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The time-on-stream catalytic performance and stability of 8 wt. % Ni catalyst supported on two commercially available catalytic supports, ZrO2 and 15 wt.% WO3-ZrO2, was investigated under the biogas dry reforming reaction for syngas production, at 750°C and a biogas quality equal to CH4/CO2 = 1.5, that represents a common concentration of real biogas. A number of analytical techniques such as N2 adsorption/desorption (BET method), XRD, H2-TPR, NH3- and CO2-TPD, SEM, ICP, thermal analysis (TGA/DTG) and Raman spectroscopy were used in order to determine textural, structural and other physicochemical properties of the catalytic materials, and the type of carbon deposited on the catalytic surface of spent samples. These techniques were used in an attempt to understand better the effects of WO3-induced modifications on the catalyst morphology, physicochemical properties and catalytic performance. Although Ni dispersion and reducibility characteristics were found superior on the modified Ni/WZr sample than that on Ni/Zr, its dry reforming of methane (DRM) performance was inferior; a result attributed to the enhanced acidity and complete loss of the basicity recorded on this catalyst, an effect that competes and finally overshadows the benefits of the other superior properties. Raman studies revealed that the degree of graphitization decreases with the insertion of WO3 in the crystalline structure of the ZrO2 support, as the ID/IG peak intensity ratio is 1.03 for the Ni/Zr and 1.29 for the Ni/WZr catalyst.
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INTRODUCTION

It is widely accepted by the scientific community that mankind has approached a critical stage in its development where it must replace fossil fuels, its engine of growth for the past two centuries, with renewable energy technologies. This need is spurred on by the finite nature of fossil resources and the apocalyptic consequences on climate by the ever growing green house gas (GHG) emissions.

Synthesis gas (syngas), which at present is mainly being produced using natural or shale gas as feedstock, is a crucial intermediate resource for the petrochemical industry as it is necessary for the production of hydrogen, ammonia and Fischer-Tropsch liquid energy carriers, such as methanol, olefins, paraffins, aromatics and oxygenates. However, syngas can also be obtained via the dry reforming of methane (DRM) using biogas as feedstock, which has the attraction of utilizing CH4 and CO2, i.e., the most abundant greenhouse gases (Avraam et al., 2010; Martins et al., 2017; Yentekakis and Goula, 2017).

Although the stochiometry of the DRM (Equation 1) means that the ratio of H2 to CO in the product stream is expected to be 1:1 (ideal for Fischer-Tropsch synthesis), the fact that the reverse water gas shift reaction (RWGS, Equation 2) also takes place simultaneously (consuming H2), lowers this ratio. Carbon formation, which affects catalytic performance and H2/CO product distribution, is induced by methane cracking (Equation 3) and the Boudouard reaction (Equation 4). Other reactions that may take place during the DRM include carbon gasification / oxidation and CO methanation (Kathiraser et al., 2015; Arbag et al., 2016; Charisiou et al., 2016a). As the overall reaction is strongly endothermic, it is usually operated at temperatures exceeding 650°C. In these conditions, methane cracking is favored, the RWGS is suppressed and the Boudouard reaction is thermodynamically inhibited (Goula et al., 2015; Mustu et al., 2016).
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The major research challenge is the development of cheap catalysts that are resistant to both carbon formation and particle sintering. In this respect, nickel based catalysts attract particular attention as they are known to exhibit excellent catalytic performance; the drawback is that they suffer from the aforementioned problems (Goula et al., 2015; Charisiou et al., 2016b; Elsayed et al., 2017). In theory, coke deposition can be avoided by: (i) altering the electronic properties of metal-support interactions, (ii) influencing the size of metallic particles and, (iii) improving the oxygen storage capacity and mobility within supporting material (Roh et al., 2006; Kumar et al., 2007; Chen et al., 2008; Goula et al., 2014; Yentekakis et al., 2015, 2016; Han et al., 2017). Thus, the attempts that have been undertaken to improve the stability of DRM nickel catalysts have focused on the use of different oxides as supports (e.g., Al2O3, SiO2, La2O3, CeO2, ZrO2) (Pompeo et al., 2007; Bereketidou and Goula, 2012; Li et al., 2016) or the use of a variety of dopants that include transition metals (e.g., Fe, Co, Sn) (Ay and Uner, 2015; Theofanidis et al., 2015; Zhao et al., 2016), noble metals (e.g., Ag, Pt, Pd, Ir) (Oemar et al., 2015; Yentekakis et al., 2015; Yu et al., 2015), lanthanide metals (e.g., La, Ce, Pr) (Goula et al., 2016a; Vasiliades et al., 2016; Xiang et al., 2016) and alkaline earth metals (e.g., Sr, Ca, Ba) (Bellido et al., 2009; Sutthiumporn and Kawi, 2011).

