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Abstract: In this work, a dielectric barrier discharge (DBD) plasma-enhanced NHj3-selective
catalytic reduction (NH3-SCR) of NOy over a Cu-Mn/SAPO-34 catalyst at low temperatures
(<200 °C) and oxygen-rich conditions (14 vol.%) has been investigated using a two-stage post-
plasma-catalytic (PPC) configuration. The results show a maximum NOy removal of 80% and
a 100% N3 selectivity without NHj slip or the formation of by-products at a low specific energy
input (SEI) of 32 J/L. Adding water vapor (5.7 vol.%) into the plasma NH3-SCR process does
not negatively affect the removal of NOy, while the presence of CsHg enhances the removal of
NOy. In situ diffuse reflectance infrared spectroscopy (DRIFTS) combined with optical
emission spectroscopic diagnostics has been employed to elucidate the reaction mechanism in
the plasma-catalytic removal of NOx. We find that the formation of NO, via NO oxidation in
the first stage plasma gas-phase reaction enhances the Eley-Rideal (E-R) reaction on the surface
of the Cu-Mn/SAPO-34 catalyst in the second stage catalytic NH3-SCR of NOy. The Cu-
Mn/SAPO-34 catalyst shows stable performance in the plasma-enhanced NH3-SCR of NOx
after 5 cycles of catalyst regeneration. This work has successfully demonstrated a promising
low-temperature plasma-catalytic solution for the effective NH3-SCR of NOx.

Keywords: Plasma catalysis; Cu-Mn/SAPO-34; Diesel exhaust gases; NHs-Selective catalytic

reduction; Reaction mechanism
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1. Introduction

Nitrogen oxides (NOy) emissions from diesel engines are regarded as one of the significant
sources of air pollution [1]. Selective catalytic reduction (SCR) with NH; (NH3-SCR) has been
proven to be effective for the removal of NOy. In this process, a diesel particulate filter (DPF)
is placed upstream of the SCR unit to prevent the deposition of soot and ash on the catalyst.
However, the presence of a DPF limits the reaction temperature (typically to below 200 °C) of
the SCR process for the heavy-duty diesel engines operated during the cold-start period as well
as for the light-duty diesel engines. This causes a fuel-penalty as the temperature required for
NH;-SCR of NOy using commercial catalysts is at least 250 °C under oxygen-rich conditions
[2][3]. Therefore, developing an NH3;-SCR process which can be operated at lower
temperatures in the oxygen-rich exhaust is of great importance to achieve the fuel-economy
targets [4].

Cu-zeolite catalysts have attracted considerable attention in the NH3-SCR of NOy under
oxygen-rich conditions [5]-[7]. However, as shown in Table S1, the removal of NOy using Cu-
zeolite catalysts is typically low (<40%) at oxygen-rich (>5 vol.%), low temperatures (<200
°C) with a high NO/NOx ratio (~1). Additionally, the presence of water vapor and hydrocarbons
(HCs) in the exhaust gases could negatively affect the removal of NOy. Ming et al. reported a
NOy removal of 80% using a Cu/SAPO-18 catalyst at 200-400 °C and the NOx removal was
not affected by either the hydrothermal treatment of the Cu/SAPO-18 catalyst or the presence
of HCs [8]. Recently, we have demonstrated a NOx removal of 90% using an Mn-doped

Cu/SAPO-34 catalyst at 200 °C. At higher temperatures (250-450 °C), the removal of NOx was
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close to 100% with outstanding hydrothermal stability and HC resistance [9]. Nevertheless,
this temperature window (250-450 °C) is still too high for the light-duty diesel engines as well
as the heavy-duty diesel engines during their cold-start period.

Non-thermal plasma (NTP) has great potential to lower the temperature window of NHj3-
SCR of NOy below 200 °C. The most notable advantage of NTP technology is that NTP can
generate energetic electrons and a range of chemically reactive species, all of which can induce
various chemical reactions at low temperatures and ambient pressure [10][11]. Plasma-assisted
NH;3-SCR of NOy in an oxygen-rich atmosphere can be implemented using two configurations:
single-stage in-plasma catalysis (IPC) and two-stage post-plasma catalysis (PPC) [12]-[14].
The single-stage IPC process has great potential to generate a synergetic effect directly from
the plasma-catalyst interactions. Wang et al. found that placing a Cu-Mn/ZSM catalyst in a
corona discharge led to complete conversion of NOy at a high specific energy input (SEI) of
300 J/L [15]. Takahara et al. investigated the single-stage plasma-catalytic SCR of NOy using
a range of supported metal catalysts. Among the tested metals (Pt, Pd, Rh, Ag, Cu and Ni) and
supports (SiC, Al,Os, SiO, and TiO,), the Pt/Al,Os catalyst exhibited the best performance
(~40% NOy removal and 30% N, selectivity) at 150 °C [16]. In the two-stage PPC process, the
plasma catalysis synergy might be formed through interactions of the catalyst surface with
reaction intermediates and/or long-lived reactive species produced in the first stage plasma gas-
phase reactions [12]. Guan et al. investigated the NH3-SCR of NOy over a V,05-WO3/TiO,
catalyst in a two-stage PPC process at below 200 °C (catalyst bed temperature) and an oxygen

concentration of 6 vol.%. A NO, removal of ~70% was achieved at an SEI of ~100 J/L and a
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catalyst bed temperature of ~100 °C. However, without using the plasma, such a NO, removal
(~70%) can only be obtained at a higher reaction temperature of 350 °C with a significant
formation of N,O (> 20 ppm) [18]. Broer et al. found that the removal of NOy was less than
50% in the two-stage plasma-assisted NH3-SCR of NOy using a V,05-WO3/Ti0; catalyst at a
NO/NOx ratio of 0.95 when the temperature of the catalyst bed was below 180 °C [19]. These
studies demonstrated the potential of using plasma catalysis for the denitrification of light
diesel exhaust. However, till now, only limited catalysts have been evaluated in the plasma-
assisted NH3-SCR of NOx. It is critical to design and develop more active and stable catalysts
to enhance the efficiency of this process further.

