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Abstract

:

The present study deals with the development, characterization, and performance of a Ni-based catalyst over a ceria-doped alumina support as a post-gasification step, in the conversion of biomass-derived tars. The catalysts were prepared using the incipient wetness technique and characterized chemically and physically using NH3-TPD, CO2-TPD, H2-TPR, XRD, Pyridine-FTIR, N2 physisorption, and H2-Pulse Chemisorption. It was observed that the 5 wt% CeO2 reduced the strong and very strong acid sites of the alumina support and helped with the dispersion of nickel. It was noticed that the nickel crystallite sizes and metal dispersion remained unchanged as the nickel loading increased. The performance of the catalysts was studied in a mini-fluidized CREC Riser Simulator at different temperatures and reaction times. The selected tar surrogate was 2-methoxy-4-methylphenol, given its functional group similarities with lignin-derived tars. A H2/CO2 gas blend was used to emulate the syngas at post-gasification conditions. The obtained tar surrogate conversion was higher than 75%, regardless of the reaction conditions. Furthermore, the catalysts used in this research provided an enhancement in the syngas product composition when compared to that observed in the thermal experiments. The presence of hydrocarbons greater than CH4 (C1+) was reduced at 525 °C, from 96 ± 3% with no catalyst, to 85 ± 2% with catalyst and steam, to 68 ± 4% with catalyst and steam-H2/CO2. Thus, the catalyst that we developed promoted tar cracking, tar reforming, and water-gas shift reactions, with a H2/CO ratio higher than 3.8, providing a syngas suitable for alcohol synthesis.
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1. Introduction


Bioenergy is called on to play an important role in the global efforts to replace fossil fuels and to reach the desirable Net Zero Emission targets (NET). In this respect, the International Energy Authority (IEA) reported that there was an increase of 3% per year in the use of bioenergy between 2010 and 2020. However, the IEA noted that, in order to reach the set targets by 2023, the yearly increase should be 8% [1].



While, nowadays, the goods and services production system is based on a linear design, there is an increasing trend of shifting towards a circular economy, based on the three principles: (i) to eliminate waste and pollution, (ii) to create products and transform materials to their highest economic value, and (iii) to renew nature resources [2].



In this respect, biomass gasification is valuable for the circular economy, given that it is a process with high prospects for the production of alternative energy. It is more attractive than biological methods, given the wide variety of biomasses that can be used as feedstocks and given the much shorter reaction times required for biomass processing [3]. The use of biomass is also of interest as a renewable resource as a result of being carbon neutral: the same number of moles of carbon are used during photosynthesis as are returned to the atmosphere when combusted [4]. Additionally, the conversion of biomass leads to low SOX and NOX emissions when compared to those produced from fossil fuels [5].



Syngas, biochar, and tars are all products of gasification. Syngas is predominantly composed of H2, CO, CO2, and CH4 [4,6]. Biochar is a solid and valuable product of the gasification process [4]. However, tars are unwanted products. Tars are produced from the pyrolytic decomposition of lignocellulosic materials under gasification conditions [7]. At ambient temperatures, tars form a viscous liquid can cause operational problems, such as pipeline blockage. Moreover, the presence of tar lowers the quality of syngas and reduces the efficiency of the process [8,9,10,11].



Tars can be classified as primary, secondary, tertiary, and condensed tertiary. Primary tars are formed during the early stages of gasification. Furfural can be considered a typical example of a primary tar. Secondary tars are derived from primary tars that are further converted into phenolic and olefin species while in the presence of steam and oxygen. Tertiary tars are produced from secondary tars and are mainly composed of aromatics with methyl functional groups, such as toluene. Lastly, condensed tertiary tars are obtained from the conversion of secondary tars into polyaromatic hydrocarbons with no substituent groups, such as naphthalene [12].



Throughout the years, different methods for removing tars have been considered. These methods have been classified as in situ and ex situ [7,13]. Depending on the approach, they can be further classed as physical, chemical, or biological [14].



Catalytic tar conversion is a chemical process for tar removal. In this process, catalysts play a dual role as they assist both in promoting water-gas shift and in the cleaning of the gas that is produced. Catalysts are incorporated into this reaction to boost its rate and/or selectivity given that the tar removal reaction is kinetically limited [15]. In the design of a catalyst for “hot tar cleaning”, it is important to consider the surface species and the interactions between the metal crystallites and the catalyst support that can lead to unreactive phases, as well as to undesired crystallite agglomeration [16].



Ni-based catalysts have been acknowledged for their advantages, such as their high tar reforming efficiency, their high tar conversion, their compatibility with different supports and promoters to increase catalytic activity, their suitability as secondary catalysts, and their relative inexpensiveness [7,10]. Additionally, Ni-based catalysts facilitate the cracking of C-H and C-C bonds and perform well in steam and dry reforming reaction environments [17]. However, their activity can decay due to coke formation, sintering, or sulfur poisoning. These issues can be addressed in different ways: (i) by modifying the active metal with alloys or using other metals such as Fe, Co, Mn, and Cu [18], (ii) by adding promoters like rare earth metals, (iii) by enhancing supports, and/or iv) by improving catalyst preparation methods [19].



Rare earth metals are known for their good thermal stability and their contribution to high catalytic activity. Rare earth metals facilitate oxygen storage and oxygen mobility, which help with biochar gasification [20], and as a result, with catalyst deactivation mitigation. CeO2 displays a fluorite face-centered cubic unit cell structure, where each Ce4+ is coordinated with eight oxygen atoms, and each O2− in the tetrahedral space is coordinated with the four nearest Ce4+s [21]. In the case of CeO2, oxygen capacity is associated with the Ce4+/Ce3+ redox pair, which enables the ceria to release oxygen in poor-oxygen environments such as the one of the present study, and to be reoxidized in oxygen-rich environments via a Mars-van-Krevelen mechanism [22,23].



Given the above, this research aims to address the removal of gasification-derived tars by using Ni-based catalysts doped with CeO2., This is considered in the context of an integrated process involving biomass gasification, tar removal with the enhancement of syngas quality, and catalyst regeneration, as described in Figure 1.



The performance of the developed catalyst is shown using 2-methoxy-4-methylphenol as a tar surrogate in a mini-fluidized CREC Riser Simulator, including: (a) catalyst reduction, (b) tar post-gasification, and (c) catalyst regeneration.




2. Catalyst Characterization Results


2.1. N2-Physisorption


The determined structural properties of the fluidizable γ-Al2O3 support and the ceria-doped γ-Al2O3 are reported in Table 1. The obtained surface area of the γ-Al2O3 sample was within the 90–210 m2/g range, in agreement with that reported by the manufacturer [24]. There was no significant impact on these properties when 2 wt%CeO2 was added. However, the 5 wt% and 10 wt% CeO2 mildly decreased the surface area, pore volume, and pore diameter. This was attributed to the blockage of some of the micropores of the γ-Al2O3. Mazumder [25] reported a similar behaviour when doping γ-Al2O3 with La2O3.



Table 2 describes the structural parameters of the support-promoter sample obtained when it was impregnated with the active phase (NiO). The surface area, pore volume, and pore diameter all decreased mildly with the increase in nickel. This was an expected behaviour given that, as more metal was added, the smaller pores of the support were blocked. It should be noted that Mazumder [25] used nickel as the active phase over a La2O3-doped γ-Al2O3 support and reported a similar trend. Moreover, Liu et al. [26] studied different CeO2 loadings over 15% Ni and reported a decrease in the surface area and pore volume, while the pore diameter remained almost constant. These trends were similar to the findings of the present study.



Figure 2a reports the adsorption-desorption isotherms for the different CeO2 and NiO loadings that were studied. All CeO2 and NiO loadings on fluidizable γ-Al2O3 consistently displayed a type IV isotherm, based on the IUPAC classification, corresponding to mesoporous materials. Additionally, the isotherms presented a H1 hysteresis loop, a consequence of the uniform narrow mesopores [27]. These results are consistent with the findings of previous studies [22,28]. Furthermore, Adamu et al. [29] indicated that the isotherms’ plateau at a high relative pressure is a behaviour of a narrow pore-size distribution, which can be seen in Figure 2.




2.2. X-ray Diffraction


The crystalline structures of the different samples prepared were analyzed using X-ray Diffraction (XRD). Figure 3 shows the XRD patterns for the γ-Al2O3 support and the different loadings of CeO2 that were studied, while Figure 4 presents the XRD patterns obtained for the different loadings of NiO. One should expect peaks at 37.7°, 39.4°, 45.8°, and 66.8° for the γ-Al2O3 support (JCPDS-79-1558) while the peaks at 28.6°, 33.1°, 47.5°, 56.3°, 59.1°, 69.4°, 76.7°, 79.1°, 88.4°, and 95.4° correspond to the cubic CeO2 crystallographic phases (JCPDS-34-0394) [30]. The XRD pattern obtained for the γ-Al2O3 support showed three of the peaks mentioned above (37.7°, 39.4°, and 45.8°). When analyzing the sample with the 2 wt% CeO2 doped on the γ-Al2O3 support, no peaks associated to CeO2 were observed. This could be attributed to undetectable amounts of promoter on the surface of the support. This agrees with the results obtained from the N2-physisorption analysis that showed that the introduction of 2 wt% CeO2 did not lead to any significant change in the structure of the Al2O3 support.



