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Abstract

For NOyx removal from the exhaust gases of municipal solid waste (MSW)
incinerators by selective catalytic reduction (SCR) technology, a suitable SCR catalyst
which is active at low temperatures and robust to the presence of alkali metals and
SO is highly desired. In this contribution, we report the successful fabrication of a
highly dispersed CuyAlOx (y = 2-4) mixed oxides for NH3-SCR catalyst using high
surface area, flower-like highly dispersed AMO-Cu-Al-CO3z LDHSs precursors. The
influence of the Cu/Alratio (2, 3, 4, and 5), calcination temperature (400, 500, 600,
and 700 °C), and testing temperature (150, 200, 250, and 300 °C) on the activity of
the CuyAlOx mixed oxide catalysts were systematically investigated. Among all
samples, CusAlOx showed the highest NOy conversion of 91.1% at 200 °C. After
being thermally treated at 700 °C, the NOy conversion of CusAlOy was still as high as
84.7%, which is much higher than that of the control catalyst 10 wt% CuO/y-Al203
(57.5%). XRD and HR-TEM analyses suggested that the highly dispersed CuO
nanoparticles are the active species for the SCR reaction. The catalytic De-NOy
performance of CusAlOy in the presence of alkali metals (K and Na) and SO> was
also studied. In the presence of 50 ppm SO2, the NOy conversion of CusAlOy (78.4%)
was much higher than that of CuO/y-Al2O3 (48%). The selectivity of NOx conversion
to N2 and resistance to H.O (and co-existence of H2O and SO3) for CusAlOy catalyst
were also evaluated. In all, we have demonstrated that the newly obtained CusAIOx
catalyst not only possesses higher thermal stability and higher low temperature (150-
250 °C) catalytic activity, but also has much better alkali metal (K and Na), SO2, and
H2O resistance than a conventional CuO/y-Al2O3 catalyst.
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1. Introduction

For the sustainable development of society, municipal solid waste (MSW) has to be
managed to avoid the exclusive use of landfills. Waste incineration is an increasingly
used route to get rid of MSW due to the primary advantages of weight reduction,
volume reduction, hygienic control, and energy recovery [1]. However, the main
problem for the incineration treatment is the release of significant amounts of harmful
pollutants, including heavy metals (e.g., Cd, Pb, and Hg), acid gases (e.g., NOy, CO,
SOy, and HCI), and hydrocarbons [2]. In recent years, with the regulations for NOy
emission becoming more and more stringent, the NOy abatement technologies for
MSW incineration flue gases are receiving more and more attention. In China, for
instance, the NOx emission limit of hourly average was reduced from 400 mg/m?in
GB18485-2001 to 250 mg/m? in DB11 502-2008. In addition, the actual implemented
NOy emission limit of hourly average for new plants that are under construction in
Beijing is even lower, which is 80 mg/m3. With more stringent regulations on NOx
emission from MSW incineration flue gases, efficient and reliable De-NOy
technologies are highly desirable [3].

As the concentration of NOy emitted from MSW incineration plants is in the
similar range as that from coal-fired power plants, selective catalytic reduction (SCR)
technology has been systematically investigated because of its good selectivity, high
efficiency, low cost, and is currently applied in MSW incineration plants in some
countries such as Japan, Denmark, and Sweden [4]. The mostly adopted SCR catalysts
for practical applications are V205-MoO3/TiO2 and V205-WO3/TiO3, with an active
temperature range of 300-400 °C [5, 6]. However, for the MSW incineration flue
gases, because the concentration of SO> is normally very high, the SCR unit is

preferred to be placed in downstream of the desulfurizer. For such configuration, the



temperature of the exhaust gases is much lower and the vanadium-based
high-temperature SCR catalysts do not work properly under this condition [7-10].
Reheating the exhaust gases is not economical. In addition, the vanadium-based SCR
catalysts also suffer from the poisoning effects by other harmful pollutants such as
alkali metals and SO that exit in the MSW flue gases [11, 12]. Thus, developing
novel SCR catalysts that are highly active at relatively lower temperatures and are
resistant to alkali metals and SO; is of great importance for NOy emission control
from MSW flue gases.

To date, several types of low-temperature NH3-SCR catalysts have been reported,
including noble metals-based [13], zeolite-based [14, 15], MnOx-based [16], and
CuO-based catalysts [17, 18]. Among these catalysts, noble metals-based catalysts are
expensive while zeolite-based catalysts have relatively poor stability in the presence
of HCI [19-21]. MnOy-based catalysts have good activity but suffer from SO
poisoning [22, 23]. Comparing to other catalysts, CuO catalysts supported on various
supports, such as CuO/ZrO, [24-26], CuOly-Al,O3 [27], CuO/SiO, [28] and
CuO/TiO2 [29, 30] showed good NH3-SCR activities. It was believed that the activity
and selectivity of CuO-based catalysts are highly dependent on the texture and
dispersion state of CuO species, which are importantly influenced by the preparation
method [31]. In addition, for the supported CuO catalysts, the active CuO is often
associated with sintering and aggregation when being exposed to high temperatures,
leading to reduced SCR activity.

Recently, the synthesis of highly dispersed mixed metal oxides based catalysts
via the careful calcination of a highly dispersed layered double hydroxide
(AMO-LDH) precursors has attracted great attention [32-34]. Using this approach the

dispersion of active metal species can be controlled at the atomic level [35-39].



Inspired by these studies, we now report the successful preparation of novel highly
dispersed CuyAlOx (y = 2-4) mixed oxides as NH3-SCR catalysts from
AMO-Cu-AI-CO3 LDHs. Due to the better dispersion of active CuO species, these
CuyAlOx mixed oxide catalysts showed much higher De-NOy activity and better
resistance to alkali metals and SO> than those of the supported CuO/y-Al.O3 catalyst.
The influences of Cu/Al ratio, calcination temperature and reaction temperatures were
systematically investigated. In addition, the poisoning effects of alkali metals and SO>

on the surface acidity and reducibility were evaluated.

