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Abstract
[bookmark: OLE_LINK12][bookmark: _Hlk78034278][bookmark: OLE_LINK24][bookmark: _Hlk78034331]The poisoning effect of KNO3, NaNO3, and Ca(NO3)2 on CeZrTiAl catalyst for selective catalytic reduction of NO with NH3 was investigated. It was found that the activity deactivation rate follows K> Na > Ca. SEM and BET showed that the accumulation of catalysts was severe after poisoning, and the nanosheet γ-Al2O3 skeleton structure disappeared due to alkali coating. The decrease of the specific surface area is accompanied by pore blockage, making the catalyst unable to expose rich reaction sites. In addition, the fewer surface Ce3+ and chemisorbed oxygen on the surface of the poisoned catalyst weaken the cycle between Ce3+ and Ce4+, resulting in bad redox performance. Thus, the failure to realize the efficient oxidation of NO to NO2. Another critical reason for catalyst poisoning failure is that the decrease of surface acid sites seriously affects the adsorption and activation of NH3 and NOx on the catalyst surface.
[bookmark: OLE_LINK16]Keywords: Poisoning effect; CeZrTiAl; Reduction behavior; Surface acidity; NH3-SCR
1. Introduction
[bookmark: OLE_LINK1][bookmark: OLE_LINK6][bookmark: OLE_LINK2][bookmark: OLE_LINK5]Combustion of most fuels results in nitrogen oxides (NOx) emissions, which pose a serious threat to the environment because of acid rain and photochemical smog [1]. NH3-selective catalytic reduction (NH3-SCR) has been proved to be an efficient method for treating nitrogen oxides. As the most widely applied commercial, V2O5-WO3(MoO3)/TiO2 catalysts are used to remove NO in thermal power stations and diesel vehicle exhaust for decades [2]. In recent years, significant progress has been made in the research of new SCR catalysts, such as Mn-based, Ce-based, and zeolite catalysts are also used in NOx treatment [3,4]. However, the catalyst device usually works before the flue gas purification equipment to meet the temperature requirements. As a result, large amounts of fly ash and alkali (alkaline earth) metals in the flue gas deactivate the catalyst, affecting the catalyst's denitration efficiency and service life [5]. Therefore, several problems about the alkali poisoning deactivation of SCR catalysts need to be solved. 
[bookmark: OLE_LINK10][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Studies have shown that alkali metal oxides will seriously affect the activity of SCR catalysts, especially the effect of alkali metals on the V2O5-WO3/TiO2 catalysts has been widely studied [5-7]. Previous studies generally believed that K and Na showed a greater degree of poisoning than Ca and Mg. The deactivation of V2O5-WO3/TiO2 catalyst is usually due to the reduction of acid sites and surface chemical oxygen adsorption and the decline of vanadium species [5-7]. Chen et al. pointed out that Na and K could decrease the amount and stability of the Brönsted acid sites to a greater extent than Mg and Ca. Furthermore, Na and K ions could also affect the reduction degree of tungsten species, while no apparent changes have happened for the tungsten species over Ca- and Mg-VWTi catalysts [5]. Ming et al. [6] compared the deactivation of V2O5-WO3/TiO2 catalysts by K2SO4, KCl and K2O. They found that Deactivation could be observed in the potassium-containing catalysts and the deactivation rate follows KCl > K2O > K2SO4. The surface chemisorbed oxygen was also reduced and the downward trend was in good accordance with the SCR activity. Cimino et al. [7] investigate the specific role of K+ and of its counter-ion (Cl− or NO3−) on the combined poisoning effect induced on the catalytic features of a MnOx/TiO2 system. However, based on the above studies, we found that most of the studies focused on V2O5-WO3(MoO3)/TiO2 catalyst. It was difficult to compare or draw conclusions from these results due to the overall differences in materials, preparation methods, and characterization. Moreover, despite having many specific merits on the NH3-SCR process, the alkali poisoning effect on novel CeZrTiAl catalysts has seldom been reported and needs to be investigated deeply. 
Based on our previous work [8], an excellent SCR activity CeZrTiAl catalyst based on titania-bearing blast furnace slag could be obtained. Thus, in this study, different alkali species were introduced on the CeZrTiAl catalyst to determine their influences on the SCR reaction. And characterizations such as BET, XRD, XPS, H2-TPR, NH3-TPD, and in situ DRIFTS were carried out to clarify the poisoning effect of KNO3, NaNO3, and CaNO3 on CeZrTiAl catalyst.
2. Materials and Methods
2.1 Catalysts Preparation
2.1.1 Synthesis of CeZrTiAl catalyst
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Based on the preparation process of CeZrTiAl catalyst based on Ti-bearing blast furnace slag [7]. Firstly, the obtained titanium-bearing blast furnace slag was pre-treated, including drying, high-energy ball milling and screening. Then, the titanium-bearing blast furnace slag was heated and stirred with a certain concentration and proportion of concentrated H2SO4 to obtain the sulfate leaching solution containing Ti and Al. Then, NH3·H2O was added to neutralize the excess sulfuric acid. Next, the leaching solution were directly mixed with Ce(NO3)3·6H2O and Zr(NO3)4·5H2O. After controlling the pH, the mixed complex was obtained and transferred to the reactor for hydrothermal treatment (160 oC, 24 h). Then, the precipitate was filtered and dried at 110 oC for 24 h, and finally calcined at 500 oC for 3 h to obtain catalyst powder samples. In each test, using 4.0 g titanium-bearing blast furnace slag, 1.3026 g Ce(NO3)3·6H2O and 4.2932 g Zr(NO3)4·5H2O.
2.1.2 Alkali poisoning experiment
[bookmark: OLE_LINK9]The poisoned catalysts were prepared by wet impregnation with KNO3, NaNO3, (as the precursor) and Ca(NO3)2 solution, respectively. Then the solutions were impregnated at room temperature for 6 h and dried overnight at 110 oC. The obtained samples were also calcined at 500 oC for 1 h. The poisoned CeZrTiAl catalyst was denoted as m%-K-CeZrTiAl, m%-Na-CeZrTiAl, and m%-Ca-CeZrTiAl, respectively. m % indicates that the mass ratio of each alkali metal precursor to the total mass of CeZrTiAl catalyst, which was 1, 3, 5, 7, and 9.
2.2 Catalytic activity tests
[bookmark: OLE_LINK13]SCR activity measurements were conducted in the fixed-bed reactor containing 2g of catalysts (Fig 1). The feed gas mixture contained 720 ppm NO, 800 ppm NH3, 3% O2, N2 as balance and GHSV=30000 h–1. The outlet gas concentrations of NO, NOx, and O2 were monitored by an off-gas analysis spectrometer (FGA-10) with an FTIR spectrometer, and gas flows were regulated by gas mass flow controllers (Sevenstar CS 300). NO conversion was calculated as follows: 
      （1）
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Fig 1 NH3-SCR reaction test system

