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ABSTRACT

Toluene and NOy can be co-removed in NH3-SCR unit. The evaluation of toluene oxidation performance with the
participation of SCR reactants is momentous but lacking. Herein, a MnCe/HZSM-5 catalyst was prepared to
investigate the effects of NO and NH3 on toluene oxidation. The addition of NO and NHj3 increased the toluene
conversion from 76.6% to 91.8%, but decreased the CO; selectivity from 60.5% to 34.1% at 250 °C, indicating
that more carbon was transferred into the byproducts. NO and NHj participated in toluene oxidation by reacting
with intermediates, such as aldehydes, carboxylic acids or phenol, to form nitriles or nitrobenzene. Most of
nitriles and nitrobenzene were in solid byproducts, which deposited on catalyst surface and deactivated the
catalyst. SCR reactants accelerated the decrease of Mn*t, ce3t, Ogyr proportions and Lewis acid sites, which were
the active constituents for toluene oxidation. As a consequence, a faster deactivation occurred. NO was
competitively adsorbed on catalyst with toluene, but promoted toluene oxidation. On the contrary, NHj3
enhanced toluene adsorption, but inhibited toluene oxidation. The in-situ DRIFTs results showed that NO and
NHj3 inhibited the deep oxidation of toluene based on the observation of less water, carboxylate and carbonate.

1. Introduction

As the common precursors of tropospheric ozone and secondary
organic aerosol, volatile organic compounds (VOCs) and nitrogen oxides
(NOy) urgently need to be well controlled [1]. The Chinese government
proposed a 10% reduction of VOCs and NOy emission during the 14th
five-year plan period (2021-2025). VOCs and NOy will be emitted
together in some industries, such as solid waste incineration, iron ore
sintering and metal smelting [2]. Recently, simultaneous removal of
VOCs in current existing NH3-SCR unit has drawn considerable interest
due to the advantage of cost and land use saving [3-8]. The similar redox
property requirement of catalyst and active temperature window make
this technology possible. Nevertheless, the rational design of effective
dual functional catalysts relies on the understanding of collaborative
removal mechanism, which remains challenging.

The commercial Vo05-WO3(MoO3)/TiO2 SCR catalysts have been
explored for the co-removal of VOCs and NOy [2,3,5]. Huang et al. [3]
observed the VsMosTi catalyst exhibited 100% NO conversion above

200 °C. The chlorobenzene (CB) conversion reached ~60% requiring a
higher temperature than ~270 °C. By adding noble metal Pd, Li et al. [5]
synthesized a PdV/TiO catalyst for the co-removal of CB and NOy. The
catalyst showed excellent NO conversion. The temperature still needed
to be ~300 °C to give a ~80% CB conversion. Alternatively, some re-
searchers adopted the Mn-based catalysts to eliminate VOCs and NOy in
relatively lower temperature window [7,9]. In our previous works
[10,11], HZSM-5 modified MnOx-CeO, (MnCe/HZSM-5) catalyst and
MnFe spinel catalyst were prepared and delivered acceptable perfor-
mance for simultaneous removal of toluene and NOy. The impacts of
toluene on NH3-SCR reaction were revealed. Briefly, toluene inhibited
NO conversion and byproduct N,O formation.

It’s worth noting that NH3-SCR reactants affect the VOCs oxidation
during simultaneous removal process as well, causing some desirable or
undesirable consequences. The adsorption of reactants is the first step in
heterogeneous catalysis. Some researchers observed the competitive
adsorption between VOCs and NO/NHj. Huang et al. [12] found NH3
could be competitively adsorbed on acid sites of catalyst with CB,
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Fig. 1. (a) Toluene conversion and CO; selectivity and (b) carbon distribution in products at 250 °C. Reaction conditions: [C;Hg] = 50 ppm, [NO] = [NH3] = 500

ppm (when used), [O2] = 10 vol%, Q = 200 mL/min, GHSV = 60,000 mL/(g-h).

