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Abstract

:

The present study deals with the development, characterization, and performance evaluation of an eco-friendly catalyst, using 2-methoxy-4-methylphenol (2M4MP) as a surrogate tar. The 2M4MP was selected due to its chemical functionalities and the fact that it is a good model compound to represent the tar formed during biomass low temperature gasification. The eco-friendly catalyst was prepared using the typical Fe and Ca minerals which are present in ash. These ash components were added to a fluidizable γ-Al2O3 support using a multistep incipient impregnation, yielding Fe oxides as an active phase and CaO as the promoter. The prepared catalyst displayed a 120 m2/g BET specific surface area, with few γ-Al2O3 bulk phase changes, as observed with XRD. TPD-NH3 and pyridine FTIR allowed us to show the significant influence of CaO reduced support acidity. A TPR analysis provided evidence of catalyst stability during consecutive reduction–oxidation cycles. Furthermore, catalyst evaluation vis-à-vis catalytic steam 2M4MP gasification was performed using the fluidized CREC riser simulator. The obtained results confirm the high performance of the developed catalyst, with 2M4MP conversion being close to 100% and with selectivities of up to 98.6% for C1-C2 carbon-containing species, at 500 °C, with a 7.5 s reaction time and 1.5 g steam/g 2M4MP. These high tar conversions are promising efficiency indicators for alumina catalysts doped with Fe and Ca. In addition, the used catalyst particles could be blended with biochar to provide an integrated solid supplement that could return valuable mineral supplements to the soil.
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1. Introduction


Biomass steam gasification is a key process for renewable waste resource conversion, as is the case for Costa Rican coffee pulp [1]. Coffee pulp is a solid, environmentally harmful residue from coffee production. However, coffee pulp gasification can be negatively affected by tar formation [2].



Tar is a by-product of biomass gasification, consisting of a range of hydrocarbon species, mainly aromatics, and complex aromatic polycyclic hydrocarbons. Tar is composed of over a hundred compounds, with this being a function of the biomass type, the particle size, the gasification device, the thermal treatment, the gasification agent, and the gasification pressure and temperature [3,4,5,6,7]. Tar constituents can be classified either by their number of rings [8,9] or as primary, secondary, and tertiary [10]. These chemical species usually contain oxygenates (phenolic ethers), alkylphenols, heterocyclic ethers, and other polyaromatic hydrocarbons (PAHs). One of the simplest definitions of tar includes all the organic compounds that result from biomass steam gasification, with a molecular weight larger than benzene [11,12]. It is anticipated, in this respect, that research addressing tar formation mechanisms and catalyst activity can lead to an improved gasification process [13,14].



Thus, a catalytic process following coffee pulp gasification, which converts formed tars into valuable products, can be of great interest and provide the best approach to Costa Rican coffee pulp gasification. The effective tar conversion following the coffee pulp gasification can also contribute to decreased operational costs and improved financial returns [12,15,16,17,18].



Ash is an important component of Costa Rican coffee pulp, frequently as high as 10 wt%. Key components of Costa Rican coffee pulp’s ash are iron and calcium. Iron and calcium can have a beneficial effect by catalyzing tar cracking and conversion. [19,20,21,22,23,24]. Boström et al. [25] provided a model accounting for primary and secondary reactions, which are affected by the concentrations of ash-forming elements. Wang at al [26] reported that ash has the significant negative effect of depressing biomass melting and sintering temperatures. Furthermore, ash represents a barrier to biomass gasification since it has poor fluidization properties and displays small inner specific surface areas. It should be mentioned that fluidization properties and inner specific surface area are two important attributes of industrial fluidizable catalysts [27].



Chen et al. [28], as well as other investigators [9,29,30,31,32,33], noted that tar conversion can be improved using alkaline and alkaline-earth oxides such as CaO or MgO. Experimental results derived from this research showed that it is crucial to control both the oxygen and CaO content in biomass gasification. This is essential to achieve the synergetic effects related to biotar cracking and, ultimately, to produce a syngas with the desired composition [30,34,35].



Iron, which is one of the active components in olivine [24,36,37,38,39], has been identified as a suitable catalyst component for both biomass gasification and tar conversion. However, technical issues are still pending regarding the reactivity and desirable iron loading. In this respect, some of the work of other authors considers that metallic iron is the active phase and that the oxides can lead to catalyst deactivation [40]. However, other studies show that successful tar treatment processes involve iron oxides [37]. Thus, there is still a lack of conclusive evidence about the desirable iron chemical state [41].



Concerning tar conversion, Adnan et al. [42] investigated a Fe2O3/SiO2-Al2O3 catalyst with high toluene conversions at 25 s and 600 °C. Experiments also showed that higher iron oxides increase the number of acid sites on the SiO2-Al2O3 surface. Furthermore, Zamboni [37] considered Fe-Ca interactions in a Fe-based/CaO catalyst/sorbent for CO2 sorption and hydrogen production. These authors studied toluene catalytic activity in a fixed bed reactor and TGA analysis for CO2 capture during gasification. Similar studies were carried out by others [43], assessing catalytic activity and the best catalyst loading ratios, in fixed bed reactors. Furthermore, Xu et al. [29] considered biomass gasification using an unsupported low specific surface area Fe/CaO catalyst, establishing the effect of Fe/CaO on the H2 and syngas yields.



On this basis, one can conclude that no study in the technical literature involves a fluidizable and reproducible eco-friendly catalyst based on FexOy/CaO on a γ-Al2O3 support for tar biomass-derived conversion. This catalyst is rigorously evaluated in the present study, using 2M4MP as a tar surrogate. The developed catalyst shows properties that make it an excellent candidate for biomass gasification with tar conversion. One can thus envision a successfully integrated coffee pulp gasification process in Costa Rica that takes advantage of ash components, maximizing tar conversion and, as a result, minimizing costly downstream tar disposal.




2. Results and Discussion


2.1. Constraints in Catalyst Design


Important considerations are required for the design and the development of an eco-friendly catalyst emulating ash in biomass gasification [44]. To study the chemical composition of the ash available in a downdraft gasifier operated in Costa Rica, different ash samples were analyzed, and these are reported in Table S1 in the Supplementary Materials. The main identified potentially active components were calcium, iron, and potassium.



In this respect, it is important to note that some identified ash components, such as potassium, should be avoided in the eco-friendly catalyst formulation. For instance, while potassium was reported as a promoter [45,46,47,48], potassium species have the potential to agglomerate the catalyst [49,50]. Catalyst agglomeration is a function of potassium loading and gasification temperature. Texeira, in 2012, also identified among other detrimental species, K2S2O3, K2SO4, and KCl. Sulfates are formed via sulfation reactions, favored by chlorine, yielding K2SO4 and condensed KCl [51]. Furthermore, K3PO4 was also found in gasifiers [52], together with other inorganics such as SiO2 and other glass forming species [26,53,54].



Thus, to be able to design a successful, eco-friendly, fluidizable catalyst for biomass-derived tar conversion, one must first consider that issues with various potassium species can be avoided if one omits them from the catalyst formulation, as is considered in the present study.




2.2. Design of the Proposed Catalyst


Given the constraints described in Section 2.1, the following factors were considered while selecting the catalyst’s key components: a) having a γ-Al2O3 support with an adequate specific surface area, adequate fluidization properties, and low attrition; b) selecting iron oxides and CaO ash elements which are environmentally compatible with their potential return to the soil as a supplement.