Plasma-catalysis is a complicated process, involving both plasma gas-phase reactions and
plasma-assisted surface reactions [20]-[22]. However, plasma-assisted surface reactions on the
catalyst surface are among the least understood phenomena in the hybrid plasma-catalytic
processes. It is crucial to get a better understanding of the reaction mechanism in the plasma-
catalytic SCR of NOy to generate valuable knowledge to facilitate the rational catalyst design
and to optimize the reaction performance further. /n situ diffuse reflectance infrared
spectroscopy (DRIFTS) has been widely used to probe surface reactions in conventional SCR
of NOy. However, using in situ spectroscopy to elucidate the reaction mechanism in plasma-
catalytic chemical reactions, particularly the plasma-assisted NH3;-SCR of NOy, is very limited
[23]-[26]. Using a single-stage IPC system, Stere et al. investigated the plasma-assisted HC-
SCR of NOy using in situ DRIFTS, and they found that the mechanism of the HC-SCR reaction

in the presence of the plasma is similar to that using thermal activation [26]. Li et al. studied
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the HC-SCR of NO over a Pt/Ba/Al,O; catalyst in a two-stage PPC process. Their findings
showed that the formation of NO, via NO oxidation in the first stage plasma reaction
contributed to the enhanced NO removal in the post-plasma SCR reaction on the catalyst
surface [27]. However, the reaction mechanism on the catalyst surface in the plasma-assisted
NH3-SCR of NOy is far less understood and still mostly unclear.

Herein, two-stage plasma-enhanced low-temperature NH3;-SCR of NOy over a Cu-
Mn/SAPO-34 catalyst has been investigated under the simulated exhaust conditions (i.e.
oxygen-rich and high NO/NOx ratio) of light-duty diesel engines for the first time. A dielectric
barrier discharge (DBD) was used as an NTP source [28][29]. The combination of DBD with
the Cu-Mn/SAPO-34 catalyst in the two-stage PPC process further decreases the temperature
window of NH3-SCR of NOx. A post-plasma NHj injection was used to avoid the oxidation of
NHj; by the plasma. The effect of SEI, C3Hs and water vapor on the plasma-assisted NH3;-SCR
of NOy was investigated below 200 °C in terms of NOy removal, N, selectivity and NH; slip.
The reaction mechanism in the two-stage plasma-assisted NH3-SCR of NOy has been proposed
and discussed by using a combined means of in situ DRIFTS and optical emission

spectroscopic (OES) diagnostics.

2. Experimental
2.1 Experimental setup
Figure la shows a schematic diagram of the experimental setup for NO reduction. A

stainless-steel mesh with a length of 45 mm was wrapped around a 370 mm-length quartz tube
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(inner diameter 8.4 mm; wall thickness 1.3 mm) and served as the ground electrode for the
DBD reactor. A stainless-steel rod with a diameter of 6 mm was placed in the quartz tube as a
high voltage electrode. The discharge gap was fixed at 1.2 mm. A fixed-bed flow reactor was
placed at the downstream of the DBD reactor, forming a typical PPC configuration. 2 mL
catalyst was packed in the fixed-bed flow reactor at a gas hourly space velocity (GHSV) of
30,000 h™'. The DBD reactor was connected to a high-voltage AC power supply (TH5-A, Yiya
Electric Co.) and placed in an electric oven (T1000-D200, Xianke); thus, the temperature of

the DBD reactor can be controlled to maintain the same temperature as the fixed-bed flow

reactor.
. J..E- l—>a. ]
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Figure 1. Schematic diagram of the experimental setup.

The simulated diesel engine exhaust included 300 ppm NO, 14 vol.% O, 0-5.7 vol.% H,O,

0-300 ppm C;3Hg and balanced N,. To avoid the oxidation of NH3; by NTP, post-plasma
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injection of NH; (300 ppm) was performed in the SCR reaction. To control the concentration
of H,O in the simulated gas mixture, a designated portion of air was passed through a bubbler
filled with distilled water and placed in a temperature-controlled water bath at 333 K. The total
gas flow rate was fixed at 1 L/min.

The electrical signals of the discharge were recorded using a digital oscilloscope (Tektronix
DPO3032). The discharge power was measured using the Q-U Lissajous method. The
concentration of NO, NO; and O, was measured using a flue gas analyzer (Testo 350, TESTO),
while the concentration of N,O and N,Os was determined by an infrared gas analyzer (PGD-
100, Madur E-commerce Co. Ltd., EU). The formation of gaseous products was also monitored
using mass spectrometry (LC-D200M, TILON). The concentration of NH; was monitored by
an NH; sensor (JC-NHj3, Jincheng Instruments). To understand the formation of nitrogen-
containing hydrocarbons, 5 ml aqueous dichloromethane (AR grade, Aladdin) was used to
adsorb the gaseous products for 1 h, followed by analysis using gas chromatography-mass
spectrometry (Agilent 7890A/5975C) equipped with an HP-5MS capillary column. The optical
emission spectroscopic diagnostics of the discharge was carried out using an emission
spectrometer (Acton SP-2500, Princeton Instruments) equipped with a highly sensitive camera
(PIXIS-100, Princeton Instruments) with a grating of 600 grooves/mm.

