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Abstract: A series of molecular sieve catalysts (Cu-Mn/SAPO-34) with different loadings of Cu and
Mn components were prepared by the impregnation method. The deNOy activity of the catalyst
was investigated during the selective catalytic reduction (SCR) of NO with NHj in the temperature
range of 120 °C to 330 °C, including the effects of HyO vapors and SO;. In order to understand the
poisoning mechanism by the injection of HyO and/or SO, into the feeding gas, the characteristics
of the fresh and spent catalyst were identified by means of Brunner—Emmet—Teller (BET), X-ray
Diffraction (XRD), Scanning Electronic Microscopy (SEM) and Thermal Gravity- Differential Thermal
Gravity (TG-DTG). The conversion of NO by the catalyst can achieve at 72% under the reaction
temperature of 120 °C, while the value reached more than 90% under the temperature between
180 °C and 330 °C. The deNOy activity test shows that the H,O has a reversible negative effect on NO
conversion, which is mainly due to the competitive adsorption of H,O and NH; on Lewis acid sites.
When the reaction temperature increases to 300 °C, the poisoning effect of H,O can be negligible.
The poisoning effect of SO, on deNOy activity is dependent on the reaction temperature. At low
temperature, the poisoning effect of SO, is permanent with no recovery of deNOy activity after the
elimination of SO;. The formation of (NH4),SO,, which results in the plug of active sites and a
decrease of surface area, and the competitive adsorption of SO, and NO should be responsible for
the loss of deNOy activity over Cu/SAPO-34.

Keywords: SCR; Catalyst; (NH4)2504; deNOy; HyO and SO, poisoning

1. Introduction

Nitrogen oxides were estimated as one of the major air pollutants released from the combustion
of fossil fuels (especially coal), being hazardous for the ecological and environmental system [1-4].
Currently, selective catalytic reduction (SCR) was regarded as a widely-used deNOy technology for the
purification of flue gas, where the performance of the catalyst plays a significant role in the process [5].
Most of the commercial catalysts (e.g., V-W-Ti system) exhibited the effective activity with temperature
located in a narrow and relatively high window as 300400 °C, accelerating the deactivation of catalyst
through sintering and occlusion of salts produced from H,O or SO,. The high deNOy activity of SCR
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catalyst at relatively low temperature is highly required without the formation of salts from H,O and
SO; in the flue gas. The stability of the air-preheating system can be improved along with the secure
low-temperature SCR system, leading to a full-time deNOjy for the power plant under different power
loadings. Therefore, it is of great significance to develop efficient and stable low-temperature SCR
catalyst [6].

Among all these catalysts, transition metal loaded on zeolite materials with CHA structure have
been widely focused due to the broad operating temperature range and the high deNOy activity [7-9].
A number of research works have been conducted on the deNOx performance of molecular sieve
catalysts, such as the ZSM-5, BEA, USY, S57-13 and so on [10-12]. Kim [13] prepared Mn-Fe/ZSM-5
by the impregnation method, exhibiting the NOy conversion ratio as high as 95% at 175 °C, and the
conversion of NOy nearly to 100% during the temperature between 200 and 350 °C. SAPO-34 possesses
pear-shaped cages with 8-membered ring (8MR) openings, and double 6-membered ring (D6MR) units
linked by 4-membered ring (4MR) units, while most of the P is replaced by Si to generate a Si-O-Al
linkage, resulting in remarkable SCR performance. Compared with Fe-zeolites and vanadia-zeolites,
Cu-zeolites exhibited a superior deNOy activity and high Ny selectivity [14,15]. Wang [16,17], Ye [18]
and Deka [19] prepared Cu/SAPO-34 by different methods, exhibiting an excellent low-temperature
SCR activity in the temperature range from 150 °C to 500 °C. Among all these researches, Cu-SAPO-34
based catalysts showed a remarkable deNOx activity compared to other zeolites [8,20].

