). The binding energy peak at ~531 eV was associated with O,4s (O,
, O7), OH™ groups on the surface and oxygen vacancies, which is an oxygen species bonded to
metal cations in a coordinately unsaturated environment (Genuino et al., 2013; R. Pan et al., 2016;
L. Sun et al., 2011). The binding energy peak, located at ~533 eV, was ascribed to adsorbed
molecular water (Genuino et al., 2013; R. Pan et al., 2016; L. Sun et al., 2011). Moreover, the

O.4s/Oray ratio was estimated from the XPS spectra fitting, as shown in Table 1. The O,45/O. ratio
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of Cu-K-OMS-2 catalyst (0.62) was higher than the K-OMS-2 material. Therefore, the copper

doped on K-OMS-2 can enhance the O,45/O\5 ratio, which promoted the catalytic activity.

[Figure 4 near here]

To identify the local atomic environment and demonstrate the substitution of Cu ion in K-
OMS-2 material, EXAFS analysis of Cu-K-OMS-2 catalyst with the Mn K-edge and Cu K-edge
were performed. The analysis assumed that the Mn ions resided in the corner-sharing octahedral
units of the cryptomelane Q structure using the Inorganic Crystal Structure Database (ICSD) 59159
as a cryptomelane structural model (Demchenko et al., 2009; Stelmachowski et al., 2018). The
cryptomelane model consisted of the first neighboring octahedral O ions, the other neighboring O
and Mn ions using the interatomic distance up to 3.5 A from the central Mn ion. Figure 4(a) shows
the EXAFS refinement of the |y (R)| (Fourier transform of y(k)) for the Mn ions in the K-OMS-2
structure. The spectrum was a good fit with the R-factor of 1.6% indicated that the cryptomelane
Q structure model represented a good model (R-factor < 2%) for the K-OMS-2 structure. In
addition, the refinement of the Cu K-edge corresponding with the cryptomelane model, the Mn
ion was replaced by Cu ion, as shown in Figure 4(b). The Cu K-edge EXAFS spectrum displayed
a good fit with the data (R-factor = 0.1%), demonstrating that the Cu ions existed in the same site
as the Mn ions. Moreover, the Cu ions substituted the Mn ions, in which they were doped into the
K-OMS-2 framework structure. Likewise, Shen et al. reported that the Fe presented as Fe*' in an
octahedral environment similar to Mn in the MnOg4 of K-OMS-2 (Shen et al., 2011). In addition,
the structural disorder of all correlations was signified using the EXAFS Debye—Waller factors

(6?). The refined interatomic distances and o factors are summarized in Table 2. According to the
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Cu-substituted fitting, the interatomic distances and o2 of the first O and Cu/Mn coordination were
slightly higher than the conventional MnQOg site owing to a local distortion of the K-OMS-2
framework structure when Mn ion was replaced by Cu ion. In addition to the XANES, XPS and
EXAFS results, we can propose that the Cu ions were doped into the K-OMS-2 framework
structure, in which Cu?* species existed predominantly by replacing Mn ions in the octahedral site,

as shown in Figure 5.

[Table 2 near here]

[Figure 5 near here]

According to King’ondu et al. (King’ondu et al., 2011), the dopant can be embedded into
the octahedral framework by the substitution of MnOg units of K-OMS-2, then cations must allow
six-coordination and have a crystal radius almost the same size as that of Mn3* (72 pm), Mn** (67
pm). Moreover, the MnOg units of K-OMS-2 can be substituted by CuOg units, thus a crystal radius
of copper in six-coordination must be almost the same size as Mn3" or Mn**. The crystal radii of
Cu?" and Cu?' in six-coordination are 87 and 68 pm, respectively. The Cu ion in this work
represented Cu’" species in the K-OMS-2 structure, whereas Yang et al. (Yang et al., 2014)
reported that CuO/Cu?* incorporated into the K-OMS-2 framework. Moreover, Elias et al. reported
that the Cu-O bond distance was found to be 1.93 A (similarly with this work), which indicated a
contribution of Cu?*(Elias et al., 2014). According to the literature, the MnOg units were possibly
substituted by Cu*" more than Cu?* to form CuOyg units because of the crystal radius size, the bond

distance and the oxidation state. Therefore, to replace Mn ions in the octahedral site by copper, the
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oxidation state of copper should be 3+. Then, we can suggest that the MnOg units of Cu-K-OMS-
2 catalyst in this work were substituted by Cu** during the formation process of the octahedral site.

