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Abstract

:

Catalytic performance of 3 and 5 wt.% of vanadia, supported on zirconia, zirconia-ceria, and zirconia-yttria, tested in the combustion of soot without and in the presence of NO was described. The catalysts were characterized by structural (XRD, RS) and functional (EPR, TPR) methods. The effect of composition on the catalytic performance of the investigated systems in soot combustion was discussed in detail. Zirconia-supported vanadia was found to be the most active catalyst for soot oxidation characterized by the lowest combustion temperature (~375 °C) attributed to the maximal signal of conversion to the detected products. The relationship between the reducibility of surface oxovanadium species and their catalytic activity was established, revealing the involvement of the lattice oxygen in the combustion process. The importance of thermal treatment conditions and the nature of zirconia-based support determining the stability of specific oxovanadium entities on the catalyst surface was emphasized.
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1. Introduction


Engines powered by burning fossil fuels are still the most popular in the world [1,2]. The fuel combustion processes in diesel engines are often incomplete, and therefore undesired, and noxious by-products can be formed. One of the most fundamental problems accompanying the exploitation of diesel engines is the associated emission of particulate matter (PM), which causes strong air pollution in urban areas, along roads with heavy traffic and in some industrial zones. On the other hand, emissions of PMs undergo stepwise more and more strict limitations [3,4]. It is a matter of fact that the amount of NOx and soot emitted by diesel engines is much larger than that emitted by Otto engines equipped with catalytic converters [5]. Thus, the practical interest in cleaning diesel exhaust gases significantly increased in the last three decades. Soot emissions from diesel engines can be reduced in several different ways. The most effective option is soot collection on DPF (diesel particulate filter) joined with its simultaneous catalytic oxidation if efficient and cheap catalysts are available [4,6]. Unfortunately, soot oxidation takes place at temperatures of 550–600 °C, while the temperature of diesel exhaust gases is usually about 150–400 °C [7,8]. Such a temperature misfit is the main reason for applying a catalyst to prevent the accumulation of soot on the monolithic filter. The main drawbacks affecting catalytic performance are not only related to the occurrence of the temperature discrepancy but also its variability, depending on engine loading, as well as to the relatively poor soot–catalyst contact [3]. Another vital problem concerns the way of catalyst introduction. It can be applied in the form of a precursor added to the fuel [9]. Another possibility is spraying metal salt solution (as a precursor) on the accumulated soot or deposition of the catalyst directly on the filter walls by impregnation [3,10].



Many different systems were investigated in the field of soot combustion. Reported catalysts can be divided, i.e., following Hernández–Giménez et al. [11] into platinum-based [12,13], non-platinum noble metal-based [14,15,16], perovskites [17,18,19,20], spinels [21,22], ceria-based [19,23,24], molten salts [8,25,26,27], and alkaline metal-based catalysts [28,29,30]. Other classifications and reviews can be found in [1,4,31,32,33,34]. Taking into account all those reports, it can be stated that the supported metal oxides can be considered as very promising candidates.



Easily and reversibly reducible vanadia is a component of many oxidation catalysts [35]. It was thus a natural candidate to be tested in soot oxidation processes, where the presence of stable redox sites remains of vital importance. Additionally, a relatively low melting point of vanadia (ca. 690 °C) can ensure strong contact between soot and the active phase [8]. Therefore, it was not surprising that vanadia-based catalysts showed high activity in soot combustion [8,36,37,38,39,40,41,42,43]. Commercial V-based catalysts for SCR reaction also showed great activity in soot oxidation [44,45]. Another application of vanadium-containing catalysts in the field of soot combustion is plasma-assisted oxidation [46,47].



Catalytic support can substantially influence the activity of vanadia’s active phase in soot combustion as it was shown in [8,37]. It was found that catalytic activity increased in the series from Al2O3 through SiO2 and ZrO2 to TiO2 [8,37]. In addition, ceria as a support for vanadia was investigated [36]. It is worth stressing, however, that even if some authors focused their attention on the effect of support on soot combustion, the elucidation of the effect was far from its maturity. Understanding the intimate mechanism remaining behind the observed catalytic activity is particularly important in the case of vanadia as an active component of deSoot catalysts strongly interacting with such supports as ZrO2, CeO2, Y2O3, and their binary combinations. There is an evident gap in the literature regarding the latter issue, which can be at least partially filled by our studies. The appropriate selection of support can be considered as one of the crucial factors for designing soot combustion catalysts based on vanadia.