2. Experimental

2.1. Preparation of highly dispersed CuyAlOx (y = 2-5) mixed oxide catalysts
First, conventional Cu-Al-COz LDHSs, [CuixAlx(OH)2]x(CO3)x2 were synthesized
via a standard co-precipitation method. For instance, for the synthesis of Cu>Al-COs3
LDH, {[Cuo.66Al033(OH)2](CO3)0.165} an 100 mL aqueous solution containing 0.025
mol AI(NO3)3-9H20 and 0.05 mol Cu(NO3)2-6H20 and was added drop-wise into a
vigorously stirred basic solution (100 mL) including 0.05 mol Na>COs. During the
synthesis, the pH of solution were maintained at 10 by addition of a NaOH solution (4
M). The slurry was stirred continuously for another 12 h. After aging, the resulting
precipitate was filtered, washed several times with deionized water until pH = 7. The
damp solids were then exposed to the Aqueous Miscible Solvent Treatment Method
(AMOST), which involved washing and stirred for 2 h with acetone to give highly
dispersed AMO-Cu-Al-CO3 LDHs [32-34]. Finally, the AMO-Cu2AI-CO3 LDH was
obtained by drying at 60 °C in the oven for another 24 h. Similarly other
AMO-Cu-AIl-CO3 LDHs with different Cu/Al ratios of 3, 4, and 5 can be prepared by

simply changing the Cu(NO3)2-6H>O amount. After being calcined at different



temperatures (400-700 °C), various CuyAlOx mixed oxides were obtained, which
were denoted as Cu2AlOy, CusAlOy, CusAlOy, and CusAlOy, respectively.

The conventional supported catalyst 10 wt% CuO/y-Al.O3 was prepared by
incipient wetness impregnation method with an aqueous solution of Cu(NO3)2-6H>0.
After being dried at 60 °C in the oven for 12 h, the samples were calcined at different
temperatures (400—700 °C) in air for 5 h.

2.2 Characterization of catalysts

The X-ray diffraction (XRD) patterns of all synthesized samples were characterized
using a Shimadzu XRD-7000 instrument in reflection mode with Cu Ka radiation (A =
1.542 A). The accelerating voltage was set at 40 kV with 30 mA current. Diffraction
patterns were recorded within the 26 range of 5-70° with the setting scan speed of
5 °/min and a step size of 0.02°. The morphology of samples was characterized using
field emission scanning electron microscope (FE-SEM, SU-8010, Hitachi). High
resolution transmission electron microscopy (HR-TEM) analyses were performed on
JEM-2100 microscope (JEOL, Japan) with an accelerating voltage of 200 kV. Fourier
transform infrared spectrometer (FT-IR) experiments were performed on a FTS 3000
MX FT-IR (Bruker Vertex 70) spectrophotometer. BET specific surface areas (SSA)
of samples were measured with a physisorption analyser (SSA-7000, Builder). The
calcined CuyAlOx mixed oxides samples were degassed at 220 °C for 4 h.
Thermogravimetric analyses (TGA) of samples were conducted on a Q50 TGA
analyzer from the TA Instruments. The samples were loaded onto the sample holder,
and the temperature of the TGA furnace was increased to 800 °C in a flowing air (60
ml/min) with a rate of 5 °C/min.

The surface acidity of CuyAlOx mixed oxides catalysts was measured by

temperature-programmed desorption of ammonia (NH3-TPD) in a fixed-bed



continuous flow microreactor system. The desorbed molecules were monitored
on-line using a quadrupole mass spectrometer (QGA, Hidden, UK). Before NH3-TPD
measurement, the catalyst (0.15 g) was purged in a flow of pure Ar at 400 °C for 30
min. Then, the furnace temperature was cooled down to 100 °C, and the samples were
saturated in a flow of 1% NHz/Ar (40 ml/min) for about 1 h. Subsequently, the
sample was purged in Ar to remove weakly bound (physisorbed) NH3, until a stable
baseline level was achieved. TPD of ammonia was detected from 100 to 600 °C in a
flow of Ar (40 ml/min) with a linear heating rate of 2°C/min. The temperature in the
catalyst bed was controlled using a K-type thermocouple immersed in the catalyst bed.
The temperature-programmed reduction (TPR) of samples was detected from 100 to
600 °C in a fixed-bed flow microreactor (10 mm internal diameter). The hydrogen
consumption was monitored using a quadrupole mass spectrometer (QGA, Hidden,
UK). Prior to the TPR experiment, the sample (0.15 g) was purged in a flow of pure
Ar at 400 °C for 30 min until a stable baseline level was achieved. Then, the furnace
temperature was cooled down to 100 °C. The TPR runs were carried out in a flow of 5%
H> in Ar (100 ml/min) with a linear heating rate of 2 °C /min.

2.3 NH3-SCR activity tests

The NH3-SCR catalytic activities of synthesized catalysts were performed at
atmospheric pressure in a fixed-bed stainless steel reactor with an internal diameter of
10 mm. For each test, 0.15 g of catalyst was charged. After the reactor was heated up
to the desired reaction temperature, the gas mixture was fed to the reactor. The
reaction gas mixture normally consisted of 500 ppm NOy, 500 ppm NH3, 5% O3, and
Ar in balance, with a flow rate of 200 mL/min. All the gas flows were controlled
independently by mass flow controllers (Brooks Instruments). The change of NOy

concentration was continuously measured using an on-line NOy analyzer (Thermo


javascript:void(0);
javascript:void(0);

Scientific 42i-HL, USA). The NOx (NO and NO3) conversion was calculated using
the follow equation (1). The N2 selectivity was evaluated using a quadrupole mass
spectrometer (QGA, Hidden, UK). The simulated flue gas was composed of 500 ppm

NOyx, 500 ppm NH3, 5% O3, and Ar as the balance gas.

_ NOx(out)

NOXx conversion =| 1 -
NOx(in)

j x100% (1)

2.4 Poisoning and regeneration of catalysts
The alkali metals doping of CuyAlOx mixed oxides and CuO/y-Al,O3 catalysts were
prepared by impregnating with KNO3z and NaNOs solutions. After being dried at
60 °C for 12 h, the nitrates were decomposed at 400 °C for 5 h in flowing air. Both
CuyAlOx mixed oxides and CuO/y-Al,03 catalysts were poisoned with an equal mass
loading of K and Na of 0.25 wt% or 0.5 wt%. The catalysts after loading K and Na
were denoted as PK or PNa. The regeneration of alkali metal poisoned catalysts was
performed by washing the catalyst with 100 ml deionized-water under continuous
stirring for 1 h, and followed by drying at 60 °C in the oven for 12 h. Then, the
samples were calcined at 400 °C in air for 5 h. The correspondingly regenerated
catalysts were denoted as dK and dNa, respectively.

The poisoning effect of SO2 on the activity of CuyAlOx mixed oxide catalysts
was studied by introducing 50 or 100 ppm SO: to the inlet gas (500 ppm NOy, 500
ppm NH3s, 5% O, 50 or 100 ppm SO2, balance Ar). The thermal stability of the
formed sulfate species was evaluated using temperature programmed desorption, and
the desorbed SO> was monitored using a quadrupole mass spectrometer (QGA,
Hidden, UK). The regeneration of sulfated catalysts was performed by thermal

treatment at 400 °C for 1 h in Ar flow.