However, for the 5 wt% and 10 wt% CeO2, two new peaks appeared: one at 28° and another at 56°. The intensity of these peaks increased when analyzing the sample with 10 wt% CeO2. These peaks were previously reported for CeO2 by the JCPDS mentioned above. Furthermore, the peak at 45° became wider with the addition of ceria, given the combined interaction of the support (γ-Al2O3) with CeO2, and given that CeO2 has a reported a characteristic peak at 47.5° [30].



The XRD pattern obtained for the 5 wt% NiO did not exhibit any additional peaks to the ones observed for the promoted support. Moreover, it should be noted that nickel and alumina may tend to strongly interact with each other, resulting in the formation of NiAl2O4. According to COD 9006011, in the XRD analysis, NiAl2O4 spinel shows characteristic peaks at 31.3°, 37.1°, 38.8°, 43.3°, 56.0°, and 65.6° [31]. However, the spinel formation could not be observed in the XRD diffractogram, given that the γ-Al2O3 and NiAl2O4 peaks could overlap with each other.



Furthermore, XRD analysis was performed on the catalyst with coke, after the reaction runs, preceded by catalyst regeneration and catalyst reduction. No structural changes were observed with coke being present [32].




2.3. NH3 and CO2 Temperature Programmed Desorption


To further understand the chemical properties of the different samples that were prepared, NH3-TPD and CO2-TPD analyses were developed to determine both the acidity and basicity, respectively. It should be mentioned that the acidity of the catalyst, and in particular the γ-Al2O3 strong acid sites, promote coke formation, leading to catalyst deactivation. To moderate coke formation on the prepared catalyst, CeO2 was selected as the support promoter. Table 3 reports the influence of ceria addition on the overall γ-Al2O3 support acidity. It can be observed that CeO2 had a mild influence on the “total acidity” of γ-Al2O3, which remained at the lowest level of 5.8 cm³ STP/g for the 5 wt% CeO2/γ-Al2O3. Thus, on the basis of these findings, the 5 wt% CeO2 promoter loading was selected as the best for further catalyst development.



Furthermore, the basicity of the support was also evaluated, as reported in Table 3. In agreement with Fonseca et al. [28], the basicity of the support was not altered in the range of ceria loadings that was studied. This was in contrast with the findings of Mazumder [25], who reported that La2O3 as an alumina promoter increased the basicity of the support.



Furthermore, the acidity and basicity of the samples with an Ni active phase were also studied. The results obtained are listed in Table 4. One can observe that the addition of the active phase led to a reintroduction of some strong acidity. This increase in acidity with the introduction of nickel was also reported by Mazumder [25] and Kuhn Bastos [33] In addition, one can also see, in Table 4, that the nickel addition modestly increased the total basicity of the prepared catalyst.




2.4. NH3-TPD Deconvolution


The NH3–TPD curves were deconvoluted to assess the relative influence of acid sites with different strengths on the different promoter and active phase loadings that were prepared. The model was adjusted to contain four acid sites: weak, medium, strong, and very strong. Figure 5A–C report the deconvolution of three samples: γ-Al2O3, 5 wt% CeO2/γ-Al2O3, and 15 wt% NiO-5 wt% CeO2/γ-Al2O3. In the case of the undoped alumina, four types of acid sites were observed, in accordance with the findings of Torres et al. [34]. However, the introduction of CeO2 showed three types of acid sites only, with the very strong acid type having disappeared. Further, the addition of nickel reintroduced the very strong acid site type, as evidenced by the appearance of a fourth peak. Based on these findings, the 5 wt% CeO2 was selected as the optimum loading from the three CeO2 loadings studied.



Moreover, the kinetic parameters for each curve obtained from the deconvolution process were calculated using the following assumptions [35,36]:




	
The ammonia desorption kinetics for the four types of acid sites were described by using the Arrhenius Law;



	
There was no re-adsorption of ammonia molecules on the catalyst surface sites;



	
The rate of desorption for each one of the four acid type sites was proportional to the number of sites occupied by ammonia;



	
The concentration of ammonia throughout the catalyst bed remained unchanged during the ammonia desorption;



	
The desorption temperature followed a linear heating ramp.








The mathematical approach used in previous studies [35,37,38,39,40] was used in the present research. The differential equation (Equation (1)) was solved using a MATLAB script involving the LSQCURVEFIT and ODE45 functions. The results obtained are listed in Table 5. It is important to mention that, for all NH3–TPD curves, the coefficient of determination was 99%.


      d   V   d e s     d T     =     k   d e s , 0       β   ′       1 −     V   d e s       V   m         e     −     E   d e s     R       1   T   −   1     T   m            



(1)




where Vdes represents the volume of ammonia desorbed in mmol gcat−1, kd stands for the desorption constant in mmol gcat−1 min−1, kdes,0 denotes the pre-exponential factor in mmol gcat−1 min−1, Vm refers to the volume of ammonia adsorbed at the saturation condition in mmol gcat−1, Tm represents the centering temperature which minimizes the cross-correlation between adsorption kinetic parameters in K, and Edes is the activation energy of desorption in kJ mol−1.



It can be observed in Table 5 that there is consistency in the kd and Edes values obtained for the weak, the medium, the strong, and the very strong acid sites. These findings corroborate the interpretation that the CeO2 acted on the very strong acid sites, neutralizing them, with the nickel partially reintroducing some of this very strong acidity.




2.5. Pyridine Fourier Infrared Spectroscopy


The NH3-TPD helped to evaluate the total acidity of the support, and that obtained with the different loadings of CeO2 and NiO. Furthermore, the pyridine FTIR was used to establish the nature of the acid sites of the samples. Morterra and Magnacca [41] used pyridine adsorption to study the acidity in the alumina and concluded that pyridine can interact with surface acid sites in different ways: (i) via lone nitrogen electron pairs in pyridine that bond with the hydrogen of the weak acidic-surface OH groups, (ii) via lone nitrogen electron pairs in pyridine that interact with the surface cationic centers (designated as Lewis acid sites), and (iii) via pyridinium ion species able to interact with the strong protons from the OHs on the catalyst surface (designated as Brønsted acid sites). Additionally, Parry [42] also studied the acidity of alumina and concluded that the strong acid sites on alumina were of the Lewis type.



The results obtained in the present study are in line, as shown in Figure 5A–C, with the findings reported by Parry [42], given that the FTIR bands observed for γ-Al2O3 are at characteristic wavenumbers assigned to Lewis acid sites. Furthermore, as was seen in the NH3-TPD analysis, the total acidity was not affected by the introduction of the promoter, with the CeO2 helping, however, in the redistribution of acid sites.



In addition, the sample containing the active phase (15 wt% NiO) shows a new peak when compared to the undoped γ-Al2O3 with no Ni active phase, and the CeO2-doped γ-Al2O3 with no Ni active phase (Figure 6). Vásquez et al. [43] reported FTIR bands at 1612 cm−1, 1622 cm−1, and 1635 cm−1, which corresponded to the pyridine interacting with NiO, via Lewis acid sites and pyridine bonded to Brønsted acid sites, respectively. It was also reported that the band at 1612 cm−1 increased proportionally with the percentage of NiO, with this FTIR band attributed to pyridine coordinatively bonded to nickel cations.



Within the range from 1500 cm−1 to 1600 cm−1, no bands were identified. This was attributed to the absence of Brønsted acid sites. This behaviour was also observed by Mazumder [25] and agrees with Parry [42] and Morterra and Magnacca [41], who claimed that Lewis acidic sites on the γ-Al2O3 support were dominant.




2.6. H2 Temperature Programmed Reduction and H2-Pulse Chemisorption


Figure 7 compares the H2–TPR curves obtained for the different Ni loadings (5 wt%, 10 wt%, and 15 wt%) for a fixed CeO2 loading (5 wt%). It was observed that the TPR peaks shifted towards lower temperatures as the Ni loadings increased. This suggested that the interaction between the active Ni phase and the support was reduced at higher Ni loadings. For example, the 15 wt% Ni sample had a maximum peak at 580 °C, while the 5 wt% Ni sample had a maximum peak at 610 °C. It is important to mention that the 5 wt% Ni with CeO2-doped support and the 5 wt% Ni with an undoped support displayed similar TPR trends.



Previous studies have reported that the Ce4+ in CeAlO3 was reduced to Ce3+ at around 827 °C [44], while other research indicated that the reduction of Ce4+ in CeAlO3 to Ce3+ took place at 890 °C [45]. However, in the present study, no reduction of the Ce4+ was observed, when a sample with no nickel active phase (5 wt% CeO2/γ-Al2O3) was analyzed with H2-TPR. In this case, no TPR peaks were observed. This was also confirmed with XRD patterns, given that no TPR peaks attributable to CeAlO3 were present.