Zirconium dioxide is widely used as a catalyst and a catalyst support [48,49]. It has several structural and functional features that favor its application in catalysis. Among the physical properties that make ZrO2 very useful as a support under harsh conditions are: its high melting point (ca. 2370 °C), low thermal conductivity, and mechanical resistance. Chemically, zirconia is a multifunctional support, exhibiting the presence of both acid-base and redox sites. The latter property can be extremely strengthened by an addition of ceria or yttria, which are able to stabilize the high-temperature, high-surface-area zirconia polymorphs, together with making easy oxygen release and uptake, dependently on the conditions accompanying soot oxidation [50,51].



In this work, the results of catalytic tests of soot combustion in both the absence, and the presence of NO are presented. V2O5 catalysts of various carriers (zirconia, zirconia-ceria, and zirconia-yttria) were characterized by structural (X-ray diffraction (XRD)) spectroscopic (Raman spectroscopy (RS), electron paramagnetic resonance (EPR)), and temperature-programmed reduction (TPR) methods. The effects of catalyst composition on the temperature of soot combustion were discussed. Particular attention was devoted to the structural determination of the reducibility of oxovanadium active phase, deposited on various carriers, which remain strongly related to the observed catalytic activity. Our goal was to elucidate the effect of zirconia-based support composition on the activity of vanadia in soot combustion. The described nature of the complex interaction between deposited vanadia and the surfaces of the chosen supports as well as its pronounced influence on soot combustion can be considered as a valuable aspect of novelty.




2. Results and Discussion


2.1. Catalytic Activity


The catalytic performance (parameterized as the temperature of the maximal signal measured for the combustion products, Tmax) of the studied systems in the combustion of soot, in both the absence and the presence of NO, is shown in Figure 1. It can be clearly seen that the 3V/Zr catalyst was the most active system, regardless of NO presence in the reaction mixture. Tmax determined for this catalyst was equal to 392 °C and 375 °C, without or with NO, respectively. In the absence of NO, the activities of 3V/ZrCe and 3V/ZrY systems were distinctly lower, and the corresponding temperatures were shifted up to 493 °C and 504 °C, respectively. In turn, in the presence of NO, respective characteristic temperatures were lowered for 3V/ZrCe and 3V/ZrY catalysts by ca. 40 °C and 30 °C, in comparison to those determined without NO. Simultaneously, the content of nitric oxide in the reaction mixture significantly decreased during soot oxidation, as can be inferred from the corresponding curves, illustrating NO consumption, presented in Figure 2. Comparison of the data from Figure 1 and Figure 2 led to the conclusion that for the series of studied catalysts, there is a correlation between the determined temperatures of soot combustion and the respective temperatures of NO decay in the reaction mixture.



It is worth noting that for the investigated series of catalysts, the effect of NO on soot oxidation was well-pronounced and suggested its positive influence on soot removal. According to the mechanism of soot oxidation proposed by Weber et al. [52], in the first step of nitric oxide participation, NO is oxidized to NO2, which, in turn, can play the role of an efficient oxidizer for CO, formed in the initial step of soot conversion. Moreover, NO2 can oxidize soot directly to CO2 more efficiently than O2 [53]. The role of NO in soot combustion can be rationalized by the summarized Equation (1):


C + 2NO2 → CO2 + 2NO,



(1)




as well as by the equation of a cooperative reaction (2):




C + ½O2 + NO2 → CO2 + NO,



(2)





In the observed temperature range (above 300 °C), the contribution of the cooperative reaction becomes significant [44].