Although ZrO2 is an oxide with a relatively low surface area, its notable thermal stability, strength and toughness, as well as, the fact that it is an acid-basic bi-functional oxide (as it contains both basic and acidic properties over its surface that have the capacity to work either independently or in cooperation), which has redox functions, makes it attractive for use in reforming reactions (Sarkar et al., 2007; Goula et al., 2017; Charisiou et al., in press).

Shiju et al. (2009) suggested that tungstated zirconia possesses mainly acid sites, but their number and strength is strongly depended on the preparation conditions chosen for the support and its calcination temperature. The same authors have also concluded that higher calcination temperatures can help the stabilization of the zirconia tetragonal phase and also anchor the WOx species on its surface. Macht and Iglesia (2008) reviewed the WO3 dispersion phase evolution on zirconia, giving particular emphasis to the influence of the size and structural composition on catalytic performance. They concluded that the presence of oxygen-deficient domains contributed to poorly dispersed WOx structures with low Brønsted acid site densities. On the other hand, Kourieh et al. (2012) observed higher Brønsted acidity on well dispersed WOx domains over zirconia supports. In fact, tungstated zirconia represents a catalyst support that is already developed at the industrial level for paraffin isomerization (Baertsch et al., 2002; Zhou et al., 2009) however, to the best of our knowledge such catalysts have never been tested in the DRM reaction.

The purpose of the present study was to investigate the catalytic efficiency and time on steam stability of Ni dispersed on commercially available catalytic supports (ZrO2 and WO3-ZrO2) for the dry DRM reaction. The catalysts were synthesized via the wet impregnation technique with a Ni loading of 8 wt.%. The temperature under investigation was 750°C (the common temperature used in methane reforming practical applications) and the CH4/CO2 ratio was equal to 1.5, simulating typical biogas quality.

The catalysts were characterized using techniques such as N2 adsorption/desorption (BET method), X-Ray diffraction (XRD), temperature programmed reduction (H2-TPR), temperature programmed desorption (NH3- and CO2-TPD), and inductively coupled plasma emission spectroscopy (ICP), in order to determine textural, structural and other physicochemical properties of the materials, particles' morphology and active phase loading. Scanning electron microscopy (SEM), thermal analysis (TGA/DTG) and Raman spectroscopy were used to help determine the amount and type of carbon deposited on the catalytic surface after exposure to DRM reaction conditions (spent samples).

MATERIALS AND METHODS

Catalyst Preparation

The supports used herein were kindly provided for free by Saint Gobain NorPro (Table 1). These were pelletized zirconia (labeled Zr) and tungsten – zirconia (WZr) oxides, which were crashed and sieved to 350–500 μm. The supports were then calcined at 800°C for 4 h. The catalysts were obtained via the wet impregnation technique using a Ni(NO3)26H2O (Sigma Aldrich) aqueous solution of concentration equal to 0.17M, in order to obtain catalysts with a Ni content of 8 wt.%. After water evaporation of the slurries under continuous stirring at 75°C for 5 h, suspensions were dried at 120°C for 12 h and calcined in air at 800°C for 4 h. These samples will be denoted herein as “calcined” catalysts. The samples were in situ activated for 1 h at 800°C under pure H2 flow and will be denoted herein as “reduced” catalysts. The catalysts are labeled as Ni/Zr and Ni/WZr.


Table 1. Properties of untreated catalyst carriers.
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Catalyst Characterization

The total metal loading (wt.%) was determined using inductively coupled plasma atomic emission spectroscopy (ICP-AES) on a Perkin-Elmer Optima 4300DV apparatus. Additional information on samples preconditioning can be found in Goula et al. (2016b).

The 3Flex (Micromeritics, USA) accelerated surface area and porosimetry analyzer (equipped with three 0.1 Torr pressure transducers and a high-vacuum system) was used for obtaining N2 adsorption/desorption isothermal curves at –196°C; measurements were recorded manometrically up to 1 bar. The multi-point Brunauer-Emmet-Teller (BET) method, in the relative pressure range 0.05 < P/P0 < 0.20, and the BJH theory were used for the calculation of total specific surface area (SSA) and pore size distribution (PSD), respectively. Additional information on samples preconditioning can be found in Charisiou et al. (2017).