However, Cu-SAPO-34 catalyst is proved to be sensitive to SO, poisoning due to the strong
chemical binding strength and the oxidative conditions in the gas and the deactivation effect is more
pronounced at low temperatures [21]. Zhang et al. [7] have used DRIFT and Temperature Programmed
Desorption (TPD) method to study the poisoning effect of SO, over Cu/SAPO-34 catalyst, they reported
that low-temperature deactivation is caused by the formation of ammonium sulfates. Shen et al. [22]
observed no obvious sulfur species on the Cu/SAPO-34 catalyst and they concluded that the reduction
of the number of isolated Cu?* caused by SO, might induce the loss of SCR activity. Wijayanti et
al. [23] studied the SO, poisoning effects and found that the main reason for the deactivation is the
formation of copper sulfates, resulting in the loss of redox properties. Jangjou et al. [24] reported the
S species formed on Cu?* at 6MR by DRIFT study. On the basis of such observations, the formation
of ammonium sulfates in a complex with Cu is claimed as the main mechanism for the loss of
low-temperature deNOy activity. In general, different SO, poisoning mechanisms have been proposed
by different researchers.

In addition, H,O is also one of the main components in the flue gas and often causes the loss
of low-temperature deNOy activity [3]. In this work, for a better and specific understanding of the
SO, poisoning mechanism and the synergistic effect of H;O and SO, over Cu/SAPO-34 catalyst,
the influence of SO, or/and H,O with different concentrations at different reaction temperatures on
deNOy activity and physicochemical properties over Cu/SAPO-34 catalyst was studied. A series of
Cu-Mn/SAPO-34 catalysts were prepared through the impregnation method. The low-temperature
deNOy activity of the catalysts was estimated by means of a self-designed apparatus, where the effects
of H,O and SO, on the reaction activity were also investigated. BET, XRD, SEM and TG-DTG were
employed to determine the characteristics of the fresh and spent catalyst, in order to understand the
poisoning mechanism of the catalyst by H,O and SO, during the low-temperature SCR process.

2. Results and Discussion

2.1. DeNOx Activity of the Catalysts Without HyO and SO,

Figure 1la illustrates the deNOy activity of Cu/SAPO-34, Mn/SAPO-34, Cu-Mn/SAPO-34
catalysts under different temperatures without H,O and SO,. The deNOy activity of Cu-Mn/SAPO-34
catalyst (bimetallic composite molecular sieve) was much higher than that of Cu/SAPO-34 and
Mn/SAPO-34 catalysts (monomeric molecular sieve). Even when the reaction temperature is lower
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than 100 °C the NO conversion by Cu-Mn/SAPO-34 catalyst can be achieved at about 60%, while for
the other two catalysts was around 20%.
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Figure 1. DeNOy performance of mono-component and multi-component catalysts (a); deNOy
performance of molecular catalysts with different Mn loadings (b); outlet N,O concentration over
Cu(2)-Mn(6)/SAPO-34 catalyst (c); outlet NO, concentration over Cu(2)-Mn(6)/SAPO-34 catalyst (d).

The NO conversion over Cu-Mn/SAPO-34 catalyst could reach 90% at around 180 °C, compared
to that of 220 °C for Cu/SAPO-34 and 270 °C for Mn/SAPO-34. It can be concluded that the
Cu-Mn/SAPO-34 catalyst gives a better deNOy performance under the relatively low-temperature
range from 100 to 200 °C. This can be attributed to the promotion of NH3 adsorption on the surface
of the catalyst by the bimetallic system on SAPO-34 [25-27]. In addition, the deNOx reaction energy
might be declined by the bimetallic interaction on the catalyst, improving the low-temperature activity
of the catalyst and broadening its SCR temperature range.