Authors have categorized the different interactions between nickel and the support into three TPR signal sections [44,46] as follows:




	
TPR peaks in the 300 °C < T < 400 °C range: this range corresponds to the reduction of amorphous NiO species resulting from a weak interaction between the Ni and the γ-Al2O3;



	
TPRs in the range of 400 °C < T < 600 °C. This range corresponds to the H2-TPR reduction of NiO species resulting from a strong interaction of the Ni with the alumina support;



	
TPRs at T > 600 °C. This corresponds to the NiAl2O4 spinels resulting from the H2-TPR analysis.








Table 6 reports the Ni-reducible species calculated with TPR data. In these calculations, the state of reducible nickel was fully assigned to Ni2+ using XPS spectra, as discussed in Appendix A. One can observe, in Table 6, that, in most cases, this reducibility reached higher than 80% of the nominal nickel loading.



H2-Pulse Chemisorption was used to study the nickel dispersion and the nickel crystallite sizes. This analysis was conducted at 615 °C, given that this was the temperature used for catalyst regeneration in the CREC Riser Simulator and in the proposed tar post-gasification process, as described in Figure 1. Table 7 reports the results obtained for this analysis. It was observed that the average Ni crystallite sizes as well as the nickel dispersion remain unchanged when increasing the nickel loading. On the other hand, the metal specific surface area increased consistently. This allowed us to conclude that the promoter (CeO2) amount as well as the proposed multi-step catalyst preparation were adequate to provide a catalyst with stable structural properties.





3. Catalyst Performance Results for Tar Conversion


The three catalysts prepared (5 wt% Ni, 10 wt% Ni, 15 wt% Ni over ceria-doped alumina) were studied under two different atmospheres: steam, and steam and hydrogen-carbon dioxide. The reaction temperatures employed were 500 °C, 525 °C, and 550 °C, and the reaction time was set to 10 s. Furthermore, the 15 wt% Ni catalyst was also evaluated at 5 s and 7 s reaction times. Experiments in the CREC Riser Simulator reactor without the catalyst loaded were also developed and used as a reference. In the upcoming figures and tables, the 5%Ni-5%CeO2/γ-Al2O3, the 10%Ni-5%CeO2/γ-Al2O3, and the 15%Ni-5%CeO2/γ-Al2O3 are referenced as Cat5, Cat10, and Cat15, while the results from the non-catalytic experiments are designated as NC.



3.1. Tar Surrogate Conversion under Steam Atmosphere


Figure 8 reports the 2-methoxy-4-methylphenol or 2M4MP (tar surrogate) conversion while employing Cat5, Cat10, and Cat15 at 500 °C, 525 °C, and 550 °C at 10 s under steam. One can observe that the 2M4MP catalytic conversion ranged between 75% and 92%. When these results are compared to those without a catalyst loaded in the CREC Riser Simulator, one can see that runs with and without the catalysts display similar 2M4MP overall conversions.



To assess the 2M4MP conversion, it is important to consider tar “primary reactions” such as tar steam cracking (Equation (2)), as well as subsequent “secondary reactions” such as the water-gas shift and steam and dry reforming reactions, which are represented by Equations (3)–(5) [34,47].


    C   8     H   10     O   2   +   ε H   2   O →   α H   2   + β C O + γ C   O   2   + δ   C H   4   + σ   C   m     H   n     O   o   + ω   C   ( s )    



(2)




where α, β, γ, ε, δ, σ, and ω are the stoichiometric coefficients, CmHnOo represents the hydrocarbon product formula, from tar cracking and tar reforming, and C(s) denotes the carbonaceous solid, designated as coke.




   C O +   H   2   O ↔   H   2   + C   O   2      Water - gas   shift   



(3)






   C   H   4   +   H   2   O ↔ C O + 3   H   2      Steam   reforming   of   methane   



(4)






   C   H   4   +   C O   2   ↔ 2 C O + 2   H   2      Dry   reforming   of   methane   



(5)





The extent of the secondary reactions is strongly affected by the temperature, the reaction environment (e.g., partial pressures of H2O, H2, and CO2), the reaction time, and the type of catalyst used.



Figure 9A,B report the selectivities towards CO and CO2 for the Cat5, Cat10, and Cat15 catalysts. The CO and CO2 selectivities obtained for the runs without a catalyst are also provided, as a reference.



Figure 9A,B show that CO and CO2 selectivities augment with increasing temperature, from 0.007 to 0.027 for CO, and from 0.09 to 0.13 for CO2 when using Cat5, Cat10, and Cat15. Another interesting observation is that the CO2 selectivities improved considerably when comparing the catalytic runs with the non-catalytic ones.



Furthermore, Table 8 reports the CO2/CO ratios. In the case of the catalytic runs, the CO2/CO ratios were consistently higher than 4. Furthermore, a decrease in the CO2/CO ratios with the rise in temperature was observed. This reduction in the CO2/CO ratios agrees with the product changes expected with increasing temperature for exothermic reactions such as the water-gas shift reaction (Equation (3)), at chemical equilibrium.



Figure 10A,B report the selectivities towards CH4 and C1+ (hydrocarbons with more than one carbon in their molecular formula).



Figure 10A shows that there is no important change in methane selectivity when employing Cat5, Cat10, and Cat15. Furthermore, when comparing the CH4 selectivities obtained in the catalytic runs with the ones from the non-catalytic ones, one can observe that the CH4 selectivities are always significantly higher in the catalytic runs , while displaying closer values at 550 °C.



Thus, on this basis, one can conclude that there is a mild enhancement of CH4 formation when using Cat5, Cat10, and Cat15. This is consistent with an increased influence of the reverse methane dry reforming reaction (Equation (6)).


  2 C O + 2   H   2   → C   H   4   + C   O   2      Reverse   dry   reforming   of   methane  



(6)







In accordance with this, Figure 10B shows a significant decrease in C1+ hydrocarbon selectivities in the catalytic runs versus those obtained in the non-catalytic experiments: 0.82–0.87 versus 0.91–0.97, respectively. These valuable findings can be attributed to the intensified tar steam cracking activity that occurs as per Equation (2), in the catalytic runs.



Another important issue in the 2M4MP conversion is the coke formation. Coke is a carbonaceous solid product that deposits on the catalyst surface. Coke can reduce catalytic activity, leading to catalyst deactivation. Two competing reactions, namely methane pyrolysis and the Boudouard reaction, can contribute to coke formation, as shown in Equations (7) and (8) [44,48].


  C   H   4   ↔   2 H   2   + C    Methane   dpyrolysisry  



(7)






  2 C O ↔ C   O   2   + C    Boudouard   reaction  



(8)







Methane pyrolysis is an endothermic reaction, while the Boudouard reaction is exothermic. Furthermore, reverse carbon reforming (Equation (9)), which is an exothermic reaction, can also yield coke.


  C O +   H   2   → C +   H   2   O    Reverse   carbon   reforming  



(9)







Thus, temperature can have, in principle, a complex influence on coke yield, and coke formation must be established experimentally, as attempted in the present study.



Figure 11 reports the coke as determined, with TOC (total organic carbon) analysis. One can observe that, under a steam atmosphere, the temperature did not have a significant influence on coke formation, with Cat5 showing a slight coke reduction at 550 °C and Cat15 displaying the lowest coke value at all temperatures studied.



Given that the lowest 0.0005 coke yield per injection was obtained with Cat15, as reported in Figure 11, further studies were developed with this catalyst, using 5 s, 7 s, and 10 s at 500 °C, 525 °C, and 550 °C, under a steam atmosphere.




3.2. Effect of Reaction Time under Steam Atmosphere


Figure 12 reports the 2M4MP catalytic conversion at 5 s, 7 s, and 10 s at 500 °C, 525 °C, and 550 °C, while using the Cat15 catalyst. One can observe that the 2M4MP catalytic conversions fall within a band of values. This shows a slightly changed 2M4MP conversion with increasing reaction times, while it is positively influenced by temperature, with the highest (83–87%) tar conversions being obtained at 550 °C. These are valuable findings, as they show that the reaction time required can be set to 5 s in order to achieve desirable tar conversions, a most convenient reaction time for a downer unit operation.



Table 9 shows the similar tar conversions obtained during non-catalytic experiments.



Table 10 reports the CO2/CO ratios obtained with Cat15 at 5 s, 7 s, and 10 s under a steam atmosphere. Overall, the CO2 selectivities were much higher (around five times higher) than the CO selectivities. Furthermore, the CO2/CO ratios decreased with an increasing temperature, with the smallest 2.5 CO2/CO ratio being obtained at 550 °C and 5 s. One can notice, in Table 10, that all CO2/CO ratios obtained were larger than 1, suggesting a dominant influence of the exothermic water-gas shift reaction.



The methane selectivity is reported in Table 11. It can be observed that both increasing temperatures and reaction times modestly enhanced the methane selectivity.