The determination of the catalysts' crystalline structure was done by powder X-ray diffraction (PXRD), using a ThermoAl diffractometer at 40 kV and 30 mA, with Cu Kα radiation (λ = 0.15178 nm). Diffractograms were recorded in the 2θ = 2–70° range at a scanning rate of 0.04° 1.2 min−1. The diffraction patterns were identified by comparison with those of known structure in the International Centre for Diffraction Data.

CO2-temperature programmed desorption (TPD) and NH3-TPD experiments were undertaken in an Autochem 2920, (Micromeritics, Atlanta, USA). Specifically, a gas mixture of 5 vol.% CO2/Ar and 1 vol.% NH3/He (30 NmL/min), was passed over ~0.15 g of the catalysts (20 vol.% O2/He, 500°C, 2 h) using a temperature ramp of 30°C/min and the TCD signal was continuously recorded. Temperature programmed reduction (H2-TPR) was performed by loading 100 mg of the calcined catalysts or supports in a U-type quartz tube adapted to a continuous flow TPR/TPD apparatus coupled with mass spectrometry, following the procedures described in detail elsewhere (Yentekakis et al., 2016).

Morphological examination of fresh and used catalysts was undertaken by SEM in a JEOL 6610LV. The elemental analysis, using Energy Dispersive Spectroscopy (EDS), was carried with the use of a large area (80 mm2) silicon drift detector (X-Max 80 Oxford Instruments). The acquisition and analysis of images, elements maps and spectra was done using the AZtech Nanoanalysis software (Oxford Instruments) following the methodology described previously (Charisiou et al., 2017).

A thermogravimetric analyzer (Leco TGA701) was used for measuring the amount of carbon deposited on the catalysts. The thermal decomposition process of the coke formed onto the spent catalysts was also obtained. In the procedure, 50 mg of the spent catalyst were subjected to TGA scan from room temperature (RT) to 1,000°C at a heating rate of 10°C min−1 under a flow of dry air (3.5 L min−1). Curie point standards were utilized for the temperature calibration.

The coke deposited on the spent catalytic samples was also characterized by Raman spectroscopy. The equipment and methodology employed have been described in a previous publication (Papageridis et al., 2016). In brief, the spectra were collected with the use of a WITEC alpha300R micro-Raman system (RAMAN Imaging System WITEC alpha300R) with a 20× long distance objective (0.35 numerical aperture) in the back-scattering geometry with an excitation wavelength of 532 nm from an Ar+ ion laser (laser power set at 2 mW calibrated against a silicon standard).

Catalytic Tests

The catalytic tests were undertaken at atmospheric pressure, using a continuous flow, fixed bed, tubular reactor. The gas mixture used as feed in the reactor inlet had a total flow rate of 100 mL min−1 and consisted of v/v 30%CH4/20%CO2/50%He. This corresponds to a CH4 /CO2 molar ratio equal to 1.5 and a Weight-basis Hourly Space Velocity (WHSV) of 120,000 mL g−1 h−1.

The catalysts were activated by in situ reduction under hydrogen flow (100 mL min−1) at 800°C for 1 h. Following activation, the reactor was returned to the temperature of interest under He flow (100 mL min−1).

The experimental protocol followed was designed with the purpose of investigating time-on-stream catalytic stability and carbon deposition at typical temperatures found in practical applications in biogas utilization processes, i.e., at 750°C. Tests lasted for a sufficiently long time-on-stream equal to 28 h.

The gaseous reaction products were analyzed by on-line gas chromatography in a CG-Agilent 7890A gas chromatograph. The instrument was equipped with two parallel columns, HP-Plot-Q (19095-Q04, 30 m length, 0.530 mm I.D.) and HP-Molesieve (19095P-MSO, 30 m length, 0.530 mm I.D.), and with TCD and FID detectors.

Methane or carbon dioxide conversions, hydrogen or carbon monoxide yields and H2/CO molar ratio were determined according to the following equations:
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where Fi,in or Fi,out is the flow rate of the component i in feed or effluent gas mixture.

RESULTS AND DISCUSSION

Characterization Results

Textural and Structural Characterization

The ICP results presented in Table 2 show that the desired active phase loading was achieved for both catalysts. Table 2 also shows the SSA of the calcined samples and as can be observed, the catalyst based on the modified zirconia support (Ni/WZr) exhibits a lower SSA value, namely 16 m2g−1, in comparison to the one supported on unmodified zirconia (Ni/Zr = 44 m2g−1). The SSA values of both catalysts (Table 2) are much lower to that of the commercially provided supporting materials (Table 1), but notably this drop is more noticeable for the Ni/WZr sample. This can be explained by the high temperature at which the supports were initially calcined (800°C), which was also expected to bring about a transformation of their crystalline phases (as will be shown below when discussing the XRD results). Moreover, a partial pore blockage by nickel particle species deposited over the supports' surface during catalyst preparation is also likely (Goula et al., 2015, 2016b). In addition, Chai et al. (2017) have reported that at high calcination temperatures the SSA of tungstated zirconia declines due to the sintering of ZrO2, which is also accompanied by a significant rise in the tungsten surface density.


