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Abstract Effects of nonthermal plasma (NTP) on the selective catalytic reduction of NO,
by C3;Hg (C3Hg-SCR) over Co-In/zeolites were investigated in the presence of SO, and
H,O at low temperatures (<below 648 K). Co-In/H-(Beta/USY) displayed the highest
low-temperature activity in the NTP-facilitated C3Hg-SCR (PF-C3Hg-SCR) hybrid system
because of the enhancement of chemisorbed oxygen, acid sites, and weak adsorption
species (NO,~ and NO,) on Co-In/H-(Beta/USY). The assistance of NTP significantly
promoted the tolerance of SO, and H,O on both Co-In/H-Beta and Co-In/H-(Beta/USY)
in C3Hg-SCR reaction. Co—In/H-(Beta/USY) even exhibited excellent SO, tolerance in the
PF-C3Hg-SCR  hybrid system when a relatively high concentration of SO,
(1000-2000 ppm) and 7 % H,O were introduced into the feed gas. Sulfate species formed
on the active sites of Co—In/H-(Beta/USY) were unstable because of the relatively low-
temperature (below 600 K) desorption of sulfate species. The unstable sulfate species
contributed slight inhibition to C3Hg activation and nitrogen-containing formation on the
active sites of Co—In/H-(Beta/USY) in the PF-C3Hg-SCR hybrid system. The PF-C;Hg-
SCR hybrid system with Co-In/H-(Beta/USY) may be a potential candidate for DeNO,
industrial applications.
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Introduction

Selective catalytic reduction of NO, by hydrocarbons (HC-SCR) has been one of the most
promising technologies to control NO, emissions from stationary and mobile sources since
the pioneering works by Held et al. [1] and Iwamoto [2]. Among the reported catalysts, Co/
Beta has attracted much attention for HC-SCR because of its high activity and N, selec-
tivity [3-8]. The micropore structure of Beta zeolite, which is advantageous to intracrys-
talline diffusion, is considered as one of the reasons for the superiority of Co/BEA in HC-
SCR [3]. The long-term thermal stability [4], loaded states of Co [5], effects of Co loading
and precursor [6], preparation method [7], and reaction mechanism [8] have been widely
investigated for HC-SCR on Co/Beta, especially for C3Hg-SCR [3-7]. To improve the
stability and activity of Co/zeolites in HC-SCR, many studies have focused on the mod-
ification of Co/zeolites by adding indium, such as Co-In/Beta [9], Co-In/ZSM-5 [10], Co—
In/HMCM-49 [11], and Co-In/ferrierite [12]. Interestingly, Zhang et al. [13] found that Co
loaded on a composite of zeolites (Beta/Y) showed higher activity than Co/Beta in CHy-
SCR because of the stronger adsorption of NO and NO, on Co-exchanged Beta/Y catalyst.
However, Co-based zeolites, as mentioned above, only exhibited satisfactory activity in
HC-SCR when the reaction temperature was more than 623 K. High reaction temperature
resulted in high energy consumption. Typically, both SO, and H,O are present in the flue
gas from the combustion of fossil fuels. SO, and H,O have been widely reported to be
inhibitors of Co-based zeolites [14, 15]. Therefore, finding a solution that can improve the
low-temperature activity and SO,/H,O tolerance of Co-based zeolites in HC-SCR is
necessary.

Nonthermal plasma (NTP) can activate molecules, including NO and hydrocarbons, at
ambient temperature. NO,, formed through NO oxidation in the plasma, is more suscep-
tible to HC-SCR at low temperatures [16]. HC is added to the stream as an O getter.
Peroxyl radicals (RO5, HO5), which are partial oxidation products of HC conversion, allow
stable conversion of NO to NO, without resulting in back reactions (i.e., NO, reduction to
NO) [17, 18]. Thus, an NTP-facilitated HC-SCR (PF-HC-SCR) hybrid system is examined
as a potential solution for NO, abatement at low temperatures. Numerous investigations
have been conducted on the PF-HC-SCR hybrid systems [19-23]. However, the effect of
SO, and H,O on the PF-HC-SCR hybrid systems has been seldom reported.