inhibiting the adsorption and activation of CB. Martinovic et al. [13]
believed NO and VOCs were adsorbed on the same metal sites resulting
in the competition for the same redox sites. As for the activation of re-
actants, VOCs oxidation will be promoted by NOy resulted from the
strong oxidizing ability of NOy which accelerates the re-oxidation of
reduced metal sites [14]. But this promotional effect can only be
observed under certain conditions, such as in the presence of oxygen [6]
or to be present as adsorbed NO; instead of nitrate species [1]. NO/NHjs
may participate in the VOCs oxidation due to the detection of byprod-
ucts such as benzonitrile, aniline and nitrobenzene [2,15], which
deposited on catalyst surface as coke and deactivated the catalyst.
However, the effects of SCR reactants on VOCs oxidation have not
reached a common view yet. For instance, Zhao et al. [16] found SCR
reactants enhanced the toluene oxidation over CuCeAly catalyst because
NO acted as the oxidizing agent of toluene. But Ye et al. [1] observed a
negative effect over MnO,-CeO, catalyst due to the competitive
adsorption of toluene and NH3 and the poisoned byproduct nitriles. In
conclusion, there are some uncertainties needed to be well addressed in
the future: (1) the co-adsorption behavior of reactants (VOCs, NO and
NHj); (2) the effect of NO and NHj3 on the activation and deep oxidation
of VOCs; (3) the migration and transformation of C and N during
simultaneous removal process.

MnCe/HZSM-5 has been proved to be a good choice for simultaneous
removal of toluene and NOy due to variable valence states of metals,
high redox ability, abundant acid sites and large surface area [17-22]. In
this work, MnCe/HZSM-5 catalyst was used for the simultaneous
removal of toluene and NOy. Special attention has been paid to the effect
of NH3-SCR reactants (NO and NH3) on toluene oxidation. Performance
testing, gas chromatography coupled with a mass spectrometer
(GC-MS), temperature programmed desorption of NH3 (NH3-TPD) and
in-situ diffuse reflectance infrared Fourier transforms (DRIFTs) were
conducted to investigate the toluene catalytic oxidation activity and the
reaction mechanism. Characterizations such as thermogravimetric
analysis (TGA), surface deposition-temperature programmed desorption
(SD-TPD), X-ray photoelectron spectroscopy (XPS) and pyridine adsor-
bed IR spectroscopy (Py-IR) were carried out to reveal the impacts on
catalysts properties and to support the mechanism discussion.

2. Experimental section
2.1. Catalyst preparation

The molar ratio of Mn and Ce in catalyst was 1:1. The mass ratio of
HZSM-5 support with a SiOy/Al,03 ratio of 25 was 80%. Detailed

preparation method of MnCe/HZSM-5 catalyst can be found in previous
work [11].

2.2. Catalytic activity measurement

Toluene catalytic oxidation was carried out in a lab-scale fixed-bed
quartz tube (i.d. = 8 mm) reactor at 50-350 °C. 200 mL/min feed gas
passed through 0.2 g catalyst with a gas hourly space velocity (GHSV) of
60,000 mL/(g h). The composition of feed gas was 50 ppm C;Hg, 500
ppm NHj3 (when used), 500 ppm NO (when used), 10 vol% O, and
balance of Nj. The inlet and outlet gases were monitored by an on-line
FTIR spectrometer (GASMET DX-4000). The toluene conversion and
CO4, selectivity were obtained by Egs. (1)-(2).
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The gaseous byproducts were identified by a GC-MS system (Agilent
6890N GC-5975B MSD). The solid byproducts were detected by a
thermal desorption instrument (APL-TD-2) coupled with GC-MS. ~0.1 g
sample was purged in He at 30 °C for 2 min, then heated to 300 °C and
held for 3 min to desorb. The desorbed species were collected in a cold
trap, which was then rapidly heated to 300 °C to release the organic
species into the GC-MS. The initial GC oven temperature was 35 °C for
10 min, then increased to 150 °C with a rate of 5 °C/min and held for 7
min, finally increased to 200 °C with a rate of 10 °C/min and held for 4
min. The quadrupole and ion source temperatures were 150 °C and
230 °C, respectively.