3.3. Catalysts characterization
The crystallographic texture was performed on an X-ray diffractometer D8 Advanced diffractometer and Cu Kα radiation (Brucker, German) between 10° and 80°using Cu Ka (k = 0.15418 nm) radiation. And the BET-BJH test was performed on TriStar II 3020 gas adsorption analyzer (Mike, USA). The surface atomic concentration and characterize was performed on a surface analysis system (ESCALAB 250Xi, Thermo Fisher Scientific).
The morphology and structure of the catalysts were observed by field emission scanning electron microscopy (FESEM, Ultra plus, Zeiss). Meanwhile, the dispersion of the elemental composition and the ratios of manganese, iron and oxygen in the catalysts were analyzed by energy dispersive spectroscopy (EDS)
[bookmark: OLE_LINK50][bookmark: OLE_LINK51]The temperature-programmed reduction H2 (H2-TPR) technique was used to investigate the reduction behavior of each sample and the interaction between the active phase components, which used an automated catalyst characterization system (chemisorb 2720, MAC, USA). Prior to the H2-TPR measurement, about 50 mg catalyst samples were pretreated at 200 °C for 1.5 h in helium (20 mL/min) to drive away water or impurities. Then the samples were purged with 5 vol.% H2 in N2. During the analysis, the samples were tested at a heating rate of 5 °C/min from 100 °C to 800 °C, and the amount of H2 consumed by TCD.
Temperature programmed ammonia desorption (NH3-TPD) technology was used to study the characteristics of acid sites, including quantity and distribution, which also using chemisorb 2720 (MAC, USA) with a thermal conductivity detector (TCD). All samples were firstly pretreated in Ar (25 mL/min) at 500 oC for 30 min, and then adsorbed saturated using 25 mL/min 5% NH3/95% Ar. The NH3-TPD experiment was performed at between 50 oC and 500 oC.
3. Results and Discussion
3.1 Catalytic performance
The activity of CeZrTiAl catalysts with different K, Ca, and Na contents are shown in Fig. 2. The result shows that the catalyst's deactivation after K poisoning is obvious (Fig. 2(a)). The catalytic temperature window of the catalyst becomes narrow rapidly at 1 % K, and the denitrification rate is close to only 90 % at 300-360 oC. Specifically, the activity decreased more seriously in the medium-high temperature, and the NOx conversion rate decreased from nearly 100 % before poisoning to 85 % after poisoning at 400 oC. Comparing the change of catalyst activity after Ca poisoning in Fig. 2 (b), it can be found that the NOx conversion of CeZrTiAl catalyst with 1 % Ca poisoning has almost no change, only about 5 % activity loss in the high-temperature range of > 400 oC. And the poisoning failure gradually appears with the increase of Ca content. Fig. 2 (c) shows the change of activity with temperature after Na poisoning of CeZrTiAl catalyst. In the case of 1 % Na poisoning, the catalytic activity did not change much compared with that before the poisoning. With the further increase of Na, the reduction of catalytic activity is further highlighted, the activity continues to decrease, and the temperature window becomes narrow.
[image: ]
Fig. 2 NH3-SCR of CeZrTiAl catalyst after K(a), Na(b), Ca(c) poisoning
Taking the alkali poisoning with 3 % content as an example (Fig. 2 (d)), the effects of three kinds of alkali poisoning on the activity of CeZrTiAl catalyst can be found in the following common points. First, the catalytic activity decreased with the increase of the corresponding alkali content. Secondly, the low content of alkali poisoning had little effect on the activity at low temperature, and the activity at medium-high temperatures decreased significantly. Thirdly, after alkali poisoning, the NOx conversion of the catalyst decreased with the narrowing of the temperature window. However, the activity changes of the catalysts after alkali poisoning are also quite different. The SCR activities would all be poisoned after introducing the alkali species, and the influence order on the activities is K > Ca > Na.