In situ DRIFTS was performed to understand the formation of adsorbed species on the Cu-
Mn/SAPO-34 catalyst surfaces in the post-plasma catalytic NH3-SCR of NOy using a Nicolet
150 Fourier transform infrared (FTIR) spectrometer (Fig. S1). Before the experiment, the

catalyst powder (100 mg) was placed in a sample cell of the DRIFTS, and heated to 500 °C in
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a 30 ml/min helium flow at a heating rate of 10 °C/min, held for 1 h, and then cooled to 140
°C. Two experimental modes were used in the in situ DRIFTS analysis to get new insights into
the surface reactions on the catalyst. In Mode I, the fresh catalyst was exposed to a gas mixture
when NTP was switched on (Mode I - plasma on) or off (Mode I - plasma off), and the adsorbed
surface species were investigated during the exposing period. In Mode II, two gas mixtures
were used; the fresh catalyst was pretreated with one gas mixture until the catalyst reached an
adsorption saturation, then the catalyst was exposed to the other gas mixture for investigating
the surface species. In the experiments (in Mode II), NTP could be switched on (Mode II -
plasma on) or off (Mode II - plasma off). Note that NH3 was always injected into the system
after the plasma reactor and before the catalyst bed, known as post-plasma injection, in both
Modes I and II. The background spectrum was recorded before the catalyst was exposed to any
gas mixtures. The DRIFT spectra were collected in the range of 4000-650 cm™ with a resolution

of 4 cm™ in a Kubelka-Munk (K-M) format.

2.2 Catalyst preparation and characterization

Cu-Mn/SAPO-34 catalysts with different Cu/Mn molar ratios were prepared by a one-
pot hydrothermal synthesis method [9][30]. CuO (purity > 99 %, Shanghai Lingfeng Chemical
Reagent Co. Ltd.) and MnO, (purity > 85 %, Xilong Chemical Co. Ltd.) were used as the
precursor of Cu and Mn, respectively. To synthesize Cu-Mn/SAPO-34 (e.g. a Cu/Mn molar
ratio of 10:5), a crystallization solution was prepared with the following molar ratio of chemical

compounds in the solution: 0.07 CuO: 0.03 MnO;: 0.1 SiO;: 0.4 Al,Os: 2.0 H3PO4 (purity >
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85 %): 0.02 HF (purity > 40%): 1.0 C3HoNO: 83.3 H,O. Firstly, CuO and MnO, were added
to the dilute solution of orthophosphoric acid, and the mixture was stirred at 80 °C until CuO
and MnO, were completely dissolved. The pseudo-boehmite (70% Al,O3) was then added at
room temperature to obtain a homogeneous gel under constant stirring. Subsequently, SiO,,
morphinol and hydrofluoric acid were added to the gel and thoroughly stirred. A certain amount
of gel was then placed in a polytetrafluoroethylene (PTFE) bottle, sealed in a 50-ml autoclave
and kept at 190 °C for 3 days at autogenous pressure. The crystallized sample was washed with
distilled water and dried in air for 3 h before calcination in air at 600 °C for 5 h. The prepared
catalyst sample was pressed, crushed, and sieved to 60-100 mesh. Cu-Mn/SAPO-34 catalysts
with other Cu/Mn molar ratios were prepared in a similar way.

The effect of Cu/Mn molar ratio on the catalyst activity was evaluated, as shown in Fig.
S2. The optimal Cu/Mn molar ratio was found to be 10:5 at low temperatures (160 °C).
Therefore, this Cu/Mn molar ratio (10:5) was used in all the experiments in this study. The

regeneration of the catalyst was carried out at 500 °C and an air flow rate of 1 L/min.

The surface chemical states of the catalysts were examined by X-ray photoelectron
spectroscopy (XPS) with an Al Ka X-ray source (ESCALAB 250Xi, Thermo). The binding
energies of the spectra were calibrated using the C 1s level at 284.8 eV as an internal standard.
Concentrations of the elements were determined by the integration of peak areas in the XPS
data. The Brunauer-Emmett-Teller (BET) surface area of the catalysts was measured by N»
adsorption-desorption isotherms at -196 °C using a physical adsorption instrument
(ASAP 2020-HD88, MicroMeritics). 100 mg of catalyst sample was pretreated at 150 °C for 6

h. The BET surface area of the catalysts was measured with a range of Py/P from 10 to 1.0.
10
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The morphologies of the fresh and spent Cu-Mn/SAPO-34 catalysts were analyzed using a

scanning electron microscope (SEM, G2 pro, Phenom).

2.3 Calculation of parameters

The specific energy input was defined as:

sEr (/Ly= 20 P

(D

Where P is the discharge power, and Q is the total gas flow rate.

The removal of NOy (NO + NO,) and N, selectivity were calculated using Eq. (2) and (3),

respectively:

[NO, ], = [NO,]

NO, removal (%) =
[Nox ]in

At x 100% (2)

[NO, J,, = [NO, ], — 2[N,0]
[NO, J, = [NO,]

N, selectivity (%) = 2 % 100% 3)

out

Where [NOx]in and [NOx]ou are the inlet and outlet concentration of NOy, respectively, and
[N2O]Joue Was the outlet concentration of N,O.
The maximum temperature changes due to the plasma heating effect (without extra heating)

when varying the SEI can be estimated as follows:

11
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Where C is the averaged specific heat capacity of the reactants in J/kg-°C and m is the total

mass flow of the reactants in kg/min.

3. Results
3.1 Plasma-enhanced NH3-SCR of NOy

Figure 2a shows the effect of SEI on the removal of NOy and N selectivity in the plasma
NH;-SCR of NOy at different reaction temperatures. Compared to the NH3-SCR of NOy
without using plasma (SEI = 0), the coupling of plasma with NH3;-SCR significantly enhanced
the NOx removal, particularly at low temperatures (Fig. 2a). When the SEI increased from 0 to
27 J/L, the NO4 removal was increased from 9 to 50%, 40 to 72% and 66 to 80% at 100 °C,
140 °C and 180 °C, respectively. The effect of plasma on the removal of NOx was more
significant at lower temperatures. In this study, the removal of NOy is much higher than that
reported in previous studies under similar experimental conditions [7].