Figure 1 illustrates the targeted formulation of the desired catalyst with a γ-Al2O3 support. CaO and iron oxides are added to control support acidity and provide tar conversion catalytic activity, respectively. These iron compounds could either be oxides, hydroxides, or oxide-hydroxides, collectively referred to in this paper as iron oxides and represented as FexOy. The proposed catalyst is in line with Mazumder’s (2014) studies. This author argued that acid sites are responsible for hydrocarbon cracking, whereas basic sites promote coke/char reforming, facilitating H2O and CO2 adsorption [55,56]. Thus, CaO doping appears to be adequate to control the alumina structure’s acidity [57]. Furthermore, iron appears to be a recommended component in a catalyst, given its role in promoting the water–gas shift reaction [20].



On the basis of the above, an eco-friendly, fluidizable catalyst was prepared using an “incipient wetness” technique. This was done to provide a highly efficient catalyst impregnation. First, CaO was added in order to reduce acidity (nominal addition: 5 wt% and 10 wt%), and later, Fe (nominal addition: 4 wt% Fe) was doped and partially reduced in order to obtain Fe and FexOy as active phases. Every alumina support impregnation involved the following: (a) support impregnation, (b) drying, (c) calcination and (d) reduction. Additional explanations about the catalyst’s preparation are given on page 13.




2.3. Characterization of the Prepared Catalyst


2.3.1. Catalyst’s Structural Properties


As stated, the eco-friendly catalyst of the present study was prepared by first adding CaO, followed by iron precursor doping. As shown in Table 1, CaO and iron oxides reduced the specific surface area by 37%, the specific pore volume by 29%, and the average pore volume diameter by 9.4%. While this can be considered detrimental to the catalyst’s properties, the CaO provides an important diminished support acidity, as shown in the upcoming Section 2.3.3. Furthermore, Table 2 also shows that the subsequent iron oxide addition did not introduce significant additional changes to the catalyst’s structure.



In summary, it can be stated that the addition of CaO and iron oxides introduced moderate changes to the alumina support, after which a catalyst with an adequate specific surface area, specific pore volume, and pore size distribution was obtained.




2.3.2. Phases Present in the Iron Oxide/CaO/γ-Al2O3 Catalyst


Establishing the intrinsic properties of the phases of the prepared FexOy/CaO-γ-Al2O3 catalyst, namely crystallinity and crystallite size using XRD, is of significant value given that they can be correlated to the catalytic properties. However, while using XRD, and in practice, caution must be exercised given that added chemical species, which act as dopants to the support, can display crystalline phases which are not detectable with a standard XRD [58,59].



Figure 2 reports the XRD of the crystal phases present in the FexOy/CaO-γ-Al2O3 catalyst. XRD allowed us to analyze the catalyst and catalyst precursors at various stages of catalyst preparation and utilization, as follows: (a) the γ-Al2O3 support as received, (b) the γ-Al2O3 with added CaO, (c) the fresh FexOy/CaO-γ-Al2O3 catalyst, (d) the catalyst after usage, and (e) the catalyst following regeneration.



In Figure 2, one can observe the characteristic γ-Al2O3 XRD broad bands at 37.6°, 45.8°, and 67.1° of the 2θ scale (JCPDS 10-0425). As for CaO, while the 38° and 68° peaks may suggest a crystalline phase, all other CaO anticipated peaks at 32.5° (111), 54° (202), and 64° (311) are not present. As a result, an amorphous CaO phase, or, eventually, a microcrystalline phase below XRD’s detection limits, is considered to be possibly present. Furthermore, the predominant peaks at 43.20° for Fe, at 33.2°, 35.6°, 40.9°, and 49.5° for Fe2O3, and at 30.1°, 35.5°, and 57.1° for Fe3O4 (JCPDS file, No. 33-0664, JCPDS file, No. 19-0629, respectively) were not detected either. This further suggests the presence of amorphous iron containing phases or crystalline phases below detection limits. This was considered possible given the low nominal Fe concentration added to the γ-Al2O3 support.



Additionally, there were no strong Fe/Al2O3 XRD lines observed, with this showing the low probability of iron aluminate formation. This was consistent with previous studies with CaO- Fe2O3-Fe3O4 catalysts [60], which indicated the importance of limiting temperature increases during catalyst preparation, as practiced in the present study.



Therefore, the XRD’s positive identification of various added dopants as crystalline phases was not conclusive, and other additional techniques are required in order to clarify this matter, as will be described in the upcoming sections of this study.




2.3.3. Influence of CaO and Iron Dopants on Acidity


Acidity reduction in a tar reforming catalyst is critical to achieve a decrease in coke formation. The evaluation of the effectiveness of CaO addition on acidity reduction was conducted using NH3-Temperature-Programmed-Desorption (NH3 pKa = 9.2 at 25 °C, in an aqueous solution [61]). Table 2 and Figure 3 report the significant role played by CaO addition to achieve a γ-alumina acidity decrease of more than 62%.



One can note, as well, that in Figure 3, the addition of iron oxides reintroduces a modest increase in both total acidity and medium strength acidity.



Figure 3 also shows that the relative contribution of various acid type sites is affected by both CaO and iron oxide addition. To quantify this effect, the broad ammonia desorption peaks were deconvoluted, considering four types of acidity sites. It was observed that the NH3-TPD curve deconvolutions provided in all cases a good NH3-TPD curve fitting, with random residuals, using three or four normal distribution functions. Regression coefficients were in all cases higher than 99%.



As described in Figure 4a,b, the NH3-TPD curve deconvolution suggests four types of acid sites for the γ-Al2O3 support and three types of FexOy/10% CaO-γ-Al2O3. Additional information regarding ammonia TPD deconvolution statistical parameters for 5% CaO/γ-Al2O3 and 10% CaO/γ-Al2O3 is provided in Appendix A.



Table 3 reports that in both the catalyst and various catalyst precursors of the present study, there are weak, medium, strong, and very strong acid site types.



Regarding the findings in Table 3, one should note that the TPD ammonia desorbed from the γ-Al2O3 support is in line with the studies of Peri et al. [62,63,64], who postulated for γ-Al2O3 several acid sites on alumina [65]. More recent works detected three coordinating sites and one protonic site on a γ-alumina support. These sites were considered too weak to be detected by pyridine adsorption. However, they were able to react with 2, 6 di-tertiary-butyl-pyridine (2,6T). It appears that two of the three coordinating sites interact with oxygen rather than aluminum and can be differentiated with 2,6T. The third weaker coordinating site reacts with pyridine only, given that it is closely associated with one or more hydroxyl groups [65,66].



In this respect, while using NMR, Majors and Ellis [67] deduced that the resonances observed in the γ-alumina support could be assigned to complexes containing coordinately unsaturated surface aluminum cations. These cations occupy tetrahedral and octahedral sites in the defect spinel lattice [68]. On the other hand, Coster el al. reported that different structural environments for a given Al site on the γ-alumina support yield a distribution of electric field gradient tensor parameters at the site, confirming the assumption that there are four types of aluminum site [69]. Furthermore, Digne et al. [66] postulated that both acid concentrations and strengths on the surface sites establish a γ-Al2O3 structure on the basis of experimental data and Discrete Fourier Transfer (DFT) simulations. In agreement with this, Wischert at al. [66] determined three different aluminum Lewis acid centers: (a) one AlIII, (b) two AlIVa and AlI



Vb, and (c) two- and threefold-coordinated O atoms with intrinsic Lewis basicity [70,71]. A fourth acid center was also identified and assigned to different acid center interactions. This is due to –HO positions that are apparently affected by alumina reactivity [70,72]. Furthermore, other authors claim that the relative distributions of tetrahedral and octahedral Lewis acid sites are functions of the surface preparation conditions [73].



