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Abstract: To improve NO conversion and sulfur resistance of low-temperature NO-CO selective
catalytic reduction (SCR), it is urgent to seek new catalyst materials. Herein, using the pre-doping
method, Cox-OMS-2 with different ratios of cobalt (Co) was obtained during hydrothermal synthesis
of OMS-2 molecular sieves (where x represents the doping ratio of Co, i.e., x = 0.1, 0.2, 0.3, 0.4).
Co was found to very efficiently intercalate into the crystal structure of OMS-2. Co and Mn work
together to promote the selective reduction reaction of NOx;; the NO conversion of Co0.3-OMS-2 was
the highest among all samples. Specifically, NO conversion at 50 ◦C increased from 72% for undoped
OMS-2 to 90% for Co0.3-OMS-2. Moreover, due to the incorporation of Co, the latter also showed
better sulfur resistance.
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1. Introduction

At present, the main sources of nitrogen oxide (NOx) emissions are industrial waste gas, automobile
exhausts and the burning of coal, diesel and gasoline [1–3]. The ternary V2O5-WO3(MoO3)/TiO2

catalyst system, which has been widely used commercially, is efficient for nitrogen oxide removal at
high temperature ranges (300–400 ◦C). However, the poor low-temperature (<300 ◦C) activity of this
catalyst, its narrow operating temperature window, toxic active components and tendency to produce
N2O, among other problems, limits its further application [4–6]. Therefore, the search for a new type
of low-temperature catalyst with high denitrification activity has become a focus of intense research.

Currently, the most widely used denitrification technology is NH3-selective catalytic reduction
(SCR). However, this has problems such as poor low-temperature activity and a narrow
active-temperature window [7–9]. As an alternative, research suggests that carbon monoxide SCR
(CO-SCR)-based catalysts may have the advantages of a low activation temperature range, excellent
catalytic performance and good resistance to sulfur and water [10–14]. Therefore, the search for CO-SCR
catalysts fulfilling these characteristics has become a defining theme in the field of remediation.

CO-SCR technology uses CO gas as a reducing agent to reduce nitrogen oxides such as NO to
non-toxic N2, assisted by a catalyst. This technology allows exhaust gas to react with each other to
effectively achieve exhaust gas treatment, thus simultaneously reducing the emissions of CO and
NOx [14–16]. The key to this technology is to find the correct catalyst.

Transition metal-based oxide catalysts have drawn much attention for low-temperature NH3-SCR
due to their excellent redox properties, high activity, durability and relatively low manufacturing
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costs. Particularly, MnOx-based catalyst formulations have caught much attention because of their
excellent de-NOx efficiency at low-temperatures [17]. A series of titanium-supported transition metal
oxide catalysts were evaluated for NO reduction with CO as reductant at low temperature (200 ◦C) in
Boningari [18] et al.’s study. The results show that MnOx/TiO2 was the preeminent catalyst among the
investigated systems. And they found that the reaction mechanism follows a different pathway for
their catalyst, from that of the other metal-based catalysts. This finding has great significance for the
study of CO-NO redox reactions. Luo [19] used a natural active octahedral molecular sieve to achieve
good results in catalytic oxidation of VOCs at low temperature. Manganese oxide octahedral molecular
sieve has good selectivity and adsorption to CO and NO, meaning it is a highly promising catalyst for
CO-SCR technology. Manganese oxide octahedral molecular sieves are a new class of material similar
to porous zeolite-type molecular sieves. Their crystal structure is composed of 2 × 2 octahedral MnO6

chains, where each chain is connected with the oxygen atom at the apex of octahedral MnO6. In a
one-dimensional channel of approximately 0.46 nm × 0.46 nm, manganese ions exist in the skeleton of
OMS-2 in a mixed valence state and K+ ions are located in the center of the channel surrounded by
[MnO6] octahedra to maintain the overall charge balance [20–23].