Figure 2a shows that the selectivity of N, is maintained at 100% and is almost independent
of the reaction temperature and SEI. Also, no residual NHs, N>Os, N,O or other by-products
(e.g., O3) were detected in the exhaust gas (Table S2, Fig. S3 and Fig. S4), indicating that the

plasma-assisted NH3;-SCR of NOy does not cause secondary pollution.

12
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Figure 2. (a) Effect of SEI on NOx removal and N selectivity in the absence of water vapor
and CsHs; (b) Effect of HO concentration on NOy removal and N selectivity in the absence
of C;Hgat an SEI of 32 J/L; (c) Effect of CsHg concentration on NOy removal and N, selectivity
in the presence of 5.7 vol.% H,O at an SEI of 32 J/L. NOy removal: closed symbols; N,

selectivity: open symbols.

In conventional NH3-SCR of NOy, the presence of H,O causes the competitive adsorption
of H,O, NOy and NHj3 on the catalyst surface, leading to reduced efficiency of the NH3;-SCR
reaction at low temperatures [31][32]. However, in the plasma-assisted NH3-SCR of NOy, we
find that the presence of H,O has a limited effect on the removal of NOy and does not change
the N, selectivity (100%), as shown in Fig. 2b.

Diesel engines generate large amounts of unburned hydrocarbons, such as C3sHe [33]. The
dynamic diameter of CsHg is relatively small (0.45 nm), thus it might bind to active sites of the
catalyst and reduce the catalyst activity for the removal of NOy in the conventional NH3;-SCR
of NOx [34][35]. Interestingly, in the plasma-assisted NH3-SCR of NOy, the presence of CsHg
in the plasma process enhanced the removal of NOy (Fig. 2c). In addition, compared to the

concentration of C3;H, the reaction temperature had a more significant effect on the removal

13
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of NOy in the plasma-assisted NH3;-SCR of NOy with C3Hs. At a CsHg concentration of 300
ppm, the conversion of C3;Hs increased from 66% to 83% when increasing the reaction
temperatures from 100 to 180 °C at an SEI of 32 J/L (Fig. S5). Higher C3Hg conversions can
be achieved at a lower initial concentration of C3Hg or a higher SEI. Previous works reported
that nitrogen-containing hydrocarbons might be produced in the plasma reduction of NOx with
hydrocarbons [36][37]. In this work, only trace amounts of nitrogen-containing hydrocarbons
(mainly C;6H3NO and C,3H35NO) were found with a total concentration of ~0.5 ppm (Fig.
S6).
In addition, the durability of the Cu-Mn/SAPQO-34 catalyst in the plasma-assisted NH3-
SCR of NOy was evaluated at different reaction temperatures (100 - 180 °C). Figure 3a shows
a representative catalyst stability test at 180 °C and an SEI of 22 J/L. The Cu-Mn/SAPO-34
catalyst still maintained its good activity after 35 h time on stream at low temperatures and a
relatively low SEI. Although the removal of NOy declined after 7 h, this value was still above
55% after 35 h reaction, which satisfies the China V emission standards [38].

It is important to note that the Cu-Mn/SAPO-34 catalyst shows an excellent regeneration
performance. Figure 3b shows that the removal of NOy (initial removal efficiency) is almost
unchanged after 5 cycles of catalyst regeneration. In the catalyst regeneration experiments, the
removal of NOy was quite stable with time on stream during each regeneration. In addition,
Fig. S7 shows that adding 20 ppm SO, (typical sulfur content in diesel) to this reaction has
limited effect on the NOx removal, indicating the Cu-Mn/SAPO-34 catalyst is highly resistant

to SO».
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The characterization of the fresh and regenerated catalysts (Fig. S8, S9, Table S3 and S4)
was carried out. Table S3 shows the presence of Cu, O, Si, Al and P elements on the surface of
the fresh and spent catalysts. In addition, compared to the fresh catalyst, the XPS analysis of
the spent catalyst showed the presence of Mn and an enhanced concentration of Cu on the
catalyst surface, suggesting that Cu and Mn could immigrate to the surface of the catalysts in
the reaction. The XPS Cu2p spectra (Fig. S8) show Cu exists on the catalyst surface as Cu"
(932.6+0.2 ¢V and 952.6 £ 0.2 eV), isolated Cu®" in tetrahedrally coordinated sites (933.6 V)
and isolated Cu®” in octahedrally coordinated sites (936.0 eV). After 5 cycles of catalyst
regeneration, more Cu” and octahedrally coordinated Cu”" ions were detected on the surface of
the spent catalyst (Table S4). Both Cu” and octahedrally coordinated Cu®" species have been
proven to play an important role in the SCR reaction at low temperatures [39][40], which could
contribute to the stable catalytic activity of the Cu-Mn/SAPO-34 catalyst. Moreover, Fig. S9

shows that the morphology of the catalyst does not change after 5 regenerations.

100_ (a) 100_ (b) 5 cycles regeneration
o SO e 7878787/ R7
s o AU N DA
240; m§4o_éééééé
é? é é _ é
G-I IR T T T ST R O-é// // é // //
Tima (h) Fresh 1 2 3 4 S

Figure 3. NOy removal with the (a) reaction time, and (b) regenerated catalyst (5.7 vol.% H,O

+300 ppm C3Hg, SEI =22 J/L and T = 180 °C).
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3.2 Plasma conversion of NOy without catalysts

Since the performance of NH3-SCR of NOx is strongly related to the concentration of NO,
and the ratio of NO/NO;, in the reaction [41], we measured the gas products in the first stage of
the PPC process (i.e. after the plasma processing and before the NH3;-SCR of NOy) to get a
better understanding of the catalytic reactions on the surface of Cu-Mn/SAPO-34. Our
preliminary study showed that the reaction temperature did not obviously affect the conversion
of NO or the resulting products; thus, only the results at 140 °C are presented. As shown in Fig.
4a, increasing the SEI from 0 to 32 J/L reduced the concentration of NO from 267 to 192 ppm,
but increased the concentration of produced NO, from 16 to 81 ppm. As a result, the NO,/NO
ratio increased from 0.06 to 0.42 when changing the SEI from 0 to 32 J/L. However, the total
concentration of NOx (NO + NO,) slightly decreased from 282 to 272 ppm, indicating NO was
mostly converted into NO, in the first stage plasma gas-phase reaction.