In this work, the synergistic effects of NTP on C3;Hg-SCR over Co-In/zeolites (H-Beta,
H-USY, and H-Beta/USY) were investigated at temperatures ranging from 423 K to
648 K. The influences of SO, and H,O on the DeNO, efficiency of the PF-C3Hg-SCR
hybrid system were studied. The reference catalysts were characterized by X-ray photo-
electron spectroscopy (XPS), pyridine-infrared (Py-IR), and temperature-programmed
desorption/reduction (TPD/TPR).

Materials and Methods

Catalysts Preparation

H-Beta zeolite with a SiO,/Al,O5 ratio of 25 was purchased from Nankai University
(China). Na-USY zeolite (Wenzhou Huahua company, Si/Al = 5.3) was ion-exchanged

three times with NH4Cl aqueous solution at 373 K for 2 h. The solid fraction was then
thoroughly washed, dried at 393 K overnight, and calcined at 773 K for 4 h to obtain
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H-USY zeolite. H-Beta/USY zeolite composite sample was synthesized by mixing and
stirring 20 g of H-Beta and 20 g of H-USY in distilled water for 30 min at room tem-
perature and then calcining at 413 K for 20 h.

The 3 wt% Co-3 wt% In/zeolites (H-Beta, H-USY, and H-Beta/USY) used in this study
were prepared by co-impregnating the zeolites (H-Beta, H-USY, and H-Beta/USY) with a
mixed aqueous solution of Co(NO3), and In(NOj3); at ambient temperature for 24 h. The
samples were dried at 393 K for 8 h and subsequently calcined in air at 773 K for 2 h.
Finally, the catalysts were pelleted, crushed, and sieved to 40—60 mesh granulates before
use. The catalyst after the SO, and H,O tolerance in the PF-C3Hg-SCR hybrid system was
noted as ‘catalyst aged’.

Experimental Setup

The detailed setup of the PF-C3Hg-SCR hybrid system, which consists of a dielectric
barrier discharge (DBD) plasma reactor and a fixed-bed catalytic microreactor, was
described in our previous paper [9]. Approximately 3 mL of catalyst powder (weight:
1.8051 g Co-In/H-(Beta/USY), 1.8186 g Co—-In/H-Beta, and 1.7902 g Co-In/H-USY) was
held on a quartz frit at the center of the SCR reactor. The feeding gas composition was
700 ppm NO, 80 ppm NO,, 8.7 % O,, 1000 ppm C;Hg, 13 % CO,, 0 or 7 % H,0O, and
0-2000 ppm SO, and N, as the balance gas. Water vapor was added to the feed by
bubbling N, through an H,O saturator kept at 313 K. A total flow rate of 500 mL/min,
which was equal to a space velocity of 10,000 h™', was maintained in the C3Hg-SCR stage.

The NO and NO, concentrations were continually monitored by an NO/NO, analyzer.
The analysis of N,O was performed by GC with a TCD detector, which was equipped with
a Porapak Q column. The N,O byproduct formed during the NO reduction experiments
was negligible (<15 ppm). Data were collected at the steady state. The catalytic activity
was assessed according to the following equation:

(Noin + N02in) - (Noout + NoZout)

NOy conversion (%) = NO. T NO
in 2in

x 100 %, (1)

Catalyst Characterization

The XPS experiments were carried out on an RBD-upgraded PHI-5000C ESCA system
(Perkin Elmer) with Al Ka radiation (hv = 1486.6 eV). The X-ray anode was run at
250 W with a detection angle at 54°. The pass energy was fixed at 93.90 eV to ensure
sufficient resolution and sensitivity. The base pressure of the analyzer chamber was
approximately 5 x 10™® Pa. The whole spectra (0~1100 eV) and the narrow spectra of all
the elements with high resolution were both recorded using RBD 147 interface through the
AugerScan 3.21 software. Binding energies were calibrated by using containment carbon
(Cls = 284.6 eV).