Different preparation methods affect the crystal morphology and texture of these molecular sieves,
which in turn affects their catalytic performance. Therefore, the choice of preparation method is
crucial. At present, the main preparation methods of OMS-2 are refluxing, solid-phase synthesis and
heating in water [24–27]. Wang et al. [28] used a number of different methods to prepare a series
of OMS-2 catalysts and investigated the effect of the preparation method on the low-temperature
NH3-SCR catalytic performance. The study found that OMS-2 catalyst has higher catalytic activity
under low temperature conditions (<300 ◦C) than traditional manganese -based catalysts or V2O5-WO3
(MoO3)/TiO2 catalysts. The low temperature SCR activity of OMS-2 catalyst is significantly better than
that of MnOx catalyst at 50–150 ◦C and the NOx conversion rate of OMS-2 catalyst is close to 100% at
120 ◦C. No further research has been conducted on the sulfur resistance of OMS-2 catalyst.

Manganese has five oxidation states; this mixed valence makes the recently developed
manganese-potassium zeolite molecular sieves substantially different from other molecular sieves.
Meanwhile, the transition metal-based OMS-2 sieves not only have catalytic properties but are also
capable of surface acid-base and ion-exchange reactions, which enables their metal matrix to be
effectively doped by other transition metals. This is the basis of modified OMS-2 [29]. Cao [30]
successfully synthesized manganese oxide octahedral molecular sieve nanorods by reflux method.
The silver sieves were doped with silver atoms, and the structure of the silver-manganese molecular
sieve was finely analyzed using X-ray absorption fine structure and Rietveld refinements of X-ray
diffraction. The research results show that silver atoms are successfully doped in the pores of a
molecular sieve to form a highly dispersed monoatomic structure. The discovery of this result has
innovative significance for the study of metallic monoatomic dispersion.

In this paper, different proportions of cobalt (Co) dopant were added during the hydrothermal
synthesis of the OMS-2 catalyst, with the aim of preparing a molecular sieve catalyst with a NO
conversion reaching 90% at low temperature (50–300 ◦C).

2. Results and Discussion

Figure 1 shows the XRD patterns of OMS-2 molecular sieves containing different proportions
(x) of Co dopant, where x is 0.1–0.4. It can be seen that the diffraction peaks of the OMS-2 molecular
sieves modified by Co were at 2θ = 12.819◦, 18.089◦, 25.802◦, 28.493◦, 37.441◦, 42.193◦, 46.534◦, 50.077◦,
56.402◦, 60.024◦, 65.185◦, 68.997◦ and 72.673◦, which can be assigned to the KMn8O16 of cryptomelane
type. (PDF#44-0141). The corresponding crystal faces (110), (200), (310), (211), (301), (411) and
(521) were respectively detected at diffraction angles 2θ = 12.7◦, 18.0◦, 28.7◦, 37.4◦, 41.8◦, 50.0◦ and
60.0◦. The average lattice parameters of OMS-2 after doping cobalt were a = 9.8759 Å, b = 2.8626 Å,
c = 9.6333 Å, α = 90 ◦, β = 90.42 ◦, γ = 90 ◦. The lattice parameters of the OMS-2 standard PDF card
were a = 9.942 Å, b = 2.866, c = 9.709; α = 90 ◦, β = 90.84 ◦, γ = 90 ◦, which were almost the same. In the
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XRD diagram, only the diffraction peak representing the OMS-2 structure can be seen and there is
no corresponding metal diffraction peak, indicating that the doped metal intercalated efficiently into
the crystal structure of OMS-2. With the increase of Co doping content, the degree of crystallinity of
OMS-2 decreased successively, due to the formation of lower crystallinity MnO2. Compared with the
undoped OMS-2, the intensity of the peaks for the (310) and (211) crystal planes of the Co0.1-OMS-2
and Co0.2-OMS-2 samples is higher, indicating that the addition of a small amount of Co increased the
exposure of the (310) and (211) crystal planes of OMS-2. The crystallite size of OMS-2 calculated by
Scherer’s formula is 9.4 nm. In addition, the crystallite sizes of Co(0.1–0.4)-OMS-2 were 8.1 nm, 9.9 nm,
7.1 nm and 7.7 nm, respectively.