The effect of metal loading on the activity of Cu-Mn/SAPO-34 catalyst is shown in Figure 1b.
The deNOy activity of Cu(2)-Mn(6)/SAPO-34 performed as the best one among the catalysts at the
temperature from 120 to 210 °C and from 270 to 330 °C, while Cu(2)-Mn(8)/SAPO-34 performs
the best one at the temperature from 210 to 270 °C. It needs to be noted that the NO conversion
over Cu-Mn/SAPO-34 with the Mn content more than 8% was notably declined when the reaction
temperature is higher than 270 °C. Under high temperatures, the oxidation of the catalyst can be
enhanced with the increased loading of Mn [28]. This leads to the oxidation of NH3 to NO and then
the decline of the NO conversion (Figure 1b). In addition, the nonselective catalytic reduction (NSCR)
reaction and catalytic oxidation reaction (i.e., the C-O reaction) happens simultaneously during the
NH;3-SCR reaction. The outlet N;O and NO, concentration over Cu(2)-Mn(6)/SAPO-34 catalyst are
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shown in Figure 1c,d. It can be seen that the N,O concentration increases with the increase of reaction
temperature, which may contribute to the decrease of deNOy activity over Cu(2)-Mn(6)/SAPO-34
catalyst at 330 °C. With the increase of reaction temperature, the NO, concentration decreases. These
results demonstrate that N is the main product of NH3-SCR reaction over Cu(2)-Mn(6)/SAPO-34
catalyst according to the “standard SCR ” reaction [29].

2.2. Effect of HyO on the deNOy Activity of the Catalyst

The effect of the injected H,O concentration into feeding gas on the deNOy activity of
Cu(2)-Mn(6)/SAPO-34 catalyst at a reaction temperature of 240 °C was shown in Figure 2a. The NO
conversion decreased with an increased H,O concentration. When the volume concentration of 2%
water vapor was injected into the original feeding gas after 8 h, the deNOy activity of the catalyst was
declined from 93% to 91%. While the volume concentration of the vapor injected into the feeding gas
was increased to 10%, after 8 h, the activity of the catalyst decreased to 86%. It needs to be noted that
the activity of catalyst after the 8-hour injection of vapor was recovered to its original level after a
while of the vapor cut-off in spite of the concentration of vapor. This indicates that the poisoning of the
catalyst by the water is due to the competitive adsorption between H,O vapor and NH3 or NO, which
is reversible. When the water vapor concentration was increased, the activity of the spent catalyst
(after the cut-off of vapor) was a little bit lower than that of the original catalyst. It is demonstrated
that the hydroxyl may be created due to the adsorption and decomposition of HyO on the surface
of Cu/SAPO-34 with the increase of H,O concentration, resulting in the irreversible loss of deNOx
activity [3].
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Figure 2. Effect of the injected H,O concentration on the deNOy activity of the catalyst (240 °C) (a);
effect of HyO on the deNOy activity of catalyst under different temperatures (10% H;O) (b).

Figure 2b shows the effect of HyO on the deNOy activity of the catalyst Cu(2)-Mn(6)/SAPO-34
under different temperatures with the concentration of water vapor as 10%. The deNOy activity
of the catalyst was significantly influenced at low reaction temperature with the presence of H,O.
A sharp decline of the deNOy activity of catalyst (from 86% to 68%) can be observed under the reaction
temperature of 180 °C after the 4-hour injection of vapor into the feeding gas. However, no significant
change in the activity of the catalyst can be found for the reaction under 300 °C in the presence of vapor.
After 8 h injection of the vapor under 180 °C, the activity of the catalyst was all recovered to its original
level in 2 h, while the activity recovery duration for the catalyst was decreased with the increased
reaction temperature after the cut-off of vapor. The adsorption capacity of H,O on the surface of the
catalyst can be enhanced under the lower temperatures, occupying more active sites than that of NH3,
NO and other reaction gases [30]. It can be also concluded that poisoning performance of water on the
activity of the catalyst can be ignored while the reaction temperature is increased over 300 °C.
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2.3. Effect of SO, on the deNOy Activity of the Catalyst