3.2 Pore structure and micromorphology of catalyst
[image: ]
Fig. 3 N2 adsorption desorption isotherm (a) and BJH pore distribution (b) of CeZrTiAl catalyst after poisoning with different contents of K, Ca and Na
Fig.3 shows the changes of pore structure of CeZrTiAl catalyst after poisoning with different contents of K, Ca, and Na. Fig. 3(a) N2 adsorption-desorption curves were used to study the pore size distribution of catalyst poisoning at 3 % alkali content. It can be seen all N2 adsorption-desorption isotherms of the catalyst were consistent with those of type IV with H3 hysteresis loop, indicating that there was a mesoporous structure of 2-50 nm, which the pore size distribution can also confirm in Fig. 3 (b) [9]. However, the pore size distribution peak of the catalyst became narrow after poisoning, indicating that alkali poisoning has a significant impact on the microporous structure of the catalyst. It may be the deposition on the catalyst surface after poisoning, blocking the micropores. The changes in the specific surface area and pore structure of the catalyst after alkali poisoning are shown in Table 1. It can be found that the specific surface area of the catalyst after poisoning decreases gradually with the increase of the corresponding alkali content, but the decreasing trends of the specific surface area are different.
Table 1 The specific surface area and pore structure of the catalyst after K, Ca and Na poisoning 
	Samples
	BET (m2/g)
	Pore Volume(cm³/g)
	Pore Size(nm)