The poisoning of H20 was studied by introducing 5% H>O to the inlet gas (500
ppm NOy, 500 ppm NH3z, 5% O2, balance Ar). Liquid water was continuously added
using a syringe pump (Lead fluid, TYDO1) into a stainless steel tube wrapped with a
temperature-controlled heating tape, in which water vapor was generated. The change
of NOyx concentration was continuously measured using an on-line NOy analyzer

(Thermo Scientific 42i-HL, USA).

3. Results and discussion
3.1 Characterization of AMO-Cu-Al-COs LDHs
The XRD patterns of synthesized AMO-Cu-Al-CO3 LDHs {[Cui-
xAlx(OH)2]x(CO3)x2} with different Cu/Al molar ratios (Cu/Al = 2, 3, 4 and 5) were
first characterized using XRD analysis, as shown in Fig. 1(a). In the XRDs sharp and
intense Bragg reflections are observed in 26 range 5-70°. The Bragg reflections at 26
= 11.73° 23.76°, 34.74°, 39.76°, and 47.86°, may be indexed to the (003), (006), (009),
(015), and (018) reflections of a standard LDHs unit cell (JCPDS no. 46-0099),
respectively [40]. Due to the Jahn—Teller distortion of the Cu?* ions in the octahedral
coordination sites within the layered structure of Cu-Al-CO3 LDH the formation of a
small CuO impurity cannot be prevented [41]. Figure 1(a) contains some weak Bragg
reflections due to CuO at 26 = 32.5° 35.5° and 38.73°, which correspond to the
reflections of (-110), (-111), and (111) planes of CuO (JCPDS no. 45-0937),
respectively.

The FT-IR spectra of AMO-Cu-Al-CO3z LDH nanoparticles is shown in Fig. 1(b).
A broad absorption band centered at 3450 cm is attributed to stretching vibrations of
—OH groups in the brucite-like layers, the lattice water and the interlayer water

molecules [42-44]. The vibration of angular deformation of H.O molecules is



observed at 1550 cm™ [45]. The absorption at 1356 cm™ in the spectrum is attributed
to the vibrations of carbonate ions. Finally, the absorption bands around 604 and 443
cmt are attributed to the vibrations of the M—O (M—OH, M—O-M or O-M-0) [44, 46,
47]. Both XRD and FTIR data confirmed the successful synthesis of
AMO-Cu-Al-CO3 LDHs with different Cu/Al molar ratios.

The morphology of synthesized AMO-Cu-Al-CO3z LDHs were examined using
FE-SEM and TEM analyses. All LDHs formed similar “flower-like” morphology to
that of AMO-CusAI-CO3 LDH, as shown Fig. 1(c). The flower-like particles are
composed of well-defined nanoplatelets. The “flower-like” morphology was further
confirmed by the TEM image in Fig. 1(d), which indicates that the LDHs
nanoplatelets were very thin. It also shows that the nanoparticles are highly porous,
which is favorable for the gas-solid heterogeneous catalytic reactions. The
AMO-Cu-AI-CO3 LDHs were then calcined between 400-700 °C to give highly
dispersed CuyAlOx mixed oxides, the XRD patterns of which are shown in Fig. 2(a).
For the 400 °C calcined sample, the broad Bragg reflections are observed that may be
attributed to nano-CuO particles. Using the Scherer equation we can estimate these
particles to have a crystallite domain size of ca. 8.93 nm. On further heating at higher
temperatures, these reflections became sharpen as the particles were further
crystallised. And in the meantime, some new reflections due to the spinel phase
CuAl204 were observed. The specific surface areas (SSA) of CuyAlOx (y = 2-5)
samples were measured using BET analysis method, which are in the range of 93-108

m?/g (Table 1).

3.2 SCR activity of CuyAlOx mixed oxide catalysts
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For the Cu-based SCR catalysts, it is apparent that the Cu/Al ratio will have a
significant effect on the activity. In addition, for LDHs-derived mixed oxide catalysts,
calcination temperature is another important parameter that affects the generation of
active phase, and has obvious effects on various characteristics such as specific
surface area, pore volume, and pore size, etc. Therefore, the influences of Cu/Al ratio
and calcination temperature on the activity of CuyAlOx mixed oxide catalysts were
first evaluated at different operating temperatures (150-300 °C). Fig. 3 shows that the
Cu/Al ratio has obvious effect on the catalytic performance of CuyAlOx mixed
oxide catalysts. The NOy conversion first increased with the increase in Cu/Al ratio
from 2 to 4, and then started to decrease when the Cu/Alratio was 5. Under all testing
conditions, CusAlOy catalyst resulted in the highest NOx conversion. For instance, for
the samples calcined at 400 °C, the NOx conversion was 86.7%, 88.4%, 91.1%, and
79.3% for Cu2AlOyx, CusAlOy, CusAlOy, and CusAlOxy, respectively.

In order to show the advantages of AMO treatment, a control CusAl-CO3z LDH
without AMO treatment was also prepared by water washing only. By thermal
treatment of this water washed CusAl-CO3 LDH at 400 °C, a control catalyst
CusAlOx (W) was then obtained. Activity tests indicates that the NOyx conversion of
CusAlOy (W) was only 71.0% at 200 °C, which is much lower than that of CusAlOy
obtained with AMO treatment (91.1%). This data clearly suggests that the AMO
treatment is crucial for the high catalytic activity of CuyAlOx. For this reason, all the
following CuyAlOx (y = 2-4) catalysts used in this work were prepared from
AMO-Cu-AI-CO3 precursor.

One advantage of CuyAlOx mixed oxide catalysts is that they are highly
thermally stable. With the increase in calcination temperature from 400 to 700 °C, the

catalytic activity only slightly decreased. For instance, for the CusAlOy catalyst that
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was calcined at 400, 500, 600, and 700 °C, the NOx conversion at 200 °C were 91.1%,
89.3%, 88.2%, and 84.7%, respectively. The NOx conversion drop is only 6.4% even
after being calcined at 700 °C for 5 h, suggesting that the CusAlOx catalyst is
sintering resistant. This property is very important as the operating temperature might
occasionally rise to quite high. In addition, the regeneration of sulfated catalysts also
requires high-temperature treatment. In order to study the selectivity of CusAlOy
catalyst for NOyx conversion to N3, the productions of N2O and N2 during the SCR
reaction at 200 °C were monitored, as shown in Fig. 5(). It is clear that only
negligible amount of N>O was observed. While in contrast, the production of N2 was
very significant. The result indicated that the CusAlOy catalyst not only possesses
high catalytic conversion, but also high selectivity to N». In all, it can be concluded
that the 400 °C-calcined CusAlOx sample was the best NH3-SCR catalyst for the
reduction of NOy. Fig. 3 also indicates that the CusAlOy catalyst is active at relatively
low temperatures and 200 °C was the optimal operating temperature.