Table 3 also reports the significant influence of CaO addition to the γ-Al2O3 support, which essentially eliminates from the γ-Al2O3 support the strong and very strong acid sites, with a significant reduction in weak and medium acid sites. It was also interesting to observe that when comparing the FexOy/CaO- γ-Al2O3 with the γ-Al2O3 support with added CaO, one could see that iron species addition reintroduced some strong acidity, as shown in the 1450 cm−1 and the 1600 cm−1 bands. The medium strength acid sites, however, disappeared, which is consistent with the Lewis iron species acidity in catalysis [74,75,76].



Thus, one can conclude that even though iron species addition restored some acidity, CaO was effective in reducing 59% of the strong and very strong acidity and 55% of the total support acidity.




2.3.4. Pyridine Desorption Infrared Spectroscopy


Pyridine proton affinity (PA) makes possible the use of pyridine protons as surface probe molecules (pKa = 5.3 at 25 °C in aqueous solution [61]) able to determine acidity type sites which are present in the solid catalyst [61]. Infrared spectroscopy of chemisorbed pyridine on γ-Al2O3 provides information regarding the nature of its surface acidity [61,77,78,79]. Therefore, in order to investigate the nature of the acid sites on the γ-Al2O3 support following CaO addition, pyridine FTIR analyses were performed. This was done by observing absorbance in the 1400–1700 cm−1 band range, typically assigned to Lewis site coke formation promoters [56].



Figure 5 displays the typical IR bands for γ-Al2O3 at 1621 cm−1, 1600 cm−1, 1583 cm−1, 1496 cm−1, and 1450 cm−1 wave numbers assigned to coordinated bonded pyridine (CBP) and hydrogen bonded pyridine (HBP) as follows: a) the 1621 cm−1 and 1600 cm−1 bands for CBP, b) the 1583 cm−1 and the 1496 cm−1 bands for CBP and HBP, and c) the 1450 cm−1 band for HBP. For the sample with CaO added, no band at 1450 cm−1 was observed. This indicates that there are no Lewis acid sites remaining on the calcium oxide modified γ-Al2O3 support with the required strength to form pyridinium ions [71,77,80]. Furthermore, and according to Mazumder and de Lasa, the acid character in band 1621 cm−1 can be associated with very strong acid sites, while peaks at 1600 cm−1 and 1583 cm−1 on the γ-Al2O3 support can be considered to be moderate and weak acid Lewis site types [81].



Figure 5 also shows that the introduction of CaO in the γ-Al2O3 bulk substantially reduces its acidic alumina character, with no IR bands being detected. However, it appears that with iron addition, some moderate acid is reintroduced, as shown in the 1450 cm−1 and 1600 cm−1 bands. It is believed, nevertheless, that given the value of the eco-friendly catalyst in this study, further investigations are warranted in order to determine the precise catalyst structure changes, elucidating the potential sterical constraints.




2.3.5. Chemical State of Catalyst Species


Based on the present study’s eco-friendly catalyst for tar reforming, it was considered adequate to evaluate the catalyst using the fluidized CREC riser simulator in the 500–650 °C range. The catalyst was frequently contacted with oxygen from air, in order to combust the formed coke. Furthermore, both catalyst reactivity and stability were also evaluated, using hydrogen TPR/TPO (Temperature Programmed Reduction/Temperature Programed Oxidation) analysis, with a 20 °C/min temperature ramp and a maximum temperature close the one during runs in the CREC riser simulator.



Figure 6 reports the sequential FexOy/10% CaO-γ-Al2O3 catalyst reduction–oxidation using TPR and TPO, with a 650 °C upper temperature. One can observe that the amounts of hydrogen consumed with the fresh and used catalysts after re-oxidation, as reported in Table 4, were very close: 15.15 cm3 STP H2 for the fresh catalyst and 14.6 cm3 STP H2 for the re-oxidized catalyst. One can also observe that the TPR peaks for both the fresh and the regenerated catalyst were essentially identical. This supports the view that the amounts of iron species available for the reaction with the 2M4MP remain unchanged following coke combustion and catalyst pre-reduction.



Furthermore, and considering the need to establish how the loaded iron value compared with the nominal iron value expected to be impregnated, TPR experiments were carried out at 950 °C, using the same 20° C/min temperature ramp. It was anticipated that under these conditions, all iron species present would be fully reduced to metallic iron:


  F  e 2   O 3  + 3  H 2  ⇌ 2 F e + 3  H 2  O  



(1)







Table 4 reports the hydrogen consumed via TPR when using a fresh catalyst and when the upper TPR temperature was 950 °C. On this basis, one could calculate a 4.14 wt% metallic iron content, which is very close to the anticipated 4 wt% iron nominal loading value. This provides confirmation that the proposed catalyst’s incipient wetness impregnation technique with an iron precursor, as used in the present study, was adequate in order to reach the expected iron levels.



Another interesting result from Table 4 is the fact that iron species that were reduced to 650 °C only involved a hydrogen consumption which was about half the 4.14 wt% when the upper thermal level was 950 °C. This means that the state of the pre-reduced catalyst for 2M4MP conversion involves a significant amount of partially reduced iron species. In this respect, it is well known that iron reduction has multiple and simultaneous steps, with their extent of occurrence being a function of the upper reduction temperature and the reduction time [82,83,84,85]. Similar findings were obtained by Pineau et al. [83].



Regarding the TPR peaks, deconvolution was attempted in order to elucidate the reduction stages, as suggested by Jeong et al. [85] and Pineau at al. [82,83]. Figure 7 shows the deconvolution of the TPR peaks using normal probability distributions as well as random residuals. It was observed that the 650 °C upper temperature for both the fresh and regenerated catalysts involved TPR peak deconvolution, showing four significant reduction stages. As well as for catalyst TPRs with a 650 °C maximum temperature, differences were observed between the second peak and the third and fourth peaks, with the total TPR hydrogen consumption remaining close. This suggests the important extent of the reduction of the Fe2O3 species, with the fresh samples having a higher consumption of hydrogen in step 2 and the regenerated catalysts having a higher consumption of hydrogen in steps 3 and 4.



It appears that the polymorphous transformation of Fe2O3 to Fe3O4 starts with the removal of surface oxygen ions by hydrogen, followed by Fe (II) diffusion. Wei et al. [86] indicated that for iron oxide nanorods, the crystal structure of the Fe2O3 determines the rearrangements of iron cations and oxygen anions. In this case, a similar cubic structure evolves in a topotactic process without crystallographic change, making the migration of Fe (II) more energetically favorable. These iron oxides can provide reactivity [87,88,89,90,91], contributing to the catalyst activity.