Figure 1. XRD of MnO2 octahedral molecular sieves (OMS-2) prepared by Co doping method.

Figure 2 shows the nitrogen adsorption/desorption isotherms of the Cox-OMS-2 catalysts.
The isotherms of the Co-doped Cox-OMS-2 catalysts are all typical of mesoporous materials.
According to the IUPAC classification, Cox-OMS-2 belongs to class IV in terms of its isothermal
adsorption/desorption.

The amount of nitrogen adsorption increased with the increase of relative pressure (P/P). With the
increase of Co doping amount, the nitrogen adsorption amount first increased and then decreased
and reached its highest value when x was 0.3. In the low P/P region, the curve rose slowly, and
single-layer molecular adsorption occurred; in the high P/P region, capillary condensation of adsorbent
materials occurs, and the isotherm rose rapidly. Due to capillary condensation, a hysteresis loop could
be observed in this region [31]. Such loops can reflect the relative proportion of pores or capillaries
between particles of a material with a particular shape. The XRD characterization showed that the
doped Co did not form a heterophase, implying that the pores of the molecular sieves were not blocked
by Co oxide. Therefore, it is possible that the doped Co modified the adsorption capacity of the
molecular sieves by changing the size of the pore passages [32–35]. Table 1 shows the specific surface
areas of OMS-2 with different Co doping amounts.

It can be seen that as the amount of Co doping increased, the specific surface area and pore volume
of OMS-2 first increased. then decreased; the maximum specific surface area, maximum pore volume
and maximum average pore size reached at an x value of 0.3. This trend of the specific surface area of
the samples was consistent with the NO conversion, which also reached the maximum when x was 0.3.
Thus, the NO conversion increased with specific surface area.
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Figure 2. Nitrogen absorption /desorption isothermal curves of OMS-2 samples. (a) Co0.1-OMS-2 (b)
Co0.2-OMS-2; (c) Co0.3-OMS-2; (d) Co0.4-OMS-2).

Table 1. Specific surface area/pore volume/average pore size of Cox-OMS-2.

Sample SBET/m2
·g−1 V/cc·g−1 D/nm

OMS-2 83.71 0.4214 20.32
Co0.1-OMS-2 80.91 0.4141 20.47
Co0.2-OMS-2 94.75 0.4649 19.62
Co0.3-OMS-2 107.2 0.6464 24.13
Co0.4-OMS-2 98.89 0.4709 19.04

Figure 3 shows the nitrogen adsorption/desorption pore-size distribution of OMS-2. It can be seen
from Figure 3b that the sample pore volume increases with pore size. With an increase of Co doping
amount, the overall pore volume of the material first increased, then decreased; the pore volume of
Co0.3-OMS-2 was significantly higher than that of the other three catalysts. This trend is consistent with
the nitrogen adsorption/desorption curves of the samples. It can be seen from Figure 3a that OMS-2
has a wide pore size distribution, ranging from 3 nm to 65 nm. The peak diameter of the pores was
between 20 nm and 50 nm, indicating that most of the sample consisted of mesopores and the OMS-2
molecular sieve can be classified as mesoporous. As the proportion of Co doping increased, the peak
intensity first increased and then decreased, indicating that the number of pores first increased and
then decreased. The sample Co0.3-OMS-2 had the highest number of pores, and the position of the peak
did not change with the change in the proportion of doping, indicating that the pores of the modified
material were not blocked. OMS-2 retained good mesoporous characteristics after modification and
the pore size was mainly in the nanoscale range.

Figure 4 shows the electron micrographs of molecular sieves OMS-2 with Co doping amounts
of 0.1–0.4. It can be seen that as the proportion of Co doping increases, the tubular structures of the
sample become shorter and the particle size decreased. Both Co0.1-OMS-2 and Co0.2-OMS-2 show a
clear one-dimensional linear structure, and no other impurity phases were observed. Co0.3-OMS-2
exhibits some flocculent aggregation between linear structures; when the Co doping proportion reached
0.4, the sample morphology shows clear flocculation. Comparing the morphologies of pure OMS-2
(Figure 4e) and Co-modified Co0.3-OMS-2 (Figure 4f), it can be seen that the one-dimensional tubular
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microstructures of OMS-2 become smaller and shorter after modification, and a fibrous structure
becomes clearer. The Co atoms were dispersed well in Co0.3-OMS-2, as shown in Figure 4g, h.