After revealing the best catalyst candidate, the impact of catalyst amount (0.1,
0.15, and 0.2 g) was studied, as shown in Fig. S1. When using 0.1 g catalyst, the NOx
conversion was only 77.6%. By increasing the catalyst amount to 0.15 g, the NOx
conversion was significantly increased to 91.1%. However, by further increasing the
catalyst amount to 0.2, negligible improvement was obtained in the NOx conversion
(91.9%). From the perspective of the utilization efficiency of catalyst, 0.15 g was

chosen as the best catalyst amount for all the following catalytic evaluations.

3.3 Comparison of CusAlOx and CuQ/y-Al203 catalysts
Previously, there are a few reports on conventional supported CuO/Al;O3 as

NH3-SCR catalyst. For instance, in 1995, Centi et al. [48, 49] systematically
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investigated the influence of reaction temperature and the CuO loading on the NOx
conversion of CuO/Al»O3 catalysts. It was found that with 10 wt% of CuO loading, a
90% of NOy conversion was achieved at 300 °C. However, its activity at lower
operating temperature range (<250 °C) was not so high. For instance, a NOx
conversion of only ca. 67% was obtained at 250 °C. Later on, Suéarez et al. [27]
studied the performance of a CuO/Al.O3 monolith catalyst, and found that the best
CuO loading was 6.4 wt%, with a NOx conversion of only 75% at 200 °C. The NOx
conversion started to decrease with the increasing of CuO loading, suggesting that the
low-temperature NH3-SCR activity of conventional supported CuO/Al>O3 catalyst
can not be improved by simply increasing the CuO loading. Thus, up to date, the
conventional CuO/Al;O3 catalyst generally failed to deliver good performance at low
temperature range (<250 °C). However, the new catalyst CusAlOy that we synthesized
from CusAI-CO3 LDH can lead to a much higher NOy conversion of 91.1% at 200 °C.
This data suggests that this new catalyst CusAlOyx is very much different from the
conventional supported CuO/Al.Os3 catalyst and is much superior for low-temperature
NH3-SCR reaction.

In order to further confirm the above conclusion, the performance of the newly
prepared, high dispersed CusAlOx catalyst was compared with a control
catalyst CuO/y-Al,O3 by using different calcination temperatures (400-700 °C) and
different operating temperatures (150, 200, 250, and 300 °C). Fig. 4 indicates that the
catalytic activity of CusAlOx is much higher than that of CuO/y-Al>O3 under all
different conditions. For instance, after being calcined at 400 °C, the maximum NOy
conversion of CusAlOx was 91.1%, higher than that of CuO/y-Al.03 (82.5%). The
optimal operating temperature of CusAlOx (200 °C) was also lower than that

of CuO/y-Al203 (250 °C), suggesting CusAlOy is more preferable than CuO/y-Al203
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to serve as low-temperature SCR catalyst. In addition, the catalytic activity of
CuO/y-Al,03 at 200 °C decreased significantly with the increase in calcination
temperature. For instance, after being calcined at 700 °C, the NOx conversion at
200 °C dropped significantly to 57.5%. However, for CusAlOx catalyst, the NOy
conversion at 200 °C was still as high as 84.7% after calcination at 700 °C.

In order to understand why the CusAlOy catalyst is more sintering resistant
than CuO/y-Al,03, the XRD patterns of these two catalysts were examined after
being calcined at different temperatures. Fig. 2(a) shows the XRD patterns
of CusAlOy calcined at 400, 500, 600, and 700 °C, respectively. When the calcination
temperature was lower than 600 °C, only CuO was detected, and the intensity of the
peaks increased with the increase in calcination temperature, suggesting that the
particle size increased after being calcined at higher temperatures. At 700 °C, in
addition to the CuO as the major phase, some weak peaks corresponding to CuAl>O4
spinel start to be observed. In addition, CusAlOx remained its “flower-like”
morphology after being calcined at 400 °C, which is similar to its precursor
AMO-CusAI-CO3 LDH, as shown Fig. 2(b). However, for the CuO/y-Al>O3 catalyst,
the Cu mainly presented as CuAl.O4 spinel (Fig. 5(b)). When the calcination
temperature is no more than 400 °C, some weak peaks corresponding to CuO phase
was detected. This data suggested that the highly dispersed CuO species may be more
likely to promote the conversion of NOy into N2 than CuAl.O4 spinel at low
temperatures, and the activity of difference CusAlOx and CuO/y-Al203 is less
affected by the morphology of the catalysts.

Besides the structural changes during thermal treatment, the memory effect
(structure reconstruction) of AMO-CusAl-CO3 LDH was also taken into

consideration. After AMO-CusAI-COz LDH was calcined at 400 °C, it was exposed
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to air for 6 days. The structure of the samples were examined by XRD once a day.
Figure 5(c) shows that CusAlOy still did not change back to their original layered
structure even after 6 days.

In order to further confirm the “memory effect” performance of
AMO-CusAI-CO3 LDH, FT-IR analysis was also carried out on calcined CusAlQOy, as
shown in Fig. S2. The data further confirmed that CusAlOy still did not change back
to their original layered structure. This sample was further evaluated and resulted in a
NOy conversion as high as 90.8% at 200 °C. This result clearly demonstrated that our
developed CusAlOy is not affected by the memory effect.

In order to have a clearly understanding on how the catalytic activities
of CusAlOx and CuO/y-Al203 were influenced by calcination temperature, we further
analyzed the data obtained from X-ray diffraction patterns using a normalized relative
intensity ratio (RIR) method given by equation 2 [50, 51], which was aimed to
investigate the influence of CuO phase amount on the NOx conversion capacity of
samples from the viewpoint of crystalline phase abundance. In this equation, x
means one phase in the all definite crystalline phases of analyzed sample and W,
represents the phase abundance of x phase. A is representative for the phase
selected to work as an internal standard, and I, denoted the intensity of a specific
pattern of x phase which can be obtained from the peak report using Jade analysis
software. What’s more, K; will be calculated by the following equation 3. In this
equation, K, is equal to the RIR value of x phase, which can be referred at the

relevant PDF card.
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The molar percentages of CuO and CuAl,O3z phases in both CusAlOx and
CuO/y-Al,03 samples calcined at different temperatures were calculated using the
above mentioned RIR method, as summarized in Table 2. With the increase in
calcination temperature, the amount of CuO species in CusAlOx and CuO/y-Al,03
started to decrease from 400 °C. For the CusAlOx samples calcined at 400, 500, 600,
and 700 °C, the mole percentage of CuO was 100%, 99.2%, 97.5%, and 94.9%,
respectively. For a comparison, there was only around 58% CuO phase in
the CuO/y-Al.03 calcined at 400 °C. With increasing the calcination temperature to
500, 600, and 700 °C, the molar percentage of CuO phase further decreased to 54%,
40.8%, and 27.7%, respectively. The variation in relative molar fraction of CuO
followed the same trend to the catalytic activity, indicating that the amount of active
CuO species is crucial for NOy conversion.

