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ty and Ins
[24_TD$DIFF]A B S T R A C T

MnOx-CeO2 catalysts are developed by hydrolysis driving redox method using acetate precursor
(3Mn1Ce-Ac) and nitrate precursor (3Mn1Ce-N) for the selective catalytic reduction (SCR) of NOx byNH3.
A counterpart sample (Cop-3Mn1Ce) was prepared by the NH3�H2O co-precipitation method for
comparison purpose. Combining the results of physicochemical properties characterization and
performance test, we find that the 3Mn1Ce-Ac catalyst with some nanorod structures is highly active
for the deNOx process. The SCR activity of the 3Mn1Ce-Ac catalyst is more admirable than the 3Mn1Ce-N
and the Cop-3Mn1Ce catalysts due to plentiful Lewis acid sites, excellent low-temperature reducibility,
and superior surface area resulted fromO2 generation during the preparation procedure. The 3Mn1Ce-Ac
still exhibits the greatest performance for the deNOx processwhen gaseous acetone is in the SCR feed gas.
The NOx conversion and N2 selectivity over the 3Mn1Ce-Ac are both improved by gaseous acetone above
150 �C due to the inhibition of SCR undesired side reactions (NSCR & C-O reactions) and “slow-SCR”
process.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Selective catalytic reduction (SCR) with ammonia is an efficient
way to control NOx emission. Manganese oxide-based catalysts are
gaining much attention due to the fact that they exhibit excellent
low-temperature activity than V2O5-WO3(MoO3)/TiO2 catalysts at
the actual flue gas temperature (< 200 �C) [1–3]. However, one of
the largest drawbacks of the pure MnOx is its relatively narrow
temperature range, which limits its practical use in the NH3-SCR
process [4]. Ce could be introduced into MnOx, and Mn-Ce oxide
possesses as a superior catalyst owes a good deal to the synergistic
effects between MnOx and CeO2 [1,2,5].

Recent years, a novel hydrolysis driving redox method has been
successfully applied to synthesize higher low-temperature activity
Mn-Ce catalysts [6,7]. In this process, KMnO4 reacts with metal
ionic salts (i.e., Ce3+) in the presence of H2O2 solution (i.e., 6MnO4

�
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(aq) + 2Ce3+ (aq) + 9H2O2 (l) = 6MnO2 (s) + 2Ce(OH)3 (s) + 6H2O (l) +
9O2 (g)). And a MnOx-CeO2 catalyst with a stoichiometric ratio of
Mn/Ce = 3 is subsequently synthesized. A large average pore size
and a high SBET which are beneficial to the catalytic performance
are obtained due to a large amount of O2 emitted during the
procedure. The as-prepared 3Mn1Ce catalysts were reported to
display strong reducibility and favorable performances in the
removal of BTEX and chlorobenzene [6,7]. However, these superior
MnOx-CeO2 catalysts have not been tested in the NH3-SCR deNOx

process. Moreover, it should be noted that cerium(III) nitrate
hexahydrate (Ce(NO3)3�6H2O) employed in the preparation
process was corrosive and very toxic to aquatic life with long-
lasting effects. Meanwhile, some researches showed that catalysts
prepared by nitrate (N) precursor exhibited lower activity than
those prepared by acetate (Ac) precursor [8,9]. Thus, the present
study chooses Ac precursor to prepare 3Mn1Ce catalysts by
hydrolysis driving redox method. Also, the N precursor is applied
for comparison purpose.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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As one of the representatives of oxygenated VOCs (OVOCs),
gaseous acetone usually coexists with NOx in the flue gases from
the incomplete combustion of fossil fuels, biomass, and solid
wastes, etc. [10–13]. However, in contrast to many works focus on
the effect of Cl-contained VOCs (Cl-VOCs, e.g., chlorobenzene) and
benzene series (e.g., toluene) on the NH3-SCR process, few
researchers play attention to the impact of OVOCs (e.g., acetone)
[14,15]. Previous studies have been confirmed that chlorobenzene
could improve the N2 selectivity and widen the active temperature
of SCR reaction, while toluene significantly inhibits the deNOx

activity and results in even poorer N2 selectivity. Thus, it suggested
that different VOCs will make different impacts on the NH3-SCR
reaction, and how gaseous acetone influence the NH3-SCR process
needs attention. To date, to the best of the authors’ knowledge,
there is only a very limited report studying the effect of gaseous
acetone on the NH3-SCR process.