The iron oxide reduction mechanisms may include an oxide hydroxide transformation into magnetite as one of the first reaction steps [92], as described in Equation (2):


  2 F e O O H + F  e  + 2   →   F  e 3   O 4  + 2  H +   



(2)







Furthermore, and according to Equations (3) to (6), iron oxides (hematite) can be further reduced to magnetite, then to the stable   F  e   (  1 − x  )    O   wüstite, and finally to iron metal [93], according to the percentage oxygen content. In this respect, the 570 °C thermal level appears to be of critical importance to determine the extent of these reactions [82,83,84,85,94,95]:


  3 F  e 2   O 3  +  H 2  ⇌ 2 F  e 3   O 4  +  H 2  O  



(3)






T < 570 °C










  F  e 3   O 4  + 4  H 2  ⇌ 3 F e + 4  H 2  O  



(4)






T > 570 °C










   (  1 − x  )  F  e 3   O 4  +  (  1 − 4 x  )   H 2  ⇌ 3 F  e   (  1 − x  )    O +  (  1 − 4 x  )   H 2  O  



(5)






  F  e   (  1 − x  )    O +  H 2  ⇌  (  1 − x  )  F e +  H 2  O  



(6)







Thus, given the 650 °C upper reaction temperature of the present study, we can expect, as observed via TPR, the influence of several successive steps, as described via Equations (3)–(6).



However, to ascertain more precisely the exact chemical state of the iron species following catalyst re-oxidation and partial reduction, an XPS analysis was developed, as shown in Figure 8. Results obtained by others allowed us to show that XPS can be used to analyze iron oxide species [96,97].



Figure 8 shows two major XPS peaks in the 703–733 eV energy binding bands: (1) the first one in the 704–717 eV binding energy range corresponding to Fe 2p 3/2 and (2) the second one in the 718–733 eV binding energy range assigned to Fe 2p 1/2. As for the high-resolution XPS spectra of Fe 2p, the peaks at the binding energies of 709.5 and 723.4 eV are characteristic of Fe(II) 2p3/2 and Fe(II) 2p1/2, whereas the peaks at 711.5 and 727.4 eV are assigned to Fe(III) 2p3/2 and Fe(III) 2p1/2, respectively [98,99].



Additionally, the peak at 706.1 eV can be assigned to metallic iron, while the peak at 717.4 eV can be attributed to a Fe 2p3/2 satellite peak [100]. This is consistent with the presence of the iron species on the catalyst’s surface, as observed by XPS, displaying mixed valences as (Fe3+) tetra and (Fe2+Fe3+) OctaO4, with Fe3+ and Fe2+ XPS [101]. Thus, the XPS results obtained for the pre-reduced catalyst at 650 °C can be assigned to an iron species blend, likely Fe3O4, FeO, and Fe, together with the unconverted Fe2O3. These XPS findings are in line with the research of Fujii et al. [101], where it was shown that the 709 eV main XPS peak is proportional to the Fe2+ ions formed. The XPS peaks observed in our study are also consistent with Grosvenor et al. [102], who described an XPS Fe(II) 2p1/2 satellite peak.



Therefore, on the basis of the XPS data and as shown in Figure 8 using peak deconvolution, one can establish that for the 650 °C pre-reduced catalyst, one achieves a Fe+2/Fe3+ = 1.592 blend composed of Fe2+ and Fe3+ iron species, with the FWHM (full width at half maximum) being in the adequate range for those species.



Furthermore, on the basis of the hydrogen consumed at both 650 °C and 950 °C, as described in Table 5, and as per the calculations reported in Appendix D [103], it can be predicted that the prepared catalyst at the selected conditions involves the following distribution of iron species: Fe0 = 50.41%, Fe2+-= 30.43%, and Fe3 + = 19.14%.




2.3.6. Evaluation of Catalytic Tar Reforming and Cracking


Lignin is a complex aromatic biopolymer that interferes with the operational conditions of biomass thermochemical processes [104,105,106] and promotes tar generation. The major compounds in tar are typically lignin-derived phenolic species, constituted of subproducts of incomplete depolymerization. The components p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) have been reported as the principal components of lignin [107,108,109]. The H, G, and S lignin units differ in the number of methoxyl substitutions. Therefore, 2-methoxy-4-methylphenol was used as a valid probe molecule or aromatic model compound to evaluate the catalyst performance for tar cracking, given that it contains typical chemical functionalities which are characteristic of tars: (a) aromatic rings, (b) -OH hydroxyl groups, (c) O-CH3 methoxy groups, (d) -CH3 methyl groups.



The performance of the developed catalyst was evaluated via several experimental runs developed in the CREC riser simulator. The conditions selected for the runs were the following: reaction time (3 s, 5 s, 7.5 s, and 10 s) and steam/biomass ratio (1.0 and 1.5). At least three repeats for every experiment were effected. After every run, the following were examined: product chemical gas composition, carbon conversion, and selectivity. It is expected that primary and some secondary tars can be formed at lower gasification temperatures. On this basis, 500 °C was selected and a 0.3 g catalyst load was chosen. In every experiment, the fluidization of the catalyst in the catalyst basket was ensured by setting the impeller speed as 5500 rpm.



Figure 9 reports how total pressure changes with reaction time in a typical run in the CREC riser simulator. Total pressure readings and the determination of the composition of product species allowed us to perform mass balances and carbon balances closing in the 90%–107% range.



Conversion and Carbon Conversion Distribution


Tar gasification can be described as per Equation (7).


   C 8   H  10    O 2  + β    H 2  O ⇌ γ    H 2  + ν C O + µ   C  O 2  + ε C  H 4  + β  C m   H n   O o       + δ  C x   H y   O z   



(7)




with C8H10O2 representing the surrogate tar 2M4MP model compound; H2, CO, CO2 and methane standing for the syngas components;    C m   H n   O o    accounting for the C2–C7 hydrocarbons resulting from both cracking and reforming;    C x   H y   O z    representing coke precursors species resulting from aromatic radical recombination.



Thus, catalyst performance can be examined using the 2M4MP conversion and the light molecular weight species selectivity. This was done using a rigorous approach based on carbon-containing gaseous product species, as described in the Methods section. Standard deviations for experimental repeats were in the 3%–12% range, with an average of 93% 2M4MP conversion for the catalytic runs. An important observation from these runs was the mass balance closures, which included H2, CO, CO2, H2O, CH4, C2–C7 species, and unconverted 2M4MP. Carbon deposited was in the (0.83 ± 0.3)% range.



Figure 10 compares the 2M4MP conversions during thermal and catalytic experiments under fluidization conditions. It can be clearly seen that the 2M4MP conversions using the developed catalyst were significantly higher than those in thermal cracking experiments, with a difference of more than 30% in 2M4MP conversions, depending on the S/B ratio. It seems that the controlled acid sites in the FexOy/CaO-γ-Al2O3 catalyst contribute to better aromatic ring cracking. This is due to nucleophile interactions that take place with these chemical species, which can favor and stabilize the ring-opening mechanism in a steam environment [110,111].



Figure 10 reports the progressive 2M4MP thermal conversion increase with reaction time until it reaches 7.5 s. Following this, there is a moderately reduced conversion at 10 s. This 2M4MP thermal conversion decrease was assigned to the re-alkylation of the formed aromatic products. On the other hand, once the catalyst is loaded into the reactor, the thermal conversion increases consistently with reaction time, reaching 80% to almost 100% conversions, with a consistent trend of thermal conversion growing with the reaction time.