Furthermore, Table 12 describes the C1+ hydrocarbons’ selectivity at various reaction times and temperatures. One can see that the C1+ selectivities fell within a band of values, with a desirable mild decreasing trend, towards lower C1+ selectivities, being observed at 550 °C and 10 s.



Figure 13 reports the effect of the reaction time on coke formation when using the Cat15. At 10 s, in the 500–550 °C range, one can see no significant change in the formed coke. In contrast, at the 5 s reaction time, higher coke formation values were observed at 550 °C. This can be explained by assuming that, at shorter contact times and higher temperatures, there is a marked influence of the steam cracking of the 2M4MP, leading to higher coke levels. In addition, it appears that, at 7 s and 10 s, the carbon gasification reaction (Equation (10)) diminishes the already-formed coke [22,49].


  C +   H   2   O → C O +   H   2   O    Carbon   gasification  



(10)








3.3. Mechanistic Insights from Tar Surrogate Conversion Runs under Steam Atmosphere


On the basis of the data reported in Section 3.2, one can see that the 2M4MP conversion is not affected by the catalyst type or the reaction time in the 5–10 s range. Gas chromatograms in Appendix C (Figure A2 and Figure A3) show the dominant products including methane, C1+ species (mostly C7), and alkylated 2M4MP (C9). This points to a very first thermal reaction step where a methyl or methoxydealylation formation takes place simultaneously with 2M4MP re-alkylation during reaction times smaller than 5 s. Following this first step, the gas phase, which is either inert or composed of a steam atmosphere, determines, together with the catalyst type, the C1–C6 product species fractions, the CO2/CO ratio, and the coke formed.




3.4. Tar Surrogate Conversion under Steam-H2/CO2 Atmosphere


As stated previously, the objective of the present study was to investigate the application of a Ni-CeO2/γ-Al2O3 catalyst in a post-gasification process. To evaluate this, an atmosphere composed of combined steam and a 50%vH2/50 v% CO2 was used to emulate the outlet stream of a catalytic biomass gasifier.



Figure 14 further reports the 2M4MP conversions obtained under combined steam and H2/CO2 for Cat5, Cat10, and Cat15 at 500 °C, 525 °C, and 550 °C at a 10 s reaction time, reaching values as high as 90%.



Figure 15A displays the CO selectivities under steam-H2/CO2 in the 500 °C–550 °C range. At 550 °C, one can notice higher 0.068–0.077 CO selectivities than the 0.024–0.027 CO selectivities obtained under steam-only conditions (refer to Figure 9A). These results agree with those of Kuhn Bastos [33], who showed a similar increasing trend in CO selectivity when CO2 was introduced in the feed.



Figure 15B reports the CO2 selectivities at 500 °C, 525 °C, and 550 °C. At 550 °C, one can also notice higher 0.2–0.25 CO2 selectivities with steam-H2/CO2 than the 0.11–0.13 CO2 selectivities obtained with steam only (refer to Figure 9B).



Furthermore, the CO2/CO ratios under combined steam and H2/CO2 are reported in Table 13. Although these CO2/CO ratios are lower than the ones reported in Table 8, under steam, they are all higher than 3, and show a CO2/CO ratio decreasing with an increasing temperature, which can be attribute, to the catalyst’s promotion of the water-gas shift reaction.



Furthermore, Figure 16A reports the methane selectivities, under steam-H2/CO2, at three different temperatures. At 500 °C, these values fall in the 0.045–0.058 range. These methane selectivities can be compared with the 0.027–0.032 selectivities obtained under steam only and reported in Figure 10A. Thus, one can conclude that the cofeeding of steam and H2/CO2 enhances CH4 formation. In brief, one can consider that the catalysts developed in the present study favour the hydrogenation of methyl groups, resulting from the steam cracking of 2M4MP and the reverse dry reforming reaction.



Furthermore, when the CH4 selectivities obtained for the different catalysts under steam-H2/CO2 are compared, one can observe the following, at 550 °C (a) Cat5 and Cat10 show 0.049 and 0.045 CH4 selectivities, respectively, and (b) Cat15 exhibits an increased CH4 selectivity of up to 0.058. Therefore, one can conclude that Cat15 is a better choice for methane formation. Figure 16B reports C1+ selectivities under steam-H2/CO2. These values fall in the range of 0.61–0.76, comparing favourably with the 0.82–0.87 C1+ selectivity values obtained under steam only (refer to Figure 10B).



Figure 17 reports the coke yield obtained with Cat5, Cat10, and Cat15 at 10 s under the steam-H2/CO2 atmosphere.



Regarding the coke yield, one can note that a higher coke formed at 500 °C than at 525 °C and 550 °C when using Cat5. This behaviour can be assigned to the increased influence of coke gasification at the higher temperatures. One should note, however, that when the Cat15 was employed under a combined steam-H2/CO2, the coke formed stabilized at 550 °C, remaining in the 0.0006–0.00067 gcokegcat−1 range. This coke level stabilization is similar to the one observed in experiments under steam (refer to Figure 11), with these stabilization values being in a similar range.




3.5. Effect of Reaction Time under Steam-H2/CO2 Atmosphere


Figure 18 describes the effect of the reaction time on the 2M4MP catalytic conversion, under steam and H2/CO2, while using the Cat15 catalyst. As in the cases formerly discussed, the overall 2M4MP conversion was not significantly influenced by the reaction time. For instance, at the various reaction times studied, the tar conversion remained in the high 86–91% range at 550 °C.



Furthermore, the CO2/CO ratios can be calculated with the CO and CO2 selectivities reported by Rojas Chaves [32]. Trends observed in Table 14 are similar to the ones obtained for the runs under steam (refer to Table 10), where all the CO2/CO ratios were greater than 2.5. This suggests that there is a significant influence of the water-gas shift reaction, with CO2/CO ratios decreasing with increasing temperatures. This agrees with the expected trend of the exothermic water-gas shift reaction, which is strongly influenced by chemical equilibrium.



Table 15 reports the methane selectivities at the various reaction times and temperatures of the present study, using Cat15 under steam-H2/CO2. It is apparent that the methane selectivities remain in a band of values, providing a best 0.058 methane selectivity at the 10 s reaction time and at 550 °C.



Table 16 describes the C1+ hydrocarbon selectivities using Cat15 under steam-H2/CO2 atmosphere. This table shows similar results to those reported in Table 12, where a steam atmosphere was used. Similarly to the results reported in Table 12, the C1+ selectivities in Table 16 display a consistent and desirable reduction, caused by the extra cracking and promoted by the combined steam and H2/CO2 feed.



Figure 19 reports the coke obtained for Cat15 under a steam-H2/CO2 atmosphere. One can see that, at the 10 s reaction time, the coke stabilized close to 0.0007 gcokegcat−1, which is equivalent to a 0.58 wt% coke yield per injection. This coke amount was similar to the coke levels observed under steam.



In addition to the carbon-based products quantified during the various catalytic runs using Ni-CeO2/γ-Al2O3 catalysts, hydrogen measurements were taken during the runs under steam-H2/CO2 atmospheres at 550 °C, and at various reaction times (5 s, 7 s, 10 s). Table 17 reports the H2/CO ratios obtained at 550 °C for Cat15. This table shows, in all cases, H2/CO ratios greater than 3.8. Thus, it can be postulated that the water-gas shift reaction is key in obtaining the high CO2/CO ratios shown in Table 8, Table 10, Table 13 and Table 14. These high H2/CO ratios also demonstrate the value of a catalytic post-gasification step, such as the one considered here, where tar species are converted into lighter hydrocarbons, providing, at the same time, a H2/CO ratio larger than 2, which is required for the synthesis of alcohols such as methanol.




3.6. Mechanistic Insights from Tar Surrogate Conversion Runs under Steam-H2/CO2 Atmosphere


Data reported in Section 3.4, consistent with results of Section 3.2, show that the 2M4MP conversion is not affected significantly by the catalyst type or the reaction time (from 5 s to 10 s). It is shown, however, that a steam-H2/CO2 atmosphere promotes 2M4MP conversions with the formation of higher levels of lighter hydrocarbon product fractions, such as methane, as shown in Figure A4 (Appendix C). Thus, following this first thermal dealkylation step, the radicals formed are more prone, under steam-H2/CO2, to be hydrogenated via secondary reactions, enhancing, as a result, methane formation and catalyst water-gas shift activity, leading to H2/CO ratios that are adequate for alcohol synthesis.





4. Future Perspectives for Tar Catalytic Post-Gasification


While tar reforming in the CREC Riser Simulator under steam and CO2 was already shown by others [29,33,50,51], these authors did not address the important issue of the performance of these catalysts under syngas compositions as observed at the outlet of a gasifier unit. To address this important issue, the present study establishes, with the developed catalysts, the valuable basis of a tar post-gasification step, where both tar removal and a desirable H2/CO ratio are achieved, yielding a syngas with a H2/CO ratio larger than 2. This syngas is suitable for alcohol synthesis. One can notice, however, that at 525 °C, the catalysts developed in the CREC Riser Simulator yielded hydrocarbons with a carbon number greater than CH4 (C1+), as follows: (a) 96 ± 2% without catalyst loaded, under steam, (b) 85 ± 2% with catalyst loaded, under steam, and (c) 68 ± 4% with catalyst loaded, under steam-H2/CO2. All this was achieved with H2/CO ratios higher than 3.8. These results are encouraging, given that they were obtained using 0.6 v% catalyst volumetric concentrations in the CREC Riser Simulator. These catalyst volumetric concentrations are considered to be low when employed both in riser and downers, given that these reactors are typically operated by using higher catalyst volumetric concentrations in the 2–5 v% range.