The acidity of the catalysts was determined by the pyridine adsorption—desorption
method performed on a Bruker Vector 22 infrared spectrometric analyzer equipped with a
DTGS detector. The spectra were recorded at a resolution of 4 cm™' and with a scan
number of 16. A self-supported wafer (approximately 20 mg with 16 mm diameter) was
placed in an infrared cell connected to a vacuum system. Samples were evacuated at 673 K
for 90 min in a vacuum (1 x 107> Pa). The self-supported wafer was cooled down to
ambient temperature; pyridine was then adsorbed for 60 min, and the adsorbed pyridine
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was evacuated at 423 K for 1 h. The catalysts were then cooled down to room temperature,
and the IR spectra were obtained from 1620 to 1400 cm™".

The TPD/TPR experiment was carried out on a custom-made TCD setup using 50 mg of
catalysts. Prior to the TPR experiments, samples were pretreated in pure N, at 723 K for
1 h. TPR was carried out with 5 K/min linear heating rate in pure N, with 6 % H, at
30 mL/min flow rate. For the NO-TPD and SO,-TPD experiments, the catalysts were
pretreated in He at 723 K for 1 h and then saturated with NO or SO, (4 % in He) at 30 mL/
min flow rate for approximately 30 min at room temperature. Desorption was carried out
by heating the sample in He (30 mL/min) at 5 K/min heating rate.

Results and Discussions
Catalytic Activity
Promotion of NTP

The effect of NTP on C3Hg-SCR over Co-In/zeolites was examined from 423 to 648 K at
34 kV input voltage (Fig. 1). For C3Hg-SCR without NTP assistance, Co—In/H-(Beta/
USY) showed the highest catalytic activity among the Co-In/zeolite catalysts at low
temperatures between 423 and 573 K. When the temperature was increased further from
573 to 623 K, the NO, conversion of Co—In/H-Beta was higher than that of Co—In/H-(Beta/
USY). Both Co-In/H-(Beta/USY) and Co-In/H-Beta could reach approximately 99 %
DeNO, efficiency in C3Hg-SCR at 648 K. However, the NO, conversion of Co—-In/H-USY
catalyst was very low (<15 %) at temperatures from 423 to 573 K. When the DBD plasma
reactor was turned on at 34 kV input voltage, the NO, removal efficiency of the Co-In/
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Fig. 1 The effect of NTP on C3Hg-SCR over Co-In/H-(Beta/USY) (filled square, open square), Co—-In/H-
Beta (filled circle, open circle) and Co-In/H-USY (filled star, open star) from 423 to 648 K at the input
voltage of 34 kV. Solid symbols (filled square, filled circle and filled star) indicate the results obtained in the
presence of NTP and open symbols (open square, open circle and open star) in its absence. Reaction
conditions: 700 ppm NO, 80 ppm NO,, 1000 ppm Cs;Hg, 8.7 % O,, 13 % CO,, balance N,, and
GHSV = 10,000 h™"

@ Springer



Plasma Chem Plasma Process (2015) 35:831-844 835

zeolite catalysts was significantly enhanced at the reaction temperatures. The light-off
temperature of 50 % NO, conversion (Tso) for Co—In/H-(Beta/USY) and Co-In/H-Beta
declined to 573 and 548 K, respectively. The synergetic effect between NTP and C;Hg-
SCR on the activity of Co-In/zeolites strongly depended on the reaction temperatures. The
cofactor R (calculated from Eqs. 2, 3) was introduced to evaluate the synergistic effect that
occurs between NTP and C3Hg-SCR in the hybrid system at 34 kV input voltage. The
effect of temperature on R is presented in Table 1. For Co-In/H-(Beta/USY), the hybrid
system exhibited a synergistic effect between NTP and C3;Hg-SCR at low temperatures
ranging from 473 to 598 K, where R > 1. When the temperature was higher than 623 K,
R < 1, thereby indicating that the synergetic effect disappeared. For Co-In/H-Beta and
Co-In/H-USY, the synergetic effect showed at temperatures from 548 to 623 K and from
523 to 573 K, respectively. According to our and other studies [9, 16, 24], the NO, formed
through NO oxidation in the plasma is more susceptible to HC-SCR at low temperatures.
In the HC-SCR reaction, the formation of NO, is the first important step [25-27], and
subsequently the resulting NO, reacts with hydrocarbon-derived species to form N, [28] or
the key intermediate species (e.g. R-NO,, R-NCO and R-CN) [29]. Such conclusion could
be also supported by the lower rate of NO/hydrocarbon reaction and the higher rate of
NOy/hydrocarbon reaction [30]. Therefore, the stable conversion of NO to NO, could
significantly promote the NO, conversion in HC-SCR. Under plasma discharge, C;Hjg is
added to the gas stream as an O getter and is decomposed into useful intermediates for
NO-SCR, such as methyl (CH3), methoxy (CH30) radicals, and partial oxidation products
of C3Hg conversion including peroxyl radicals (RO3) and hydroperoxy radicals (HO>) [31,
32]. RO5 and HO5 could allow stable conversion of NO to NO, without the occurrence of