2.3. Catalyst characterization

Temperature programmed desorption (TPD) was conducted by an
on-line FTIR spectrometer (GASMET DX-4000). The SD-TPD was carried
out by the same instrument. ~0.1 g sample was placed in a fixed-bed
quartz reactor. The sample was preheated in Ny at 350 °C for 1 h,
then cooled down to 50 °C. Next, the sample was exposed to the
experimental atmosphere for 3 h at 250 °C, then cooled down to 50 °C.
Finally, the sample was heated to 600 °C with a rate of 10 °C/min in 100
mL/min 10 vol% O, (balance of N») to record the TPD profile.

XPS was carried out by Thermo Scientific ESCALAB 250 with Al Ko
X-ray radiation (1486.6 eV) operated at 150 W. A DSC/DTA-TG in-
strument (STA 449 F3 Jupiter, NETZSCH) was applied to conduct the
TGA. ~10 mg sample was heated in air to 800 °C with a rate of 10 °C/
min. Py-IR experiments were conducted using an FTIR spectrometer
(PerkinElmer). ~0.05 g sample was pretreated in a vacuum at 350 °C for
2 h, followed by adsorption of pyridine at room temperature for 0.5 h.
The sample was then heated to 200 °C/350 °C and maintained for 1 h to
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Fig. 2. (a) TG and (b) SD-TPD results of used catalysts after reaction at 250 °C.

Fig. 3. Py-IR spectra of used catalysts after desorption of pyridine at (a) 200 °C and (b) 350 °C.

desorb pyridine. The Py-IR spectra were recorded at a resolution of 1
cm™L. A FTIR spectrometer (Bruker VERTEX 70) equipped with IR cell,
KBr windows and MCT detector was used to perform the in-situ DRIFTs
experiments. The sample was pretreated in Ny at 350 °C for 1 h, then
cooled down to the experimental temperature. The sample was exposed
to reaction atmosphere and the spectra were recorded by accumulating

64 scans with a resolution of 4 cm ™.

3. Results and discussion
3.1. Toluene oxidation performance

The Tso and Ty (the temperatures at which the toluene conversions
were 50% and 90%) of MnCe/HZSM-5 catalyst were 189.6 °C and
282.3 °C, respectively (Fig. 1a). When NH3-SCR reactants (NO and NH3)
were added, the Tso increased to 207.6 °C and the Tg9g decreased to
248.2 °C. NO and NHj3 addition enhanced the toluene conversion at
temperatures higher than ~225 °C. Meanwhile, the NO and NH3 con-
versions were higher than 72% and 96% above 200 °C with a stable Ny
selectivity > 94% (Fig. S1). These results suggested that toluene and NO

Table 1
Information obtained from XPS spectra and Py-IR spectra of used catalysts.

could be effectively co-removed over MnCe/HZSM-5 catalyst. However,
the COg selectivity was remarkably decreased, which suggested that
more byproducts were generated. The carbon distribution after toluene
oxidation at 250 °C was summarized in Fig. 1b. The proportions of CO5
and CO decreased from 60.5% and 8.5% to 34.1% and 3.0%, respec-
tively. As a consequence, the byproduct proportion increased signifi-
cantly to 62.9%, leading to an unavoidable deactivation of catalyst
(Fig. S2a). When temperature reached 300 °C, nearly all toluene was
completely oxidized to CO2, and the influence of SCR reactants was
ignorable. The catalytic activity maintained in the long-term experi-
ments for 16 h at 300 °C (Fig. S2b).