Figure 3. Nitrogen gas absorption and desorption pore size distribution of OMS-2. (a) adsorption,
(b) desorption.

Figure 4. (a) Scanning electron microscopy (SEM) of Co0.1-OMS-2, (b) Co0.2-OMS-2, (c) Co0.3-OMS-2,
(d) Co0.4-OMS-2, (e) pure OMS-2, (f) Co0.3-OMS-2, (g, h) the energy dispersive spectrum (EDS) of
Co0.3-OMS-2.

The difference in the morphology of OMS-2 with different Co doping proportions may have been
determined by the final morphology of the doped metal species in the products. In the synthesized
Co-OMS-2 catalysts, the doping metal can exist in two forms: as a separate metal oxide on the surface
of the catalyst, or as metal ions replacing the Mn sites in the OMS-2 skeleton or the K sites in the
channel. Only diffraction peaks of the OMS-2 structure were observed in the XRD pattern. Therefore,
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the doped metal may replace the ions in the skeleton or pores, resulting in the distortion of the OMS-2
morphology, or forming metal oxide crystallite on the catalyst surface so that it cannot be detected.
If Co is substituted for K in the K sites, the tunnels of the OMS-2 structure will be distorted, and the
molecular sieve pores will shrink. If Co replaces the Mn sites, meanwhile, the thickness of the OMS-2
tube wall will decrease [35]. To find out what form the Co-exist in, further characterization is required.

The nanorod morphology of OMS-2 is shown in Figure 5d [30]. It is a one-dimensional tetragonal
prism structure. The nanorods grow in the [001] direction; all sides are exposed to the (110) crystal
plane, the top is a quadrangular pyramid, and the (310) crystal plane is exposed. The angle between
the edge of the prism and the (001) plane is about 90◦ [19]. This structure was previously shown to be
a mesoporous structure [36], thus enabling a way for molecules or ions with suitable kinetic diameter
to diffuse into the pores.

Figure 5. TEM of OMS-2 ((a) TEM, (b) SAED, (c) HRTEM, (d) OMS-2 nanorod model).

TEM images of the prepared OMS-2 are shown in Figure 5. Figure 5a shows the TEM-imaged
morphology, from which it can be seen that the OMS-2 nanorods synthesized under the above
conditions have a diameter of approximately 7 nm, different lengths and no microporous structure.
Figure 5b shows the diffraction pattern of the OMS-2 crystal, in which a pattern of semi-diffraction rings
is formed, indicating that the OMS-2 prepared under these conditions largely forms a single crystal
structure. The diffraction pattern of the (200), (310) and (211) crystal planes of OMS-2 can be clearly
identified by comparison with the pattern of the standard diffraction rings [37]. In the diffraction
pattern, the (310) crystal plane diffraction region is the most pronounced. The (310) exposed crystal
plane atoms are arranged in K+-[MnO6] 2 × 2 channels or O-[MnO6] 2 × 2 channels (where O represents
vacancies). K+ at the coordination center is the main Lewis acid site of OMS-2, which binds to NO
and allows NO to enter the interior of the molecular sieve via the orifice. Thus, an N2O intermediate
active substance is formed and adsorbed on the molecular sieve [23]. Figure 5c is a high-resolution
TEM (HRTEM) image of the OMS-2 synthesized under the above conditions, which shows clear lattice
fringes extending along the [001] direction of the OMS-2 crystal axis. The lattice fringe spacings shown
in Figure 5c are 0.47 nm and 0.29 nm, respectively corresponding to the crystal face (200) and (110).