Catalytic performance and stability study

[Figure 6 near here]

The catalytic performances of Cu-K-OMS-2 and undoped K-OMS-2 samples were investigated
by toluene oxidation in a PBR under the same condition, as presented in Figure 6. These results
showed that the Cu-K-OMS-2 catalysts exhibited a higher toluene removal than the undoped K-
OMS-2 catalyst at 180°C of reaction temperature. Additionally, complete oxidation took place at
a reaction temperature of 190°C and 200°C for Cu-K-OMS-2 and K-OMS-2 catalysts, respectively.
The pure phase structure of Cu-K-OMS-2 with high specific surface area and O,45/O). ratio led to
show a high toluene removal. The high specific surface area correlated with high O,4,/O. ratio
resulted in high toluene removal, corresponding to Kaewbuddee et al. result (Kaewbuddee et al.,
2019b). Moreover, the Cu*" species in Cu-K-OMS-2 framework structure could enhance the
toluene removal due to the high electronegativity of Cu®" species. The higher electronegativity
leads to a weakness of the Mn—O bond in the Mn—O-M bridge, and the great mobility and
reactivity of the active oxygen species resulted in high toluene removal. In addition, Kaewbuddee
et al. confirmed that the high amount of copper dopant led to the enhancement of toluene removal.
The Cu?*/Cu?' ratio on Cu-K-OMS-2 catalyst increased with the rise in copper dopant, which
promoted the toluene removal (Kaewbuddee et al., 2019a). Therefore, the Cu-K-OMS-2 catalysts
in this work exhibited a low complete-reaction temperature of toluene oxidation compared with

the manganese oxide-based catalyst of other recent researches (Genuino et al.,, 2012;
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Tarjomannejad et al., 2016). According to these results, copper doped into the K-OMS-2
framework structure can enhance the catalytic performance at a low reaction temperature. The
scale-up of the experiment was set to study the catalytic stability and deactivation of the Cu-K-
OMS-2 catalyst for toluene oxidation via PBR with 0.15 g of catalyst. The toluene, about 13,500
ppmV, was passed through the PBR at a complete reaction temperature of 200°C for 8 h reaction
time. The physicochemical properties of fresh and used catalyst were characterized by XRD and
XPS techniques. Figure 1 confirms that the crystalline phase of used Cu-K-OMS-2 was not
destroyed after the reaction finished. In addition, the binding energy of Cu, Mn and O elements of
used Cu-K-OMS-2 was not shifted compared with fresh Cu-K-OMS-2 catalyst, as shown in Figure
3. Therefore, the copper-doped K-OMS-2 catalyst presented a high stability for toluene oxidation

at a reaction temperature of 200°C.

Kinetic study

[Figure 7 near here]

The kinetic parameters of toluene oxidation by using Cu-K-OMS-2 catalyst were studied under
the reaction temperature in the range of 130-150°C with the WHSV at 3.41 h™! and 7,550 ppmV
of initial toluene concentration. The initial reaction rates of toluene oxidation were computed by
using the correlation of toluene conversion and space time at different reaction temperatures. Then,
the relationships between the initial reaction rate of toluene oxidation versus reaction temperature
and the natural log of initial reaction rate of toluene oxidation versus inverse reaction temperature

were presented in Figure 7(a) and 7(b), respectively. The toluene reaction rate increases with
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increasing in the reaction temperature. The activation energy (E,) of toluene oxidation was
determined by the combination of the power law models (Equation (2)) and the Arrhenius equation
(Equation (3)), following the deep toluene oxidation reaction with oxygen. Based on our
experiment, the initial toluene and O, are constant concentrations. Likewise, pressure and inlet

volumetric flow rate are constant as well.