Fig. 6 shows the HR-TEM images of CusAlOx and CuO/y-Al>O3 catalysts. For
the CusAlOy catalyst, well dispersed CuO nanoparticles with an average particle size
of ~10 nm were observed. A lattice fringe with a spacing distance of 0.25 nm was
observed in Fig. 6(c), which can be referenced to the (-111) crystal plane of CuO.
While for the CuO/y-Al2O3 catalyst, few CuAl.O4 nanoparticles with an average
particle size of ~20 nm were seen. This data suggest that the synthesis of SCR
catalysts from AMO-Cu-Al-CO3 LDHs precursors can lead to the formation of highly
dispersed and nano-sized CuO species. In addition, the valence state of Cu in
CusAlOy catalyst was examined using XPS analysis, as shown in Fig. 7. It can be
seen from the XPS spectrum of Cu 2ps. that two peaks are discerned at 934.2 and
932.9 eV. The higher binding energy peak at 934.2 eV is assigned to Cu?",
accompanied by the characteristic Cu?* shake-up satellite peaks [52]. The lower

binding energy peak at 932.9 eV suggests the presence of Cu® species. The relative
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concentration of Cu?* is 86.7%, which indicates that Cu?* is the majority state in
CusAlOyx catalyst. The XPS result is also consistent with the results of XRD and
HR-TEM, indicating that the copper is mainly in the form of CuO, which is highly
dispersed in CusAlOy catalyst. The high dispersed CuO species in CusAlOy catalyst is
advantageous to the catalytic reaction comparing to the CuAl2O4 species in

CuO/y-Al,03 catalyst, particularly at low temperatures.

3.4 The alkali metals poisoning and regeneration of catalysts

Fine fly ash has been a major concern to SCR catalysts. Fly ash may plug the pores of
catalyst and react with the active phases [53]. Alkali oxides and/or salts are major
components in fly ash and have strongly poison on the SCR catalysts [54, 55]. In
order to research the poisoning effect of alkali metals on this newly developed
CusAlOy catalysts, poisoned catalysts were prepared by doping 0.25 wt% (or 0.5 wt%)
K or Na onto the catalysts. The NOy conversions of fresh and alkali metals poisoned
catalysts are compared in Fig. 8(a). For both 0.25 wt% K and Na-doped CusAlOx
catalysts, the NOx conversions decreased from 91.1% for fresh catalyst to 74.3% and
74.7%, respectively, indicating that K and Na have similar poisoning effect on
CusAlOy. With increasing the K or Na loading to 0.5 wt%, the NOyx conversion of
CusAlOy catalyst further decreased to 60.4% and 65.1%, respectively. For
comparison purpose, the poisoning effect of alkali metals on CuO/y-Al.O3 catalyst
was also performed. Similarly, the NOyx conversions of 0.25 wt% K and Na-doped
CuO/y-Al,03 catalysts also decreased, from 81.8% for fresh catalyst to 68.6% and
69.3%, respectively. With increasing the alkali metals loading (0.5 wt% K or Na), the
NOXx conversion of CuO/y-Al,O3 catalyst significantly decreased to 48.9% and 57%,

respectively, which might be because more pores and active phases were occupied by
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alkali metals. The NOy conversions of K and Na-doped catalysts dropped to 60.4%
and 65.1% for CusAlOy, for CuO/y-Al203. These results indicate that although the
CusAlOy catalyst could be poisoned to some extent by both K and Na, the poisoned
samples still showed much higher NOx conversions than those of poisoned
CuO/y-Al203 catalysts.

In order to solve the poisoning problem caused by alkali metals, the regeneration
of the poisoned catalysts is also very important. Shen et al. [56, 57] previously
reported that washing with water or sulfuric acid solution could partially recover the
SCR activity of poisoned catalysts. And washing with water is believed to be the best
method as it will not cause any loss of active species of catalysts. Thus, in this
contribution, the regeneration of poisoned CusAlOx and CuO/y-Al,O3 catalysts was
performed by washing with deionized-water and followed by drying at 60 °C for 12 h.
Fig. 8(b) shows that the activities of both regenerated catalysts were partially restored.
After regeneration, the NOy conversion of 0.25 wit% K and Na-poisoned
CuO/y-Al,03 was improved from 68.6% and 69.3% to 72.7% and 72.9%,
respectively. For the CusAlOy catalyst, the regenerated samples showed higher NOx
conversions, which were 77.9% and 79.9% for the 0.25 wt% K and Na poisoned
CusAlOy catalysts. Comparing to fresh catalysts, the activity of the regenerated
catalysts have a certain degree of decline, which might be the loss of active
component during the regeneration process.

It has been established that the surface acidity of catalysts plays an important role
in selective catalytic reduction of NOx by NH3. One of the most important steps for
SCR is the adsorption of NH3 on catalyst surface. Hence, NH3-TPD experiments
were carried out to investigate the deactivation of catalysts caused by alkali metals.

Fig. 9(a) shows the NH3-TPD curves of the fresh, and 0.25 wt% K and Na-poisoned
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CusAlOy catalyst in the temperature range of 100-600 °C. All curves exhibit one NH3
desorption peak at around 157-201 °C, which can be attributed to Lewis acid sites[58].
The amount of Lewis acid sites can be roughly estimated from the area of NH3-TPD
peak. For CusAlOy catalyst, the NH3-TPD peaks did not change much after 0.25 wt%
K and Na poisoning, suggesting that neither K nor Na had much effect on the amount
of Lewis acid sites. However, the peak temperature slightly shifted to higher
temperatures after being poisoned by K (186 °C), and Na (201 °C), suggesting that the
interaction between Lewis acid sites and adsorbed NH3 became stronger. The slight
activity decrease for the 0.25 wt% K and Na poisoned CusAlOy catalysts might be
explained by the fact that the surface acid sites became stronger. Lisi et al. [4]
reported that strong acid sites adsorbing ammonia at T > 350 °C are not involved in
the low-temperature SCR reactions. However, in the case of CuO/y-Al>O3 catalyst,
0.25 wt% K and Na significantly reduced the amount of surface Lewis acid sites, with
the NH3-TPD peaks obviously weakened (Fig. 9(b)). The amount of acid sites of
samples follows the sequence of CusAlOx (1.33 mmol/g) > CuO/y-Al203 (1.18
mmol/g) > 0.25 wt% Na-CusAlOx (0.97 mmol/g) > 0.25 wit% K-CusAlOx (0.78
mmol/g) > 0.25 wt% Na-CuO/y-Al.03 (0.67 mmol/g) > 0.25 wt% K-CuO/y-Al203
(0.2 mmol/g). This sequence agreed well with the trend of NOyx removal efficiencies
as presented in Fig. 8(b). The results indicate that the Lewis acid sites on
CuO/y-Al>03 catalyst could be neutralized by the doped K* and Na* ions, leading to
decreased amount of surface weak acid sites and thus remarkable decrease of SCR
activity. In all, it can be concluded that the surface Lewis acid sites of CusAlOx
catalyst were less effected by K and Na poisoning than that of CuO/y-Al.O3 catalyst.
The surface redox property is another important property for SCR catalysts. Fig.