Table 1 Effect of temperatures on R of PF-C3Hg-SCR hybrid system

Samples Temperature (K) #1peD (%)" Nscr (%) Ntheory (%) Nhybria (%) R
Co-In/H-(Beta/USY) 473 11.7 12.8 23 25 1.09
523 11.7 24.1 33 40 1.21
548 11.7 32.7 40.6 43.6 1.07
573 11.7 35.6 43.1 50 1.16
598 11.7 53.7 59.1 64 1.08
623 11.7 80.6 82.9 80.9 0.98
648 11.7 98.7 98.9 99 1
Co-In/H-Beta 473 11.7 9.4 20 16 0.8
523 11.7 16.5 26.3 24 0.91
548 11.7 20.8 30 50.1 1.67
573 11.7 30.7 38.8 53.6 1.38
598 11.7 80.5 82.8 98 1.18
623 11.7 96.7 97.1 100 1.03
648 11.7 98.7 98.9 100 1.01
Co-In/H-USY 473 11.7 14.8 24.8 21 0.85
523 11.7 12.3 22.6 274 1.21
548 11.7 11.5 21.9 26 1.19
573 11.7 11 21.4 22 1.03

* npep is the NOy conversion of DBD reactor in the input voltage of 34 kV at room temperature [9]
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back reactions [33]. In summary, NTP could promote the DeNO, efficiency of C3Hg-SCR
on Co-In/zeolites at low temperatures.

R— Mhybrid 7 2)
nlheory
Niheory = 1 — (1 = nppp) x (1 = nscr); (3)

where R is the cofactors; #pybrig is the NO, conversion of the PF-C3Hg-SCR hybrid system;
Nieory 18 the theoretical value of NO, conversion, which is supposed to have no relation
with the DBD plasma and C3;Hg-SCR during a series connection; #pgp is the NO, con-
version of the DBD reactor; and 7scg is the NO, conversion of C3Hg-SCR.

Influence of SO,/H,0O

Figure 2 presents the effect of SO,/H,O on the NO, conversion of Co—In/H-Beta and Co—
In/H-(Beta/USY) in the PF-C3Hg-SCR hybrid system at 548 K. Co-In/H-USY was not
studied in this section because of the low NO, conversion in the PF-C3Hg-SCR hybrid
system (Fig. 1). The NO, conversion increased significantly with NTP assistance over both
catalysts in the presence of SO,/H,O. In C3Hg-SCR alone, the NO, conversion decreased
on both Co-In/H-Beta and Co-In/H-(Beta/USY) in the presence of 7 % H,O. The activity
of both catalysts was recovered after switching off H,O. Interestingly, a slight promotion
by 7 % H,0 was found in the PF-C3Hg-SCR hybrid system on both Co—In/H-Beta and Co—
In/H-(Beta/USY), because of NO, absorption by H,O and cooling of water vapor in the
DBD reactor at room temperature. With 200 ppm SO,, an inhibition was also observed on
both catalysts in C3Hg-SCR alone. Co—-In/H-(Beta/USY) showed better SO, tolerance than
Co-In/H-Beta did in C;Hg-SCR. When SO, was removed from the feed gas, the catalytic
activity of both catalysts was partially recovered in C3Hg-SCR. When the DBD reactor was
turned on, the NO, conversion increased significantly on both catalysts in the presence of
200 ppm SO,. When 7 % H,0 and 200 ppm SO, were added together to the gas stream,
Co-In/H-Beta and Co-In/H-(Beta/USY) catalysts deactivated by SO, and H,O were
observed in C;3;Hg-SCR alone. Compared to C3;Hg-SCR alone, a significant NTP
enhancement was evidently observed over both catalysts in the presence of 7 % H,O and
200 ppm SO,. The suppression of the catalytic activity was mainly due to the inhibition of
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Fig. 2 The influence of SO,/H,O on NO, conversion over Co-In/H-Beta (a) and Co—In/H-(Beta/USY)
(b) at 548 K. Reaction conditions: 700 ppm NO, 80 ppm NO,, 1000 ppm C3Hg, 8.7 % O,, 13 % CO,, 0 or
7 %H,0, 0 or 200 ppm SO,, balance N,, and GHSV = 10,000 h!
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HC oxidation to organic components and the suppression of nitrogen-containing formation
on the active sites by SO, and H,O in HC-SCR. With NTP assistance, intermediates (e.g.
R-NO,, R-NCO and R-CN) were formed during the NTP phases [34], resulting in the
promotion of the SO, and H,O tolerance of both catalysts in the PF-C;Hg-SCR hybrid
system.