2.2. Catalysts Structure and Vanadium Speciation


Zirconia and related materials belong to the supports strongly influencing both the structure and chemical properties of the deposited vanadia phase; therefore, they can strongly affect catalytic activity in redox reactions. To elucidate the catalytic results, structural characterization of both supports and the deposited oxovanadium entities was thus indispensable. As it can be inferred from the careful inspection of the diagnostic XRD region (2Θ = 25–35°) in the patterns collected for pure supports, two zirconia polymorphs can be identified (Figure 3, insert). The mixture of ca. 68.0% of monoclinic (M) and ca. 32.0% of tetragonal (T) phases occurred in the case of bare ZrO2, giving rise to three distinct maxima at 2Θ = 28.2, 31.4, and 30.3°, which can be ascribed to M    11   1  ¯     , M(111), and T(111) reflections, respectively. Only traces of m-ZrO2 with M    11   1  ¯      and M(111) reflections accompanied the predominant t-ZrO2 phase, with the strong T(111) Bragg maximum in the XRD pattern of ZrCe. In turn, ZrY was found to occur in the monophase tetragonal form, giving rise to a single, strong T(111) reflection at 30.2°. The phase composition of the doped ZrO2 supports confirmed that low contents of ceria and yttria additives can efficiently stabilize the high-temperature, high-surface-area metastable t-ZrO2 [54,55].



Vanadia belongs to the non-stoichiometric oxides; however, the applied preparation method distinctly modified intrinsic V2O5 properties. Its dissolution in oxalic acid favored the reduced vanadium state, according to Equation (3):


V2O5 + 3H2C2O4 = 2VO(C2O4) + 3H2O + 2CO2,



(3)







However, further catalyst calcination in the air led to the subsequent vanadium reoxidation to its highest oxidation level. This was clearly observed in the case of 5V/ZrCe and 5V/ZrY systems, which were practically EPR silent. Contrary to this, in the EPR spectra of 5V/Zr samples, the signals from V4+ (3d1) ions in the surrounding oxygen were identified (Figure 4, insert). Most probably the specific interactions between zirconia and vanadia were responsible for stabilizing the partially reduced oxovanadium species, being a source of V4+ ions, which can easily be incorporated within the zirconia matrix, according to Equation (4):


xV2O5 + ZrO2 = 2VxZr1−xO2 + xO2,



(4)







Only in the case of the V/Zr catalyst did the introduction of 3 or 5 wt.% vanadia over the supported surface result in changes in the phase composition of the studied system (Figure 3a). Stabilized zirconia supports (ZrCe and ZrY) remained unaffected by the presence of such low V2O5 contents (Figure 3b,c). Contrary to this, the contribution of t-ZrO2 in the V/Zr sample dropped to ca. 7.5% (from 32.0% in the case of bare ZrO2). The influence of vanadium on the content of the t-ZrO2 polymorph was also observed previously [56], and can be connected to the shifts in the temperature of the T → M phase transition, which was, in turn, altered by the presence of reduced vanadium ions, migrating within the zirconia matrix. The reducibility of the deposited oxovanadium species remains thus a key parameter controlling vanadium distribution between surface and bulk, which may be essential for catalytic activity. This finding remains of vital importance for practical applications of supported vanadia-based catalysts. Using zirconia as a support and considering the relatively strong interaction between V2O5 and ZrO2 partial reduction of vanadia accompanied by thermally-induced migration of V4+ ions into the bulk must be taken into account. Partial loss of active components (and thus active sites) from the surface can have a negative impact on the catalytic behavior of the studied catalysts. However, on the other hand, the enhanced surface reducibility of vanadium can be beneficial due to the formation of V4+/V5+ mixed valence states. The resultant effect can be dependent on specific kinetic parameters characterizing both processes.



Computer simulation of the EPR spectrum of 5V/Zr, presented in the insert to Figure 4, revealed enhanced vanadium speciation in the zirconia-supported systems. In addition to the oxovandium species isolated on the support surface, giving rise to an axial signal (g|| = 1.924, g⊥ = 1.972) with an 8-line hyperfine structure (|A||| = 185 G, |A⊥| = 64 G), originating from the interaction of an unpaired electron with 51V nucleus (I = 7/2, natural abundance 99.76%), the polymeric VxOy entities were found, which were responsible for the broad structureless axial signal (g|| = 1.941, g⊥ = 1.971). An additional component was an orthorhombic signal (g1 = 1.897, g2 = 1.942, g3 = 1.973) with a clearly resolved hyperfine structure (|A1| = 159 G, |A2| = 67 G, |A3| = 15 G), which was attributed to the V4+ ions isolated inside the zirconia matrix. The approximate relative ratio of isolated surface V4+ sites to the polymeric ones and the V4+ ions stabilized within the bulk of zirconia was found to be 37%:41%:22%, reflecting both vanadium(IV) speciation in the V/Zr samples and its distribution between surface and bulk.