The effect of the injected SO, concentration (from 500 ppm to 1500 ppm) on the deNOy activity of
the catalyst Cu(2)-Mn(6)/SAPO-34 under the reaction temperature of 240 °C was shown in Figure 3a.
It is obvious that the deNOx activity of the catalyst was remarkably and abruptly decreased with the
injection of SO, for the three different concentrations. After 2 h injection of SO,, the deNOy activity of
catalyst was reduced from 97% to 72%, 68%, 63% for the SO, concentration of 500, 1000 and 1500 ppm.
Compared to that of the injected H»O, the high concentration of the injected SO, could accelerate the
decline of the activity of the catalyst. The formation of SO3 can be promoted by the high concentration
of the injected SO,, consequently enhancing the formation of ammonium sulfate with NH3 covering
the catalyst active sites on the surface. After the cut-off (8 h) of the injected SO,, the activity of the
catalyst was increased, but much lower than its initial activity. It is indicated that the competitive
adsorption between SO, and NH3 or NO is not the main reason for the loss of deNOy activity in the
presence of SO,. Part of active sites on the catalyst was occupied by SO, over NH; and NO leading to
the temporary poisoning, while a great number of active sites was covered by the formed sulfate salts
(such as ammonium sulfate) for the permanent deactivation of the catalyst [31,32].
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Figure 3. Effect of the injected SO, concentration of on deNOj activity of catalyst (240 °C) (a); Effect of
the injected SO, (500 ppm) on deNOy activity of catalyst under different temperatures (b).
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The effect of the injected SO, on the deNOjy activity of the catalyst Cu(2)-Mn(6)/SAPO-34 under
different reaction temperatures was shown in Figure 3b. The effect of the injected SO, on the activity
of the catalyst was greatly influenced by the reaction temperature. It needs to be noted that the activity
of the catalyst was decreased from 90% to 29% after 8-hour injection of 500 ppm SO; under 180 °C.
Comparatively, under the reaction temperature of 300 °C, the activity of the catalyst was reduced from
99% to 88% after 8-hour injection of 500 ppm SO,. This result demonstrates that the effect of SO,
on deNOy activity is greatly related to the reaction temperature and a much more rapid decrease of
deNOx activity happened with the addition of SO, at a lower temperature. It should be noted that no
obvious recovery of deNOx activity at the reaction temperature of 180 °C can be observed. The more
detailed mechanism of SO, poisoning over Cu/SAPO-34 at different reaction temperatures will be
further discussed.

2.4. Effect of Both HyO and SO, Injection on the deNOy Activity of the Catalyst

Figure 4 shows the effect of injection of H,O and SO, on the catalytic activity of
Cu(2)-Mn(6)/SAPO-34. NO conversion was decreased at the presence of HyO and SO,, compared to
the performance the individual injection of H,O or SO,. Moreover, the co-existence of H,O and SO; in
the feeding gas gave a much more serious decline on the deNOjy activity of the catalyst compared to
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the sum of the effect of HO and SO, respectively, which is labeled as the estimated value as shown
in Figure 4. The existence of Hy,O could enhance the deactivation of the catalyst by SO, through two
ways: (1) SO, in gas phase reacted with the H,O adsorbed on active site of catalyst to generate sulfuric
acid or sulfurous acid which is easily reacted with NHj3; (2) the thermal decomposition of the formed
ammonium sulfate on the active sites was confined at the presence of H,O.
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Figure 4. Effect of the injected H,O and SO, on the deNOy activity of catalyst (240 °C).
2.5. Mechanism of the Catalyst Poisoning by H,O and/or SO,