Compared to the plasma conversion of NO in the absence of H,O, adding H,O to the
plasma reaction decreased the total concentration of NOx (NO + NO,), which can be attributed
to the enhanced NO conversion and decreased NO; formation when adding H,O (Fig. 4b).
However, the presence of H>O did not change the ratio of NO,/NO (Fig. 4b).

Figure 4c shows the SEI has a considerable effect on the plasma conversion of NO in the
presence of C3He. More significant variations in the concentration of NO, NO, and NOy, and
the NO,/NO ratio were observed when adding Cs;Hg into the reaction (Fig. 4c), indicating that

C;3Hg substantially affected the conversion of NO and the formation of NOs.
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Figure 4. Effect of SEI on the concentrations of NO, NO;, and NOy, and NO,/NO ratio in the
gas products after the first stage plasma processing (at the outlet of the DBD reactor but before
NHs injection) (a) 300 ppm NO; (b) 300 ppm NO + 5.7 vol.% H,O; (c) 300 ppm NO + 5.7

vol.% H,0 + 300 ppm C;Hg.

3.3 OES diagnostics

Emission spectra of the discharge were measured to better understand the formation of
plasma generated reactive species in the first stage plasma processing of NOy. Figure 5 shows
the bands of N, and N, are dominant in the spectra of the discharge regardless of the gas
composition as N, is used as a balance gas in this process. The atomic oxygen line can be
detected in the spectra due to the production of O atoms via the dissociation of O, in the plasma.
However, we cannot find OH molecular bands or H atomic lines in the spectra of the discharge
with H,O addition (Fig. 5b). Similarly, the spectrum of the discharge in the presence of CsHg
does not show any C, or CH molecular bands (Fig. 5c). It is worth noting that the absence of
OH molecular bands does not mean that OH radicals are not produced in the plasma process in
the presence of H,O. Our previous work showed that over 97% of OH radicals are produced

from the dissociation of H,O by O atoms (O + HO — OH + OH), while only <3% of OH
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radicals are generated via electron impact dissociation of HO (e + HO — OH + H + e) [42].

Thus, OH radicals are mostly produced in the ground state and are not observed in the spectra

of the discharge.
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Figure 5. Emission spectra of DBD at (a) 300 ppm NO + 14 vol.% O,; (b) 300 ppm NO + 14

vol.% O, + 5.7 vol.% H0; (c¢) 300 ppm NO + 14 vol.% O, + 5.7 vol.% H,0O + 300 ppm C;He.

3.4 In situ DRIFTS analysis
The formation of intermediates on the catalyst surface in the post-plasma catalytic NH;-SCR

of NOy was investigated using in sifu DRIFTS. The DBD reactor used in this experiment was
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the same as that used in the reaction. The Cu-Mn/SAPO-34 catalyst was placed after the DBD
reactor in a typical PPC configuration. NH3 was injected after the DBD reactor but before the
catalyst bed, as shown in Figure S1. Helium was used as a carrier gas in the in situ DRIFTS
experiment to increase the signal-to-noise ratio. The experimental mode I - plasma on was used

in this section.

The in situ DRIFTS analysis of adsorbed species on the surface of Cu-Mn/SAPO-34 was
carried out using different gas compositions in the PPC process. Figure 6a shows the IR spectra
of adsorbed species on the catalyst surface using a flow of 300 ppm NO + 14 vol.% O,. The
band at ~1625 cm™ can be assigned to the adsorbed NO, [43][44], while the bands at ~1605
and ~1300-1575 cm’" are associated with the adsorption of monodentate nitrate and bidentate
nitrate, respectively [45][46]. The intensity of these bands (adsorbed NO, and nitrates)

increases with time and reaches the maximum at around 60 min.
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Figure 6. In situ DRIFTS spectra of adsorbed species on Cu-Mn/SAPO-34 using different gas
compositions (a) 300 ppm NO + 14 vol.% Oy; (b) 14 vol.% O, + 300 ppm NHj3; (¢) 300 ppm
NO + 14 vol.% O, + 300 ppm NH3; (d) 300 ppm NO + 5.7 vol.% H,0 + 14 vol.% O, + 300

ppm NHj; () 300 ppm NO + 300 ppm CsHg + 5.7 vol.% H,O + 14 vol.% O, + 300 ppm NHj3
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Figure 6b presents the spectra of adsorbed species on the catalyst surface when using 14
vol.% O, + post-plasma injection of NH; (300 ppm). The bands at ~1467 and ~1745 cm™ are
associated with the adsorbed NH," species on Bronsted acid sites, while the bands at ~1210
and ~1295 cm™ are related to the adsorption of NH; coordinated to Lewis acid sites [47][48].
In addition, the bands at 3267 and 3333 cm™', and 3180 cm™ can be assigned to the adsorption
of NH4" and coordinated NH3, respectively [49][50]. NO, was not detected on the catalyst
surface, indicating that the post-plasma injected NH3 was not oxidized.