The gas-phase reaction rate of toluene is shown in Equation (2).

—10 = k4P S1uene,0Phxygeno (2)
Where, -1 is the initial reaction rate of toluene, k, is a reaction rate constant, Pigjyene,0 and Poyygen o
are initial concentration of toluene and oxygen, respectively.

The Arrhenius equation is displayed in Equation (3).

ka(T) = Ae R 3)

Here, A is pre-exponential factor, E, is the activation energy, R is gas constant and T is absolute
temperature (K). Then, combined equation between the power law models and the Arrhenius

equation is presented in Equation (4).

—Eg/RT
—ro = 4de ¢ Pto(gluene,Ongygen,O 4)
Give; A= APtoéluene,Opgxygen,O (5)
—Eg/RT
—ro=Ae “ (6)

Where; A’ is the constant values as shown in Equation (5). Then, A" substituted to Equation (6) and
then this equation is taken to the natural logarithm. The final equation is revealed in Equation (7)

to compute the activation energy (E,).

Eq
Inrg= —z — InA4’ (7)
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In order to estimate E,, the natural logs of the initial reaction rate of toluene oxidation and
In(ry) were plotted along with the inverse reaction temperature, as presented in Figure 7(b).
According to the linear relationship between In(ry) and 1/T, the activation energy of the toluene
oxidation with Cu-K-OMS-2 catalyst was determined to be 91.18 kJ mol-!. The E, value of this
work is lower than the activation energy of the deep toluene oxidation with oxygen system by
using platinum on alumina catalyst, which has been reported to be 106 kJ mol-!' (Ordonez et al.,
2002). In addition, it is significantly lower than the activation energies of total oxidation of toluene
with oxygen by using palladium and platinum supported on carbon nanofiber as a catalyst, which
has been reported to be between 116-161 kJ mol! (Morales-Torres et al., 2009). Although the
inlet concentration of toluene was higher than other researches, the Cu-K-OMS-2 catalyst in this
work presented the highest toluene removal at the low reaction temperature, according to Table 3.
Hence, we can propose that the Cu-K-OMS-2 catalyst in this work can enhance the toluene
oxidation at low reaction temperature, which exposed a high toluene removal compared with other

researches.

[Table 3 near here]

Conclusions

High-valent copper was successfully doped into the K-OMS-2 framework structure by the in situ
hydrothermal method. The Cu3* species appeared in the K-OMS-2 structure, which was identified
using the XANES technique. In addition, the Cu?* species existed in the Cu-K-OMS-2 framework

structure by the Mn3?* substitution in the MnQOg octahedral site, which influenced the high toluene
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oxidation at the low reaction temperature. Moreover, the oxidation state of copper in Cu-K-OMS-2
material exhibited both the Cu’" and Cu?* species on the catalyst surface. The copper dopant can
improve the physicochemical properties of Cu-K-OMS-2 catalysts, which is associated with the
catalytic performance. The Cu-K-OMS-2 materials exhibited higher toluene removal than
undoped K-OMS-2 material at low reaction temperature because they showed a pure phase of the
Cu-K-OMS-2 structure, high specific surface area and O,4s/Oy,y ratio. Additionally, the low
activation energy of the toluene oxidation with Cu-K-OMS-2 catalyst was observed to be 91.18 kJ
mol!, resulted in the enhancement of toluene removal at low reaction temperature. The complete
toluene oxidation took place at 190°C of reaction temperature. Moreover, the Cu-K-OMS-2

catalysts showed high stability for toluene oxidation at low reaction temperature.
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Figure captions

Figure 1. XRD pattern of copper-doped K-OMS-2 samples compared with undoped K-OMS-2
catalyst.

Figure 2. The XANES feature of (a) the Mn K-edge spectra and (b) Cu K-edge spectra of Cu-K-
OMS-2 catalyst compared with the copper standards and manganese standards, respectively.
Figure 3. The XPS results of (a) Cu 2p, (b) Mn 2p and (c) O 1s spectra of the Cu-K-OMS-2
materials.