Table 2. Physicochemical characterization results for the reduced Ni/Zr and Ni/WZr catalysts.
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The N2 adsorption-desorption isotherms at −196°C of the reduced catalysts are shown in Figure 1; their corresponding PSD characteristics are presented as insets. For the Ni/Zr catalyst the isotherm is IV-type and has H4-type hysteresis. Moreover, its PSD shows that the majority of pore population are found in the meso-range (Sing et al., 1985). In addition, it is clear that the distribution of pore sizes is in agreement with the hysteresis loop shape. Moreover, some ordering in the porosity of the Ni/Zr catalyst can be inferred based on the hysteresis shape. In contrast, the Ni/WZr sample exhibits a Type II isotherm, which is more typical of mesoporous materials with some microporosity. This means that minor adsorption is observed at the low pressure regime (P/P0 < 0.05) and major adsorption at the high pressure regime (0.7 < P/P0 < 1.0) (Rouquerol et al., 1999). A small hysteresis loop (H2-type) was also observed, as the N2 desorption rate was lower than its adsorption one (attributed to percolation effects on porous media).
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FIGURE 1. N2 adsorption-desorption isotherms and pore size distribution (inset) of the catalysts.



Results from X-ray diffraction analysis of the calcined supports and calcined/reduced catalysts are presented in Figure 2. In general, zirconium oxide (ZrO2) can exhibit cubic, tetragonal and monoclinic polymorphs however, as is well understood, the transformation from one form to another depends not only on temperature, but also to the existence of impurities, which are usual in natural ores (e.g., Hf, Si, Fe) (Teterycz et al., 2003). It is pointed out that impurities were also present in the materials used as supports herein (Table 1). According to the available literature, the tetragonal ZrO2 appears at 2θ ≈ 30.0°, 33.9°, 34.8°, 35.1° 49.4°, 50.0°, 58.27°, 59.37°, and 62.8°, the monoclinic ZrO2 appears at 2θ ≈ 24.0°, 28.2°, 31.5°, 34.2°, 34.4°, 35.3°, and 40.7° and cubic ZrO2 appears at 2θ ≈ 30.5°, 50.5°, and 60.4° (Titus et al., 2016). It is also noted that the XRD reflections of cubic and tetragonal structures are very close, which makes it difficult to differentiate between them (Iriondo et al., 2012). Moreover, literature reports suggest that during calcination, surface species in WO3-ZrO2 can be removed, which can lead to the simultaneous existence of reduced and oxidized W atoms (W5+, W6+) (Yori et al., 1999). This could in turn lead to the creation of anionic vacancies and to the stabilization of the tetragonal zirconia habitat. At high calcination temperatures, surface W5+ can be oxidized to W6+ and the former structure can become unstable. As a result, tungsten may sinter into larger WO3 particles and zirconia can be transformed to the monoclinic phase (Busto et al., 2010); the latter was also evidenced in our case. The diffractograms of the calcined catalysts also show the existence of NiO phases, which can be attributed to (111) and (200) of the cubic lattice plane (peaks at 2θ = 37.2° and 43.2°). In contrast, NiO was not detected on the reduced samples however, a peak corresponding to metallic nickel (Ni0) at 2θ = 44.5° was visible in the diffractograms. Moreover, the fact that the crystalline WO3 phase (2θ = 23.2°, 23.7°, and 24.3°) was not detected in either the calcined or reduced sample is an indication that tungsten was highly incorporated and dispersed into the ZrO2 lattice, not providing individual WO3 particles (Busto et al., 2010).
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FIGURE 2. XRD patterns of calcined supports and calcined and reduced samples: (A) Ni/Zr, (B) Ni/WZr (λ = 0.154178 nm, 2θ = 2–70°, Scanning rate: 0.04° over 1.2 min−1).