The sequence of EPR spectra recorded in variable-temperature experiments for all three investigated systems (Figure 4a–c), clearly proved that, despite the distinctly easier reducibility exhibited by the V/Zr samples, also in the two other cases, a temperature increase above 600 °C can cause the incorporation of V4+ ions into the bulk. In the case of 5V/Zr the progress of V4+ incorporation was the most pronounced, as it was accompanied by T → M phase transition of zirconia matrix. This effect can be clearly observed if we compare the shape of the EPR spectra recorded after 5V/Zr sample annealing at 700 and 900 °C, typical of isolated V4+ stabilized within tetragonal and monoclinic ZrO2 matrices. Parallel XRD data confirmed the total transformation of the t-ZrO2 into m-ZrO2. Spectral evolution was weaker in the case of samples of stabilized zirconia matrices (ZrCe and ZrY); however, even in these two cases a decay in the hyperfine structure from surface V4+ ions and the appearance of that originating from bulk vanadium(IV) sites can be observed with temperature increases. The local surrounding of V4+ within the three matrices was different, as can be inferred from the differences in the shape of the EPR spectra recorded after heating the samples to 1000 °C. The observed differences reflect structural modifications involved in the ZrO2 matrix by doping with ceria and yttria. The detailed interpretation of the presented spectra can be found in [56].



The limited reducibility of V/ZrCe and V/ZrY systems can be explained by the formation of the new compounds at the interface vanadia/support via thermally-induced solid-state reaction. Up to now, the product of such a reaction was identified by Raman spectroscopy in the case of the 5V/CeZr system. Below calcination temperature (i.e., 600 °C), vanadia is able to react selectively with ceria, forming CeVO4, according to Equation (5):


V2O5 + 2CeO2 = 2CeVO4 + ½O2,



(5)







The formation of such a compound in comparable temperature ranges was observed in the case of supported vanadia systems also by the other authors [36,57,58,59]. The product of the solid-state reaction gave rise to the vibration bands in the corresponding Raman spectrum (Figure 5) but its concentration was too small to be detected by XRD. The CeVO4 structure consists of VO4 tetragonal bisphoenohedra, which are edged-linked to CeO8 triangular dodecahedra. The CeO8 chains are interrupted by VO4 units along one axis, while in the plane the CeO8 are edge-sharing [60]. The bands below 750 cm−1 originated from the scattering effects on the ZrCe matrix. The most intense band centered around 472 cm−1, can be attributed to the symmetrical F2g mode of the fluorite-like structure [61] and was additional evidence of the phase composition proposed above based on the diffraction results. The bands above 750 cm−1 (the corresponding fragment was enlarged in the insert) were ascribed to the cerium orthovanadate. The most pronounced band above 850 cm−1, together with the two weaker ones around 800 cm−1, can be attributed to A1g symmetric and the Eg and B2g antisymmetric stretchings of vanadates, respectively [62]. The lack of any bands from the surface oxovanadium species in the Raman spectrum of 5V/ZrCe suggested that the majority of VOx species undergo preferential reaction with CeO2 from the support to form the mixed oxide phase. Due to the much more difficult reducibility of CeVO4 in comparison to that of V2O5 [63], vanadium(V), stabilized in cerium orthovanadate, did not tend to lower its oxidation state. Higher redox stability of vanadium in CeVO4 resulted in lower catalytic activity in soot combustion, which remains in agreement with [36]. The effects described above should be taken into account while designing the vanadium-containing catalysts and also in the practical implementation of the preparative protocols, where the nature of the support and thermal treatment conditions should be well adapted to the specific behavior of the investigated systems described above.