In order to identify the change of crystalline phases for the fresh and spent Cu(2)-Mn(6)/SAPO-34
catalyst after SO, and/or H,O poisoning. Powder X-ray diffraction (XRD) measurements were carried
out and the patterns are shown in Figure 5. For the fresh Cu/SAPO-34 catalyst, sharp diffraction
peaks corresponding to CHA phases are obtained. After poisoned with SO, or HyO, the intensity
of each peak decreases, especially for the catalyst after SO, + H,O treatment, indicating the obvious
skeleton damage of SAPO-34 after adding SO, + H,O for 8 h [33]. No obvious crystalline change can
be observed in the presence of 10% H,O, this indicates that the phase poisoned by H,O existed either
in amorphous form or in the particle beyond the limited size of XRD detection [34]. For the catalyst
after SO, poisoning for 8 h, A number of new diffraction peaks at 26 = 11.9°, 29.8°and 40.7° can be
observed. The peaks at 11.9° and 29.8° can be attributed to NH4HSO, and (NHy4),SO4, while the latter
peak at 40.7° is assigned to MnSOy. For the catalyst after SO, + H,O poisoning for 8h, new diffraction
peaks at 20 = 29.8° and 34.1° can be observed, which can be assigned to (NH4),SOj4. In addition,
the new peak at 20 = 21.1° can be assigned to the formation of CuSOy. It can be deduced that the
newly formed NH4HSO,, (NH4)>SO4 and MnSQOy result in the loss of deNOjy activity in the presence
of SO,. When H,O and SO, were added simultaneously, SO, in gas phase may react with adsorbed
H,O to generate sulfuric acid or sulfurous acid, which is easily reacted with NHj to form (NH4)»504.
Thus, the formation of (NH;),SO4 and CuSO4 may cause the loss of deNOy activity in the presence of
SOZ + HzO.

In order to determine the morphology before and after SO, or/and H,O poisoning, the fresh
Cu/SAPO-34 and poisoned catalyst by SO, or/and Hy,O were characterized by SEM method shown in
Figure 6. No significant change of the surface morphology can be found between the catalysts before
and after the H,O poisoning. The active particles on the surface of fresh catalyst were replaced by the
bulks of ammonium sulfate after the poisoning by individual SO, inhibiting the deNOy activity of the
catalyst. Similar phenomena can be observed for the spent catalyst in presence of HO and SO,, where
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the agglomeration of ammonium sulfate lead to the decline in the surface active sites of the catalyst
and thus the activity of the catalyst.
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Figure 5. X-ray diffraction spectra of the fresh and spent Cu(2)-Mn(6)/SAPO-34.

Figure 6. SEM micrographs of fresh and spent Cu(2)-Mn(6)/SAPO-34: (a) fresh; (b) 10% H,O 240 °C 8
h; (c) 500 ppm SO, 240 °C 8 h; (d) 10% H,O and 500 ppm SO, 240 °C 8 h.

The TG curves of the poisoned catalyst in the presence of individual SO, and both H,O and SO,
were shown in Figure 7. Three mass loss stages can be observed for the two kinds of the poisoned
catalyst: the first mass loss in the temperature between 50 °C and 100 °C was attributed to the
dehydration of the catalyst; the second stage between 200 °C and 400 °C can be designated to the
thermal decomposition of NH4HSO, and (NH4)2SO4 is 200 °C [35]; the third stage between 600 °C
and 800 °C can be attributed to the decomposition of the sulfate metal salts [36]. The peak value of the
second mass loss stage of the poisoned catalyst in the presence of H,O and SO; is notably higher than
that of the poisoned catalyst in presence of individual SO,, indicating that more content of (NH4)SO4
deposited on the surface of the catalyst. This confirms that the formation of ammonium sulfate can
be facilitated and promoted with the injection of H,O in the feeding gas, which is consistent with the
XRD and TG-DTG analysis. While the peak value of the third mass loss stage of the poisoned catalyst
in the presence of HyO and SO; is lower than that in the presence of SO;. It might be because the
formation of (NH4)SO4 can inhibit the formation of sulfate metal salts due to the consumption of SO;.