3.2. Used catalyst characterization

The used catalysts after reactions at 250 °C were characterized by TG
and SD-TPD. Only ~0.8% weight loss was recorded for the fresh catalyst
(Fig. 2a). After toluene oxidation, the weight loss of catalyst increased to
~3.8% resulted from the deposited solid byproducts. A more significant
weight loss of ~4.9% was observed with the addition of NO and NH3 due
to more solid byproducts generated. The SD-TPD results also proved this

Sample Py-IR results* (200 °C) Py-IR results* (350 °C) XPS results

B acid sites (mmol/g) L acid sites (mmol/g) B acid sites (mmol/g) L acid sites (mmol/g) Mn**/Mn (%) ce®t/Ce (%) Osur/0O (%)
Fresh catalyst 0.155 0.311 0.116 0.202 34.7 23.0 79.5
CyHg-used 0.143 0.251 0.080 0.123 30.8 21.8 79.2
C;Hg + SCR-used 0.154 0.223 0.108 0.122 20.1 21.2 77.3

“ Amounts of B and L acid sites [20]: C(pyridine on B sites) = 1.88IA(B)R%/W and C(pyridine on L sites) = 1.42IA(L)R?%/W, Where C = concentration (mmol/g
catalyst), IA (B or L) = integrated absorbance of B or L band (cm’l), R = radius of catalyst disk (cm), W = weight of disk (mg).
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Fig. 4. XPS spectra of (a) Mn 2p, (b) Ce 3d and (c) O 1s.

phenomenon (Fig. 2b). The desorption amount of CO5 + CO of C;Hg +
SCR-used catalyst was 1379 umol/g, which was larger than that of C;Hg-
used catalyst (1340 pmol/g).

The Py-IR spectra of fresh/used catalysts and corresponding data
were shown in Fig. 3 and Table 1. The bands at 1635 and 1543 cm™!
were assigned to pyridine adsorbed on B acid sites, and the bands at
1607 and 1447 cm ™! were corresponded to pyridine adsorbed on L acid
sites [23,24] (Fig. 3a). The band at 1490 cm ™! was related to B and L
acid sites. After toluene oxidation at 250 °C, the amounts of B and L acid
sites on catalyst decreased from 0.155 and 0.311 mmol/g to 0.143 and
0.251 mmol/g respectively (Table 1). It was reported that the L acid sites
played a core role in C—C band cleavage [20,25]. The consumption of L
acid sites may cause the catalyst deactivation. The coke deposition
during toluene oxidation will gradually occupy the L acid sites. When
SCR reactants were added, the decrease of L acid sites was much more
significant, resulting from the occupation of NH3; and more coke
generated. A similar rule was observed for the strong acid sites identified
after the desorption of pyridine at 350 °C (Fig. 3b and Table 1).

The fresh/used catalysts were then characterized by XPS for deter-
mination of the elemental valance states of Mn, Ce and O. The binding
energies at 643.8 eV and 641.6 eV were assigned to Mn** and Mn>*
[26], respectively (Fig. 4a). The Ce 3d spectra were divided into eight
bands [16] (Fig. 4b). The bands v1 and ul represented the 3d'°4f! initial
electronic state belonging to Ce>*. The others represented the 3d!%4°

state corresponding to Ce**. The redox cycle between Mn3*/Mn*" and
ce*t/ce®t (Mn®t + Ce*™ & Mn*" + Ce®*) notably enhanced the elec-
tron transfer and benefited the adsorption/activation of toluene. The O
1s spectra were fitted with two components [7] (Fig. 4c). The bands at
532.3 eV and 529.5 eV corresponded to the surface adsorbed oxygen
(Osur, 022’, O~ and OH ") and lattice oxygen (Oiqt), respectively. A high
ratio of Mn*"/Mn has been considered an important factor for good
redox capability [26]. The formation of Ce>" creates a charge imbal-
ance, requiring abundant oxygen vacancies to compensate for charge
neutrality [16,20]. The ratio of Oy, is the barometer to the amounts of
oxygen vacancies and surface active oxygen, which play important role
in the catalytic oxidation reaction [27-29]. Thus, high concentrations of
Mn**, Ce3* and Oy, are beneficial for the catalytic removal of toluene.
The used catalysts had lower proportions of Mn4+, Ce® and Osur
(Table 1) compared with fresh catalyst, suggesting the gradual decrease
of catalyst activity. The addition of NO and NH3; may accelerate this
deactivation tendency due to larger decrease of Mn**, Ce3* and Ogy
proportions.