Thus, and on this basis, one can see that, while catalytic tar post-gasification was demonstrated to be valuable, at the conceptual stage in the resent study, there is still significant room to improve tar adsorption processes, and as a result, catalytic tar conversion performance, using the Ni-CeO2/γ-Al2O3 catalysts of the present study. In our view, this should be achieved with higher catalyst volumetric concentrations, reaching in this manner, levels of complete tar removal.




5. Materials and Methods


5.1. Catalyst Synthesis


Fluidizable catalysts were prepared using the incipient wetness technique under vacuum conditions. To accomplish this, a 53–106 µm sieved Sasol Catalox SCCa® γ-Al2O3 particle fraction was used as the support. Cerium oxide was employed as the promoter, and nickel as the active phase. Specifically, Ce(NO3)3·6H2O (Sigma Aldrich CAS N°: 10294-41-4, St. Loius, MO, USA) and Ni(NO3)3·6H2O (Sigma Aldrich CAS N°: 13478-00-7) were selected as the promoter and the active phase precursors, respectively. The amount of precursor solution added at every impregnation step was based on the available support pore volume, as calculated from the N2-physisorption analysis. Impregnation steps were always followed by calcination, under airflow, at a maximum of 500 °C for 4 h. By using this approach, supports loaded with different cerium levels were prepared (2 wt%, 5 wt%, and 10 wt%). However, and for the more extensive runs, a 5%wt CeO2 was selected, with three different loadings of the nickel being evaluated (5 wt%, 10 wt%, and 15 wt%).




5.2. Catalyst Characterization


The surface area, pore volume, and average pore diameter were analyzed using N2-physisorption at 77 K. This was done using a Micromeritics ASAP 2920 Analyzer (Norcross, GA, USA). First, the sample was degassed at 250 °C for 3 h. Then, the surface area was calculated using the Brunauer, Emmett, and Teller (BET) method. The Barret, Joyner, and Halenda (BHJ) method was employed to determine the pore-size distribution and pore diameter.



Temperature Programmed analyses, such as NH3-TPD, CO2-TPD, H2-TPR, and H2-Pulse Chemisorption, were conducted in a Micromeritics AutoChem II Analyzer (Norcross, GA, USA). For these analyses, a 0.10–0.20 g sample was placed in the U-shape tube, over quartz wool.



NH3-TPD was used to determine the total acidity of the catalysts, as well as the kinetic desorption parameters. First, the sample was pretreated by heating it up from room temperature to 600 °C, and later cooling it down to 100 °C. The sample was then saturated with 5% NH3 (balance He) for 1 h. Finally, the sample was purged with a He flow, raising the temperature progressively from 100 °C to 600 °C, at a rate of 15 °C/min. The desorbed ammonia was measured using a thermal conductivity detector (TCD). The NH3–TPD curves were deconvoluted by employing a Gaussian function to classify the acidity as weak, medium, strong, and very strong.



CO2-TPD was also used to analyze the basicity of each sample. This was done by heating each sample up to 600 °C under a helium flow. It was then cooled down to 45 °C while the sample was saturated with a 10% CO2 (balance He) flow. Following this, it was purged with helium, while increasing the temperature from 45 °C to 600 °C, at a rate of 15 °C/min. The desorbed carbon dioxide was measured using a thermal conductivity detector (TCD).



The active metal surface area, the metal dispersion, and the average active metal crystallite size were studied using the H2-Pulse Chemisorption technique. First, the sample was reduced with a flow of 10% H2 (balance Ar) at 615 °C. Following this, hydrogen was injected in consecutives pulses of 1.0 mL until two consecutive outlet peaks had the same area.



H2-TPR was employed to determine the reducibility of the catalyst. The sample was treated under a flow of 10% H2 (balance Ar) while being heated from room temperature up to 950 °C at a rate of 10 °C/min. A water trap using liquid nitrogen and isopropanol was placed in the unit to condense the water produced from the reduction reaction. Then, the hydrogen consumption was measured using a thermal conductivity detector (TCD). The amount of reducible nickel was calculated from the reduction reaction of nickel oxide to metallic nickel.



FTIR analyses were employed to study the nature of the acid sites. These analyses were conducted in a Bruker Hyperion 2000 microscope, attached to a Tensor II (Etlingen, Germany). Prior to the analyses, the samples were pretreated using pyridine. Then, the samples were first heated up to 550 °C for 2 h under an N2 flow. Then, they were cooled down to 100 °C. At that temperature, the samples were saturated with pyridine for 1 h. Finally, the samples were purged with an N2 flow at 100 °C for 1.5 h.



The crystalline structure of the prepared catalysts was analyzed using the X-ray Diffraction technique. The analyses were conducted in a Rigaku MiniFlex Diffractometer (Woodlands, TX, USA) with a U4 fixed monochrome, and at a scan range from 20° to 80°, with a rate of 2.0°/min, and using CuKα (λ = 0.15406 nm) radiation.



The X-ray photoelectron spectroscopic analysis of nickel transition metal and the analysis of their oxides were carried out with a Kratos AXIS Supra Spectrometer (Manchester, UK) using a monochromatic Al K (alpha) source (10 mA, 15 kV). High resolution analyses were carried out with an analysis area of 300 × 700 microns and a pass energy of 20 eV. Spectra have been charging-corrected to the main line of the carbon 1 s spectrum (adventitious carbon), set to 284.8 eV. Spectra were analysed using CasaXPS software (version 2.3.26). The XPS spectra analysis was valuable for assessing the extent of nickel reducibility on the Ni-Ce-γAl2O3 catalyst developed.




5.3. Catalyst Performance


The performance of the prepared catalysts was assessed in the CREC Riser Simulator. This is a bench-scale mini-fluidized batch unit that allows for changing of reactant partial pressures, reaction times, temperatures, and C/O (catalyst/reactant) ratios in a range of conditions compatible with expected industrial rise/downer operation [52]. Additionally, the CREC Riser Simulator is set with a configuration allowing online analysis of the gas produced, in a gas chromatograph, as well as in situ regeneration of the catalysts, as seen in Figure 20. Likewise, the reactor and the vacuum box of the CREC Riser Simulator have pressure transducers that monitor the pressure during the reaction (Appendix B shows an example of a pressure profile obtained during one of the experiments).



The 2-methoxy-4-methylphenol (Sigma Aldrich CAS N°: 93-51-6) was selected as tar surrogate for the experimental runs given its elemental composition (weight basis) of 69.5% C, 23.1% O, and 7.24% H, and its functionalities of one aromatic group, one OH group, one methoxy group, and one methyl group. This composition makes this tar surrogate similar to lignin. Moreover, given its high solubility in water, 0.036 g of 2M4MP-water solution (50 wt% water, 50 wt% 2M4MP) can be injected into the reactor with high accuracy.



Approximately 0.30 g of catalyst was placed in the Riser Simulator reactor basket. Then, the reactor was sealed and leak tested. Before the reaction, the catalyst was activated in situ, at 615 °C, by flowing air through it for 15 min, and then by flowing hydrogen through it for 15 min. Then, the reaction temperature was set. It is worth mentioning that helium was flown through the reactor during its heating or cooling steps.



Cat5, Cat10, and Cat 15 were tested using 0.018 g of 2M4MP at three reaction temperatures (500 °C, 525 °C, and 550 °C) and at a fixed reaction time of 10 s. Additionally, the 15 wt% Ni-5 wt%CeO2/γ-Al2O3 performance was assessed at 5 s and 7 s. This temperature range prevents Ni-carbonyl-formation, which can be neglected above 180 °C [55]. All experiments were done twice to corroborate the results’ reproducibility.



The Cat5, Cat10, and Cat15 catalysts developed were evaluated under two different atmospheres: steam and a mix of steam, hydrogen, and carbon dioxide. The second atmosphere was considered to closely emulate post-gasification conditions in a downer reactor when converting biomass-derived tars. For the experiments under steam and H2/CO2, the injection was performed in two steps: first, by using a defined volume of a 50 v%H2/50 v%CO2 (10–11 cm3), and secondly, by employing a 0.036 g mix of water and tar surrogate species (with a water/tar weight ratio of approximately 1).



The quantification of the various reactants and products was conducted in a Shimadzu GC/MS-2010 (Kyoto, Japan), equipped with a Thermal Conductivity Detector (TCD) and a Flame Ionization Detector (FID) in a parallel configuration arrangement. The TCD was connected to a packed HayeSep D column, with a film thickness of 2 µm, a length of 9.1 m, and an inner diameter of 2 mm. The FID was connected to a capillary BPX5 column, with a film thickness of 0.25 µm, a length of 30 m, and an inner diameter of 0.25 mm (See Appendix C for examples of the FID chromatograms obtained).