The specific surface area, pore volume and pore size of fresh and spent Cu(2)-Mn(6)/SAPO-34
were determined by N, adsorption and summarized in Table 1. The specific surface area and
pore volume of Cu(2)-Mn(6)/SAPO-34 catalyst was decreased after the all different NO reduction
experiments with or without the injection of H,O and/or SO,. It can be seen that the damage of
the surface area is related to the concentration of SO, or H,O and the reaction temperature. With
the increase of reaction temperature, the damage of the surface area caused by SO, is lightening.
The low reaction temperature could confine the thermal decomposition of the formed NH;HSO,4 and
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(NH4),SO4 on the surface, resulting in a decline in surface area and the blockage of pore channel [37].
With the increase of the concentration of SO,, a change of which (from 331 m?/g to 320 m?/g) can
be observed for different SO, concentrations (from 500 ppm to 1500 ppm) under the temperature of
240 °C. For the poisoning effect of H,O, with the increase of reaction temperature, the existence of
H,0 has a more severe effect on the surface area of Cu/SAPO-34, which may result from the inhibited
adsorption capacity of H,O. With the increase of the concentration of HyO, the surface area decreases
from 425 m? /g to 408 m? /g as the concentration of H,O increased from 2% to 10% as well as the pore
volume of catalyst. When H,O and SO, added into the gas stream simultaneously for 8 h, the surface
area decreases from 457 m? /g to 276 m?/g, which is a dramatically decrease compared to the injection
of SO, for 8 h at 240 °C (from 457 m?/ g to 331 m?/ g) and the injection of H,O for 8 h at 240 °C (from
457 m? /g to 408 m?/g). It is demonstrated that the synergistic poisoning effect of SO, and H,O is
enhanced, ascribed to the large amount of deposited (NH4)2SO4 on the pore channel of Cu/SAPO-34,
which is consistent with the TG-DTG results.
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Figure 7. TG-DTG curves of the thermal decomposition for the Cu(2)-Mn(6)/SAPO-34 catalyst after 8
h poisoning in presence of 500 ppm SO, and/or 10% H,O.

Table 1. Brunner—Emmet—Teller (BET) analysis of the fresh and spent Cu(2)-Mn(6)/SAPO-34 catalyst.

Catalyst BET Surface Area  Pore Volume Pore Diameter
(m?g™1) (em3g~1) (nm)
Fresh catalyst 457 0.23 2.08
Catalyst exposed to 500 ppm SO, at 180 °C for 8 h 307 0.14 2.42
Catalyst exposed to 500 ppm SO, at 210 °C for 8 h 314 0.16 2.29
Catalyst exposed to 500 ppm SO, at 240 °C for 8 h 331 0.16 2.15
Catalyst exposed to 500 ppm SO, at 270 °C for 8 h 367 0.19 2.09
Catalyst exposed to 500 ppm SO, at 300 °C for 8 h 372 0.18 2.09
Catalyst exposed to 1000 ppm SO,, at 240 °C for 8 h 321 0.16 2.14
Catalyst exposed to 1500 ppm SO,, at 240 °C for 8 h 320 0.16 2.28
Catalyst exposed to 10% H,O, at 180 °C for 8 h 383 0.18 2.03
Catalyst exposed to 10% H,O, at 240 °C for 8 h 408 0.19 2.02
Catalyst exposed to 10% H,O, at 300 °C for 8 h 441 0.21 2.04
Catalyst exposed to 2% H,O, at 240 °C for 8 h 425 0.20 2.03
Catalyst exposed to 6% H,O, at 240 °C for 8 h 413 0.19 1.95
Catalyst exposed to 10% HpO+500 ppmSO,, at 240 °C for 8 h 276 0.17 2.62

Based on the activity tests and characterizations, the poisoning effect of SO, or/and H,O can be
described as follows. The poisoning effect of HyO, especially at low temperatures, can be ascribed to
the competitive adsorption between H,O and NHj3 on Lewis acid sites by occupying the metal sits [38],
which can be recovered to nearly the original activity after HO was removed. The XRD patterns of
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the catalyst after HyO poisoning did not show ant obvious changes, indicating no change with the
active metal sites.