3.3. Byproducts identification

The solid byproduct composition was analyzed by TD-GC-MS
(Fig. S3a and Table S1). The main components of solid byproducts after
toluene oxidation were benzene, benzaldehyde and p-xylene. The

Fig. 5. GC-MS quantitative analyses of (a)-(b) solid byproducts and (c)-(d) gaseous byproducts after reaction at 250 °C.
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Fig. 6. (a) Adsorption profiles of toluene at 50 °C, (b) C;Hg-TPD profiles, (c) CO, and (d) CO concentrations during C;Hg-TPD.

toluene catalytic oxidation mechanism has been extensively studied
[30,31]. Toluene is firstly adsorbed on catalyst surface and partially
oxidized to benzyl alcohol. Then, the benzyl alcohol is oxidized to
benzaldehyde and benzoic acid. The benzoic acid is converted to ben-
zene, phenol, benzoquinone, maleate, maleic anhydride step by step.
The maleic anhydride is further oxidized to small molecular species such
as carbonate, acetic acid and acetaldehyde, and finally mineralized to
CO4 and H30 [32,33]. When NO and NH3 were added, several organic
nitrogen containing compounds were detected, such as nitriles and
nitrobenzene. NH3 reacted with benzaldehyde to form intermediate
PhCH = NH that subsequently dehydrogenated to yield benzonitrile [2].
Byproducts acetic acid or acetaldehyde reacted with gaseous NHj
through nucleophilic addition and dehydration to generate acetonitrile
[1]. The nitrobenzene may be generated from the oxidation of benzen-
amine that was formed by the reaction between byproduct phenol and
gaseous NHs.

More oxygen containing compounds were identified in the gaseous
byproducts of individual toluene oxidation by GC-MS (Fig. S3b and
Table S2), such as acetaldehyde, acetone, and phenol. Benzonitrile also
existed in the gaseous byproducts, but its amount was significantly
smaller than that in solid byproducts. As summarized in Fig. 5a, c,
benzene and benzaldehyde were the major components both in solid
(94%) and gaseous (91%) byproducts after individual toluene oxidation
at 250 °C. Small molecular oxygen containing compounds (e.g., acetone
and acetaldehyde) tended to present in gas. The proportions of nitrogen
containing compounds reached 74% in solid byproducts and 60% in
gaseous byproducts after the addition of NO and NHj (Fig. 5b, d). At the
same time, the proportions of benzaldehyde in solid and gaseous
byproducts decreased from 9% and 12% to 0.6% and 4%, respectively.
The proportion of acetaldehyde in gaseous byproducts also decreased
from 1% to zero. It can be concluded that NH3 and NO are prone to
reacting with byproduct aldehydes to generate poisoned byproduct ni-
triles in simultaneous removal of toluene and NO.

Table 2

Quantitative analysis of TPD results (pmol/g).
TPD C7Hgads C7Hagdes CO, Cco
C;Hg 106.2 54.3 158.1 22.6
C;Hg + NO 104.1 17.2 207.0 49.3
C,Hg + NH3 160.7 143.0 90.3 3.5