For the condition of 300 ppm NO + 14 vol.% O, + post-plasma injection of NH; (Fig. 6¢1
and Fig. 6¢2), the band of absorbed NO, appears at 2 min, and the intensity of this band
increases with the time until 8 min and then decreases with time. The bands of NH;" on
Bronsted acid sites emerge at 10 min, later than the bands of NH; coordinated to the Lewis acid
sites (appear at 2 min). However, the intensity of NH," increases more rapidly compared to that
of the NHj coordinated to Lewis acid sites. In addition, we find that the bands (at 1521 and
1575 cm™) related to the adsorption of bidentate nitrate emerge (from 6 to 8 min) earlier than
the bands of monodentate nitrate centered at 1605 cm™ (at 10 min).

In Figure 6d, a He flow of 300 ppm NO + 5.7 vol.% H,0 + 14 vol.% O, passed through
the DBD reactor and then mixed with the post-plasma injected NH3 (300 ppm) before exposure
to the catalyst. The band of absorbed NO, (1625 cm™) overlaps with that of H,O. Before 8 min,
the bands of NH," on Bronsted acid sites are weaker than that of the NH; coordinated to Lewis
acid sites. After 8 min, the bands of NH," on Bronsted acid sites become stronger compared to

the bands due to NH; coordinated to the Lewis acid sites. Compared to the IR spectra without
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H,O (Fig. 6¢), we find the bands related to NH;  on Bronsted acid sites and the NHj
coordinated to Lewis acid sites show higher intensities.

Figure 6e shows the IR spectra of adsorbed species on the catalyst surface when using 300
ppm NO + 300 ppm C3Hg + 5.7 vol.% H,0 + 14 vol.% O, + post-plasma injection of NH3 (300
ppm). The presence of the band at 1701 cm™ indicates the formation of C=0 groups on the
catalyst [26][27]. The bands at ~1630 and 1290 cm™ are associated with the presence of the C-
C stretching vibration [26][27], and might cover the bands of adsorbed NO, and NHj;
coordinated to Lewis acid. The band at 1578 cm™ that appears at 8 min could be related to the
formation of carboxylate species or bidentate nitrate on the catalyst surface. The time-evolution
of the bands (~1467 and 1210 cm™) associated with NHj is similar to that of the bands without

4. Discussion
4.1 Plasma-assisted NH3;-SCR of NOy

In the two-stage post-plasma catalytic NH3-SCR of NOy, the contribution of the first stage
plasma processing to the SCR of NOy and enhanced NOy conversion can be attributed to the
following two effects: (1) enhancement of the SCR reaction due to the increased reaction
temperature induced by NTP; (2) plasma generated intermediates promoting the SCR reaction
on the catalyst surface. According to Eq. (4), if the plasma input energy is completely converted
to heat, increasing the SEI of the plasma process from 0 to 27 J/L would enhance the catalyst

temperature up to ~27 °C. Without using the NTP, the NOx removal was only increased by ~5%
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when increasing the catalyst temperature from 100 to 127 °C (Fig. S2). However, the removal
of NOy using the PPC was enhanced by 41% (Fig. 2) when changing the SEI from 0 to 27 J/L
at a catalyst bed temperature of 100 °C. This result suggests that the plasma-induced heat effect
(temperature rise) has a neglectable impact on the enhanced NOy removal, while the
intermediates generated in the first stage plasma process might significantly contribute to the
improved SCR of NOy on the catalyst surface in the second stage of the process.

In the post-plasma catalytic NH3-SCR of NOy, NO can be oxidized by atomic O species
in the first stage plasma gas-phase reaction. The formation of atomic O species in the plasma
can be confirmed by the detection of O atomic lines in the OES diagnostics of the discharge
(Fig. 5), while the concentration of atomic O species increases with the increase of SEI [10].
As shown in Fig. 4a, the concentration of NO; increases rapidly with the rise in SEI at an SEI
of <22 J/L. By contrast, at a higher SEI (> 22 J/L), the concentration of NO, increases slowly
with the SEI, which might be ascribed to the enhanced reverse reaction (Eq. 5) due to the

presence of a higher concentration of atomic O species [10].

NO, + O — NO + O, (5)

In thermal catalytic NH3-SCR of NOy on a Cu/SAPO-34 catalyst, we found that the
reduction of NO is mainly attributed to the reaction between adsorbed NO, and NH," via the
Langmuir-Hinshelwood (L-H) mechanism, and the reaction of gaseous NO with coordinated

NH; via the Eley-Rideal (E-R) mechanism [25]. The decomposition of bidentate nitrate
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generates monodentate nitrate, followed by the formation of NO, via the conversion of
monodentate nitrate. In the post-plasma catalytic NH3-SCR of NOy, the amount of adsorbed
NO; with plasma on (Fig. 6a) was almost the same as that with plasma off (Fig. S10),
suggesting that the promotional effect of NTP is not through the L-H mechanism (e.g., the
reaction between adsorbed NO, and NH,"). The reaction between gaseous NO and NH;
coordinated to Lewis acid sites is also not facilitated since the concentration of gaseous NO
decreased with plasma when compared to plasma off (Fig. 4), while the bands of coordinated

NH; with plasma on are the same as those with plasma off (Fig. 6b and Fig. S11).