Figure 3 illustrates the effect of SO, concentrations (0—2000 ppm) on the catalytic
activity of Co-In/H-(Beta/USY) and Co-In/H-Beta catalysts in the PF-C;Hg-SCR hybrid
system with 7 % H,O at 548 K during the long-term durability tests. NO4 conversion in the
presence of low concentration of SO, (100 and 200 ppm) and 7 %H,O0 is slightly higher
than that in the absence of SO, and H,O (Fig. 1) for both catalysts, because of NO, and
SOs/or SO, absorption by H,O and cooling of acid (HNO5; and H,SO4/or H,SO3) in the
DBD reactor at room temperature. As shown in Fig. 3a, in the presence of high concen-
tration of SO, (400-2000 ppm), the DeNO, efficiency significantly dropped to 28 % on
Co-In/H-Beta. The activity loss may be attributed to the loss of active sites, which were
occupied by SO, and surface sulfates (see section “Catalyst Characterizations”). However,
the NO, conversion gradually recovered to approximately 45 % on Co-In/H-Beta after
switching off SO,, indicating that Co—In/H-Beta catalyst is not permanently deactivated by
SO,. Compared with Co-In/H-Beta, Co-In/H-(Beta/USY) exhibited superior SO, toler-
ance (Fig. 3b). The catalytic activity of Co-In/H-(Beta/USY) was almost not influenced by
high SO, concentration (<2000 ppm), and the NO, conversion decreased by only 5.5 %
with adding 2000 ppm SO, in the PF-C3Hg-SCR hybrid system. It indicates that the PF-
C53Hg-SCR hybrid system with Co-In/H-(Beta/USY) may be a potential candidate for
industrial applications.

Catalyst Characterizations
XPS
Figure 4 exhibits the XPS spectra of the elements in Co-In/zeolites. The resulting

deconvolution of the Co 2p3,, peak for the fresh and aged samples is shown in Fig. 4a.
Three peaks of Co satellite (787.9 eV), Co?t (782.7 eV), and oxides/silicate ad-species
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Fig. 3 The effect of SO, concentrations (0—2000 ppm) on the catalytic activity of Co-In/H-Beta (a) and
Co-In/H-(Beta/USY) (b) catalysts in the PF-C;Hg-SCR hybrid system with 7 % H,O at 548 K during the
long-term durability tests. Reaction conditions: 700 ppm NO, 80 ppm NO,, 1000 ppm C;Hg, 8.7 % O,,
13 % CO,, 7 %H,0, 100-2000 ppm SO,, balance N,, and GHSV = 10,000 h™"
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Fig. 4 XPS spectra of Co 2p (a), In 3d (b), O 1s (c) and S 1s (d) on Co-In/H-USY (A), Co-In/H-Beta (B),
Co-In/H-(Beta/USY) (C), and Co-In/H-(Beta/USY) aged (D)