In this work, 3Mn1Ce catalysts were synthesized using two
methods: hydrolysis driving redox method (3Mn1Ce-Ac, and
3Mn1Ce-N) and NH3�H2O co-precipitationmethod (Cop-3Mn1Ce).
In brief, Ce(CH3COO)3�xH2O was the precursor for the 3Mn1Ce-Ac
synthesis, while Ce(NO3)3�6H2O for the 3Mn1Ce-N. N2 adsorption-
desorption isotherms, X-ray powder diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), H2 temperature-programmed reduction (H2-TPR), and NH3

temperature-programmed desorption (NH3-TPD), were applied to
characterize the physicochemical properties of different catalysts.
The activity of the catalyst was then tested by on-line FTIR
(GASMET DX-4000). The possible impacts of gaseous acetone on
SCR performance and SCR side reactions were finally investigated.
Detail catalysts synthesis, experimental setup, and definition of the
SCR side reactions were presented in Supporting information.

Fig. 1 shows the SCR performance of three 3Mn1Ce catalysts in
the low temperature range of 50�200 �C. The light-off curves for
NOx conversion are typical convex curves due to the competition
between NO reduction and NH3 oxidation when the temperature
increases. The 3Mn1Ce catalysts synthesized by hydrolysis driving
redox method (3Mn1Ce-Ac and 3Mn1Ce-N) are more active than
that synthesized by NH3�H2O co-precipitation method (Cop-
3Mn1Ce). The temperatures T50 and T90 corresponding to NOx

conversions of [25_TD$DIFF]50% and 90%, respectively, are summarized to better
show the catalytic activities. The T50 and T90 of 3Mn1Ce-Ac (66 and
105 �C) were lower than that of 3Mn1Ce-N (74 and 117 �C), It is
obvious that the acetate precursorwas superior for the preparation
of higher low-temperature activity MnOx-CeO2 catalysts in
hydrolysis driving redox method.

To better explain the catalytic performance of the prepared
catalysts, detailed physicochemical characterizations are carried
out. The XRD results of the 3Mn1Ce catalysts are depicted in Fig. S1
(Supporting information). It could be seen that all the diffraction
[(Fig._1)TD$FIG]

Fig. 1. NOx conversion over 3Mn1Ce catalysts. Reaction conditions: [NH3] =
[NO] = 500 ppm, O2 = 10 vol%, GHSV = 60,000mL g�1 h�1.
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peaks are broad, indicating the low crystallinity of the 3Mn1Ce
catalysts. Some small peaks corresponding to MnO2 (JCPDS PDF#
72–1982) are found in the 3Mn1Ce-Ac catalyst. According to the
high-resolution transmission electron microscopy (HRTEM)
images of the 3Mn1Ce-Ac catalyst, some nanorod structures are
presented (Fig. 2a). These structures are not observed in 3Mn1Ce-N
and Cop-3Mn1Ce catalysts (Fig. S2 in Supporting information). The
element distribution mappings of Mn and Ce demonstrate that the
MnO2 nanorods are formed, and Ce cations are introduced into the
nanorods structure (Figs. 2b and c) [16]. Besides, some lattice
defects can be identified in the image (Fig. 2d). The introduction of
Ce ions into the latticematrix ofMnO2 nanorods is favorable for the
occurrence of lattice defects [7], which promotes the formation of
more oxygen vacancies and subsequently enhances the catalytic
performance of the 3Mn1Ce-Ac.

The as-prepared 3Mn1Ce catalysts are mesoporous structures
according to the N2 isotherms [17] (Fig. S3a in Supporting
information). However, the pore size distributions of these
catalysts are different (Fig. S3b in Supporting information).
Compared with the Cop-3Mn1Ce catalyst, two 3Mn1Ce catalysts
synthesized by hydrolysis driving redox method are abundant in
mesopores (2�50 nm) due to the inhibition of small particles
agglomeration by the O2 produced during the preparation
procedure [7,18]. Moreover, the pore size of the 3Mn1Ce-Ac
catalyst is mainly distributed in the range of 7�30 nm, while the
majority of the pore size of the 3Mn1Ce-N catalyst is less than
5 nm. Surface morphologies by SEM well confirm the above
phenomena (Figs. S4a, [26_TD$DIFF]S4b and S4d in Supporting information).
The BET surface area of the catalyst decreases in the order:
3Mn1Ce-Ac> Cop-3Mn1Ce > 3Mn1Ce-N (Table S1 in Supporting
information). 3Mn1Ce-Ac catalyst has the largest BET surface area
(145.36m2/g), pore volume (0.82 cm3/g), and pore diameter
(23.87 nm), which are beneficial for the contact of reactants and
the occurrence of reactions due to more available active sites
provided on the catalyst surface.