While for the poisoning effect of SO, over Cu/SAPO-34 catalyst, the deNOy activity decreases
from 90% to 29% at 180 °C in a short time of SO, injection. In addition, the deNOx activity could not be
recovered after the elimination of SO,, indicating the permanent deactivation of SO, on Cu/SAPO-34
at 180 °C. The poisoning mechanism could be summarized as three aspects. Firstly, SO, in the gas
may be oxidized to SO3 and further react with NHj to form NH4HSO,, which is a drying powdery
decomposed at 280 °C [39]. The formation of NH4HSO, causes the plug of active sites of the catalyst
and the decline in surface area. Ammonium sulfate crystallite is observed on the XRD spectra and
the weight loss peak ascribed to the decomposition of ammonium sulfates is also observed from the
TG curves. Secondly, the active sites (i.e., MnO, or CuO species) may react with SO, or SO3 to form
MnSQO4 or CuSOy, which inhibited the redox properties [23]. The diffraction peaks assigned to MnSOy4
and CuSO; are observed in XRD spectra. Thirdly, the competitive adsorption of SO, and NO on
metal sites may be a part of the reason for the loss of deNOx activity at the reaction temperature of
above 180 °C [40]. With regards to the synergistic effect of SO, + HyO, the deNOy, activity tests and
characterizations show that the existence of H,O could enhance the deactivation of the catalyst by
SO, through two ways: (1) SO, in gas phase reacted with the H,O adsorbed on active site of catalyst
to generate sulfuric acid or sulfurous acid which is easily reacted with NHj to form large amount of
(NH4)2504; (2) the thermal decomposition of the formed ammonium sulfate on the active sites was
confined at the presence of H,O. Both of the two explanations can be assigned to the deposition of
(NH4)2SOy4, which further plug the pore channel of catalyst and cause the rapid decrease of surface
area as shown in Table 1.

3. Materials and Methods

3.1. Catalyst Preparation

The molecular sieve was modified by impregnation method. A certain amount of zeolite molecular
sieve H-SAPO-34 (n(P,05):n(Si0O;):n(Al,O3) = 1:1:1), provided by the catalyst factory of Nankai
University, was weighed and dried in a drying oven at 105 °C for 30 min. A certain amount of
Cu(NOs3),e3H;0 powder was mixed with manganese nitrate solution with the 50 wt.% in the beaker
of 200 mL, and then added 50 mL of deionized water into the immersion liquid. The beaker with
a magnetic stirrer inside was immersed in a water bath at a constant temperature of 40 °C. After
12 h of immersion, the solution was thoroughly mixed and heated until the moisture was completely
evaporated. The powder was then put into a dry oven at about 100 °C for 12 h. The dried powder
was ground and sieved by the 40 to 60 mesh. The obtained powders were placed in a tube furnace
and calcined at 450 °C for 6 h to obtain the catalyst sample for the experiment. The catalyst sample
Cu(2)-Mn(6)/SAPO-34(450) indicated that the 2 wt.% Cu and 6 wt.% Mn were loaded on the molecular
sieve SAPO-34 with the calcination temperature of 450 °C.

3.2. DeNOx Activity Measurements

DeNOx activity measurements using NH3; were carried out in a fixed-bed stainless steel tubular
flow reactor (Inner diameter: 16 mm) (Figure 8). The tube furnace of the reactor can be heated
from the room temperature to 800 °C The gas feeding system was composed of five gas feeding
pipes controlled by the mass flow meter (0-1.5 L) and one liquid feeder a microinjection pump
(0.001 pL/min-127 mL/min), equipped with the reactor for adjusting the composition of the feeding
gas. The reaction temperature in the experiments was set to be changed from 90 to 330 °C.