3.4. Mechanism investigation

3.4.1. Adsorption-desorption behavior

The adsorption—desorption behaviors of reactants were investigated
by TPD (C,Hs-TPD, C;Hg + NHs-TPD and C;Hg + NO-TPD). The
adsorption amount of toluene in C7Hg-TPD was 106.2 umol/g (Fig. 6a
and Table 2). NO slightly decreased the adsorption of toluene to 104.1
umol/g. The NO adsorption was also inhibited by toluene [11]. The
competitive adsorption between NO and C;Hg was identified. As for the
desorption behavior (Fig. 6b-d), NO decreased the desorption amount of
toluene from 54.3 pymol/g to 17.2 umol/g. However, the desorption
amounts of CO and CO increased from 158.1 ymol/g and 22.6 ymol/g
to 207.0 umol/g and 49.3 umol/g, respectively. The initial temperatures
of CO2 and CO production were 222 °C and 82 °C accordingly, which
were significantly lower than that in C;Hg-TPD (277 °C and 276 °C). The
temperatures corresponding to the maximum CO; and CO concentra-
tions possessed a similar tendency. These results indicated that NO
promoted the light-off and the mineralization of toluene during
desorption process. NO could be oxidized to NO; when temperature
raised [10,11]. NO, was a strong oxidizer that accelerated toluene
oxidation.

Different from NO, NHj increased the adsorption and desorption
amounts of toluene to 160.7 umol/g and 143.0 umol/g. Zhao et al. [19]
found abundant Brgnsted acid sites were beneficial for toluene
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Fig. 7. In situ DRIFTs spectra recorded of (a) toluene adsorption on NHj pre-adsorbed catalyst at 250 °C, (b) toluene adsorption on NO pre-adsorbed catalyst at
250 °C, (c) toluene oxidation, (d) toluene oxidation at 250 °C on NH3-SCR pre-reacted catalyst, (e) and (f) toluene oxidation in the presence of NO and NH3 at 250 °C.

adsorption. In a theory proposed by Li et al. [5], the dissociated free H
atoms from NHs,gqs were captured by the catalyst surface and converted
into Brgnsted acid sites (NHzpqs + O — —NHg,gs + Bregnsted). The addi-
tional Brgnsted acid sites provided by NH3 may promote the toluene
adsorption. But the CO5 and CO desorption amounts decreased to 90.3
umol/g and 3.5 umol/g, respectively. The initial temperature of CO5
production (277 °C) was the same as C;Hg-TPD. Whereas, the initial
temperature of CO production (380 °C) was higher. At the same time,
the temperatures corresponding to the maximum CO; and CO

concentrations (508 and 506 °C) were much higher than that in C;Hg-
TPD (398 and 461 °C). NH3 was competitively oxidized with toluene by
active oxygen on catalyst surface [16]. NH3 could also react with toluene
to form byproducts (e.g., nitriles) as described in Section 3.3. Hence, the
light-off and deep oxidation of toluene were restricted in the presence of
NHs.

3.4.2. In-situ DRIFTs analysis
The adsorption species were subsequently characterized by in-situ
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Fig. 8. Toluene catalytic oxidation mechanism and proposed formation routes of nitrogen containing compounds at 250 °C.

DRIFTs. As shown in Fig. 7a, there were six bands observed when NHj
was adsorbed. The bands at 1728, 1606, 1470, 1182 and 1033 em™?
were assigned to the coordinated NH3 on the L acid sites [7,34]. The
band at 1546 cm ™! was related to the ionic NH,4" on B acid sites [34].
When toluene passed the NHgs-pretreated catalyst, the bands at
1200-2000 cm ! were overlapped by NH; adsorption species. The band
at 2360 cm ! belonged to the stretching vibrations of G—O bonds from
COg [16]. Similar with our previous findings [10,11], the nitrile species
(e.g., acetonitrile and benzonitrile) at 2233 cm ! were identified, which
was consistent with the results of byproduct identification. There were
three bands observed when NO was adsorbed (Fig. 7b). The band at
1627 cm™! was assigned to adsorbed NO, species. The bands at 1568
and 1540 cm ™! were ascribed to bidentate nitrates [1]. When toluene
passed the NO-pretreated catalyst, several bands appeared. The band at
1490 cm ™! was related to the stretching vibration of C=C in aromatic
ring [35]. The bands at 1456 and 1364 cm™! were assigned to the
bending vibration of C—H in methylene group and methyl group [36],
respectively. The band at 1591 cm ™! belonged to the stretching vibra-
tion of —COO™ in carboxylate [35]. The bands at 1575 and 1524 cm !
were ascribed to the stretching vibration of —COO™ in carbonate [37].
Moreover, the band at 1626 cm™! was recognized as the bending vi-
bration of H—O—H in water [36].