Redox properties and surface acidity of the catalyst play
important roles in theNOx reduction. Redox properties determined
by H2-TPR are displayed in Fig. S5a and Table S2 (Supporting
information). Two obvious reduction peaks in the range of
Fig. 2. Studies of the 3Mn1Ce-Ac catalyst by TEM [15_TD$DIFF](a) TEM image, (b) Mn-element
mapping, [16_TD$DIFF](c) Ce-element mapping, [17_TD$DIFF](d) HRTEM image of the nanorod.
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200�400 �C are observed over three 3Mn1Ce catalysts as reported
in previous studies [7,19], associating with two stepwise reduc-
tions of Mn4+ toMn3+ andMn3+ toMn2+, overlapping the reduction
of surface Ce4+. Compared with the reduction peaks of CeO2 (>
450 �C) and MnOx (�400 �C) (Fig. S6 in Supporting information),
the values of 3Mn1Ce catalysts are significantly lower. This result is
related to the formation of a solid solution with Mn-O-Ce
structures, which improves the mobility of oxygen species (O2

�,
O2

2� and O�) greatly and makes catalysts surface more reducible
[20,21]. The reduction peak of the 3Mn1Ce-Ac starts at 89 �C,
which is lower than that of 3Mn1Ce-N (118 �C) and Cop-3Mn1Ce
(97 �C). This result indicates that oxygen vacancy can be formed at
such a low temperature, which provides the possibility for a low-
temperature operation to remove NOx. To further investigate the
reducibility of three 3Mn1Ce catalysts, the amount of H2

consumption with AgO as standard material is calculated. H2-
TPR curves are fitted by Gaussian function with a fitting quality R2

higher than 0.99. The total H2 consumption is ranked in the order:
3Mn1Ce-Ac > 3Mn1Ce-N> Cop-3Mn1Ce. The H2 consumption of
the 3Mn1Ce-Ac catalyst reaches 7.85mmol/g, suggesting that a
large amount of most active oxygen is involved in the reaction
[20,22]. Moreover, the H2 consumption rate (Fig. S5b, detailed
calculation [27_TD$DIFF]see Supporting information) of 3Mn1Ce-Ac is the
highest with the largest temperature range among three catalysts,
inferring that the 3Mn1Ce-Ac catalyst poses outstanding oxygen
migration ability within a wider temperature range, which is
consistent with the deNOx performance.

NH3-TPD is applied to quantify the surface acid amount of
3Mn1Ce catalysts, and the results are presented in Fig. S7 [28_TD$DIFF]

(Supporting information) and Table S2. It is obvious that 3Mn1Ce
catalysts synthesized by different methods all present multi-
desorptionpeaks. As previous literature reported, physisorbedNH3

desorption associated with weak acid sites always happens below
400 �C and probably relates to Brønsted acid sites, while
chemisorbed NH3 desorption associated with strong acid sites
would occur above 400 �C and assigns to Lewis acid sites [23–26].
Since the area of desorptionpeaks can clearly show the surface acid
amount, quantitative analysis by integrating the NH3-TPD curves is
performed. 3Mn1Ce-Ac catalyst has the largest surface acid
amount (1.76mmol/g) for NH3 adsorption among the three
3Mn1Ce catalysts. In the meantime, the contribution of strong
acid sites follows the order of 3Mn1Ce-Ac > 3Mn1Ce-N> Cop-
3Mn1Ce, which is consistent with the catalytic performance in
NH3-SCR reaction, indicating that the strong acid sites assigned to
Lewis acid are highly correlated with catalytic activity.

3Mn1Ce-Ac catalyst still exhibits an excellent SCR activitywhen
gaseous acetone is in the feed gas (Fig. S8 in Supporting
information). The impact of gaseous acetone on NOx conversion
[(Fig._3)TD$FIG]

Fig. 3. The impact of gaseous acetone on NOx conversion and N2 selectivity over the
3Mn1Ce-Ac catalyst. Reaction conditions: [NH3] = [NO] = 500 ppm, [ace-
tone] = 50 ppm (when used), O2 = 10 vol%, GHSV = 60,000mL g�1 h�1.
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and N2 selectivity are then evaluated over the 3Mn1Ce-Ac catalyst
(Fig. 3).When the temperature is below 150 �C, the NOx conversion
and N2 selectivity decrease when acetone is introduced into the
flue gas. However, when the temperature is higher than 150 �C,
these two indicators are improved.