On the other hand, Figure 11 reports the carbon-containing products obtained at 500 °C. In this figure, the significant influence of the catalytic cracking and reforming reactions producing C1–C2 light gaseous species is noticeable. This is quite apparent at a 7.5 s reaction time, when comparing the catalytic and thermal runs: one should also notice that methane from the catalytic runs at S/B = 1.0 and S/B = 1.5 increases by almost two and three times those observed in the thermal runs.



Furthermore, given the need for a better understanding of the various catalytic conversion processes for 2M4MP, the species molar fractions expressed as given carbon number fractions are shown in Figure 12. One can notice that, contrary to the thermal process, the presence of a catalyst not only contributes to obtaining very high 2M4MP conversions but also yields formed products dominated by the C1–C2 carbon number fraction.



Based on the above reported results, and given the detected chemical species, one can identify simultaneous cracking/reforming reactions via a reaction network, as described in Figure 13. Hence, taking as a reference the product distribution found in 3 s duration runs, the first 2M4MP conversion steps are identified as being dealkylation reactions acting in parallel: these are steps 1, 2 and 3 in Figure 13. This leads to the formation of methyl and methoxy radicals. Following these first steps, benzene, toluene, cresol, and xylenes species are formed. These product species can additionally react with steam, further undergoing dealkylation steps, i.e., steps 4 and 5 in Figure 13. This provides, as a result, additional methyl and methoxy radicals for secondary reactions. However, given the reforming capabilities of the FexOy/CaO/γ-Al2O3 catalyst of the present study, aromatic rings are open, with most of the product species being in the C1–C2 range: this is described in steps 6 and 7. One should note that the reaction mechanism postulated in Figure 13 also accounts for the possible radical ring recombination leading to coke precursor formation.



Thus, one can notice that the FexOy/CaO-γ-Al2O3 catalyst of the present study, at the 5–7 s short contact time, envisioned in a downer or riser reactor, leads predominantly at 500 °C to the complete conversion of biomass-derived tar, with most of the formed products being in the C1–C2 range.







3. Materials and Methods


3.1. Materials


To emulate the natural derived ash, a set of biomass gasification ashes were analyzed using a EDXRF from Bruker S2 RANGER (EQUA Powder ALL > 100 ppm, Polycarbonate). The analysis was developed following the standard methods ASTM E871-82 and ASTM D 1102-84, recommended for the elemental inorganic species analysis. A γ-Al2O3 from Sasol Catalox® SSCa5/200, with a 53–70µm particle size, was used as a catalyst support, with Ca(NO3)2.4H2O (CAS 13477-34-4) and Fe(NO3)3·9H2O (CAS 7782-61-8) from Sigma-Aldrich being employed as Ca and Fe precursors, respectively. Finally, the 2-methoxy-4-methylphenol from Sigma Aldrich (CAS 13477-34-4) was used as a model compound to simulate biomass-derived tar.




3.2. Catalyst Preparation


In this study, the catalyst was prepared using an “incipient wetness” impregnation technique under vacuum conditions. This allowed the proper transport of the impregnating solutions into the support. In order to improve the γ-Al2O3 support’s acidity, the support was modified with the addition of 5 and 10 wt% CaO. Furthermore, once the CaO was incorporated into the alumina support, 4 wt% Fe was added.



Several steps were involved in each of the impregnations during catalyst preparation. These consisted of the following: (a) The setting of the required equipment, where a conical quartz flask with a lateral outlet was connected to a 250 mmHg vacuum system; (b) the addition of 20 g of γ-Al2O3 to a conical flask, with the flask inlet being sealed with a rubber septum; (c) the solid sample pre-treatment under vacuum at 60 °C for 40 min, to slowly remove both the moisture and the gases entrapped in the alumina support; (d) the extra drying of the solid sample by heating it at 120 °C for 1.5 h; (e) the preparation of both Ca(NO3)2·4H2O (CAS 13477-34-4) and Fe(NO3)3·9H2O solutions, in compliance with both nitrate decomposition stoichiometry and solubility requirements; (f) the addition of 10 mL of the prepared solutions to the solid sample, drop-by-drop, at ambient temperature, under vacuum and intense mixing, in agreement with the 0.5 mL/g support pore volume capacity; (g) next, the solid sample drying for 4 h, using a 0.5 °C/min ramp until 120 °C is reached; (h) the placing of the impregnated solids in a specially designed fluidized bed unit; (i) following this, the solid sample calcination under a 50 cm3/min air flow, with temperatures increasing in several steps from ambient to 650 °C for 12 h and maintained at 650 °C for an additional 4 h; (j) the subsequent iron reduction implemented using a 20 °C/min ramp and 50 cm3/min of H2 (balanced with helium), with the temperature augmented at 20 °C/min from ambient to 650 °C for 16 h and maintained at 650 °C for an extra 8 h. The described catalyst preparation method involved several impregnation steps (typically four), and this was given the limited pore volume of the alumina support. This was required in order to achieve the desired targeted calcium and iron loadings in the eco-friendly catalyst.




3.3. Catalyst Characterization


3.3.1. N2 Adsorption


Nitrogen adsorption measurements were carried out at 77 K in an ASAP 2010 Automatic Adsorption Analyzer (Norcross, GA, United States) from Micromeritics. Before the measurements, samples weighing from 0.15 to 0.20 g were placed in the degas port of the adsorption apparatus and degassed using the following temperature ramp: 30 min at 60 °C, 30 min at 100 °C, and then 2 h at 350 °C. The vacuum pressure reached in the degassing procedure was 4 mmHg. Adsorption isotherms were measured under the relative pressure (P/P0) range, based on the saturation vapor pressure, ranging from~10−6 to 1.




3.3.2. XRD Patterns


X-ray powder diffraction patterns were obtained on a Rigaku Miniflex Diffractometer (The Woodlands TX09. United States). using Cu Kα (λ = 0.15406 nm) radiation. A tube voltage of 40 kV and a tube current of 40 mA were used for each catalyst sample. The samples were scanned every 0.02 degrees from 10 to 90° degrees, with a scan time constant of 2 degrees/min. The identification of the γ-Al2O3, Fe, Fe3O4, Fe2O3, and CaO phases were obtained with the assistance of the Joint Committee on Powder Diffraction Standards (JCPDS) files.




3.3.3. X-ray Photoelectron Spectroscopy (XPS)


Chemical state X-ray photoelectron spectroscopic analysis of iron transition metals and the analysis of their oxides were carried out in a Kratos Axis Nova Spectrometer (Wharfside, GTM, U.K.), using a monochromatic Al K (alpha) source (15 mA, 14 kV). XPS probed the sample surface to a depth of 5–7 nm. It had detection limits ranging from 0.1 to 0.5 atomic percent, depending on the element. The instrument’s work function was calibrated to give a binding energy (BE) of 83.96 eV for the Au 4f7/2 line made of metallic gold. The spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line made of metallic copper. The Kratos Charge Neutralizer System was used in all the specimen analyses. Survey scan analyses were carried out, with an analysis area of 300 × 700 microns and a pass energy of both 160 eV and 20 eV. Spectra were charge corrected using the main carbon 1 s spectrum (adventitious carbon) set to 284.8 eV. The obtained spectra were analyzed using the Casa XPS software (version 2.3.14).