It is worth noting that, in the IR spectra using 300 ppm NO + 14 vol.% O, (plasma on) with
300 ppm NH; post-plasma injection, we notice that the appearance of NH;" band was delayed
(Fig. 6¢1 and Fig 6¢2), which might be ascribed to the reactions between adsorbed NH;" and
NO, complexes. To confirm which NO species reacts with NH, ", we measured the IR spectra
of the adsorbed species on the catalyst surface using 300 ppm NO + 14 vol.% O,, followed by
14 vol.% O, + post-plasma injection of 300 ppm NHj3 with the experimental mode II. As shown
in Figure S12, the intensity of the adsorbed NO; band does not change from 4 to 15 min with
both plasma on and plasma off. Meanwhile, the intensities of the coordinated NH; bands in the
plasma on mode increase with time; however, the intensities of these bands are lower than
those with plasma off, and the bands of NH,4 are not observed in the plasma on mode. In the
plasma on mode, NO is converted to NO, only by NTP (Fig. 4a), and the amount of adsorbed

NO; does not change, suggesting that NO, formed in the gas-phase plasma is not further
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adsorbed on the catalyst, it might be consumed through the reactions with the adsorbed NH,"
and coordinated NH3 on the catalyst surface, offering an enhanced E-R reaction route

contributing to the enhanced NOy removal in the plasma-catalytic NH3;-SCR of NOx.

4.2 Effect of H,O

The presence of H,O in the plasma reaction decreases the formation of NO; (Fig. 4b) but
increases the intensities of the bands related to the adsorbed NH, and coordinated NHs,
suggesting that adding H,O limits the consumption of NH,;  and coordinated NH;3 on the
catalyst through the reactions with gaseous NO, (Fig. 6d1 and Fig. 6d2). To gain more evidence
to support this hypothesis, we investigated the adsorbed species on the catalyst surface using
300 ppm NO + 5.7 vol.% H,0 + 14 vol.%0, followed by purging 5.7 vol.% H,O + 14 vol.%
O, with the post-plasma injection of 300 ppm NHj3 in experimental mode II, as shown in Fig.
S13. Compared to the NTP reaction without H,O, the NH;" bands appear earlier, and the
intensity of coordinated NH3 bands increases when adding H,O to the plasma reaction.

Our previous study also showed that the presence of H,O limits the reaction of adsorbed
NO, with NH," or coordinated NH3, and thus decreases the efficiency of the NH3;-SCR of NO,
[51]. Although the reactions of gaseous and adsorbed NO, are inhibited, the presence of H,O
does not influence the efficiency of the plasma-assisted NH3-SCR of NOy (Fig. 2b). These
findings indicate that there exists another reaction pathway for NOx removal on the catalyst
surface in the presence of H>O. Previous studies reported that NH;3 could react with HNO, and

HNO:3 initially formed on the catalyst surfaces to produce ammonium nitrites and ammonium
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nitrates in thermal catalytic NH3-SCR of NOy over Fe- or Cu-based catalysts [52][53]. These
nitrates and nitrites are unstable and can be easily decomposed on the catalyst surface,

eventually generating N, and H,O, as shown in Eq. (6) and (7).

HONO + NH3 > [NH4N02] — N2+2H20 (6)

NH; +NO + :NH,NO; — >N, + ZH,0 (7)

In this study, the addition of H,O decreases the concentration of NO and NO; at the exit
of the DBD reactor (Fig. 4b), which suggests that HNO, and HNO; are formed via the
reactions of water with NO and NO,, as shown in Eq. (8) and (9) [28].

NO + OH — HNO, (8)

NO; + OH — HNO; (9)

Where OH could be produced from the reaction between O and H,O as discussed in Section 3.

Plasma reduction of NOy with NH; without a catalyst under the simulated exhaust
conditions (i.e. oxygen-rich and a high NO/NOy ratio) of light-duty diesel engines mainly
produces NO, and ammonium salt with a negligible formation of N, [18][54]. In this study, we
find the deposition of ammonium nitrites and ammonium nitrates in the SCR reactor if we
remove the catalyst bed, changing the two-stage PPC configuration to a plasma only process.
This finding further confirms that the presence of water in the NTP process forms ammonium

nitrites and ammonium nitrates. However, when the catalyst is present (PPC configuration),
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these species were not observed either in the SCR reactor or on the catalyst, indicating that they
were further converted on the catalyst surface. Thus, adding water does not negatively affect
the removal of NOy as N3 is the only N-containing gas product in the post-plasma catalytic SCR

of NO.

4.3 Effect of C;Hg

Previous studies reported that NO,, HNOy and N,O are the major products in the plasma
conversion of NOy with C;Hg without a catalyst under the simulated exhaust conditions of
light-duty diesel engines, while N, was not found in the gas products in these plasma-only
processes [37][55]. In this study, the addition of C3Hg not only promotes the conversion of NO
into NO; in the gas phase in the plasma stage (Fig. 4c), but also enhances the catalytic reduction
of NOx on the catalyst surface (Fig. 2c). In the first-stage plasma gas-phase reaction, the
oxidation of C3Hg with O or OH radicals could generate oxygenates [56]. The following two
effects might contribute to the enhanced reduction of NOy: (1) the reaction of NO with
oxygenates to produce Ny, as shown in Eq. (10); (2) the production of more gaseous NO, due

to the consumption of O atoms by CsHs, limiting the reverse reaction (Eq. (5).

(8x - 4z +2y)NO + 4C,H,0, — (4x - 2z + y)N, + 4xCO, + 2yH,0 (10)

The increased formation of NO; in the plasma gas phase might enhance the reactions of