Moreover, coke formation over the catalyst was quantified using a Shimadzu TOC-V Analyzer (Kyoto, Japan), following two consecutive repeat 2-methoxy-4-methylphenol injection runs.



Finally, product selectivity and tar surrogate conversion were calculated by using Equations (11) and (12), respectively:


    y   i   =     n   i       n   T      



(11)






  X = ( 1 −     n   c , M C       n   T     ) × 100  



(12)




where yi represents the selectivity towards the i species, ni denotes the moles of carbon in the i species, nT refers to the total moles of carbon in mol, nc,MC stands for the moles of carbon of the unconverted model compound in mol, and X stands for the conversion of carbon-containing species in %. Appendix D reports the closure of the carbon balance for all the experiments.





6. Conclusions


	
The Sasol γ-Al2O3 support of the present study displays favourable structural properties for a fluidizable catalyst that can be used in a post-gasification step to convert tars;



	
The CeO2 promoter addition does not significantly affect the γ-Al2O3 support structural properties (specific surface area, pore volume, pore diameter). It, however, reduces as desired the strong Lewis site acidity of the γ-Al2O3 while its basicity remains unchanged;



	
The addition of the Ni to the CeO2-γ-Al2O3, as evaluated with H2-TPR analysis, shows that the H2-consumption peaks shift towards lower temperatures, pointing to a decreasing interaction of the nickel active phase with the CeO2-γ-Al2O3 at higher nickel loadings;



	
The prepared fluidizable Ni-CeO2-γ-Al2O3 catalysts displayed 0.74–0.81% Ni dispersion and 104–114 nm Ni crystallite sizes, as demonstrated using H2-Pulse Chemisorption;



	
The runs developed in the CREC Riser Simulator, using the 2M4MP tar surrogate, established that nickel loading did not have an important effect on the overall surrogate tar conversion. Furthermore, the influence of the reaction time and temperature on the tar conversion were very modest. These observations were considered significant given the possible application of the developed catalyst in short contact downers or risers, in the 500–550 °C targeted range;



	
The catalytic runs in the CREC Riser Simulator with 2M4MP were also valuable in determining the important impact of both the catalyst type and steam-H2/CO2 on the CO2/CO and on the H2/CO ratios, with these ratios being higher than 2 and 3, respectively. The amount of coke remained very low. This makes the proposed post-gasification step, in principle, a valuable process for producing a syngas blend for alcohol synthesis, following the required water and light hydrocarbon removal and syngas (H2-CO) compression.
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Nomenclature




	Edes
	Activation energy of desorption in kJ mol−1



	kd
	Desorption constant in mmol gcat−1 min−1



	kdes,0
	Pre-exponential factor in mmol gcat−1 min−1



	nC,MC
	Moles of carbon of the model compound injected in mol



	ni
	Moles of carbon in the i species in mol



	nT
	Total moles of carbon in mol



	R
	Gas constant in cm³ atm K−1 mol−1



	Tm
	Centering temperature minimizing the cross-correlation between adsorption kinetic parameters in K



	Vdes
	Volume of ammonia desorbed in mmol gcat−1



	Vm
	Volume of ammonia adsorbed at saturation condition in mmol gcat−1



	X
	Conversion of the carbon containing species in %



	yi
	Selectivity towards the i species in mol



	β’
	Heating rate in °C/min







Abbreviations




	2M4MP
	2-Methoxy-4-Methylphenol



	BET
	Brunauer-Emmet-Teller Surface Area Method



	Cat5
	5%Ni-5%CeO2/γ-Al2O3



	Cat10
	10%Ni-5%CeO2/γ-Al2O3



	Cat15
	15%Ni-5%CeO2/γ-Al2O3



	CREC
	Chemical and Reaction Engineering Centre



	FID
	Flame Ionization Detector



	FTIR
	Fourier Transformed Infrared Spectroscopy



	GC
	Gas Chromatograph



	NC
	Non-Catalytic Experiments



	STP
	Standard Pressure and Temperature



	TCD
	Thermal Conductivity Detector



	TOC
	Total Organic Carbon



	TPD
	Temperature Programmed Desorption



	TPR
	Temperature Programmed Reduction



	XRD
	X-ray Diffraction








Appendix A. State of Reducible Nickel


XPS spectrum results showed that, when employing the catalysts of the present study, only Ni (II) was present. In fact, quantification of Ni(III), based on expected bands for Ni(III) species peaks [56], returns results showing no significant amounts of Ni(III) present.




Appendix B. CREC Riser Simulator Pressure Profile


This appendix reports the four typical and distinctive pressure profile conditions in the CREC-Riser Simulator operation, as shown in Figure A1: (a) a first pressure jump that corresponds to the H2/CO2 addition, designated as “A”, (b) a second pressure jump that represents the water-tar surrogate injection, designated as “B” or the initiation of the tar conversion, (c) a third and progressive increase of pressure which shows the tar surrogate and syngas conversion, ending in “C”, and (d) a fourth sudden pressure reduction that signals the reactor content evacuation towards the vacuum box, designated as “D”. One should note that the time difference between “C” and “B” is used to define the reaction time.
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Figure A1. Typical pressure profiles in the CREC-Riser Simulator: (a) the first pressure jump designated as “A”, corresponds to the addition of H2/CO2, (b) the second pressure jump designated as “B”, represents the water-tar surrogate injection (50% wt water, 50 wt 2M4MP, or 7.22 pH20/pMC ratio equivalent), (c) the third progressive pressure increase ending in “C”, indicates the tar surrogate conversion and the syngas conversion reaction period, (d) the fourth sudden pressure decrease period designated as “D” shows the CREC Riser Simulator product evacuation period. 






Figure A1. Typical pressure profiles in the CREC-Riser Simulator: (a) the first pressure jump designated as “A”, corresponds to the addition of H2/CO2, (b) the second pressure jump designated as “B”, represents the water-tar surrogate injection (50% wt water, 50 wt 2M4MP, or 7.22 pH20/pMC ratio equivalent), (c) the third progressive pressure increase ending in “C”, indicates the tar surrogate conversion and the syngas conversion reaction period, (d) the fourth sudden pressure decrease period designated as “D” shows the CREC Riser Simulator product evacuation period.
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Appendix C. Typical FID Chromatograms


Figure A2, Figure A3 and Figure A4 show the evolution of methane and illustrate its importance for the conversion of the tar surrogate (2M4MP) in the following three cases: (a) Non-catalytic run (Figure A2), (b) catalytic run under steam atmosphere (Figure A3), (c) catalytic run under steam-H2/CO2 atmosphere (Figure A4).
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Figure A2. Example of an FID chromatogram obtained from a non-catalytic experiment under a steam atmosphere, 10 s of reaction time, and 500 °C of reaction temperature. 
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Figure A3. Example of an FID Chromatogram obtained from an experiment under a steam atmosphere, 10 s of reaction time, 500 °C of reaction temperature, and using a Cat5 catalyst (5%Ni-5%CeO2/γ-Al2O3). 
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Figure A4. Example of an FID chromatogram obtained from an experiment under a steam-H2/CO2 atmosphere, 10 s of reaction time, 500 °C of reaction temperature and using Cat5 catalyst (5%Ni-5%CeO2/γ-Al2O3). 






Figure A4. Example of an FID chromatogram obtained from an experiment under a steam-H2/CO2 atmosphere, 10 s of reaction time, 500 °C of reaction temperature and using Cat5 catalyst (5%Ni-5%CeO2/γ-Al2O3).
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Appendix D. Carbon Balance