3.3.4. Temperature Programmed Experiments


Temperature programmed studies (TPR, TPO, and CO2 pulse chemisorption) were performed using a Micromeritics AutoChem II 2920 Analyzer (Norcross, GA, United States). A catalyst sample weighing 150–200 mg was placed in a U-shaped quartz reactor tube. This tube was then attached to the sample analysis port of the instrument, which was located inside a heating element. For NH3-TPD, the sample was pretreated under a 50 cm3/min helium flow, with the temperature being progressively increased until it reached 600 °C. Then, the sample was cooled to 100 °C for ammonia adsorption. A 5% NH3/He gas mixture was brought to saturation under a 50 mL/min flow rate for 1 h. After this step, the gas was changed to helium, at the same flow rate and temperature, for 1 more hour. This was done to remove the physically adsorbed NH3. The temperature was then raised to 650 °C, at a rate of 15 °C/min, with NH3 being desorbed progressively. The NH3 concentration in the effluent gas was monitored using a TCD (Thermal Conductivity Detector). The total acidity was established by accounting for the total amount of NH3 desorbed from the catalyst, using both a calibration curve and experimental recorded baseline.



In the case of H2, TPR was performed using the same automated equipment as the TPD experiments. During each experiment, 140−150 mg of a catalyst sample was in contact with a 10% H2/Ar gas mixture, at a flow rate of 50 mL/min. The sample was heated at a 20 °C/min rate until it reached the experimental temperature. The samples were analyzed at 650 °C and 950 °C. H2 consumption was monitored using a thermal conductivity detector (TCD). The amount of H2 uptake by the sample was calculated via the numerical integration of the TPR area.




3.3.5. Pyridine Fourier Transform Infrared Spectroscopy (FTIR)


The catalyst surface acid site type was determined using FTIR. Pyridine was used as a probe molecule. The catalyst sample was dried for 2 h under a H2/He flow at 650 °C, using the same reducing cycle as the one employed for its performance evaluation. Then, it was cooled to 100 °C. The sample was kept at this temperature and saturated with pyridine, using a nitrogen stream containing the probe molecule. The adsorption of pyridine was allowed for 1 h. Then, the samples were flushed with pure helium at 100 °C for 90 min in order to remove unbounded pyridine. The catalyst samples were dispersed on a potassium chloride window. Following this, the samples were analyzed by FTIR, using a Bruker Hyperion 2000 Microscope attached to a Tensor II main box (Ettlingen, Baden-Württemberg, Germany).





3.4. Tar Cracking Evaluation


The CREC riser simulator is a bench-scale mini-fluidized bed reactor. This automated unit records and accurately controls the reaction times in the 2–10 s range. This is an excellent tool for catalyst evaluation and kinetic studies, at the expected turbulent fluidized bed conditions of an industrial scale riser or downer fluidized bed gasifier. The reactor volume is 50 cm3 (Figure 14). A detailed description of the CREC riser simulator can be found in the literature [112,113,114,115]. A catalytic run in the CREC riser simulator can be divided into three time periods: (a) the injection period, (b) the reaction period, (c) the sampling period. As a result of the rapid transfer of the chemical species to the vacuum box, the progress of the reaction is essentially arrested.



In order to evaluate the reactivity and the stability of the prepared catalyst under gasification operating conditions using the CREC riser simulator, FexOy/CaO-γ-Al2O3 catalysts, already thermally treated during the preparation process, were loaded into the catalyst basket. The reactor system was sealed, leak-tested, and heated to the reaction temperature under a helium atmosphere. Then, the feed was injected, and once the reaction time was reached, the reaction products were evacuated from the reactor to the vacuum box. The steam cracking of a lignin biomass model compound (2-methoxy-4-methylphenol or 2M4MP) was performed in the reactor, under two steam/biomass ratios: 1.0 and 1.5 at 500 °C. A loading of 0.3 g of a /CaO-γ-Al2O3 catalyst was used. Reactor and vacuum box pressure data against time were recorded by FexOy the Personal Daq Acquisition Card. Once the set reaction time elapsed (e.g., 10 s), the products were quickly evacuated to the vacuum box. From the vacuum box, gas samples were sent to a GC-MS (Gas Chromatography- Mass Spectrometry) system via heated transfer lines. The GC-MS system is equipped with a packed-bed column (HaysSep® D) and a capillary column (BPX5). The packed-bed column is connected to a thermal conductivity detector (TCD) and the capillary column is connected to a mass spectrometer (MS). Coke deposited on the catalyst after the experimental runs was measured as CO2 in a total organic carbon analyzer (TOC-V), using a solid sample module (SSM-5000) from Mandel. To remove the deposited coke, a catalyst regeneration cycle was performed after every run. Regeneration experiments were run under the following conditions: 15 min of air flow to combust the coke first, followed by 30 min of hydrogen flow to reduce the catalyst at 650 °C. Experiments in the CREC riser simulator were repeated at least 3 times to secure the reproducibility of the results for each condition.



Catalyst performance was examined based on model compound conversion and light carbon fraction selectivity. Selectivity was calculated based on carbon-containing gaseous product species as follows:


    2 M 4 M P   C a r b o n   B a s e d   C o n v e r s i o n ,      X   C 8   H  10    O 2    = 1 −   8 ·  n   C 8   H  10    O 2        ∑  i   ν i   n i     



(8)






  M o l a r   C a r b o n   F r a c t i o n   o f   “  i ”    s p e c i e s =    y j  =    ν j   n j      ∑  i   ν i   n i     



(9)






  C a r b o n   B a s e d   S e l e c t i v i t y   f o r   “  i ”   species  =  S i  =    ν j   n j      ∑  i   ν i   n i    ,     ∀     ν < 8  



(10)




where    n i    represents the moles of carbon atoms in the gaseous carbon-containing product species   “ i ”  ,    ν i    is the number of carbon atoms in the gaseous carbon-containing product   “ i ”  ,    n   C 8   H  10    O 2      stands for the moles of unconverted 2M4MP in the product, and    y j    is the molar fraction of carbon species   “ j ”   in the total carbon content of the reaction system.





4. Conclusions


	(a)

	
A fluidizable FexOy, CaO doped, γ-Al2O3 supported catalyst, designated as FexOy/CaO-γ-Al2O3, was successfully developed. This catalyst can steam gasify methoxy-4-methylphenol, which is a model probe biomass-derived tar, with 99.95% conversion at 500 °C and S/B ratios of 1.5 and 7.5 s.




	(b)

	
At these conditions, gasification yields C1-C7 species, with no significant tar remaining and 0.98% carbon deposited as coke.




	(c)

	
The developed FexOy/CaO-γ-Al2O3 catalyst performs close to thermodynamic equilibrium, yielding a 96.98% C1-C2 light-fraction product selectivity.




	(d)

	
This catalyst also shows excellent stability under repeated gasification and regeneration cycles, which are the expected operating conditions of a circulating fluidized bed gasifier.