NO, + NH;", and NO, + coordinated NH; on the catalyst promoting the NO, removal. The
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presence of C3Hg delays the development of NH," and coordinated NH3 on the catalyst surface
(Fig. 6e1 and Fig. 6e2), which could be attributed to the consumption of adsorbed NHj3 species
by gaseous NO, or the competing adsorption between C3Hg and NHs. To clarify this, we
conducted the in situ DRIFTS analysis (experimental mode II- plasma on) using 300 ppm NO
+ 300 ppm Cs;Hg + 5.7 vol.% H,O + 14 vol.% O,, followed by purging 5.7 vol.% H,O + 14
vol.% O, with the post-plasma injection of 300 ppm NHj. As shown in Fig. S14, the bands of
NH;" (~1458 cm™) and coordinated NH; (1210 cm™) appear simultaneously at around 40 min,
which is much later than those in the reaction without C3Hs (20 min, Fig. S13). In addition, the
appearance of the bands of NH, and coordinated NH; do not decrease the band intensities of
C-containing groups (1701 cm™, 1290 cm™ and 1592 c¢m™), indicating the late appearance of
these bands (NH4 and coordinated NH;) when adding C3Hj is not induced by the competing
adsorption between CsHg¢ and NH; on the catalyst surface. Considering the enhanced
concentration of gaseous NO; due to the addition of CsHg (Fig. 4c), we propose that the higher
the concentration of gaseous NO,, the later the appearance of the bands of NH, and
coordinated NH3. In addition, previous studies proposed that the reaction between CyH,O, and
NO on the catalyst can also produce N [57][58], where C\H,O, was produced in the gas phase
because catalyst could not oxidize C3Hs as confirmed by the IR spectra of the adsorbed species
on the catalyst surface when using 300 ppm CsHs + 5.7 vol.% H,O + 14 vol.% O, regardless
of the presence or absence of NO with experimental mode I- plasma off (Fig. S15). In this

study, the reaction between NO and CH,O, over the catalyst was confirmed by the DRIFTS
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spectra of the catalyst, which shows that the band intensities of oxygenates (e.g. 1592 cm™)

decrease when NO is fed into the system, as shown in Fig. S14.

4.4 Reaction pathways in the plasma-enhanced NH3-SCR of NOy

In our previous studies, we investigated thermal catalytic NH3-SCR of NOy over four
catalysts (H-SAPO-34, Mn/SAPO-34, Cu/SAPO-34 and Cu-Mn/SAPO-34). We found that
only the Cu/SAPO-34 and Cu-Mn/SAPO-34 catalysts exhibited high NOx conversion [9]. Our
works demonstrated that Cu active sites make a major contribution to the removal of NOy while
doping with Mn forms bimetal active sites, which further enhances the catalytic activities. The
NO-TPD profiles of Cu/SAPO-34 and Cu-Mn/SAPO-34 showed a broad peak between 150
and 450 °C, which can be ascribed to the overlap of two adsorption peaks related to surface
nitrite and bridging bidentate nitrates. Compared to Cu/SAPO-34, Mn-doped Cu/SAPO-34
enhanced the adsorption of both NOy and NHj3 [25].

In this study, the adsorption of NHj3 on the catalysts remained at a high level, and the
formation of NO; and nitrates was remarkably increased in the plasma process, especially when
adding Cs;Hge. Figure 7 shows the proposed reaction pathways of the plasma-enhanced NHj3-
SCR of NOy in the presence of H>O and CsHg based on the discussions in previous sections.
When plasma was used, O atoms produced from the electron impact dissociation of O, can
react with H,O to produce OH radicals. It is worth noting that long life active species, such as
H,0, and O; were not included in the reaction pathway since they would quickly decompose

into active species with short lifetimes (e.g. OH and O) due to the relatively high reaction
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temperature (>100 °C) in this study. This argument is supported by the evidence that no O3 was
detected at the outlet of the DBD reactor throughout the experiments, and also the performance
of the plasma conversion of NO (without catalyst) was almost independent of the reaction
temperature.

The formed oxidative species (O and OH) can oxidize NO and C;Hg into intermediate
products, such as gaseous NO,, HNO,, HNOs and C H,O,. Unlike the thermal catalytic NH;-
SCR of NO, which is mainly driven by the reactions between NO, (ads) and NH;" (L-H
mechanism), and NO and coordinated NH; (E-R mechanism) [25], in the post-plasma catalytic
SCR reaction, the intermediates formed in the plasma process play an important in the
subsequent SCR reactions on the catalyst surface. The formed gaseous NO; in the NTP creates
additional reaction pathways (E-R mechanism) through its reaction with adsorbed NH," and
coordinated NHj; on the catalyst surface to produce N,. HNO3; and HNO; in the gas phase can
easily react with NHj3 to produce NH4NO3 and NH4NO,, both of which are known as important
intermediates in contributing to the rapid reduction of NO to N, on the catalyst surface. The
addition of CsHg in the reaction not only enhances the formation of NO, in the gas phase by
quenching the excess O atoms to limit the reverse reaction (Eq. (5)), but also produces
oxygenates which could react with NO on the catalyst surface to produce N,. Thus, the use of

NTP could enhance the NH3-SCR of NO.
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Figure 7. Reaction mechanism of plasma-enhanced NH3-SCR of NOy on Cu-Mn/SAPO-34

5. Conclusion

In this study, we have successfully demonstrated that the coupling of a DBD plasma with
the Cu-Mn/SAPO-34 catalyst in the PPC configuration is effective for the NH3;-SCR of NOy at
low temperatures (200 °C) and oxygen-rich (14 vol.%) conditions. An 80% NO removal and
100% N selectivity can be achieved at a low SEI in the proposed process without NH; slip or
by-products. The effect of the plasma in the NH3-SCR of NOy is more significant at a lower
temperature. Unlike the conventional thermal-catalytic process, plasma-assisted NH;-SCR of
NOy was not affected by the presence of water vapor (5.7 vol.%), while the presence of C3;Hs
enhanced the removal of NOy. The beneficial effect of the plasma in the NH3-SCR of NOx
process can be explained as: the formation of NO,, HNO,, HNO; and oxygenates via the partial
oxidation of NO by NTP in the first stage gaseous phase plasma processing enhances the
subsequent E-R reaction on the surfaces of the Cu-Mn/SAPO-34 catalyst in the second stage

SCR reaction. This work has provided a cost-effective and low-temperature solution for the
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development of an NTP-assisted NH3-SCR process for the removal of NOy from light-duty

diesel engines as well as heavy-duty diesel engines during their cold-start period.
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