	proportion
	K
	Ca
	Na
	K
	Ca
	Na
	K
	Ca
	Na

	Fresh
	195.7
	195.7
	195.7
	0.130
	0.130
	0.130
	2.02
	2.02
	2.02

	1%
	155.7
	190.5
	160.5
	0.085
	0.127
	0.108
	2.14
	2.08
	2.11

	3%
	132.0
	170.8
	143.1
	0.068
	0.125
	0.077
	2.26
	2.09
	2.26

	5%
	95.6
	154.5
	108.4
	0.052
	0.109
	0.068
	2.28
	2.10
	2.27


The changes in the specific surface area and pore structure of the catalyst after alkali poisoning are shown in Table1. It can be found that the specific surface area of the catalyst decreases gradually with the increase of the corresponding alkali content, but the decreasing trends of the specific surface area are different. After 1%K poisoning, the specific surface area of the catalyst decreased most significantly, from the initial 195.7 m2/g to 155.7 m2/g. Na poisoning was similar to K poisoning, but the decreasing trend of bet was relatively small, 160.5 m2/g, 143.1 m2/g and 108.4 m2/g at 1%, 3% and 5% Na content. In contrast, the loss of specific surface area of the catalyst after Ca poisoning was not as large as that of K and Na. At 1 % Ca poisoning, the specific surface area of the catalyst had little loss, and BET remained at 154.5 m2/g s at 5 % Ca. At the same time, it should be noted that for K and Na poisoning, the pore volume of the catalyst also decreases sharply with the decrease of the BET specific surface area, indicating that the pore channels of the catalyst are blocked. In summary, both the BET surface areas and pore volumes are reduced significantly compared to fresh ones for poisoned catalysts. Therefore, the following conclusions can be drawn: the decrease of the BET specific surface area and the channel blocking are one of the main reasons for the decrease of the SCR catalytic activity for the CeZrTiAl catalyst.
[image: ]
Fig. 4 FESEM+EDS and HRTEM (3) of CeZrTiAl catalyst after A-Fresh, B-3%K, C-3%Ca and D-3%Na poisoning, 1×20,000, 2×50,000,
The changes in the microstructure of the catalyst after poisoning are shown in Fig. 4. The fresh CeZrTiAl catalyst showed an excellent morphology of nanosheets and nanoparticles with uniform dispersion (Fig. 4(A)). However, for the CeZrTiAl catalyst poisoned by 3 % K and Na, the surface of catalyst particles was quickly covered by white foggy alkali salts. The particles and nanosheet structures almost disappeared. The pore of the catalyst was almost completely blocked, and serious agglomeration occurred, resulting in further reduction of activity, which was consistent with the change of specific surface area. The micro-morphology of the catalyst after 3 % Ca poisoning can still observe the nanosheet structure and nanoparticles, which is not as severe as the negative effects of K and Na on the microstructure of catalysts. HRTEM results show that although the fresh (A-3) and 3 % K-CeZrTiAl (B-3) have the morphologies of nanosheets and nanoparticles, 3 % K-CeZrTiAl has an obvious agglomeration phenomenon. EDS results showed that, in addition to Ce, Zr, Ti, and Al, the catalyst surface contains more Na, indicating that Na deposited on the surface of the catalyst.
3.3 Surface acid sites
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]NH3-TPD technique was used to study the effect of K, Ca, and Na on the surface acidity of CeZrTiAl catalyst, and the results were shown in Fig. 5. All the profiles can be divided into three peaks, peak α at around 130 °C, peak β at around 200 °C and peak γ at around 350 °C. Among them, the adsorption α peak at about 100oC is mainly the physical adsorption of NH3 on the catalyst surface, closely related to the specific surface area and pore structure of the catalyst. The larger the specific surface area and the pore volume will lead to more NH3 adsorbed on the catalyst surface. However, after poisoning, the peak α area of these catalysts decreased rapidly, consistent with the change of specific surface area. Besides, the peak β and peak γ belong to weak and strong acid sites, respectively [10,11]. It can be observed that the acid amount of the weak and strong acid site (peak β and peak γ) of the catalyst decreases rapidly after K and Na poisoning, indicating that the surface active site of the catalyst was covered by K and Na species. However, the decrease of acid sites after Ca poisoning is not very prominent, corresponding to the denitrification activity.
[image: ]
Fig. 5 NH3-TPD cure of CeZrTiAl catalyst before and after K, Na, Ca poisoning
Fig. 6 shows the change of surface acid sites of CeZrTiAl catalyst after K, Na, and Ca poisoning. In-situ DRIFTS spectrum of NH3 adsorption on four catalysts was collected at 300 oC. As shown in Fig. 6, obvious absorption spectra were observed at 1169 cm−1, 1284 cm−1, 1481 cm−1, and 1695 cm−1. The characteristic peaks of 1169 cm−1 and 1284 cm−1 are attributed to the asymmetric vibration of NH3 species adsorbed on Lewis acid sites [12-14]. The absorption spectra of NH3 at 1481 cm-1 and 1695 cm-1 are attributed to the asymmetric vibration of NH4+ at BrØnsted acid sites [15,16]. Compared with the catalyst before the poisoning, the intensity of NH3 characteristic absorption peaks on B acid and L acid sites decreased. This indicated that the acid sites on the catalyst's surface were shielded and poisoned after poisoning, which might be due to the deposition of alkali poisoning on the surface, occupying the active site of the catalyst. These results explained the reason for the decreasing trend of acid sites in the NH3-TPD curve. Moreover, it was also indicated that the decrease of activity after alkali poisoning was mainly caused by the fact that alkali oxides occupied the surface acidic sites of the catalyst and affected the adsorption and reaction of the gas.