(775 eV) were detected on the fresh Co-In/H-USY, Co-In/H-Beta, and Co-In/H-(Beta/
USY). The binding energies of Co30,4 and Co,O3 were not correlated exactly with those
reported in the literature for pure oxides [35]. The findings indicate that a mixture of cobalt
oxide species together with silicate-like species (oxides/silicate ad-species) possibly
formed on the fresh Co-In/zeolites catalysts [36]. Oxides/silicate ad-species were not
detected on Co-In/H-(Beta/USY) aged with SO, and H,O in the PF-C3Hg-SCR hybrid
system, thereby indicating that most of them were reduced after the reaction.

The binding energy of the In 3ds/, of Co-In/zeolites is presented in Fig. 4b. As reported
by Maunula et al. [37], the binding energies of the In 3ds/, from In,O3 and In® is 444.3 and
443.6 eV, respectively. In the Co—In/zeolite samples, the binding energies of In 3ds,, were
found at a higher binding energy of approximately 446 eV. The shift of the In 3ds,, binding
energy to a higher value was attributed to the formation of InO™ species, according to
earlier studies [37, 38]. InO™ was proven to be the active site based on many studies [39—
41]. No marked difference in the In 3ds,, binding energy was observed between the fresh
and aged Co-In/H-(Beta/USY) samples, which revealed that the indium states were not
changed after reaction. This phenomenon is one of the reasons for the superior SO, and
H,O0 tolerance of Co-In/H-(Beta/USY) in the PF-C3Hg-SCR hybrid system (Fig. 3b).

The lattice oxygen and chemisorbed oxygen were the main states of oxygen element on
the catalysts. The surface chemisorbed oxygen has been reported to be the most active
oxygen, which has an important role in redox reaction [42]. In Fig. 4c, deconvolution of
the O 1 s peak from each sample was performed by fitting a Gaussian—Lorentzian (GL)
function with a Shirley background. The O 1 s spectra for all the four samples included two
peaks, with the BE value at 529.5-529.6 and 530.8-531.2 eV, respectively. The former
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was ascribed to the lattice oxygen species, O°~ (lattice), and the latter originated from the
chemisorbed oxygen species such as 0,>~ (ad) and/or O~ (ad) [43]. The molar ratio of the
chemisorbed oxygen/lattice oxygen on the surface could be estimated from the relative
areas of their XPS peaks. The ratio of chemisorbed oxygen/lattice oxygen in the surface
layer of the four samples decreased in the order of Co—In/H-USY (1.14) > Co-In/H-(Beta/
USY) (1.10) > Co-In/H-(Beta/USY) aged (1.08) > Co-In/H-Beta (0.91). Compared to
Co-In/H-Beta, Co-In/H-(Beta/USY) showed the better catalytic activity in C3Hg-SCR at
lower temperatures below 573 K (Fig. 1), because of the promotion effect of the chemi-
sorbed oxygen on NO oxidation and C3Hg activation. On the contrary, the NO, conversion
of Co-In/H-(Beta/USY) was lower than that of Co—In/H-Beta at high temperatures above
573 K (Fig. 1), because of the promotion of C3Hg combustion by the chemisorbed oxygen.

In Fig. 4d, the binding energy at 169.7 eV of aged Co-In/H-(Beta/USY) could be
attributed to CoSQOy, [35]. No CoSO,4 was detected on the fresh Co—In/H-Beta and Co—In/H-
(Beta/USY), thereby suggesting that CoSO, was generated on Co—In/H-(Beta/USY) after
the SO, and H,O resistance in the PF-C3Hg-SCR hybrid system.

IR

The IR spectrum of pyridine adsorbed on Co-In/zeolites is shown in Fig. 5. The pyridine
chemisorbed on Lewis and Brgnsted acid sites lead to the adsorption bands at 1450 and
1540 cm ™ in the infrared spectra, respectively [44]. The Lewis acid site could be observed
evidently on all the samples. The Brgnsted acid site was detected obviously on Co-In/H-
USY and Co-In/H-(Beta/USY) but not observed clearly on Co—In/H-Beta. The intensities
of the Lewis and Brgnsted acid sites were stronger on Co—In/H-(Beta/USY) than those on
other samples. The enhancement of the acid sites might be attributed to the synergetic
effect between H-Beta and H-USY zeolites with different lattice matrix structure. Similar
result was also reported by Zhang et al. [13]. The Brgnsted acid sites were considered as
another important contributor for the improvement of the catalytic activity of Co—In/H-
(Beta/USY) at low-temperature region.