Fig. 4a shows the byproduct N2O concentration in the SCR
reaction without/with gaseous acetone. It is obvious that N2O
concentration decreaseswhen gaseous acetone is added. The NSCR
reaction (4NH3 + 4NO + 3O2 → 4N2O + 6H2O) is suppressed by
gaseous acetone. As a consequence, more NH3 can participate in
the standard SCR reaction when gaseous acetone is present,
resulting in a positive effect on the N2 selectivity. At the same time,
gaseous acetone restrains the NH3 catalytic oxidation reaction (C-O
reaction: 4NH3 + 5O2 → 4NO + 6H2O and 2NH3 + 2O2 → N2O
+3H2O). The concentration of NH3 oxidation by-products
(N2O +NO) significantly decrease, resulting in more available
NH3 in the SCR reaction (Fig. 4b). The conjunction of these results
reveals that gaseous acetone inhibits the SCR side reactions over
the 3Mn1Ce-Ac catalyst.

On the other hand, the NO2 fraction affects the reaction paths of
NH3-SCR [27]. As is generally accepted, the deNOx activity will be
improved through the so-called ‘fast-SCR’ process with NO2

concentration increasing. However, when NO2/NOx > [29_TD$DIFF]50%, NO
reduction is mainly controlled by ‘slow-SCR’ reaction (NO2-SCR
reaction), and higher NO2 concentration will limit the deNOx

activity. As illustrated in Fig. 4c, a condition of NO2/NOx < [30_TD$DIFF]50% is
identified at 100℃, suggesting that the so-called ‘fast-SCR’ process
determines the NH3-SCR reaction. On the contrary, the percentage
of NO2/NOx increases tomore than [30_TD$DIFF]50% at 200℃, and the NH3-SCR
process shifts to ‘slow-SCR’. In addition, gaseous acetone inhibits
the NO2 formation as shown in Fig. 4d. Thus, it is clear that lower
NO2 concentration in the NH3-SCR reactionwith acetone at 100℃
reduces the percentage of the ‘fast-SCR’ process, leading to a
decrease of SCR activity. In contrast, slow SCR reaction is limited by
lower NO2 concentration at 200 ℃, thus, results in the enhance-
ment of deNOx activity.

For the purpose of comparison, the impacts of gaseous acetone
on SCR performance and SCR side reactions over the 3Mn1Ce-N
catalyst are also investigated (Fig. S9 in Supporting information).
The tendency of NOx conversion is in consistent with the 3Mn1Ce-
Fig. 4. [18_TD$DIFF](a, c, d) N2O concentration, NO2/NOx percentage and NO2 concentration in
the NH3-SCR reaction without/with acetone, and [19_TD$DIFF](b) the effect of acetone on the
NH3 catalytic oxidation over the 3Mn1Ce-Ac catalyst. Reaction conditions: [NH3] =
[NO] = 500 ppm (when used), [acetone] = 50 ppm (when used), O2 = 10 vol%,
GHSV = 60,000mL g�1 h�1.
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Ac catalyst. However, the N2 selectivity exhibits an opposite trend
over the 3Mn1Ce-N catalyst compared with the 3Mn1Ce-Ac
catalyst. Gaseous acetone facilitates the NSCR process to produce
more N2O, leading to a decrease of N2 selectivity (Fig. S10 in
Supporting information).

Overall, three different 3Mn1Ce catalysts synthesized by
hydrolysis driving redox method (3Mn1Ce-Ac, and 3Mn1Ce-N)
and NH3�H2O co-precipitation method (Cop-3Mn1Ce) are used for
NH3-SCR. Among them, the 3Mn1Ce-Ac catalyst with some
nanorod structures prepared by acetate (Ac) precursor exhibits
the greatest SCR performance. Such a favorable deNOx behavior of
3Mn1Ce-Ac catalyst ismainly attributed to its large surface area for
more available active sites, plentiful Lewis acid sites, and excellent
low-temperature reducibility. Gaseous acetone inhibits the SCR
undesired side reactions (NSCR & C-O reactions) and limits the
“slow-SCR” process over 3Mn1Ce-Ac catalyst above 150 �C,
resulting in the enhancement of NOx conversion and N2 selectivity.
Different from the 3Mn1Ce-Ac catalyst, the 3Mn1Ce-N catalyst
displays weak capacity against NSCR reaction, leading to poor N2

selectivity.
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