9(c, d) show the H2-TPR profiles of fresh and poisoned CusAlOx and CuO/y-Al203
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catalysts. For CusAlOy catalyst, there is only one low-temperature (216-299 °C)
reduction peak for both fresh and poisoned CusAlOx sample (Fig. 9(c)), which can be
assigned to the highly dispersed CuO species that are relatively easier to be reduced,
i.e., Cu¥*—Cu"—Cu [59]. However, CuO/y-Al,O3 displayed two reduction peaks
with one located between 170-184 °C, and the other at about 360— 486 °C in Fig. 9(d).
The former can be assigned to the highly dispersed CuO species and the latter can be
attributed to the reduction of CuAl2O4 spinel [60]. Comparing to CuO/y-Al20s3,
CusAlOx possesses much stronger low-temperature Ho-TPR peak, suggesting it has
more surface highly dispersed CuO species, which are favorable for the redox reaction.
This might be the reason why CusAlOy catalyst has a higher SCR activity than
CuO/y-Al03 catalyst.

After being poisoned by 0.25 wt% K and Na, the intensity of H>-TPD peaks of
CusAlOy catalyst did not change much, with the peak temperatures shifted to higher
values. This data suggests that although the amount of the active CuO species did not
reduce, the redox ability became slightly more difficult. However, for the 0.25 wt% K
and Na poisoned CuO/y-Al>O3 catalyst, the intensity of both low-temperature and
high-temperature H>-TPR peaks were significantly weakened, and the peak
temperatures also shifted to higher values. In all, it can be concluded that the redox
property of CusAlOx was much less effected by the 0.25 wt% K and Na poisoning
than that of CuO/y-Al20s. It is also noteworthy that the sequence of the amounts of
highly dispersed CuO species in different catalysts is in good agreement with that of

their catalytic performances.

3.5 SO2 poisoning and regeneration of catalysts

As there is still certain amount of residual SO> in flue gases, the poisoning effect of
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SO:2 on this newly developed CusAlOy catalyst was also studied and compared with
CuO/y-Al203. In this contribution, 50 or 100 ppm of SO» was added to the simulated
flue gases for this purpose. The data in the inset of Fig. 10(a) shows that after adding
50 ppm SO2, the NOx conversion of CusAlOy catalyst decreased from 91.1% to 78.4%
at 200 °C. However, in the same condition, the decrease in NOx conversion for
CuO/y-Al.03 was much more obvious, from 81.8% to 48% at 200 °C. In addition,
under a high SOz concentration (100 ppm) at 200 °C, the NOy conversions of
CusAlOy still maintained as high as 62.2%, which is also much higher than that of
CuO/y-Al203 (38.4%) after 6 h reaction. These data clearly demonstrated that the
CusAlOy catalyst possesses a much better resistance to SO> than that of CuO/y-Al203
at 200 °C. In addition, the effects of 50 ppm SO2 on the activity of CusAlOy catalyst
at different testing temperatures were also evaluated (Figure S3), which indicated that
the CusAlOx catalyst possesses a much better resistance to SO, than that of
CuO/y-Al>03. It is probably because CusAlOx has more surface highly dispersed
copper species than that of CuO/y-Al>O3 catalyst, which could enhance the durability
to SO poisoning.

The long-term isothermal NOyx conversions of CusAlOx and CuO/y-Al203
catalysts in the presence of 50 ppm SO at 200 °C was also presented in Fig. 10(b).
After running for 6 h, the NOx conversion of CusAlOy catalyst only decreased by 5%.
However, the decrease in NOyx conversion for CuO/y-Al.O3 was much significant,
which is 12% after 6 h running in the presence of 50 ppm SO>. This isothermal tests
also suggested that CusAlOy catalyst is less influenced by SO» than CuO/y-Al2Oz3.

The deactivation of SCR catalysts caused by SO> has been well studied
previously [61]. At first, SO, could react with NH3 to form (NH4)2SO3z and

NH4HSO4, which did not decompose below 200 °C and finally deposited on the

21



catalyst surface, causing pore plugging of catalysts. Secondly, SO, may react with the
active components such as CuO and form stable sulfate species, which was
inactivation for the NH3-SCR reaction [62]. To clarify the deactivation of SO2, the
SO»-TPD experiments for CusAlOx and CuO/y-Al,O3 after exposure to 50 ppm SO»
at 200 °C for 1 h were performed, as shown in Fig. 11(a). One major SO2 desorption
peak was observed for CusAlOyx and CuO/y-Al.Oz at around 643 and 686 °C,
respectively, which can be attributed to the decomposition of sulfate species [63, 64].
The SOz desorption peak for CuO/y-Al20z is much larger than that for CusAlOy,
demonstrating CusAlOy is more SO» resistant and with less SO» adsorption on its
surface. Fig. 11(b) shows the FTIR spectra of the fresh and pre-sulfated CusAlOy
catalysts. For the pre-sulfated CusAlOx, two new bands at 1037 and 1124 cm™* were
observed. According to literature [47], these bands could be attributed to the
characteristic band of SO42". It can be concluded that the formation of sulfate species
on the sample is the cause of SO2 poisoning. To identify this, the thermal stability of
pre-sulfated CusAlOx was further studied by TGA. The TGA spectra in Fig. 11(c)
reveal a loss of mass of the posioned sample in three steps. Step A (26-200 °C) could
be mainly assigned to the desorption of adsorbed water on the sample [65, 66]. The
loss of mass at Step B (200-455 °C) was caused by the decomposition of (NH4)2SO4
[46], while the loss of mass at Step C (455-700 °C) corresponds to CuSOa.
Pre-sulfated CusAlOx sample showed a weight reduction of 3.77 wt%.