Catalysts 2020, 10, 396 7 of 16

Moreover, there are O atoms in sp2 and sp3 states on the crystal surface. Mn-O(sp3) bonds can more
easily be activated by CO because of their longer average bond length. The CO is adsorbed on the
surface by O(sp3)···Co coordinate bonds [38]. The active oxygen species are transferred inside and
outside the molecular sieve, so that the CO adsorbed on the outer surface generates CO2, and the
N2O adsorbed in the pores generates N2 to complete the entire CO-SCR process [39]. Some crystal
defects are shown along the c crystal axis and around the boundary of the well-structured nanocrystals.
This can be attributed to the growth mechanism of the well-developed nanocrystalline fibers, which
involves the self-organization of compact particles with a common crystal orientation [40].

Figure 6 shows the particle morphology, lattice fringe spacing and ion diffraction pattern
of Co0.2-OMS-2 and Co0.4-OMS-2. As can be seen, when the proportion of Co doping is small,
the two nanotubes in Co0.2-OMS-2 exhibit a large difference in size, with diameters of 6 nm and
10 nm, respectively. The nanotube lattice fringe spacing is relatively small but slightly larger than
that of OMS-2, according to the standard PDF data. Figure 6b, e show the HRTEM images of
Co0.2-OMS-2 and Co0.4-OMS-2, with clear lattice fringes. The lattice fringe spacing of Co0.2-OMS-2 is
0.21 nm, corresponding to the crystal face (301); the lattice fringe spacing of Co0.4-OMS-2 is 0.28 nm,
corresponding to the crystal face (001) [19]. In the selected-area electron diffraction (SAED) pattern,
there are several concentric rings in the same crystal plane, which belong to different tetragonal crystal
systems. When the Co doping proportion is large (x = 0.4), the particle morphology and diffraction
pattern of Co0.4-OMS-2 tend to be uniform. Moreover, all the lattice fringe spacings are larger than
those in OMS-2 (standard PDF data). When Co replaces Mn in the MnO6 crystal cell, it forms a new
CoO6 crystal system, and the Co-O bond is longer than the Mn-O bond, causing the lattice fringe
spacing to increase and the diffraction pattern to change.

Table 2 shows the Analysis of Mn value in Co-OMS-2 before and after reaction.Mn participates in
catalytic reactions in the form of +3 and +4 valences.

Table 2. Analysis of Mn value in Co-OMS-2 before and after reaction.

Sample Mn3+ Content (%) Mn4+ Content (%)

Before reaction 65.56 34.44
After reaction 67.70 32.30

The X-ray photoelectron spectroscopy (XPS) spectra of K2p for the Co-OMS-2 catalysts are
displayed in Figure 7a. Two main peaks of K2p3/2 and K2p1/2 are observed. The intensity of the peak
of K2p increases after the reaction. As shown in Figure 7b, two main peaks of Mn2p3/2 and Mn2p1/2

were also observed for Mn. The spectrum of Mn2p3/2 can be divided into two sub-bands assigned to
Mn2O3 (640–643 eV) and MnO2 (641–646 eV). Likewise, the spectrum of Mn2p1/2 can also be divided
into two sub-bands assigned to Mn2O3 (651–655 eV) and MnO2 (652–660 eV).

The XPS spectra of Co2p for the Co0.3-OMS-2 catalyst are displayed in Figure 8.Two main peaks
with satellite peaks are observed, corresponding to the binding energies of Co2p1/2 and Co2p3/2 at
791–800 and 775–783 eV, respectively.

The peak of Co2p3/2 can be ascribed to Co3O4, indicating that the doped Co in the material exists in
+2 and +3 valence states, and the intensity of the peak of Co2p3/2 decreases after the reaction— implying
that doping with Co will affect the material’s catalytic performance in the denitrification reaction.



Catalysts 2020, 10, 396 8 of 16

Figure 6. TEM of Co0.2-OMS-2 ((a) TEM, (b) HRTEM, (c) SAED) and Co0.4-OMS-2 ((d) TEM, (e) HRTEM
(f) SAED).

Figure 7. XPS spectra of Co0.3-OMS-2: (a) K2p, (b) Mn2p.
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Figure 8. XPS of Co2p over the Co0.3-OMS-2.