The Ni0 species mean particle size was determined form the XRD spectra using Scherrer analysis in order to estimate the Ni dispersion (DNi) values of the reduced samples (Luisetto et al., 2015). The nickel crystallite size and the corresponding dispersion values for the Ni/Zr and Ni/WZr samples were 23.0 nm, 2.9% and 11.5 nm, 5.7%, respectively (Table 2). The origin of these differences can be attributed to the existence of higher concentration of anionic defects on m-ZrO2 than on t-ZrO2. The different symmetry and spacing of the OH and Zr-O bonds at tetragonal ZrO2 and monoclinic ZrO2 can play an important role in the dispersion of the active metal component and consequently on the properties of the catalytic systems (Chai et al., 2017; Silveira et al., 2017). Sato et al. (2013) investigating the effect of the ZrO2 phase on the structure and behavior of supported Cu catalysts for ethanol conversion, concluded that the activity of Cu/ZrO2 catalysts is strongly dependent on the phase structure of ZrO2, as Cu catalysts supported over monoclinic ZrO2 were found more active than catalysts with the same Cu surface density deposited on tetragonal ZrO2. Rhodes and Bell (2005) have also shown that the tetragonal and monoclinic modifications of ZrO2 possess different acid/base properties and surface hydroxyl group concentrations.

Surface Acidity and Basicity

The number and strength of acid sites present in the catalysts tested herein was examined using NH3-TPD. Depending on the desorption temperature of NH3, acid sites can be classified into weak (<200°C), medium (200–350°C), strong (350–600°C) and very strong (>600°C) (Sundaramurthy et al., 2008). As shown in Figure 3A, the main desorption temperature peaks of the Ni/Zr catalyst were found at >435°C (Figure 3A), indicating that this sample has mainly strong to very strong acid sites; small peaks at the lower temperature range are also apparent. According to Damyanova et al. (1997) the acidic character of the ZrO2 is mainly attributed to Lewis acid sites, mainly because of the greater ionic character of the Zr-O bond. For the Ni/WZr catalyst the appearance of a high and broad peak at the low to medium desorption temperature range is an indication that the addition of WO3 to ZrO3 introduces additional strong Brönsted acid sites. This is in agreement with Phung et al. (2015), reporting evidence for the presence of both Lewis and Brönsted acid sites on WO3/ZrO2 samples. It is noted that Busto et al. (2008) suggested that the relative proportion of strong acid sites for tungstated zirconia samples calcined at 800°C, as in our case, could be as high as ~40%. The absence of W-related phase in the XRD results, points to a substantial incorporation of tungsten atoms into the zirconia lattice and thus, to an extended interaction with the ZrO2 phase, which in turn affects in high degree the ionic character of the Zr-O bonds, giving rise to the increased acidity observed.
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FIGURE 3. (A) NH3-TPD and (B) CO2-TPD, for both Ni/Zr and Ni/WZr catalysts (Catalyst mass: 0.15 g, Gas mixture: 5 vol % CO2/Ar and 1 vol.% NH3/He, Gas flow rate: 30 NmL/min, Temperature ramp of 30 °C/min).



The number and strength of basic sites present in the catalysts tested herein was examined using CO2-TPD (Figure 3B). The basic sites can be classified according to their strength related to the CO2 temperature desorption peaks as weak (50–200°C), intermediate (200–400°C), strong (400–650°C) and very strong (>650°C). This is because the CO2 adsorbed on the weaker basic sites is desorbed at relatively low temperature, while the CO2 adsorbed on the stronger sites is desorbed at somewhat high temperature (Fakeeha et al., 2014). Typically, for solid oxides the basic sites can be attributed to: (i) weak associated with weak Brønsted OH groups, (ii) medium strength metal-oxygen Lewis pairs and (iii) strong Lewis basic sites associated with oxygen anions (Debecker et al., 2009; Gac, 2011). For the Ni/Zr catalyst a broad CO2 desorption peak can be seen, which is more predominant in the medium and high temperature (multiple peaks underneath at 250, 420, and 620°C can be seen). For the Ni/WZr on the other hand, the CO2-TPD peak is broad at temperatures lower than 300°C; this can be linked to the existence of weaker basic sites on the W-modified surface compared to the unmodified one.

As reported in the literature, the DRM performance can be correlated with the number and strength of acid/basic sites as the adsorption of CO2 during the reaction can supply additional species of surface oxygen on the surface of the catalyst and facilitate the gasification of the intermediate carbonaceous species. As a matter of fact, the acid/basic properties of catalysts are considered one of the crucial factors that can significantly affect the DRM catalytic behavior; others include the active phase size (i.e., dispersion), textural characteristics, carbon deposition and morphology and the strength of metal-support interactions.