Figure A5 reports the carbon balance closure for all the experiments performed, including the thermal non-catalytic runs as well as the catalytic runs. These balances yielded an average value of 92%, with a standard deviation of 11%. Additional information regarding carbon balances is reported in [32].
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Figure A5. Carbon balance closures for all the experiments, including the catalytic experiments performed under steam and steam-H2/CO2 atmospheres, and the thermal non-catalytic experiments. 
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Figure 1. Tar post-biomass gasification process includes: (a) a fluidized bed biomass gasifier operated at 650 °C, (b) a downer unit providing tar conversion and syngas enrichment operated at 550 °C, (c) a catalyst regenerator and a catalyst reduction unit both operated at 615 °C, processing 1/10 of the catalyst downer flow. 
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Figure 2. (A) Adsorption-desorption isotherms obtained from N2-physysoption analysis, for different ceria and NiO loadings on the γ-Al2O3 support. (B) Adsorption-desorption isotherms obtained from N2-physysoption analysis, for different ceria and NiO loadings on the γ-Al2O3 support. 
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Figure 3. XRD patterns in the 2θ degrees diffractogram, for the different loadings of CeO2 on γ-Al2O3. 
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Figure 4. XRD patterns in the 2θ degrees diffractogram for the different loadings of NiO over 5%CeO2/γ-Al2O3. 
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Figure 5. Deconvolution of NH3–TPD curves showing the four acid site types (weak, medium, strong, very strong) for: (A) γ-Al2O3, (B) 5% CeO2/γ-Al2O3, and (C) 15% NiO-5% CeO2/γ-Al2O3. 
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Figure 6. Pyridine FTIR spectra for the catalyst and catalyst precursors of the present study. 
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Figure 7. H2-TPR profiles using a 10 °C/min heating ramp, for the set of catalysts prepared with different nickel loadings. 
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Figure 8. 2M4MP catalytic conversions under steam (mean standard deviation: ±6%). Notes: (a) Catalysts: Cat5, Cat10, Cat15, (b) catalyst weight: 0.30 g, (c) reaction time: 10 s, (d) non-catalytic (NC) runs’ conversions are reported as a reference. 
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Figure 9. (A) Catalyst selectivity towards carbon monoxide (the mean standard deviation is ±0.007), (B) catalyst selectivity towards carbon dioxide (the mean standard deviation is ±0.01). Notes: (a) Tar surrogate: 2M4MP, (b) reaction time: 10 s, (c) steam atmosphere, (d) catalysts: Cat5, Cat10, Cat:15, (e) catalyst weight: 0.30 g, (f) non-catalytic (NC) runs’ conversions are reported as a reference. 
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Figure 10. (A) Methane selectivities (mean standard deviation is ±0.004), (B) c1+ hydrocarbon selectivities (more than one carbon in their molecular formula) (the mean standard deviation is ±0.02). Notes: (a) Tar surrogate: 2M4MP, (b) reaction time: 10 s, (c) steam atmosphere, (d) catalysts: Cat5, Cat10, Cat15, (e) catalyst weight: 0.30 g, (f) non-catalytic runs’ selectivities are reported, as a reference. 
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Figure 11. Coke formation at 10 s reaction time, under a steam atmosphere (mean standard deviation is: ±0.0003). Notes: (a) Tar surrogate: 2M4MP, (b) catalyst weight: 0.30 g, (c) catalysts: Cat5, Cat10, Cat15, (d) reported coke amounts were obtained after two consecutive injections of 2M4MP. 
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Figure 12. 2M4MP catalytic conversion at various reaction times and temperatures, and under a steam atmosphere (the mean standard deviation is: ±5%). Notes: (a) Catalyst: Cat15, (b) catalyst weight: 0.30 g. 
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Figure 13. Coke formation under a steam atmosphere at the different reaction times and temperatures (mean standard deviation is: ±0.0002). Notes: (a) Tar surrogate: 2M4MP, (b) catalyst: Cat15, (c) catalyst weight: 0.30 g, (d) reported coke corresponds to that formed after two consecutive injections of 2M4MP. 
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Figure 14. 2M4MP catalytic conversions under a steam-H2/CO2 atmosphere (mean standard deviation: ±6%). Notes: (a) Catalysts: Cat5, Cat10, Cat15, (b) catalyst weight: 0.30 g, (c) reaction time: 10 s. 
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Figure 15. (A) CO selectivity (mean standard deviation is: ±0.01). (B) CO2 selectivity (mean standard deviation is: ±0.04). Notes: (a) Tar surrogate: 2M4MP, (b) reaction time: 10 s, (c) steam-H2/CO2 atmosphere, (d) Catalysts: Cat5, Cat10, Cat:15, (e) catalyst weight: 0.30 g. 
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Figure 16. (A) Methane selectivities (mean standard deviation is: ±0.005). (B) C1+ hydrocarbon selectivities (more than one carbon in their molecular formula) (the mean standard deviation is: ±0.04). Notes: (a) Tar surrogate: 2M4MP, (b) reaction time: 10 s, (c) steam-H2/CO2 atmosphere, (d) Catalysts: Cat5, Cat10, Cat15, (e) catalyst weight: 0.30 g. 






Figure 16. (A) Methane selectivities (mean standard deviation is: ±0.005). (B) C1+ hydrocarbon selectivities (more than one carbon in their molecular formula) (the mean standard deviation is: ±0.04). Notes: (a) Tar surrogate: 2M4MP, (b) reaction time: 10 s, (c) steam-H2/CO2 atmosphere, (d) Catalysts: Cat5, Cat10, Cat15, (e) catalyst weight: 0.30 g.
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Figure 17. Coke formed under a steam-H2/CO2 atmosphere, at the three temperatures of the present study (mean standard deviation is: ±0.0001). Notes: (a) Tar surrogate: 2M4MP, (b) catalyst weight: 0.30 g, (c) catalysts: Cat5, Cat10, Cat15, (d) reaction time: 10 s, (e) reported coke corresponds to that formed after two consecutive injections of 2M4MP. 
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Figure 18. 2M4MP catalytic conversion at various reaction times and temperatures and under a steam-H2/CO2 atmosphere (the mean standard deviation is: ±8%. Notes: (a) Catalyst: Cat15, (b) catalyst weight: 0.30 g. 
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Figure 19. Coke formation under a steam-H2/CO2 atmosphere at the different reaction times and temperatures (mean standard deviation is: ±0.0001). Notes: (a) Tar surrogate: 2M4MP, (b) catalyst: Cat15, (c) catalyst weight: 0.30 g, (d) reported coke corresponds to that formed after two consecutive injections of 2M4MP. 
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Figure 20. Schematic diagram of the CREC Riser Simulator and its accessories. Adapted from [52,53,54]. 
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Table 1. Structural support and support-promoter parameters of the γ-Al2O3 support and ceria-doped γ-Al2O3 support established using N2-physisorption analysis.
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	Sample
	BET Surface Area (m2/g)
	Pore Volume (cm³/g)
	Average Pore Diameter (Å)





	γ-Al2O3
	199 ± 13
	0.54 ± 0.04
	109.5 ± 0.6



	2 wt%CeO2/γ-Al2O3
	201 ± 3
	0.54 ± 0.01
	106.7 ± 0.4



	5 wt%CeO2/γ-Al2O3
	183 ± 3
	0.49 ± 0.01
	106 ± 2



	10 wt%CeO2/γ-Al2O3
	183 ± 13
	0.47 ± 0.03
	103.7 ± 0.1










 





Table 2. Catalyst structural parameters established by using N2-physisorption analysis when employing different nickel oxide loadings, over 5 wt% ceria doped on a γ-Al2O3 support.
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	Catalyst
	BET Surface Area (m2/g)
	Pore Volume (cm³/g)
	Average Pore Diameter (Å)





	5 wt%NiO-5 wt%CeO2/γ-Al2O3
	164 ± 6
	0.45 ± 0.02
	108 ± 2



	10 wt%NiO-5 wt%CeO2/γ-Al2O3
	150 ± 6
	0.41 ± 0.01
	109 ± 1



	15 wt%NiO-5 wt%CeO2/γ-Al2O3
	139 ± 7
	0.37 ± 0.01
	103.7 ± 0.1










 





Table 3. Acidity and basicity of the γ-Al2O3 support loaded with different ceria amounts.
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	Sample
	Acidity (cm³ STP/g) *
	Basicity (cm³ STP/g) *





	γ-Al2O3
	6.4 ± 0.3
	2.2 ± 0.4



	2 wt% CeO2/γ-Al2O3
	6.2 ± 0.3
	2.2 ± 0.4



	5 wt% CeO2/γ-Al2O3
	5.8 ± 0.1
	2.1 ± 0.3



	10 wt% CeO2/γ-Al2O3
	6.1± 0.1
	2.8 ± 0.8







* Note: NH3 was used to determine acidity and CO2 was used to determine basicity.













 





Table 4. Total acidity and basicity observed when using different nickel loadings on the ceria-promoted γ-AL2O3.
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	Sample
	Acidity (cm³ STP/g) *
	Basicity (cm³ STP/g) *





	5 wt%NiO-5 wt%CeO2/γ-Al2O3
	7.0 ± 0.3
	2.8 ± 0.3



	10 wt%NiO-5 wt%CeO2/γ-Al2O3
	6.8 ± 0.1
	2.8 ± 0.2



	15 wt%NiO-5 wt%CeO2/γ-Al2O3
	6.80 ± 0.06
	2.4 ± 0.5







* Note: NH3 was used to determine acidity and CO2 was used to determine basicity.