In the study of Pietrzyk [41], the author revealed the interaction of Co2+ and NO in SCR by
spectroscopy, it was believed that Co2+ adsorbed NO to form Co2+(NO)2 active intermediate species
and removed NO by the form of Co2+(NO)2. Wang, Y [42] proposed in his experimental study that
Co3+ and CO form Co3+CO active intermediate species. At the same time, basing on the achievements
of our group about OMS-2 [43], The chemical process of OMS-2 catalyzing CO-NO reaction can be
attributed to the following reactions (Equations (1) and (2)):

NO + Mn3+
→N2 + Mn4+ + O2 (1)

CO + O2 + Mn4+
→CO2 + N2 + Mn3+ (2)

A mixed valence state plays a critical role in redox catalysts. The efficiency of electron transfer
between catalysts usually depends on the relationship between the cations of different valence states.
Therefore, we speculate that the process of catalytic denitrification by Co-OMS-2 involved adsorption
of CO and NO on the active sites of Co2+ and Co3+ of Co-OMS-2, which has an extremely high specific
surface area, to form activated adsorption species, thus promoting the formation of CO2 and N2 from
CO and NOx. At the same time, the active sites of Mn4+ and Mn3+ also adsorbed CO and NO and
converted these species into CO2 and N2. The catalytic process of Co-OMS-2 in Figure 9. The catalytic
denitrification process is likely to follow the Langmuir-Hinshelwood mechanism according to the
following reactions (Equations (3)–(6)) [42]:

Co2+ + 2NO→Co2+(NO)2→Co3+ + N2 (3)
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Co3+ + CO→Co3+CO→Co2+ + CO2 (4)

CO + Mn4+
→CO2 + Mn3+ (5)

Mn3+ + NO→Mn4+ + N2 (6)

Figure 9. The catalytic process of Co-OMS-2.

When Co is doped into OMS-2 in an appropriate amount and Co sites are successfully formed,
we can make such hypothesis that Co sites are more active than Mn sites at low temperature on the
basis of experimental characterization and the proposed mechanism. Co and Mn work together to
promote the selective reduction reaction of NOx.

In this study, the NO conversions of Cox-OMS-2 materials doped with different proportions of Co
(i.e., x) were measured. According to the principle of CO-SCR catalytic denitrification, the gas phase
ratio of CO:NO = 1:1 was selected, and the NO conversion was measured in the temperature range of
50–300 ◦C.

Figure 10 shows the NO conversion curves of four materials with different Co doping ratios
and pure OMS-2 at 50–300 ◦C. It can be seen that the NO conversion of pure OMS-2 and OMS-2
doped with different proportions of Co all increased at higher temperature. The NO conversions of
Co0.2-OMS-2 and Co0.3-OMS-2 were higher than that of pure OMS-2, while those of Co0.1-OMS-2 and
Co0.4-OMS-2 were lower than that of pure OMS-2. Among all catalysts, Co0.3-OMS-2 had the highest
activity, reaching 90% NO conversion at 50 ◦C and 95% NO conversion at 100–300 ◦C. The activity of
Co0.4-OMS-2 was the poorest, with a NO conversion of less than 65% at 50 ◦C and only 80% at 300 ◦C.
Evidently, x = 0.3 is the most appropriate doping proportion; higher or lower values will reduce the
low-temperature activity of Co-OMS-2. When the doping ratio is too high (0.4), either the pores of
the catalyst are too small, or they are blocked by the doped metal forming oxides, which reduces the
catalytic activity.
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Figure 10. NO conversion curves of OMS-2 prepared by Co doping method.

The by-product of CO reduction of NO is N2O. Due to the high temperature required for the
side reaction, the catalyst usually has good N2 selectivity under low temperature conditions and can
reduce all NO to N2. However, catalysts with higher activity on the main reaction can also catalyze
side reactions. Figure 11 shows the N2 selectivity curves of four materials with different Co doping
ratios and pure OMS-2 at 50–300 ◦C. When the reaction temperature is below 100 ◦C, the N2 selectivity
is 100%. As the temperature increases, the N2 selectivity decreases. As can be seen from Figures 10
and 11, Co0.3-OMS-2 achieved 95% NO conversion and 95.2% N2 selectivity at 200 ◦C. At 300 ◦C,
the N2 selectivity of Co0.3-OMS-2 drops to 88.5%. OMS-2 reduces N2 selectivity while increasing
NO conversion.