Temperature Programmed Reduction (H2-TPR)

The catalysts' reducibility and the strength of interaction between Ni species and the surface of the supporting materials were investigated by H2-TPR experiments (Figure 4). The Gaussian-type deconvolution of the profiles is also being presented for both catalytic samples. Clearly, the Ni/Zr catalyst exhibits three broad peaks; (a) the lowest peak is found between 450 to 480°C, (b) the peak in the middle is found around 620°C and, (c) the higher peak found around 730°C. The first two peaks can be related to the reduction of Ni2+ species interacting with ZrO2, while the high reduction temperature peak likely corresponds to the reduction of NiO-ZrO2 solid solutions. Specifically, using the deconvolution profile of the Ni/Zr catalyst, it is evidenced that the low temperature reduction peak is formed by the sum of two peaks formed at 442 and at 495°C, respectively. The former may be attributed to Ni2+ species interacting with tetragonal zirconia and the latter, to Ni2+ species interacting with cubic zirconia (Goula et al., 2016a). The sum of the two reduction peaks (567 and 609°C) forming the middle temperature peak can be associated with Ni2+ species bound to monoclinic zirconia (Youn et al., 2009). In regards to the Ni/WZr catalyst, only two peaks can be detected; the first is found at low (350–500°C) and the second at higher (500–700°C) temperatures. It can be also seen that, the low temperature peak can be deconvoluted in two peaks (423 and 460°C) and the high temperature peak into three peaks (528, 600, and 648°C), confirming the existence of nickel species having different strength of interaction with the support (Torres et al., 2012). An additional observation is the absence of peaks at high temperatures (T>700°C), indicating the absence of possible NiO-ZrO2 solid solutions. Moreover, the broadening of the peak at temperatures between 500 and 700°C is due to the enrichment of the support in monoclinic zirconia crystal phase (as also shown by the XRD results). Thus, it can be concluded that the Ni/WZr catalyst is easier to reduce in comparison to the Ni/Zr.


[image: image]

FIGURE 4. TPR profiles of both catalysts (Catalyst mass: 100 mg, Total flow: 16 mL min−1 (1% (v/v) H2 in He). Temperature: RT-950°C, Ramp rate: 10°C min−1, Main m/z fragment: H2 = 2).



Carbon Analysis

The morphology of the carbonaceous material that was formed over the surface of the spent catalysts was examined by SEM (Figure 5). The images reveal that carbon nano fibers (CNFs) and/or carbon nano tubes (CNTs) have grown on the Ni/Zr sample with an average rate equal to 1.86 μmol C/h (as determined by TGA/DTG; see below) and it is possible to suggest that they are randomly oriented in accordance with the directions preferred by the crystals of the catalysts that are needed for growing the carbon nano-structures. The average carbon formation rate on Ni/WZr catalyst was 1.11 μmol C/h and some carbon filaments can also be seen on this sample, but these are harder to spot, fewer in number and appear much shorter in comparison. Carbon mapping of this initial examination shows that carbon is more or less evenly spread throughout the entire surface of the spent catalytic samples.
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FIGURE 5. SEM images and carbon mapping of spent catalysts.



TGA/DTG analysis was also performed on the carbonaceous material deposited on the surface of the spent catalysts. Literature reports that amorphous carbon combusts in the temperature range of 200–500°C, structures with disorders, such as CNFs and/or CNTs containing a small number of defects combust between 500 and 600°C, while more graphitic structures such as multi walled (MW) CNTs are burned between 600 and 750°C (Velasquez et al., 2014). The DTG results presented in Figure 6 are in agreement with the SEM findings discussed above, as the peak corresponding to the Ni/Zr catalyst is slightly shifted to higher temperatures in comparison to the Ni/WZr sample.
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FIGURE 6. DTG graphs of the spent catalysts.



The spent catalysts were additionally examined by Raman spectroscopy (Figure 7); the aim was to get a better understanding regarding the nature and the graphitization order characteristics of the carbon deposits formed onto the spent catalysts. Both samples, after spectra deconvolution, show clearly the existence of the D, G, 2D, G+D and 2D'-bands (at 1,345, 1,565, 2,675, 2,900, and 3,210 cm−1, respectively); the D”-band (located at 2,435 cm−1) can only be observed on the Ni/WZr sample. The location of the G and D-band signals suggest the formation of CNTs (Lehman et al., 2011), while the detection of the 2D-band indicates that these are MWCNT (Ferreira et al., 2010). The relative intensity of the D and G bands (ID/IG) is a good indicator of the degree of crystallinity of the carbon formed during the reforming reaction, as smaller ID/IG values point to higher crystallinity due to the larger presence of the graphitized carbon formed (Zhao et al., 2011). For the catalysts tested herein, it is clear that the degree of graphitization decreases with the insertion of WO3 in the crystalline structure of the ZrO2 support, as the ID/IG peak intensity ratio is 1.03 for the Ni/Zr and 1.29 for the Ni/WZr, in good agreement with the SEM and DTG results presented above. The presence of the D″ band on the Ni/WZr catalyst indicates that defects have been inserted in the carbon lattice of the MWCNT during the catalytic reaction (Kaniyoor and Ramaprabhu, 2012; Tsirka et al., 2017).
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FIGURE 7. Raman spectra of spend catalysts after the deconvolution process to yield Lorentzian D-peak, G-peak and D' peak (inset, the first order region of the spectra).