Two milliliter catalyst was placed on the holder of the reactor, and the feeding gas consisted of
350 ppm NO, 350 ppm NH3, 3 vol.% O, and N as balanced. H,O (0-10 vol.%) and/or 500-1500 ppm
SO, would be injected into the feeding gas for investigating the effect of H,O and/or SO, on the
catalyst poisoning. The GHSV was set to be 15,000h~!. The NO and NO, concentration of the reactor
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inlet and outlet was collected by an airbag and analyzed by the flue gas analyzer (Testo 350, Testo, Inc.,
Lenzkirch, Germany). The outlet N,O concentration is collected by the N,O analyzer (Medi-Gas G200,
Bedfont Scientific Ltd., Bedfont, United Kingdom). The NO conversion was obtained from the equation
as follows:

where 7, Cf{}o, Cj'\}‘é represented the NO conversion, inlet and outlet NO concentration.

pressure gauge

check valve
!

NH;/N,
valve mass flowmeter

steam generator mixer
H,O

. L heating zone
micro injection pump

SO,/N, —m—b@i&—l\bi
0, m—eﬁi&—«\»ﬁ
NOIN, —m—bﬁi&—t\}—

SN, 3 - NN

preheat section

catalyst

JIXIuI-3.14

bed

heating section

filter dryer
Flue gas analyzer

Figure 8. Schematics for the fixed-bed tubular flow reactor.

3.3. Catalyst Characterization

A micromeritics ASAP 2010M micropore size analyzer was used to measure the N, adsorption
isotherms of the catalyst sample at liquid N, temperature (—196 °C. Specific surface area, pore volume
and pore diameter can be determined by Nj adsorption using the BET and BJH methods.

The XRD measurement for the catalyst was carried out on a Rigaku D/Smartlab(Ill) system
(Rigaku, Neu-Isenburg, Germany) with Cu Ka radiation. The X-ray source was operated at 40kV and
40mA. The diffraction patterns were taken in the 20 range of 5-50° at a scan speed of 10° min~! and a
resolution of 0.02°.

SEM was performed using a SIRION-50 scanning electron microscope from Field Electron and
Ion Company, the Netherlands, with a resolution of 150 eV.

Thermal gravimetric analysis of the catalyst samples was performed using TGA-101 type
produced by the Nanjing Exhibition Electrical and Mechanical Technology Company (Nanjing, China).
The accuracy of the instrument is 0.2 pg. For the TG experiments, the spent catalyst samples were

measured under the temperature from room temperature to 900 °C at the heating rate of 15 °C min .

4. Conclusions

Cu-Mn/SAPO-34 with the loading of 2 wt.% Cu and 6 wt.% Mn exhibited remarkable
low-temperature NO reduction activity among the prepared Cu-Mn/SAPO-34 catalysts. The NO
conversion could achieve as high as 72% under the reaction temperature of 120 °C, while the value
reached more than 90% under the temperature between 180 °C and 330 °C. The reversibly poisoning
effect of HyO is mainly due to the competitive adsorption between H,O and NHj on Lewis acid sites
by occupying the metal sits. With the increase of reaction temperature, the poisoning effect is less
important. The poisoning effect of SO, on deNOy activity is dependent on the reaction temperature.
At low temperature, the poisoning effect of SO, is permanent with no recovery of deNOjy activity
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after the elimination of SO,. XRD, SEM and BET analysis suggested that the deposition of (NH4),SO4
on active sites may be the main reason for the loss of deNO, activity. TG-DTG analysis shows that
some metal sulfates are formed on the surface of Cu/SAPO-34 catalyst, which may inhibit the redox
properties and cut off the redox cycle during the low-temperature SCR reaction. The addition of
H,O into the SO;-containing atmosphere promotes the formation of (NH4);5O4 on the surface of the
catalyst, causing the damage of surface area and the rapid decrease of deNOy activity. At a higher
reaction temperature, the formation of ammonium sulfate might be inhibited by the high reaction
temperature, or the formed ammonium sulfate from SO, and NHj can be easily decomposed under
the high temperature.
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