TPR profiles for catalysts containing 5 wt.% of V2O5 suggested that in the hydrogen flow, the catalysts underwent one-step reduction below 800 °C (Figure 6). It can be thus assumed that only the reduction of V2O5 → VO2 occurred, and no lower oxidation states of vanadium can be expected. Parallel measurements performed on bare supports confirmed that there was no reduction observed in the studied zirconia-based materials. The highest hydrogen consumption took place at temperatures around 525 °C for all vanadia-containing systems. Only small deviations in reduction temperatures in the studied samples can be distinguished. There are, however, distinct differences in the threshold reduction temperatures (marked with arrows), which indicated that 5V/ZrCe catalysts are more resistant to reduction. Hydrogen consumption started in the case of the 5V/ZrCe catalyst at ca. 400 °C, whereas for two other systems (5V/Zr and 5V/ZrY), the reduction threshold temperatures were 100 °C lower.





3. Materials and Methods


3.1. Materials


Three types of supports for vanadia were used in the current studies: bare zirconia, zirconia-ceria, and zirconia-yttria, labeled hereafter Zr, ZrCe, and ZrY, respectively. Zirconia supports containing 3 mol.% of Y2O3 (63.9 m2/g) and 10 mol.% of CeO2 (63.8 m2/g), supplied by CEREL (Boguchwała, Poland), were obtained from the corresponding nitrates by coprecipitation with NH3aq at pH = 8. Bare zirconia (96.0 m2/g) was obtained from an aqueous 0.1 M solution of ZrOCl2 by precipitation with a 0.4 M solution of ammonia (NH3aq). The parent mixture was heated to 100 °C for 12 h then dried at 110 °C for 12 h and finally calcined in air at 550 °C for 3 h.



Catalysts containing nominally 3 or 5 wt.% of V2O5 (labeled hereafter 3V/support or 5V/support) were prepared by incipient wetness impregnation. The carriers were contacted with the corresponding amount of an aqueous solution of V2O5 and oxalic acid, mixed in the weight ratio 1:2. Then the samples were dried at 100 °C for 12 h and calcined in air at 600 °C for 3 h.



Commercial carbon black (CB) Printex U was used for the catalytic tests. Its parameters like a specific surface area of 100 m2/g, average pore diameter of ca. 50 nm, and pH of suspension in water equal to 4, made this soot very similar to that produced in diesel engines.




3.2. Characterization Techniques


The N2-BET specific surface areas of the prepared samples were determined based on the flow type BET measurements using the Quantachrome Adsorb-1 analyzer (Boynton Beach, FL, USA).



The crystal structures were identified by X-ray diffraction patterns collected with a 0.5°/min step in the 2Θ range of 20–70° using a DRON-3 X-ray powder diffractometer, operating at Ni-filtered CuKα radiation (λ = 1.5408 Å). The phase composition of the samples was calculated from the following relationships (6):


    X   t   =   I   t     111   /     I   t     111   +   I   m     111   +   I   m     11   1  ¯      ,     X   m   = 1 −   X   t   ,  



(6)




where Xt and Xm stand for the fraction of the tetragonal and the monoclinic ZrO2 forms, respectively, whereas It and Im are the intensities of their diagnostic peaks [64].



Temperature-programmed reduction (TPR) measurements were performed in a flow system equipped with a fixed-bed reactor and a thermal conductivity detector (TCD) detector with a gas mixture containing 5% of hydrogen in argon. The heating rate was 5 °C/min.



Raman spectra were collected on an FTS 6000 spectrometer (Bio-Rad, Cambridge, MA, USA) equipped with a BIORAD accessory. The samples were excited with a 1064 nm line of a diode-pumped Nd:YAG laser (Spectra Physics Model T108S) and the scattered radiation was collected at 180°, using 4 cm−1 resolution.