Figure 11. N2 selectivity curves of OMS-2 prepared by Co doping method.

Figure 12 shows the NO conversion of OMS-2 in the absence of SO2 and in the presence of SO2.
It can be seen that the presence of SO2 reduces the NO conversion of OMS-2. Figure 12b shows the
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NO conversion of modified Co-OMS-2 in the presence of SO2. The sulfur resistance of the modified
OMS-2 was improved: in the presence of SO2, the NO conversions of Co0.1-OMS-2 and Co0.4-OMS-2 at
50 ◦C were 5%–7% higher than that of pure OMS-2. The difference between the NO conversions of
Co0.1-OMS-2/Co0.4-OMS-2 OMS-2 and pure OMS-2 was not significant at 100–300 ◦C. However, in the
presence of SO2, Co0.3-OMS-2 had a higher NO conversion than pure OMS-2 by 15% at 50 ◦C, and 5%
at 100–300 ◦C. In the presence of SO2, the NO conversion of Co0.3-OMS-2 at 50 ◦C was 27% higher than
that of pure OMS-2; at 100 ◦C it was 15% higher than that of pure OMS-2.

Figure 12. (a) NO conversion curve of oms-2 in the presence and absence of SO2 respectively, (b) The
NO conversion curves of modified oms-2 in the presence of sulfur dioxide respectively.

At 150–250 ◦C, the NO conversion of Co0.3-OMS-2 in the presence of SO2 was approximately
10% higher than that of pure OMS-2. Therefore, doping with Co effectively improved the sulfur
resistance of OMS-2. A possible explanation for this is that after modification by Co, the microscopic
one-dimensional tubular structures of OMS-2 became thinner and shorter, reducing the particle size
of the material, leading to the contraction of the pore diameter of the molecular sieve. Thus, while
SO2 molecules, with a molecular diameter of approximately 0.41 nm, cannot easily pass through such
narrow pores, CO, with a diameter of 0.33 nm; NO, with a diameter of 0.35 nm, can still enter and react
in the pore channels.

3. Experimental

3.1. Preparation of Cox-OMS-2

Main experimental reagents and materials were potassium permanganate (KMnO4, Chemically
pure, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), manganese acetate tetrahydrate
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(Mn(CH3COO)2·4H2O, analytically pure, Sinopharm chemical reagent co. LTD, Shanghai, China) and
Cobalt- nitrate hexahydrate(Co(NO3)2·6H2O, analytically pure, Guangdong Fine Chemical Engineering
Technology Research and Development Center).

Cox-OMS-2 molecular sieves were prepared by the pre-doping method (where x represented the
Co/Mn molar ratio; in this study, x = 0.1, 0.2, 0.3 or 0.4; e.g., Co0.2-OMS-2). First, 2.528 g of potassium
permanganate (0.016 mol) was dissolved in 30 mL of deionized water, to form solution A. Then, 4.092
g (0.02 mol) of manganese acetate tetrahydrate and a calculated amount of cobalt nitrate were weighed
into a beaker and dissolved in 30 mL of deionized water, forming solution B. Then, solution B was
poured into a polytetrafluoroethylene autoclave and solution A was slowly added with stirring with a
glass rod. After the solution was uniformly mixed, the autoclave was sealed and placed in an oven.
The oven was heated to 120 ◦C for 4 h (The oven was pre-set to this temperature). After this time,
the oven was cooled to room temperature, the autoclave was carefully opened and the crude product
was washed with successively with 10mldeionized water and 10 mL absolute ethanol to remove
impurities. After washing, transfer the mixture to a centrifuge tube (100 mL) and centrifuge for 5 min
(7000r/min). The resulting black solid obtained by centrifugation was dried at 100 ◦C for 12 h, then
ground to a powder and placed in a sealed bag for use.