 





Table 5. Kinetic parameters for the desorption of ammonia, from temperature-programmed desorption analysis.
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Acid Sites

	
kd

(mmol K/min gcat)

	
Edes

(kJ/mol)

	
T

(K)






	
γ-Al2O3

	
Weak

	
1.900 ± 0.003

	
36.43 ± 0.07

	
471




	
Medium

	
1.412 ± 0.007

	
59.4 ± 0.3

	
559




	
Strong

	
0.843 ± 0.005

	
86.0 ± 0.5

	
651




	
Very strong

	
0.325 ± 0.002

	
113.1 ± 0.6

	
746




	
5%CeO2/γ-Al2O3

	
Weak

	
2.165 ± 0.003

	
36.71 ± 0.07

	
472




	
Medium

	
1.105 ± 0.005

	
59.7 ± 0.3

	
549




	
Strong

	
0.703 ± 0.004

	
77.1 ± 0.4

	
617




	
Very strong

	
-

	
-

	
-




	
15%NiO-5%CeO2/γ-Al2O3

	
Weak

	
2.224 ± 0.004

	
38.15 ± 0.09

	
475




	
Medium

	
1.656 ± 0.008

	
62.5 ± 0.3

	
561




	
Strong

	
0.672 ± 0.004

	
83.3 ± 0.4

	
641




	
Very strong

	
0.254 ± 0.001

	
111.2 ± 0.6

	
739











 





Table 6. Nominal Ni loadings, Ni reduction values obtained from the H2-TPR analysis, as well as percentage reduction of Ni species, using a heating ramp of 10 °C/min.






Table 6. Nominal Ni loadings, Ni reduction values obtained from the H2-TPR analysis, as well as percentage reduction of Ni species, using a heating ramp of 10 °C/min.





	Catalyst
	Nominal Ni (%)
	Reducible Ni (%)
	Percentage of

Reduction (%)





	5% Ni-5% CeO2/γ-Al2O3
	5
	4.3 ± 0.4
	86



	10% Ni-5% CeO2/γ-Al2O3
	10
	8.86 ± 0.03
	87



	15% Ni-5% CeO2/γ-Al2O3
	15
	12.5 + 0.7
	84










 





Table 7. Dispersion and crystallite sizes of Ni-based catalysts obtained after H2-Pulse Chemisorption at 615 °C.






Table 7. Dispersion and crystallite sizes of Ni-based catalysts obtained after H2-Pulse Chemisorption at 615 °C.





	Catalysts
	Dispersion (%)
	Crystallite Size (nm)
	Metal Specific Surface Area (m2/g)





	5%Ni-5%CeO2/γ-Al2O3
	0.74
	114
	0.094



	10%Ni-5%CeO2/γ-Al2O3
	0.81
	104
	0.28



	15%Ni-5%CeO2/γ-Al2O3
	0.79
	107
	0.41










 





Table 8. CO2/CO ratios obtained at the different reaction temperatures, with the three catalysts of the present study, at 10 s reaction time, and under a steam atmosphere.






Table 8. CO2/CO ratios obtained at the different reaction temperatures, with the three catalysts of the present study, at 10 s reaction time, and under a steam atmosphere.





	
Catalyst

	
Temperature (°C)




	
500

	
525

	
550






	
5%Ni-5%CeO2/γ-Al2O3 (Cat5)

	
8.1

	
6.3

	
5.3




	
10%Ni-5% CeO2/γ-Al2O3 (Cat10)

	
10.0

	
4.8

	
4.3




	
15%Ni-5% CeO2/γ-Al2O3 (Cat15)

	
15

	
8.4

	
4.7











 





Table 9. Tar surrogate conversion obtained during the non-catalytic experiments.






Table 9. Tar surrogate conversion obtained during the non-catalytic experiments.





	
Reaction Time (s)

	
Temperature (°C)




	
500

	
525

	
550






	
5

	
84

	
74

	
91




	
7

	
78

	
86

	
88




	
10

	
82

	
89

	
87











 





Table 10. CO2/CO ratios at various temperatures, reaction times, under a steam atmosphere, and using a Cat15 catalyst.






Table 10. CO2/CO ratios at various temperatures, reaction times, under a steam atmosphere, and using a Cat15 catalyst.





	
Reaction Time (s)

	
Temperature (°C)




	
500

	
525

	
550






	
5

	
9.7

	
3.8

	
2.5




	
7

	
10.8

	
10.8

	
3.1




	
10

	
15.4

	
8.4

	
4.7











 





Table 11. Methane selectivities at various temperatures and reaction times, under a steam atmosphere, and using the Cat15 catalyst. Note: the mean standard deviation is: ±0.004.






Table 11. Methane selectivities at various temperatures and reaction times, under a steam atmosphere, and using the Cat15 catalyst. Note: the mean standard deviation is: ±0.004.





	
Reaction Time (s)

	
Temperature (°C)




	
500

	
525

	
550






	
5

	
0.024

	
0.032

	
0.033




	
7

	
0.026

	
0.033

	
0.029




	
10

	
0.027

	
0.025

	
0.032











 





Table 12. Selectivities towards C1+ hydrocarbons at the different temperatures and reaction times under a steam atmosphere and using the Cat15 catalyst. Note: the mean standard deviation is: ±0.03.






Table 12. Selectivities towards C1+ hydrocarbons at the different temperatures and reaction times under a steam atmosphere and using the Cat15 catalyst. Note: the mean standard deviation is: ±0.03.





	
Reaction Time (s)

	
Temperature (°C)




	
500

	
525

	
550






	
5

	
0.91

	
0.90

	
0.86




	
7

	
0.90

	
0.84

	
0.86




	
10

	
0.87

	
0.87

	
0.83











 





Table 13. CO2/CO ratios at the various temperatures and for three catalysts of the present study. Notes: (a) reaction time: 10 s, (b) catalyst weight: 0.30 g, and (c) a steam-H2/CO2 atmosphere.






Table 13. CO2/CO ratios at the various temperatures and for three catalysts of the present study. Notes: (a) reaction time: 10 s, (b) catalyst weight: 0.30 g, and (c) a steam-H2/CO2 atmosphere.





	
Catalyst

	
Temperature (°C)




	
500

	
525

	
550






	
5%Ni-5%CeO2/γ-Al2O3

	
8.0

	
4.7

	
3.3




	
10%Ni-5%CeO2/γ-Al2O3

	
6.8

	
6.6

	
3.3




	
15%Ni-5%CeO2/γ-Al2O3

	
7.4

	
5.9

	
3.0











 





Table 14. CO2/CO ratios at the different temperatures and reaction times of the present study. Notes: (a) Tar surrogate: 2M4MP, (b) catalyst weight: 0.30 g, (c) catalyst: Cat15, (d) steam-H2/CO2 atmosphere.






Table 14. CO2/CO ratios at the different temperatures and reaction times of the present study. Notes: (a) Tar surrogate: 2M4MP, (b) catalyst weight: 0.30 g, (c) catalyst: Cat15, (d) steam-H2/CO2 atmosphere.





	
Reaction Time (s)

	
Temperature (°C)




	
500

	
525

	
550






	
5

	
9.7

	
3.8

	
2.5




	
7

	
8.0

	
8.6

	
3.9




	
10

	
7.4

	
5.9

	
3.0











 





Table 15. Methane selectivities at the different reaction temperatures and reaction times of the present study. Notes: (a) Tar surrogate: 2M4MP, (b) catalyst weight: 0.30 g, (c) catalyst: Cat15, (d) steam-H2/CO2 atmosphere. The mean standard deviation is ±0.010.






Table 15. Methane selectivities at the different reaction temperatures and reaction times of the present study. Notes: (a) Tar surrogate: 2M4MP, (b) catalyst weight: 0.30 g, (c) catalyst: Cat15, (d) steam-H2/CO2 atmosphere. The mean standard deviation is ±0.010.





	
Reaction Time (s)

	
Temperature (°C)




	
500

	
525

	
550






	
5

	
0.045

	
0.040

	
0.042




	
7

	
0.048

	
0.041

	
0.045




	
10

	
0.044

	
0.048

	
0.058











 





Table 16. Selectivities towards C1+ hydrocarbons at the different temperatures and reaction times of the present study. Notes: (a) Tar surrogate: 2M4MP, (b) catalyst weight: 0.30 g, (c) catalyst: Cat15, (d) steam-H2/CO2 atmosphere. The mean standard deviation is ±0.09.






Table 16. Selectivities towards C1+ hydrocarbons at the different temperatures and reaction times of the present study. Notes: (a) Tar surrogate: 2M4MP, (b) catalyst weight: 0.30 g, (c) catalyst: Cat15, (d) steam-H2/CO2 atmosphere. The mean standard deviation is ±0.09.





	
Reaction Time (s)

	
Temperature (°C)




	
500

	
525

	
550






	
5

	
0.70

	
0.74

	
0.71




	
7

	
0.70

	
0.71

	
0.67




	
10

	
0.76

	
0.68

	
0.68











 





Table 17. H2/CO ratios obtained at 550 °C using the different nickel-loaded catalysts and the various reaction times of the present study. Notes: (a) Tar surrogate: 2M4MP, (b) catalyst weight: 0.30 g, (c) steam-H2/CO2 atmosphere.






Table 17. H2/CO ratios obtained at 550 °C using the different nickel-loaded catalysts and the various reaction times of the present study. Notes: (a) Tar surrogate: 2M4MP, (b) catalyst weight: 0.30 g, (c) steam-H2/CO2 atmosphere.





	Catalyst
	Reaction Time (s)
	H2/CO Ratio





	Cat5
	10
	3.8



	Cat10
	10
	4.0



	Cat15
	10
	3.8



	Cat15
	7
	3.8



	Cat15
	5
	3.9
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