The continuous wave electron paramagnetic resonance (CW-EPR) X-band spectra were recorded at room (RT) and liquid nitrogen (LNT, i.e., −196 °C) temperatures with a Bruker ELEXSYS E-500 spectrometer (Billerica, MA, USA) operating at the 100 kHz field modulation. EPR parameters were determined by simulation using the EPRsim32 program [65]. In the variable temperature EPR experiments (VT-EPR), the samples were progressively heated in air in a micro-furnace from RT up to 1000 °C with a rate of 4 °C/min. At every 100 °C the temperature was kept constant for 0.5 h, and then the samples were quenched to the LNT for EPR spectra recording.




3.3. Catalytic Tests


The activity of the prepared catalysts was determined in the reactions of soot combustion and nitrogen oxide reduction with soot. Both tests were performed separately. The catalyst bed was prepared by mixing carefully for ca. 1 min with a spatula the catalyst powder with soot (loose contact) in a ratio of 5:1. Total mixture weight was 0.6 g and the volume of catalyst–soot mixture bed was V = 1.0 cm3.



Soot combustion in the absence or in the presence of NO was tested in a tubular quartz reactor (ϕ = 10 mm). The test gas composition was similar to that of the real diesel engine exhaust (ca. 1400 ppm NO, 10% vol. O2, 1000 ppm water vapor, nitrogen balanced). At the outlet of the reactor, the products were analyzed by Multor 610 gas analyzer (Hamburg, Germany).





4. Conclusions


Catalytic studies of three vanadia-containing systems of various zirconia-based supports, confronted to the spectroscopic and TPR measurements, revealed a strong relationship between catalyst structure and reactivity. The most promising catalyst was V/Zr system, able to oxidize soot even at ~375 °C (Tmax) in the presence of ca. 1400 ppm of NO in loose contact. A beneficial effect of NO in soot combustion was clearly observed in all investigated cases. The specific interactions between the deposited vanadia and the used supports as well as the thermal stability of the zirconia-based matrices were directly responsible for the catalytic performance of the studied systems. The reducibility of surface vanadia, which was the highest in the case of V/Zr samples, was found to be a key parameter, determining the catalytic activity of the investigated systems in soot oxidation. The relatively easy electron exchange within the V4+/V5+ redox couple makes the V/Zr catalyst the most promising system, active in the low-temperature oxidation of soot. However, its thermal stability was the lowest mainly due to the phase transition of the zirconia matrix, occurring between 700 °C and 800 °C, which can additionally be catalyzed by V4+ ions migrating into the bulk. The formation of the CeVO4 of limited reducibility at the interface VOx-ZrCe stabilized V5+, resulting in the lower catalytic activity of this system, in comparison to that exhibited by V/Zr. The obtained results remain of vital importance for the practical design of deSoot catalysts containing vanadia as an active component and can be decisive for an appropriate selection of the support stabilizing vanadium-containing mixed valence entities on the catalyst surface. Mechanistic details, together with more in-depth studies on the evolution of surface architecture (including reducibility), as well as consequent stability tests, will be the subject of our further studies.
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Figure 1. Catalytic activity (expressed as the temperature of the maximal signal of combustion products) of the systems containing 3 wt.% of V2O5 in soot combustion, in the absence of NO (diamonds) and the presence of 1000 ppm of NO (circles). 
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Figure 2. The progress of NO consumption during soot combustion reaction over catalysts containing 3 wt.% of V2O5. 
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Figure 3. XRD patterns of (a) V/Zr, (b) V/ZrCe, and (c) V/ZrY samples, containing 3 wt.% of V2O5. In the insert, the corresponding XRD patterns for bare supports are shown: (a’) Zr, (b’) ZrCe, and (c’) ZrY. 
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Figure 4. The sequences of the EPR spectra recorded at LNT as a function of annealing temperatures of (a) V/Zr, (b) V/ZrCe, (c) V/ZrY samples, containing 5 wt.% of V2O5. In the insert, the spectrum of the V/Zr catalyst before annealing is presented. 
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Figure 5. Raman spectrum of 5V/ZrCe. In the insert, the enlarged region, diagnostic for CeVO4 vibrations, is shown. 
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Figure 6. TPR profiles of (a) V/Zr, (b) V/ZrCe, (c) V/ZrY samples, containing 5 wt.% of V2O5. The thresholds of the reduction temperatures were marked with arrows. 
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