The regeneration of SO2-poisoned CusAlOx and CuO/y-Al.03 catalysts were
also investigated at 200 °C, as shown in Fig. 11(d). At the first stage (section a),
without SOz, the NOyx conversion was about 91.1% and 81.8% for CusAlOx and
CuO/y-Al,03, respectively. After introducing 50 ppm SO2 (section b), the NOy

conversions for both CusAlOx and CuO/y-Al>O3 were decreased, which became 78.4%
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and 48%, respectively. When SO was cut off from the feed stream (section c), the
NOx conversion of CuO/y-Al.Oz did not recover at all, suggesting that the
deactivation by SO is irreversible for CuO/y-Al2O3. However, for CusAlOy, the NOx
conversion slightly increased from 78.4% to 80.2%.

In order to reuse the SO, deactivated SCR catalysts, the thermal regeneration
method was normally applied. In section d of Fig. 11(d), the deactivated catalysts
were calcined at 400 °C in Ar for 1 h to purge the catalyst. After purging, the catalysts
were cooled down to the reaction temperature of 200 °C, and tested under the same
condition as that in section a. After this treatment, the catalytic activities were
somehow recovered. The NOx conversion was increased from 80.2% to 83.4% for
CusAIlOx and 48.8% to 51.6% for CuO/y-Al20s3, respectively (section e). However,
the NOy conversion still much lower than that in section a. These experimental results
clearly indicate that CusAlOx has a better resistance to SO. than CuO/y-Al.03. The
deactivation may result from the formation of sulfate species, which is consistent with

the results of SO»-TPD.

3.6 SO2 and H20 poisoning of catalysts

Water vapor is one of the main components in flue gases and often leads to catalyst
deactivation by decreasing the number of available active sites. Even in dry conditions,
water vapor also can destroy the catalysts since it is produced in the SCR reaction. It
has been reported that the water vapor can cause a reduction in activity to some extent
for both non-supported metal oxide catalysts [67, 68] and carbon based catalysts [69].
The effect of H2O can be divided into two categories, reversible and irreversible [70].
Reversible effect come from the H>O adsorption that competes with that of NH3 and

NO. This H»O effect will disappear with removing. However, the hydroxyl formed by
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H>O adsorption and decomposition on the surface of catalysts will lead to irreversible
deactivation of catalysts. The generating hydroxyl will only be pulled off under the
temperature of 252-502 °C, so this kind of deactivation cannot be removed by
removing H20 in the gas phase [70]. Therefore a comparative study was conducted to
evaluate the H>O poisoning effect on CusAlOx and CuO/y-Al>O3 catalysts in this
regard.

Fig. 12(a) shows the comparative study on the influence of 5% H>O on the NOx
conversion of CusAlOx and CuO/y-Al.O3 catalysts at 150 and 200 °C. After
introducing 5% H>0O, the NOx conversions for both CusAlOx and CuO/y-Al>O3 began
to decrease. At 200 °C, the NOy conversion of CuO/y-Al>.Oz decreased from 81.7% to
66.3%. However, for CusAlOy catalyst, its NOx conversion was still as high as 78.3%.
At lower temperature (150 °C), the NOy conversion declined to 38.8% for CusAlOx
and 23.9% for CuO/y-Al>03, respectively. It is because of the greater affinity of water
vapor with catalysts at lower temperatures. The results demonstrated that although
CusAlOy was also effected by 5% H-»O, its performance is still much better than that
of CuO/y-Al20s.

It is well known that H>O and SO have a critical influence on SCR catalysts for
NOy reduction at low temperatures. Huang et al. [71] studied that the co-existence of
H20 and SO; resulted in an obvious decrease on V2Os/AC catalyst. The phenomenon
was possibly caused by sulfate particles formed from H>O and SO, which led to the
blocking of pores and covering of catalysts surface [72]. Thus, the resistance of
CusAlOyx and CuO/y-Al203 to the co-existence of H.O and SO: in the SCR reaction
system was also studied at 200 °C, as shown in Fig. 12(b). At the first stage (section a),
without H20 and SO3, the NOy conversion was about 91.1% and 81.8% for CusAlOx

and CuO/y-Al2O3, respectively. After adding 5% H2O (section b), the NOy
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conversion of CusAlOx and CuO/y-Al,O3 decreased to 78.3% and 66.3%,
respectively. After adding 5% H>O and 50 ppm SO (section c) to the system
simultaneously, the synergistic deactivating effect of H,O and SO further inhibited
the performance of both catalysts. However, CusAlOx showed much better
performance than CuO/y-Al.03 even with both H20 and SO.. For CusAlOy, the NOy
conversion was still 67.6% after 6 h. While for CuO/y-Al2O3, the NOx conversion
was only 37.7% after 6 h. In addition, once SO2 and H2O were removed (section d),
the NOyx conversion for CusAlOx recovered to 73.3%, but only 49.3% for
CuO/y-Al203. This data suggests that our newly developed CusAlOy catalyst also
possesses much better resistance to the co-existence of H>O and SO than the

conventional CuO/y-Al203 catalyst.

4. Conclusions

In this work, the highly dispersed CusAlOx mixed oxide was found to be an
NH3-SCR catalyst with high thermal stability, excellent low-temperature catalytic
De-NOy activity, and improved alkali metal and SO resistance. The highly dispersed
CusAlOy catalyst was synthesized from calcination of a high surface area
AMO-CusAl-CO3 LDH precursor. XRD, FTIR, SEM and TEM analyses
demonstrated the successful synthesis of a series of flower-like LDHSs, which are good
precursors for the fabrication of highly dispersed CuyAlOx (y = 2-5) mixed oxide
catalysts. The best catalyst CusAlOx showed much higher catalytic activity and
thermal stability than the control catalyst CuO/y-Al>O3. At 200 °C, the NOy
conversion of CusAlOx and CuO/y-Al,03 was 91.1% and 81.8%, which decreased to
84.7% and 57.5% after being calcined at 700 °C, respectively. XRD and HR-TEM

analyses indicated that the CusAlOyx catalyst mainly contains well dispersed CuO
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nanoparticles with an average particle size of ~10 nm, while the CuO/y-Al>03
catalyst contains CuAl.O4 nanoparticles with an average particle size of ~20 nm.
Although the CusAIlOy catalyst could be poisoned to some extent by both K and Na,
the poisoned samples still showed much higher NOyx conversions (74.3—74.7%) than
those of poisoned CuO/y-Al>O3 catalysts (68.6-69.3%), and the NOy conversion can
be recovered to 77.9% and 79.9% after regeneration. NH3-TPD and H2-TPR analyses
revealed that both the surface acid sites and surface redox property of CusAlOx
catalyst were much less influenced by K and Na than CuO/y-Al>O3 catalyst. After
long-term running with 50 ppm SO for 6 h, the NOy conversion of CusAlOy catalyst
only decreased by 5%, which was much less than that of CuO/y-Al.O3 (12%). We
also demonstrated that that our newly developed CusAlOy catalyst possesses much
better resistance to the co-existence of H.O and SO: than the conventional
CuO/y-Al,03 catalyst. In all, the newly obtained CusAlOy catalyst has shown much
better performance than the conventional supported catalyst and is promising as
low-temperature NH3-SCR catalyst for NOx control from the flue gases of MSW

incinerators.
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Table 1. Specific surface area, pore size, and pore volume of CuzAlOx, CuzAlOy,

CusAlOy, and CusAlOx.