	(e)

	
Up to 10 wt% CaO addition helps to reduce the thermal sintering and the Lewis acidity of the γ-Al2O3 support as well as to improve its basicity. Furthermore, controlled CaO addition has a positive impact on acid-base properties, limiting pore blocking by coke.
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	Acronym
	Descriptor



	2M4MP
	2-methoxy-4-methylphenol



	BET
	Brunauer–Emmett–Teller



	XRD
	X-ray diffraction



	TPD
	Temperature programmed desorption



	TPR
	Temperature programmed reduction



	TCD
	Thermal conductivity detector



	NMR
	Nuclear magnetic resonance



	DFT
	Density-functional theory



	TPO
	Temperature programmed oxidation



	XPS
	X-ray photoelectron spectroscopy



	FWHM
	Full width at half maximum



	JCPDS
	Joint Committee on Powder Diffraction Standards



	FTIR
	Fourier-transform infrared spectroscopy



	CREC
	Chemical Reactor Engineering Centre



	TOC
	Total organic carbon



	PAHs
	Polyaromatic hydrocarbons



	STP
	Standard temperature and pressure



	PA
	Pyridine proton affinity



	CBP
	Coordinated bonded pyridine



	HBP
	Hydrogen bonded pyridine



	H
	p-hydroxyphenyl



	G
	Guaiacyl



	S
	Syringyl



	EDXRF
	Energy dispersive X-ray fluorescence








Appendix A. Deconvolution of NH3-TPD Desorption Peaks


Figure A1 and Figure A2 report the ammonia TPD desorption peaks with their respective deconvolutions for 5% CaO/ γ-Al2O3 and 10% CaO/ γ-Al2O3 and their statistical parameters of interest.
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Figure A1. Deconvolution of the NH3 -TPD curve for 5% CaO/ γ-Al2O3. (a) Adjustment curve with R2 = 1.00, (b) composition curves, (c) regression residues, (d) Probability distribution of the adjustment curve selected. 






Figure A1. Deconvolution of the NH3 -TPD curve for 5% CaO/ γ-Al2O3. (a) Adjustment curve with R2 = 1.00, (b) composition curves, (c) regression residues, (d) Probability distribution of the adjustment curve selected.
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Figure A2. Deconvolution of the NH3 -TPD curve for 10% CaO/ γ-Al2O3. (a) adjustment curve with R2 = 0.999, (b) composition curves, (c) regression residues, (d) probability distribution of the adjustment curve selected. 






Figure A2. Deconvolution of the NH3 -TPD curve for 10% CaO/ γ-Al2O3. (a) adjustment curve with R2 = 0.999, (b) composition curves, (c) regression residues, (d) probability distribution of the adjustment curve selected.
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Appendix B. Deconvolution of TPR for FexOy/CaO- γ-Al2O3 Catalysts


Figure A3 and Figure A4 report the TPR curves for the 4% Fe/10% CaO-γ-Al2O3 catalyst with 650 °C (regenerated sample) and 950 °C (fresh sample respectively) as maximum temperatures, respectively. TPR curves were analyzed using a multi-peak deconvolution method, with statistical parameters for this deconvolution being determined as reported in Figure A3 and Figure A4.
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Figure A3. Deconvolution of the TPR plot with 650 °C as maximum temperature, for a regenerated 4% Fe/10% CaO- γ-Al2O3 catalyst sample. Deconvolution of the TPR plot, with 650 °C as maximum temperature for a regenerated 4% Fe/10% CaO- γ-Al2O3 catalyst sample: (a) adjustment curve with R2 = 0.9995, (b) composition curves, (c) regression residues, (d) probability distribution of the adjustment curve selected. 






Figure A3. Deconvolution of the TPR plot with 650 °C as maximum temperature, for a regenerated 4% Fe/10% CaO- γ-Al2O3 catalyst sample. Deconvolution of the TPR plot, with 650 °C as maximum temperature for a regenerated 4% Fe/10% CaO- γ-Al2O3 catalyst sample: (a) adjustment curve with R2 = 0.9995, (b) composition curves, (c) regression residues, (d) probability distribution of the adjustment curve selected.



[image: Catalysts 10 00806 g0a3]







[image: Catalysts 10 00806 g0a4a 550][image: Catalysts 10 00806 g0a4b 550] 





Figure A4. Deconvolution of the TPR curve, with 950 °C as maximum temperature for a fresh 4% Fe/10% CaO- γ-Al2O3 catalyst sample: (a) adjustment curve with R2 = 0.9996, (b) composition curves, (c) regression residues, (d) probability distribution of the adjustment curve selected. 






Figure A4. Deconvolution of the TPR curve, with 950 °C as maximum temperature for a fresh 4% Fe/10% CaO- γ-Al2O3 catalyst sample: (a) adjustment curve with R2 = 0.9996, (b) composition curves, (c) regression residues, (d) probability distribution of the adjustment curve selected.
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Appendix C. Coke Deposition and Iron Evaluation


Figure A5 reports the change in appearance of the γ-Al2O3 support once the CaO at 10% was added, with a significant reduction in coke formation.
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Figure A5. Coke deposition after 30 s of reaction time, at 500 °C in the CREC riser simulator: (a) γ-Al2O3, (b) 10% CaO- γ-Al2O3. Note: model compound: 2M4MP, S/B = 1.0. 






Figure A5. Coke deposition after 30 s of reaction time, at 500 °C in the CREC riser simulator: (a) γ-Al2O3, (b) 10% CaO- γ-Al2O3. Note: model compound: 2M4MP, S/B = 1.0.
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Appendix D. Evaluation of Fe0, Fe2+, and Fe3+ Distribution Using XPS and TPR Data


In order to calculate the relative of Fe0, Fe2+, and Fe3+, the following approach was used:




	(a)

	
The β’ = Fe2+/Fe3+ ratio was established using XPS, as described on page 14.




	(b)

	
The µ fraction = moles of H2 consumed with TPR at 650 °C/moles of H2 consumed with TPR at 950 °C was assessed as γ’ = (0.5β + 1.5α’)/1.5(1 + α’ + β’).




	(c)

	
Given this, and rearranging the γ’ equation, the α’ was calculated as α = Feo/Fe3 + = (1.5γ’(1 + β’)-0.5β’)/(1.5(1-γ’)).




	(d)

	
Then, on the basis of (1+ α’+ β’)100 = (1+ Fe2+/Fe3+ Feo/Fe3+) 100 or Fe3+/(Fe+ Fe2+ + Fe3+)= Fe3+%.




	(e)

	
Furthermore, considering (α’ Fe3+%) and (β’ Fe3+%), both the Fe2+% and Fe0% can be calculated as well.









In the case of the catalyst of the present study, given that β’= 1.592 and γ’= 0.605, the resulting elemental iron species compositions were as follows: Fe0 = 50.41%, Fe2+-30.43%, and Fe3+ = 19.14%.
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Figure 1. Schematic description of the eco-friendly, fluidizable FexOy/CaO/γ-Al2O3 catalyst and its constitutive elements. Notes: black dots refer to Fe, white dots to Al, green dots to calcium, red dots to oxygen. 






Figure 1. Schematic description of the eco-friendly, fluidizable FexOy/CaO/γ-Al2O3 catalyst and its constitutive elements. Notes: black dots refer to Fe, white dots to Al, green dots to calcium, red dots to oxygen.