Catalytic Performance

It is widely accepted in the literature that during the dry DRM, the main reaction (Equation 1) is accompanied by competing parallel reactions that modify the DRM stoichiometry (products distribution), such as the reverse water gas shift (Equation 2), methane cracking (Equation 3) and the Boudouard reaction (Equation 4) (Usman et al., 2015; Atashi et al., 2017). Regarding carbon, it is generally accepted that its formation decreases with increasing temperature (carbon formation is thermodynamically favored at lower temperatures), however considerable amounts are formed even at temperatures as high as 800°C (Nikoo and Amin, 2011; Jafarbegloo et al., 2015). It should also be noted that large metal ensembles stimulate coke formation (Bawadi et al., 2017).

In Figure 8 the transient, time-on-stream variations of the DRM performance i.e., CH4 and CO2 conversions, H2 and CO yields, and H2/CO molar ratio, at a constant temperature of 750°C typically encountered in practical methane reforming processes, are depicted for both catalysts. Although the initial (at t = 0) performance characteristics of the Ni/Zr and Ni/WZr catalysts are quite close, a progressive drop in activity is evidenced for both catalysts; however this is more pronounced for the tungstated zirconia supported sample (Ni/WZr). Specifically, for the Ni/Zr catalyst, the reactants' conversions record values from 52 to 22% for CH4 and from 77 to 42% for CO2. The same stands for products' yield, with YH2 and YCO values dropping from 42 to18% and from 55 to 36%, respectively. For the Ni/WZr catalyst, CH4 and CO2 conversion values decrease from 47 to 11% and from 68 to 22%, respectively. A descending trend can be also observed for the H2 and CO yield with values ranging from 42 to 16% and 50 to 25%, respectively. Since the yields of H2 and CO as well as the conversion of CO2 are also influenced by the reverse WGS and Boudouard reactions, the conversion of CH4 can stand as the most meaningful parameter to analyze the DRM transient performance (Sokolov et al., 2013). According to ΔX(CH4) (%) = 100[(XCH4init-XCH4final)/XCH4init] this loss was estimated as 60% for the Ni/Zr and 77% for the Ni/WZr catalyst, indicating a higher deactivation rate for the latter system during the time-on-stream experiments.


[image: image]

FIGURE 8. Time-on-stream catalytic performance and stability of Ni/Zr and Ni/WZr catalysts at 750°C: (A) CH4 and CO2 conversions, (B) H2 and CO yields, %, (C) H2/CO molar ratio; Reaction conditions: Total feed flow rate of 100 mL min−1 (30%CH4/20%CO2/50%He).



In a first approximation, and taking into account the higher population of Ni active cites per gram of catalyst on the modified Ni/WZr catalyst in comparison to that on Ni/Zr (dispersion 5.7 vs. 2.9%, respectively; Table 1), a better DRM behavior of the modified catalyst would have been expected, at least at the beginning of the transient experiments shown in Figure 8. As is widely accepted in the literature, smaller-sized nickel metal precursors can help provide higher catalytic activity and stability and suppress carbon deposition (Usman et al., 2015; Bawadi et al., 2017). As an example, Han et al. (2017) evaluated the dependence of the CH4 or CO2 turnover frequency on the Ni size and showed that Ni nano-particles of 2.6 nm had 4.1 times higher methane turnover frequency in comparison to Ni nano-particles with a size of 17.3 nm. The decrease in turnover frequency was reduced as the size of the Ni nano-particles increased. However, this here is not the case as other factors rather than dispersion seems to affect more profoundly catalytic performance. The enhanced acidity for all kinds of acid sites (from weak up to very strong; Figure 3A), together with the complete loss of the medium and strong basic sites, found for the Ni/WZr catalyst (Figure 3B), are most probably the origin of this aberration. Literature data are in agreement with this view; it has been well established that enhanced bacisity of the catalysts promotes the CO2 activation (dissociative adsorption) and thus DRM performance (Bitter et al., 1997; Rezaei et al., 2008), whilst the opposite is true on catalysts with enhanced acidity (Ni et al., 2012; Lovell et al., 2014). The slightly enhanced reducibility of the Ni/WZr catalyst in comparison to that of Ni/Zr, indicated by the H2-TPR experiments in Figure 4, expected to act positively on DRM performance, seems also to have a marginal effect on DRM behavior in comparison to the adverse effect of acidity.