Samples BET SSA BJH pore size BJH pore volume
(m*g) A) (cm®/g)
Cu2AIO« 93.0 228.3 0.6
CusAlOx 102.1 218.1 0.7
CusAlO« 108.4 206 0.92
CusAlOx 100.3 169.7 0.85
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Table 2. The mole ratio of active species calculated by a normalize RIR method.

Samples Calcination Chemical components
temperature (°C) CuO (%) CuAl204 (%)
CusAlOx 400 100 0
500 99.2 0.8
600 97.5 2.5
700 94.9 5.1
CuO/y-Al,03 400 58 42
500 o4 46
600 40.8 59.2

700 217.7 72.3
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Fig. 1. (@) XRD patterns and (b) FTIR spectra of AMO-Cu-Al-COz LDHSs
synthesized with different Cu/Al ratios, (¢) SEM and (d) TEM image of

AMO-Cu4AlI-CO3 LDH.
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Fig. 2. (a) The XRD patterns of CusAlOy calcined at different temperatures (400, 500,

600, and 700 °C), and (b) The SEM image of CusAlOy calcined at 400 °C.
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Fig. 3. The influence of Cu/Alratio (2, 3, 4, and 5), calcination temperature (400, 500,
600, and 700 °C), and operating temperature (150, 200, 250, and 300 °C) on the
activity of Cu-Al mixed oxide catalysts. All samples were calcined at (a) 400 °C, (b)
500 °C, (c) 600 °C, and (d) 700 °C. Reaction conditions: [NOx] = [NH3] = 500 ppm,

[O2] = 5%, balance Ar, total flow rate = 200 mL/min, catalyst 0.15 g.
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Fig. 4. The influences of calcination and testing temperatures on the NOx conversion
of CusAlOy and CuO/y-Al203, All samples were calcined at (a) 400 °C, (b) 500 °C, (c)
600 °C, and (d) 700 °C. Reaction conditions: [NOx] = [NH3] = 500 ppm, [O2] = 5%,

balance Ar, total flow rate = 200 mL/min, catalyst 0.15 g.
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Fig. 5. (@) The N2O and N3 evolutions in the outlet for the CusAlOx catalyst tested at
200 °C, (b) The XRD patterns of CuO/y-Al203 calcined at different temperatures (400,
500, 600, and 700 °C), and (c) The XRD patterns of CusAlOx LDO after being
exposed to ambient atmosphere for different days. Reaction conditions: [NOy] = [NH3]

=500 ppm, [O2] = 5%, balance A, total flow rate 200 mL/min, catalyst 0.15 g.



Fig. 6. The HR-TEM images of (a, b, c) CusAlOx and (d) CuO/y-Al.03 calcined at
400 °C. The inset shows the particle size distribution of CuO in CusAlOy catalyst and

the particle size distribution of CuAl>O4 in CuO/y-Al2O3 catalyst.
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Fig. 7. XPS result of Cu 2p in the calcined CusAlOy catalyst.
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Fig. 8. (a) The NOx conversions of fresh, 0.25 wt% K or Na, and 0.5 wt% K or Na
poisoned CusAlOx and CuO/y-Al>03 catalysts at 200 °C, and (b) The NOx
conversions of fresh, 0.25 wt% K or Na poisoned, and regenerated CusAlOx and
CuO/y-Al,03 catalysts. Reaction conditions: [NOx] = [NH3] = 500 ppm, [O2] = 5%,
balance Ar, total flow rate 200 mL/min, catalyst 0.15 g. PK and PNa represent the K
and Na poisoned samples, and dK and dNa represent the corresponding regenerated

samples.
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Fig. 9. NH3-TPD and H>-TPR profiles of fresh, and K and Na-poisoned CusAlOy and
CuO/y-Al203 catalysts, (a) NH3-TPD of CusAlOyx, (b) NH3-TPD of CuO/y-Al20s3, (C)

H2-TPR of CusAlOy, and (d) H2-TPR of CuO/y-Al203. PK and PNa represent the K

and Na poisoned samples.
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Fig. 10. (a) The comparison of NOyx conversions of CusAlOx and CuO/y-Al203
catalysts with and without 50 or 100 ppm SO: at 200 °C, and (b) Long-term
isothermal NOy conversion of CusAlOx and CuO/y-Al>O3 catalysts in the presence of
50 ppm SO at 200 °C. Reaction conditions: [NOx] = [NH3] = 500 ppm, [O2] = 5%,

[SO2] =50 ppm, balance Ar, total flow rate 200 mL/min, catalyst 0.15 g.
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Fig. 11. (a) SO2-TPD of pre-sulfated CusAlOx and CuO/y-Al.O3 catalysts, (b) FTIR
spectra of CusAlOx and pre-sulfated CusAlOyx, (c) TGA curve of pre-sulfated
CusAlOy, and (d) The influence of SO, addition and the thermal regeneration on the
NOyx conversion of CusAlOx and CuO/y-Al>03 catalysts. Reaction conditions: [NOy]

= [NH3] = 500 ppm, [O2] = 5%, [H20] = 5%, [SO2] = 50 ppm, balance A, total flow

rate = 200 mL/min, catalyst 0.15 g.
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Fig. 12. (@) The influence of 5% H>O on the NOy conversion of CusAlOx and

CuO/y-Al>03 catalysts at 150 and 200 °C, and (b) The influence of 5% H>O and 50
ppm SO addition on the NOyx conversion of CusAlOx and CuO/y-Al>O3 catalysts at
200 °C. Reaction conditions: [NOx] = [NH3] = 500 ppm, [O2] = 5%, [H20] = 5%,

[SO2] = 50 ppm, balance Ar, total flow rate = 200 mL/min, catalyst 0.15 g.
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