[image: Catalysts 10 00806 g001]







[image: Catalysts 10 00806 g002 550] 





Figure 2. XRD diffractograms for the γ-Al2O3 support, the catalyst precursor with CaO added to the γ-Al2O3 support, the FexOy/CaO/ γ-Al2O3 catalyst at various stages of catalyst utilization (fresh, after usage, and following regeneration). 
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Figure 3. NH3-TPD for γ-Al2O3; 5% CaO-γ-Al2O3; 10 -CaO-γ-Al2O3; FexOy/10% CaO-γ-Al2O3 catalysts. 
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Figure 4. Deconvolution curves for (a) γ-Al2O3, (b) FexOy/10% CaO- γ-Al2O3. 
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Figure 5. Pyridine FTIR spectra for (a) γ-Al2O3, (b) FexOy/10% CaO-γ-Al2O3, (c) 10% CaO-γ-Al2O3. 
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Figure 6. TPR profiles up to 650 °C and 950 °C for the prepared catalysts (using 10% H2 with balanced He at a flow rate of 50 cm3/min and 20 °C/min heating rate). 
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Figure 7. Deconvolution of TPR H2 peaks/CaO-γ-Al2O3 catalyst at 650 °C and 950 °C. 
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Figure 8. Fitted XPS spectrum for the FexOy/CaO-γ-Al2O3 catalyst, partially reduced at 650 °C: Fe 2p 1/2 and Fe 2p 3/2 peaks; Shirley background; G.L.(Gaussian/Lorentzian formula) = 70;    χ 2    =   1.54  ). 
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Figure 9. Pressure profile in the CREC riser simulator for a tar cracking reaction at 5 s, S/B (Steam/Biomass) = 1.5, and 500 °C. 
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Figure 10. Thermal and catalytic conversion of 2M4MP at an S/B ratio of 1.0 (initial concentration of 0.388 g2M4MP/L) and 1.5 (initial concentration of 0.204 g2M4MP/L). Note: results reported are at the reaction temperature of 500 °C. Standard deviations for repeats: 5–7. 
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Figure 11. Carbon-containing product species distribution for catalytic and thermal runs at 500 °C, S/B= 1.0 and 1.5, and at four reaction times, 3 s, 5 s, 7.5 s, and 10 s. Note: the red rectangle for 7.5 s highlights the C7–C9 fractions. 
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Figure 12. Carbon-containing species distribution for catalytic and thermal runs in the CREC riser simulator at S/B = 1.0 and 1.5, at a 500 °C temperature, and at four reaction times: 3 s, 5 s, 7.5 s, and 10 s. Note: the red rectangles highlight the C1–C2 and C6–C8 fractions. 
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Figure 13. Postulated reaction mechanism for the catalytic conversion of 2M4MP using the FexOy/CaO-γ-Al2O3 Catalyst. 
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Figure 14. Schematic diagram of the CREC riser simulator and its accessories. The 4PV permits (i) the isolation of the reactor for gasification to take place (when lines 2–3 are connected) and (ii) the reactor evacuation (when lines 3–4 are connected). The two 6 PVs allow (i) the loading of sampling obtained in the sample loops 5 and 19 with the lines 18-5-6 and 6-19-16 being connected and (ii) the directing the sample to the capillary and packed bed column of the GC (Gas Chromatograph) system through connections 7-5-8 and 17-19-10, respectively. Adapted from [116]. 
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Table 1. Specific surface area, pore volume, and average pore diameter.






Table 1. Specific surface area, pore volume, and average pore diameter.





	Support/Catalyst
	SBET (m2/g)
	VPore (cm3/g)
	Avg. Pore Diameter (Å)





	γ-Al2O3
	193
	0.51
	139



	5% CaO/ γ-Al2O3
	143
	0.45
	131



	10% CaO/ γ-Al2O3
	118
	0.36
	126



	4% Fe/10%CaO/ γ-Al2O3
	120
	0.39
	131
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Table 2. NH3-TPD total acidity of the prepared catalyst and the catalyst precursors.






Table 2. NH3-TPD total acidity of the prepared catalyst and the catalyst precursors.





	Support/ Catalyst Sample
	cm3/g STP
	μmol/m2
	μmol/g Solid





	γ-Al2O3
	11.31
	2.62
	505.06



	5% CaO/ γ-Al2O3
	6.40
	2.00
	285.55



	10% CaO/ γ-Al2O3
	4.25
	1.61
	189.94



	FexOy/10% CaO/ γ-Al2O3
	5.06
	1.88
	225.94
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Table 3. Desorbed NH3-TPD volumes at STP conditions for the alumina support, the γ-Al2O3 with CaO at 5% and 10% levels, and the FexOy/10% CaO-γ-Al2O3 catalyst.






Table 3. Desorbed NH3-TPD volumes at STP conditions for the alumina support, the γ-Al2O3 with CaO at 5% and 10% levels, and the FexOy/10% CaO-γ-Al2O3 catalyst.





	

	
γ-Al2O3

	
5%CaO−γ-Al2O3

	
10%CaO−γ-Al2O3

	
Catalyst




	
Acidity Type

	
Area (cm3 STP NH3)

	
*MT (°C)

	
Area (cm3 STP NH3)

	
*MT (°C)

	
Area (cm3 STP NH3)

	
*MT (°C)

	
Area (cm3 STP NH3)

	
*MT (°C)






	
Weak

	
5.54

	
183.7

	
4.36

	
177.3

	
2.96

	
177.8

	
3.74

	
178.1




	
Medium

	
2.36

	
246.2

	
2.05

	
245.9

	
1.31

	
223.2

	
0

	




	
Strong

	
2.26

	
326.5

	
0

	

	
0

	

	
0.86

	
337.9




	
Very Strong

	
1.15

	
461.1

	
0

	

	
0

	

	
0.51

	
461.5








* MT: maximum temperature (°C).
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Table 4. H2 consumption for fresh and used FexOy/CaO-γ-Al2O3 catalysts. Influence of higher TPR temperature levels.






Table 4. H2 consumption for fresh and used FexOy/CaO-γ-Al2O3 catalysts. Influence of higher TPR temperature levels.





	Sample Condition
	Temperature (°C)
	Quantity (cm3/g STP)





	Fresh Catalyst
	950
	24.13



	Fresh Catalyst
	650
	15.15



	Regenerated
	650
	14.62
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Table 5. TPR analysis of the FexOy /CaO-γ-Al2O3 catalyst of the present study.






Table 5. TPR analysis of the FexOy /CaO-γ-Al2O3 catalyst of the present study.





	
Fresh 650 °C a

	
Regenerated 650 °C b

	
Fresh 950 °C c




	
R2 = 0.9996

	
R2 = 0.9996

	
R2 =0.9995




	

	
Area (cm3 STP g−1)

	
Max. Peak (min)

	

	
Area (cm3 STP g−1)

	
Max. Peak (min)

	

	
Area (cm3 STP g−1)

	
Max. Peak (min)






	
Peak 1

	
4.73

	
22.8

	
Peak 1

	
5.83

	
24.5

	
Peak 1

	
7.89

	
24.8




	
Peak 2

	
4.83

	
29.5

	
Peak 2

	
2.21

	
30.2

	
Peak 2

	
3.28

	
29.5




	
Peak 3

	
4.33

	
33.3

	
Peak 3

	
2.44

	
32.9

	
Peak 3

	
1.32

	
38.3




	
Peak 4

	
1.26

	
45.1

	
Peak 4

	
4.14

	
35.7

	
Peak 4

	
9.51

	
41.5




	

	

	

	

	

	

	
Peak 5

	
2.14

	
46.0




	

	

	

	

	

	

	

	

	




	
Total

	
15.15

	

	

	
14.62

	

	

	
24.13

	








a Fresh catalyst reduced using a 650 °C upper temperature, b regenerated and reduced catalyst using a 650 °C upper temperature, c fresh catalyst reduced using a 950 °C upper temperature.
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