3.2. Material Characterization

The phases and crystalline structures were characterized by X-ray diffractometry (XRD, TTR III,
Rint-2000, Rigaku, λ = 0.15418 nm) using CuKα radiation at the 2θ range of 10◦–80◦ at a scanning
rate of 2◦ per minute. The morphology and microstructural properties of the prepared samples
were characterized by scanning electron microscopy (SEM, J SM-5600LV, JEOL, Tokyo, Japan) and
transmission electron microscopy (TEM, JEM-2100F, JEOL, Tokyo, Japan). The images were analyzed
by DM3 software and the lattice spacing was measured by fast Fourier transform. The specific surface
area values were obtained by a fully automatic specific surface area and pore analyzer (BET, ASAP2020,
Micromeritics Instrument Ltd., Shanghai, China).

3.3. Catalytic Tests

The catalytic denitrification performance of the synthetic catalysts was tested. The experimental
system consisted of three parts, for gas distribution, catalysis and detection. NO was the main target
for removal by denitrification. The composition of the gas was controlled by a valve meter; the overall
gas velocity was controlled at 400 mL/min. The process gas was allowed to enter the mixing tank and
then fed into the catalytic system. The catalytic system contained approximately 1 g of catalyst and
a fixed bed of high-temperature resistant quartz wool of approximately 10 mm length in the center
of a high-temperature resistant quartz glass tube having an inner diameter of 12 mm and a length of
500 mm. The catalyst catalyzed the oxidation of NO and CO at a certain temperature. The temperature
of the tubular resistance furnace was controlled by a programmable temperature controller, and was
raised from the ambient value to the desired temperature at a rate of 2.5 ◦C/min (where the selected
temperature points were 50 ◦C, 100 ◦C, 150 ◦C, 200 ◦C, 250 ◦C and 300 ◦C) and maintained at this
temperature for 1 h. The mixed gas catalytically reacted over the fixed bed of the catalyst and was
then discharged to the detection system. The composition of the sulfur-free reaction gas was 500 ppm
NO and 500 ppm CO, balanced with air; and the sulfur-containing reaction gas composition was
500 ppm NO, 500 ppm CO and 1000 ppm SO2, balanced with air. The real-time flue gas composition
was recorded every minute by a VARIO PLUS enhanced flue gas analyzer and an NDIR infrared sensor
was used in the flue gas analyzer to detect the NO emission. When analyzing the data recorded by the
flue gas analyzer per minute, the maximum deviation value was discarded, and the average value
was taken as the gas composition at the corresponding temperature point. The NO conversion was
calculated as follows (Equation (7)):

XNO = {([NO]in − [NOX]out)/[NO]in} × 100% (NOX contains NO and NO2) (7)
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where [NO]in: NO content entering quartz tube. [NOX]out: Contents of NO and NO2 after reaction,
as recorded by the flue gas analyzer.

4. Conclusions

The inner pore channels of the OMS-2 molecular sieve are mainly microporous; increasing the
specific surface area of this material while shrinking the pore aperture size improved its NO conversion.
Doped metals intercalated very efficiently into the crystal structure of OMS-2. During the pre-doping
modification process, Co replaced the Mn site in the [MnO6] unit cell to form a new [CoO6] crystal
system. As the proportion of Co dopant was increased, the degree of crystallinity of the resulting
Co-doped OMS-2 decreased. Small proportions of Co dopant further exposed the (310) and (211)
crystal faces of OMS-2. Co replaced Mn to form new active sites, and the active sites of Co2+, Co3+,
Mn3+ and Mn4+ adsorbed CO and NO and converted these species into CO2 and N2. In addition,
the tubular structures of the sample became shorter and the particle size became smaller following Co
doping. Meanwhile, the low-temperature NO conversion of OMS-2 was increased: compared with
undoped OMS-2, the NO conversion of Co0.3-OMS-2 in flue gas at 50 ◦C increased from 72% to 90%
and reached approximately 95% at 100–300 ◦C. Doping with Co also improved the sulfur resistance of
the catalyst.
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