[image: ]
Fig. 6 In-situ DRIFTS spectrum of CeZrTiAl catalyst after K, Na and Ca poisoning (300oC, NH3 adsorption for 20min, N2 balance gas)
3.4  Redox properties of catalysts (H2-TPR)
Fig. 7 shows the H2-TPR curve of the catalyst before and after poisoning. The result shows that an obvious reduction peak was detected at about 500oC for all catalysts, and no other reduction peak appeared. For CeZrTiAl composite oxide catalyst, the reduction peaks of H2 do not appear at lower than 800 oC for ZrO2, TiO2, and Al2O3, so the reduction peaks at this temperature range are generated the reduction of Ce4+ to Ce3+ [17,18]. At the same time, compared with the reduction peak of CeZrTiAl catalyst at 486 oC, the reduction peak of the catalyst after poisoning shifted to high temperature. The corresponding temperatures of 3 % K, 3 % Ca and 3 % Na reduction peaks were 535 oC, 502 oC and 523 oC. The lower the reduction peak temperature, the stronger the reduction ability of the catalyst [19]. The reduction ability decreased obviously after K and Na poisoning, indicating that the poisoning resulted in the passivation of surface active substances, which seriously affected the catalytic reduction process and reduced the NO conversion rate. In addition, the reduction ability is closely related to the mobility of oxygen ions [20,21]. The catalyst with strong reduction ability is more likely to release oxygen ions from the surface to participate in the catalytic reaction, thus improving the activity. Therefore, the reduction ability decreased sharply after K poisoning, indicating that the migration of active oxygen on the surface of the catalyst was limited and further affected the catalytic activity. In summary, on the one hand, the reactive oxygen species cannot be released and migrated after alkali poisoning, which leads to the decrease of the reduction ability and results in a bad NOx conversion. On the other hand, the reduction ability decreased, indicating that the interaction and electron transfer between different components were weakened after alkali poisoning, which may be due to the fact that the active components of the catalyst were wrapped and covered by alkali.
[image: ]
Fig. 7 H2-TPR spectrum of CeZrTiAl catalyst after K, Na and Ca poisoning
3.5 Surface analysis of catalysts (XPS)
To get a better understanding of the K, Na, and Ca poisoning effect on the chemical states and the relative proportion of all elements on the catalyst surface, XPS characterization was carried out.
[image: ][image: ]
Fig. 8 Ce 3d and O 1s XPS of CeZrTiAl catalyst after K, Na and Ca poisoning
 Fig. 8(a) presented the XPS spectra of Ce 3d, After the peak separation of Ce3d, eight obvious peaks can be observed, in which Ce3+ contains u' and v', and Ce4+ contains u, v, u'', u''', v'''' and v'''' [22-24]. In addition, the surface atomic concentration was summarized in Table 2. Combining the Table 2 and Fig. 8(a), it can be found that after introduce 3%-K, 3%-Ca and 3%-Na the concentration of Ce3+ decrease from 40.9% to 32.4%, 35.8% and 33.2%, respectively. As we all know, much more Ce3+ is beneficial to the electron transfer and redox cycle between Ce3+ and Ce4+ [25]. In addition, the special redox couple Ce4+/Ce3+ could easily generate labile oxygen vacancies and highly mobile oxygen during the process of the redox shift [26-28]. Thus, the decrease of Ce3+ content is an important reason for the weakening of the reduction ability of the catalyst after poisoning. The above variation trend was exactly in the same sequence with the H2-TPR and catalytic activity. At the same time, the above NH3-TPD test results showed that the surface acidity of the catalyst decreased significantly after alkali poisoning, and Ce3+ had abundant electron holes to promote the formation of more surface acidic sites on the catalyst. Therefore, the decrease of Ce3 + after alkali poisoning is also closely related to the change of surface acidity. 
[bookmark: OLE_LINK21]The state of oxygen atoms on the catalyst surface was characterized, and the O 1s results are shown in Fig. 8(b). The binding energy at 531.0 ev belongs to surface chemisorbed oxygen, which is named Oα. The binding energy at 529.0ev is attributed to surface lattice oxygen, named Oβ [8, 24, 29-31]. It is reported that chemisorbed oxygen plays an important role in NH3-SCR catalytic reaction process, more chemisorbed oxygens will lead to good catalytic activity [22]. However, the content of chemisorbed oxygen decreased significantly after alkali poisoning. The calculation results of Oα/(Oα + Oβ) showed that the content of chemisorbed oxygen decreased from 66.6 % to 50.2 %, 50.6 % and 52.3 % after 3 %-K, 3 %-Na and 3 %-Ca poisoning, respectively. It shows that alkali poisoning will seriously affect the chemisorbed oxygen of the catalyst. When the catalyst is alkali-poisoned, the alkali metal is first deposited on the surface, blocking the pores of the catalyst, and reacting with the Ce species, resulting in the passivation of the catalyst. At the same time, alkali metals can easily occupy the oxygen vacancy in the catalyst, which seriously affects the adsorption and activity of reactive oxygen species.
Table 2 XPS data of CeZrTiAl catalyst after K, Na and Ca poisoning
	Samples
	Ce3+/(Ce3++Ce4+) (%)
	Oα/(Oα+ Oβ) (%)