Fig. 5 Infrared spectra of
pyridine adsorbed on various B acid L acid C
prepared samples: Co—In/H-Beta
(A), Co-In/H-USY (B) and Co-
In/H-(Beta-USY) (O)

Transmittance (%)

L7

PR NV TS TRV U NU S U RS S RS B
1620 1600 1580 1560 1540 1520 1500 1480 1460 1440 1420 1400

Wavenumber (cm’)
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H>-TPR

The TPR results of the fresh catalysts are shown in Fig. 6. Co—In/H-Beta had three TPR
peaks at 615, 735, and 1150 K, Co-In/H-USY had four TPR peaks at 593, 680, 725, and
875 K, and Co-In/H-(Beta/USY) had five peaks at 585, 650, 750, 875, and 1050 K.
Reduction peaks lower than 620 K (615, 593, and 585 K) were ascribed to reducible
dispersed InO™ [45]. The peaks centered between 650 and 750 K (650, 680, 725, 735, and
750 K) could be attributed to the reduction of cobalt oxide [6]. The small peak at 875 K
could be attributed to the reduction of bulk In,O3 phase dispersed on the internal surface of
zeolites [46]. The peaks higher than 1000 K (1050 and 1150 K) were ascribed to Co*" in
the exchange site [15]. The InO" reduction peak of Co—In/H-(Beta/USY) shifted to a lower
temperature (585 K) than that of Co-In/H-Beta (615 K). It indicates that InO" in H-(Beta/
USY) zeolite matrix is unstable and easy reduction at low temperatures, resulting in the
higher catalytic activity of Co—In/H-(Beta/USY) at low temperatures (Fig. 1).

TPD

Figure 7 illustrates the NO-TPD profiles on Co-In/zeolites. Co—In/H-Beta had four peaks
at 420, 475, 563, and 605 K, Co-In/H-USY had two peaks at 400 and 515 K, Co-In/H-
(Beta/USY) had two peaks at 437 and 570 K, and Co-In/H-(Beta/USY) aged had two
peaks at 448 and 573 K. According to the literature [47], the peaks centered at the low-
temperature region (375-500 K) were caused by the decomposition and desorption of
weak adsorption species (NO,~ and NO,). The peaks centered at the high-temperature
region (500-650 K) were caused by the decomposition of strong adsorption species
(NO37). Interestingly, NO adsorption on Co-In/H-USY and Co-In/H-(Beta/USY) mainly
occurred at the low-temperature region, whereas it occurred at the high-temperature region
for Co-In/H-Beta. Hence, the weak adsorption species (NO,™ and NO,) were adsorbed
more easily on Co-In/H-(Beta/USY) and Co-In/H-USY than on Co-In/H-Beta at low
temperature, suggesting that the addition of USY zeolite could promote the adsorption of
NO,™ and NO, species on Co-In/H-(Beta/USY). By contrast, the adsorption species
(NO3;7) in Co-In/H-Beta was stronger than that in other catalysts. These different
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Fig. 6 H,-TPR profiles for Co—In/H-Beta (A), Co-In/H-USY (B) and Co-In/H-(Beta/USY) (C)
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Fig. 7 NO-TPD profiles on Co-In/H-Beta (A), Co-In/H-USY (B), Co-In/H-(Beta/USY) (C), and Co-In/H-
(Beta/USY) aged (D)