The DRIFTs spectra of toluene oxidation without/with NO and NHjs
were shown in Fig. 7c-f. The bands at 1697 and 1668 cm ' were
recognized as the stretching vibration of C=0 in aldehyde group [38],
which was more obvious at temperatures higher than 250 °C (Fig. 7c).
Benzaldehyde was identified both in the solid and gaseous byproducts
(Table S1 and S2). When toluene was oxidized on NH3-SCR pre-reacted
catalyst, the initial bands disappeared quickly (Fig. 7d). Comparing with
Fig. 7c, the band intensity for water (1626 cm’l) was slightly decreased.
Less toluene was completely oxidized when NO and NH3 were present.
Furthermore, when toluene was oxidized in the presence of NO and NH3
(Fig. 7e, f), a distinct C=N band in nitriles was observed. The C—=C in
benzene ring and C—H in methyl group were more pronounced. Instead,
the intensities of C—=0 in aldehyde group (1668 cm™!), —COO~ in
carboxylate or carbonate (1591, 1575 and 1524 cm™ b and H—O—H in
water (1626 cm ™) were less significant compared with individual
toluene oxidation (Fig. 7c). These results demonstrated that NO and NH3
inhibited the deep oxidation of toluene.

3.4.3. Reaction mechanism

Based on aforementioned results, the toluene catalytic oxidation
mechanism was summarized in Fig. 8. At 250 °C, the toluene oxidation
followed a MvK mechanism [39,40] (Path 1). Toluene was firstly

adsorbed on catalyst surface and oxidized to benzyl alcohol, generating
reduced metal oxides at the same time. The benzyl alcohol was further
oxidized to benzaldehyde, benzoic acid, benzene, phenol and benzo-
quinone. Then the benzoquinone underwent ring opening reaction to
form maleic anhydride species, carbonate and acetic acid. Finally, the
small molecular species were mineralized to CO; and H»O. The lattice
oxygen was continuously replenished by gaseous O and the reduced
metal oxides were oxidized to accomplish a redox cycle.

The addition of SCR reactants (NO and NH3) enhanced the toluene
conversion, but decreased the CO; selectivity, which indicated more
byproducts were generated. Benzonitrile was the dominant organic ni-
trogen containing compound generated by the reaction of intermediate
benzaldehyde and NH3 (Path 2). Intermediates acetic acid and acetal-
dehyde could react with NHj3 to form trace amount of acetonitrile (Path
3 and Path 4). Intermediate phenol may react with NH3 to form ben-
zenamine that subsequently oxidized to nitrobenzene (Path 5). These
nitrogen containing compounds were mainly observed in the solid
byproducts deposited on catalyst surface, which deactivated the cata-
lyst. The paths 2-5 consumed the toluene oxidation intermediates,
resulting in a higher toluene conversion and less mineralization prod-
ucts (CO, and H,0).

4. Conclusions

The simultaneous removal of toluene and NO was investigated over a
MnCe/HZSM-5 catalyst. Although NH3-SCR reactants (NO and NHjz)
increased the toluene conversion at 250 °C, more byproducts were
generated and the CO; selectivity decreased. The effects of NO and NH3
on toluene oxidation included (1) accelerating the decrease of Mn4+,
Ce3+, Ogyr proportions and L acid sites, (2) competitive adsorption be-
tween NO and toluene, (3) promotion of toluene oxidation by NO and
inhibition of toluene oxidation by NHg, (4) reaction with intermediates
(e.g., aldehydes and phenol) to form organic nitrogen containing com-
pounds (e.g., nitriles and nitrobenzene) that transformed more carbon
into byproducts and deactivated the catalyst.
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