	Fresh
	40.9
	58.6

	3%-K
	32.4
	50.2

	3%-Ca
	35.8
	52.3

	3%-Na
	33.2
	50.6


4 Conclusions
[bookmark: OLE_LINK23]In this paper, CeZrTiAl catalysts with nanosheet framework structure were synthesized by hydrothermal method, and SCR activity measurements and characterizations (including XRD, BET, SEM, TEM, XPS, H2-TPR, NH3-TPD and in situ DRIFTS) were carried out to investigate the poisoning effect of K, Na and Ca on the CeZrTiAl catalysts. Based on the above phenomena, it can draw a conclusion that the descending order of alkali poisoning on the activity of catalysts is K > Na > Ca, and the NOx conversion rate decreased from nearly 100 % to 85 % after 3% K poisoning Through a series of tests, the key factors responsible for deactivation by K, Na and Ca can be attributed to the following points. Firstly, different alkali poisonings will deposit on the catalyst surface, blocking the pore size of the catalyst, resulting in a decrease in the specific surface disappearance of nanosheet γ-Al2O3 skeleton, so that it cannot expose more active reaction sites. Secondly, Except for the reduced surface area owing to the physical blockage effect, the deterioration in the redox ability was confirmed as the main reason for the deactivation. In the case of poisoned catalysts, the redox properties of CeZrTiAl are limited, which can be ascribed to decreased surface Ce3+ and surface chemisorbed oxygen. which greatly affects the adsorption and activation of the reactive gas. Thirdly, the K, Na and Ca ions may adsorb on the acid sites (Ce species and oxygen vacancies) result in the amount and stability of the Brønsted and Lewis acid sites dropped. 
[bookmark: OLE_LINK20]Acknowledgments: The studies were carried out in the frame of project “Yantai University Student Innovation and Entrepreneurship Training Program Project” from the Yantai University (China).
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