adsorption properties were one of the main reasons for the various catalytic activities and
synergetic effect between NTP and C;Hg-SCR on Co-In/zeolites at different temperature
regions. As shown in Fig. 1, Co-In/H-(Beta/USY) showed better synergetic effect at low
temperatures below 548 K, whereas Co-In/H-Beta displayed a better synergetic effect at
high temperatures above 548 K. Compared to the fresh Co—In/H-(Beta/USY), the NO-TPD
peaks of Co-In/H-(Beta/USY) aged slightly shifted to high temperature, and the intensity
of the peaks slightly decreased. It means that NO adsorption of Co—In/H-(Beta/USY) is
slightly inhibited by SO, and H,O in the PF-C3Hg-SCR hybrid system, resulting in the
strong SO, tolerance and H,O resistance of Co—In/H-(Beta/USY) in the PF-C3Hg-SCR
hybrid system.
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Fig. 8 SO,-TPD profiles on fresh Co-In/H-(Beta/USY) (A) and Co-In/H-(Beta/USY) aged (B)
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Figure 8 presents the results of SO,-TPD on fresh and aged Co—In/H-(Beta/USY) with
SO, and H,O0 in the PF-C3Hg-SCR hybrid system. The fresh Co—In/H-(Beta/USY) had two
significant peaks at 455 and 790 K, and Co-In/H-(Beta/USY) aged had three obvious
peaks at 510, 550, and 738 K. The peaks centered at the low-temperature region
(425-600 K) were attributed to the weak adsorption of SO, [48]. The peaks centered at the
high-temperature region above 600 K were caused by the decomposition of the sulfate
species on the catalyst surface. Compared with that of fresh Co-In/H-(Beta/USY), the SO,-
TPD peaks at the low-temperature region (425-600 K) shifted to high temperature, and the
intensity of the peaks decreased. This result means that the adsorption ability of SO,
decreased after aging Co—In/H-(Beta/USY) with SO, and H,O in the PF-C3Hg-SCR hybrid
system. The sulfate species formed over the active sites of Co—In/H-(Beta/USY) were
unstable and contributed slightly to activity suppression because of the low-temperature
(below 600 K) desorption of the sulfate species. The suppression of the catalytic activity
was mainly due to the inhibition of HC oxidation to organic components, and the sup-
pression of nitrogen-containing formation on the active sites was caused by SO, and H,O.
With NTP assistance, intermediates were formed during the NTP phases, resulting in the
promotion of the SO, and H,O tolerance of Co—In/H-(Beta/USY). Therefore, the PF-C5;Hg-
SCR hybrid system with Co—-In/H-(Beta/USY) may be a potential candidate for industrial
applications.

Conclusions

NTP could promote the DeNO, efficiency of C3Hg-SCR on Co-In/zeolites at low tem-
peratures below 632 K. The synergistic effect between NTP and C;Hg-SCR was exhibited
on Co—In/H-(Beta/USY) at low temperatures ranging from 473 to 598 K, where R > 1. For
Co-In/H-Beta and Co-In/H-USY, the synergetic effect showed at temperatures from 548
to 623 K and from 523 to 573 K, respectively. The high low-temperature activity of Co—
In/H-(Beta/USY) in the PF-C3Hg-SCR hybrid system was due to the enhancement of
chemisorbed oxygen, acid sites, and weak adsorption species (NO,~ and NO,) on Co-In/
H-(Beta/USY). The NTP assistance significantly promoted the SO, and H,O tolerance on
both Co-In/H-Beta and Co-In/H-(Beta/USY) in the C3Hg-SCR reaction. When the SO,
concentration is lower than 400 ppm, Co—In/H-Beta exhibited good SO, tolerance in the
PF-C;Hg-SCR  hybrid system. Compared with Co-In/H-Beta, Co-In/H-(Beta/USY)
exhibited superior SO, tolerance. The catalytic activity of Co-In/H-(Beta/USY) was
almost not influenced by high SO, concentration (<2000 ppm). The sulfate species formed
on the active sites of Co-In/H-(Beta/USY) were unstable because of the relative low-
temperature (below 800 K) desorption of the sulfate species. The unstable sulfate species
contributed slight inhibition to the HC oxidation to organic components and the nitrogen-
containing formation on the active sites of Co-In/H-(Beta/USY). The findings suggest that
the PF-C3Hg-SCR hybrid system with Co-In/H-(Beta/USY) may be a potential candidate
for DeNO, industrial applications.
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