Moreover, the higher deactivation rate under passing of time for the modified Ni/WZr catalyst can be attributed to carbon deposition phenomena, in combination to the smaller mean pore size diameter of this catalyst (Table 1) Thus, under the relatively close characteristics of the carbon deposition phenomena (similar deposition rates and kinds of carbon formed), the smaller (and narrower) PSD of Ni/WZr, further aggravated by the lower SSA values, can be reasonably expected to be more prone to pores blocking phenomena, and thus catalytic performance degradation.

It can be also seen that the H2/CO molar ratio (Figure 8C), also decreases with reaction time starting at about unity for both catalysts and reaching the value of 0.6 for the Ni/Zr and 0.8 for the Ni/WZr one. This observation could be of importance as H2/CO values have a specific meaning on the trend of the system to form carbon (Challiwala et al., 2017). It has been reported that carbon deposition on the catalytic surface can occur as a result of the disproportionation of CO in the Boudouard reaction (Equation 4) or the methane cracking (Equation 3) over metallic Ni sites. It has also been suggested that the reverse Boudouard reaction (Equation 4) can help oxidize carbon deposits to CO by gaseous CO2. Moreover, carbon deposits can be oxidized to CO2 by the surface oxygen of the support (C + O2 → CO2) (Gonzalez-DelaCruz et al., 2010; Damyanova et al., 2012; Sokolov et al., 2012; Taufiq-Yap et al., 2013). Even though the mechanism of the DRM process has been widely studied, the overall reaction scheme, as well as the rate determining step, have not been considered similar in all reports; these depend on the reaction conditions, the supporting materials and the active phase used (Bradford and Vannice, 1998; Bachiller-Baeza et al., 2013; Bobin et al., 2013). It is generally accepted that methane is activated on the surface of metal, while CO2 can be activated either on the support (Damyanova et al., 2009), or at the metal-support interstitial sites (Sokolov et al., 2013), or even on the metal surface (Bachiller-Baeza et al., 2013; Bobin et al., 2013). Consequently, the surface CHx fragments or the surface C species derived from methane dissociation react with active O or OH species and desorbs as CO and H2 products (Chen et al., 2002). Therefore, activation/ dissociation of methane on the active metal surface is a key reaction step that has been claimed to be irreversible in some cases (Wei and Iglesia, 2004; Bobin et al., 2013) and reversible in others (Bradford and Vannice, 1998; Yamaguchi and Iglesia, 2010). If the as formed carbon cannot be effectively gasified, coke deposition takes place and CNTs or graphite layers surrounding the metal particles can be formed. The enhanced H2/CO values on the Ni/WZr catalyst in the present study, as a result of a reduced CO yield performance (Figure 8B) implies a depress on the CO2 activation and therefore on the reactions related to CO formation (reverse Boudouard, water gas shift), which are in accord to our consideration regarding the adverse effect of the enhanced acidity of Ni/WZr catalyst.

CONCLUSIONS

WO3 incorporation into ZrO2 can induce improvements on the dispersion and reducibility of Ni particles deposited on this modified support (Ni/WZr). It also provides a typical mesoporous material with a narrow PSD, but with a lower surface area in comparison to its unmodified counterpart Ni/Zr. On the other hand the modified Ni/WZr material obeys enhanced acidity and complete absence of the medium and strong basicity in comparison to the unmodified Ni/Zr.

These factors are in competition during the dry DRM reaction, under which the modified Ni/WZr catalyst appears inferior in performance compared to Ni/Zr, as a result of its enhanced acidity, which seems to overgrow any positive effects expected from the better dispersion and reducibility of this material.

Average carbon deposition rate after 28 h of operation on DRM, was higher on the Ni/Zr catalyst (due to the larger metal ensembles on this catalyst, which stimulate coke formation), but the time-on-stream stability was better to that of Ni/WZr. This is attributed to the higher average PSD and the larger surface area of Ni/Zr vs. Ni/WZr, factors that both reduce the possibility of pores blocking and thus the deterioration of catalyst performance due to carbon deposition. Most of the carbon found on spent Ni/Zr and Ni/WZr catalysts was in both cases graphitic, i.e., the kind of carbon which has high trend for accumulation due to its low reactivity with surface oxygen species.
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