Figure 4. EXAFS analysis (a) Mn K-edge, (b) Cu K-edge of prepared Cu-K-OMS-2 catalyst
These spectra were obtained by measurements and the cryptomelane Q structure model fitting as
represented by the black and red lines, respectively.

Figure 5. The Cu-K-OMS-2 structure.

Figure 6. The catalytic activity of K-OMS-2 and Cu-K-OMS-2 catalysts.

Figure 7. (a) The initial reaction rate of toluene oxidation versus reaction temperature and (b) the

natural log of initial reaction rate of toluene oxidation versus inverse reaction temperature.
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Figure 1. XRD pattern of copper-doped K-OMS-2 samples compared with undoped K-OMS-2

catalyst.
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Figure 2. The XANES feature of (a) the Mn K-edge spectra and (b) Cu K-edge spectra of Cu-K-

OMS-2 catalyst compared with the copper standards and manganese standards, respectively.
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Figure 3. The XPS results of (a) Cu 2p, (b) Mn 2p and (c) O 1s spectra of the Cu-K-OMS-2

materials.
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Figure 4. EXAFS analysis (a) Mn K-edge, (b) Cu K-edge of prepared Cu-K-OMS-2 catalyst
These spectra were obtained by measurements and the cryptomelane Q structure model fitting as

represented by the black and red lines, respectively.
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Table captions

Table 1. The physicochemical properties of Cu-K-OMS-2 materials compared with undoped K-
OMS-2 material.

Table 2. EXAFS fitting results of Mn and Cu atoms as a central atom in the MnOg site.

Table 3. The comparisons of the activation energy and the catalytic performance on toluene

removal.
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Table 1. The physicochemical properties of Cu-K-OMS-2 materials compared with undoped K-

OMS-2 material.

oNOYTULT D WN =

Specific surface ~ Mn3**/Mn** Cu*/Cu?* 0.45/Oatt
9 Catalysts
10 area (m?/g) ratio® ratio® Ratio®

13 K-OMS-2 51.31 0.10 - 0.24

15 Cu-K-OMS-2 60.74 0.08 2.83 0.62

17 @The Mn**/Mn*" ratio was calculated by using the LCF of XANES spectra.

®The Cu¥*/Cu?" ratio and O,q4,/O1ay ratio were calculated by using the XPS data.
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Table 2. EXAFS fitting results of Mn and Cu atoms as a central atom in the MnOg site.

Page 44 of 45

MnOg site with Mn atom

MnOg site with Cu atom

Correlations Coor. no. Distance (A) o2 (A?) Correlations Coor. no. Distance (A) o2 (A?)

Mn-O1 6 1.888 £0.005 0.004 £0.001 Cu-Ol 6 1.920+0.014 0.008 +0.001
Mn—Mn1 4 2.869 +£0.007 0.005+0.001 Cu-Cul 4 2.767+0.027 0.013 +0.004
Mn-02 3 3.212+0.021 0.004 £0.003 Cu-0O2 3 3.756 £ 0.032 0.001 £0.001
Mn—Mn2 4 3.430+0.001 0.005+0.001 Cu—Cu2 4 3.290 £0.021 0.001 £0.001
Mn-0O3 3 3.242+0.021 0.004 £0.003 Cu-0O3 3 3.785+£0.032 0.001 £0.001
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Table 3. The comparisons of the activation energy and the catalytic performance on toluene

removal.

oNOYTULT D WN =

E, Inlet concentration Reaction
9 Catalysts References
10 (kJ mol!) (ppmV) temperature (°C)

13 Pt/y-Al,O4 106 5000 Tso ~ 180 Ordonez et al., 2002

15 Pt/ACNF 128 1000 Tgs ~ 190 Morales-Torres et al., 2009
Pt/y-Al,0O4 138 1000 Tgs ~ 190 Morales-Torres et al., 2009
20 Pd/ACNF 161 1000 Ts9~ 190 Morales-Torres et al., 2009
22 Pd/y-Al,0O; 116 1000 Tys ~ 190 Morales-Torres et al., 2009

Cu-K-OMS-2 91 7,550 T100 =190 This work
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