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Abstract

:

In this study, we investigate the effect of a hierarchically ordered macroporous structure of alumina support on the steam reforming of 1-methyl naphthalene with mesoporous alumina-supported nickel and potassium (xK/Ni–MeAl), and macroporous alumina-supported nickel and potassium (xK/Ni–MaAl) catalysts. Hierarchically ordered macroporosity in Al2O3 supports plays an important role in maintaining the high Ni dispersion through multiple interactions in Ni–K over AlO4 tetrahedra in alumina. This, in turn, improves the catalytic performance of steam reforming, including high gas yields, turnover frequency for hydrogen production, and 1-methyl naphthalene conversion. At high K content, the Ni active sites over xK/Ni–MeAl catalysts significantly decrease, resulting in almost zero steam reforming rate in the reaction test. Conversely, the potassium–alumina interaction in xK/Ni–MaAl catalysts not only diminishes the formation of the inactive nickel aluminate phase but also maintains the highly dispersed Ni active sites, resulting in a high steam reforming rate.
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1. Introduction


Climate change and future fossil fuel limitations will, in a short period of time, result in a shift in the world’s energy consumption from fossil fuels to renewable energy sources that are environmentally friendly and naturally sustainable. Biomass is one such renewable source for producing biogas and liquid biofuel [1]. Recent studies have attempted to develop measures for biomass conversion to energy and fuel, such as biomass gasification, biomass liquefaction, and biomass pyrolysis [2,3,4,5,6,7,8]. Of the various methods for biomass conversion, biomass gasification has received the most attention because of its higher energy recovery and head capacity [9]. However, the high level of tar generated during biomass gasification poses serious operational problems for downstream processes. The condensation of heavy tars and the crystallization of light tars (e.g., naphthalene) cause fouling at low temperatures (<350 °C) on gas engines and control valves. Therefore, most biomass gasification products require the removal of dust and tar before employing them in subsequent processes. Therefore, tar conversion is a vital aspect in successfully applying biomass gasification for energy production.



Steam reforming is currently used for removing tars generated during biomass gasification because such tars produce syngas and hydrogen fuels [10,11,12,13]. However, raw tar from the biomass gasifier includes not only a complex mixture of condensable hydrocarbons but also various contaminants, including particulates, nitrogen-containing compounds, and sulfur. Understanding the fundamental relation between active sites on the catalyst, molecular structures, and raw tar conversion during steam reforming can be difficult. Therefore, representative tar compounds that possess aromatic rings and oxygen-containing aromatic hydrocarbons, such as benzene, toluene, naphthalene, and phenol, were chosen to investigate the removal of tars via steam reforming [14]. Metal-containing catalysts—Rh, Ni, and Co—have been developed for steam reforming of biomass tar. Of these, Ni-containing catalysts are known as commercial industrial catalysts for steam reforming because they are competitive in terms of cost and performance efficiency [13,15]. In past research, Ni/Al2O3 catalysts have been widely used for steam reforming because of their high conversion and potential hydrogen yield [16,17,18,19,20,21]. When these catalysts are used, Ni dispersion or the Ni particle size on alumina supports has directly affected catalytic performance in steam reforming. High Ni dispersion resisted coke generation during steam reforming [22] and minimized the formation of Ni clusters even at high temperatures because the mobility of Ni particles was weaker when the distance between two nickel particles increased [23]. The Ni dispersion on Ni/Al2O3 catalysts can be improved by modifying the catalyst surface through the doping of promoters or via changes in alumina morphology and structure [24,25].



Modifying the surface of Ni/Al2O3 catalysts by adding potassium (K) influences catalytic activity and selectivity during steam reforming [20,21,26,27,28]. The donation of an electron from K to Ni increases the electron density of the Ni cluster, which corresponds to higher Ni activity and a lower barrier of dissociative methane in steam–methane reforming [20]. Another study also reports that the K dopant adjusts the surface acidity of the support and modifies the Ni active sites in mixed active phase Ni°/Ni2+, which not only enhances both steam reforming and gasification reactions, but also suppresses the methanation process [26]. However, we have yet to fully understand the K-addition effect on steam reforming over Ni/Al2O3 catalysts. Additionally, many opposing views exist on this matter, and many cite its negative effects. The addition of alkali metals also decreases the steam reforming rate and significantly promotes the nickel sintering rate under high-pressure conditions [21,27,28]. For this reason, in this research, different K contents were impregnated onto Ni–alumina supports for investigation of the effect of not only the K–alumina interaction but also the K–Ni interaction on steam reforming.



The effect of macro/mesoporous supports has also been investigated in recent years. Papers report that macro/mesopore channels reduce the length of mesopore channels in conventional mesoporous supports and improve the diffusion of reactants to active sites on the catalyst surface. As a result, increased accessibility to active sites dramatically improves catalytic performance [29,30,31,32,33]. However, even though understanding the catalytic behavior and properties related to the macro/mesoporous structure in the supports for steam reforming is essential; to date, there have been no reports regarding the influence of macro/mesoporosity in Ni/Al2O3 catalysts on the formation of active sites over catalysts, and no explanation on how changes in active site formation affect catalyst performance.



In this study, we prepared both hierarchically ordered macroporous alumina (MaAl) and mesoporous alumina (MeAl) as supports for Ni/Al2O3 catalysts for steam reforming of tar and employed them to further understand the effect of hierarchically ordered macro/mesoporosity of alumina on the steam reforming process. To observe this reaction, 1-methyl naphthalene (1-MN) was chosen as a model tar compound. Furthermore, the multiple interactions between Ni, K, and alumina supports with macro/mesoporosity were explored. The formation of Ni active sites for steam reforming and catalytic behavior over Ni/Al2O3 catalysts were described according to the different multiple interactions between Ni–K–alumina based on hierarchically ordered macro/mesoporosity.




2. Results and Discussion


2.1. Catalytic Characteristics


A hierarchically macroporous structure was observed on the surface of the reduced xK/Ni–MaAl catalysts in the SEM (see Figure 1 and Figure S1) and TEM images (see Figure S2). Interestingly, no differences were observed in the macroporous morphology when potassium was added to the MaAl, and triangular-shaped particles in the SEM images became more abundant on the surface of MeAl when the potassium content increased from 0% to 2% in the xK/Ni–MeAl catalysts (Figure 1a–d). The appearance of triangular-shaped particles was a result of the interaction between K and Al2O3 after calcining potassium nitrate at 600 °C, which could be observed by TEM and TEM-EDS mapping images (Figures S3 and S4). However, this triangle-like K-Al2O3 was barely observed in the xK/Ni–MaAl catalysts, which indicates a different K and Al2O3 interaction in the pores of the MaAl support. The green spots in the TEM-EDS mapping images (Figure 2) were characterized as Ni metal on the supports, indicating that the Ni particle size in the xK/Ni–MaAl catalysts (~5.1 nm for x = 0.5) was smaller than that in the xK/Ni–MeAl catalysts (~15.8 nm for x = 0.5), and this indicated that Ni was better dispersed on the hierarchically ordered MaAl support than on the MeAl support.



The nitrogen adsorption and desorption isotherm curves and the pore-size distributions of both xK/Ni–MeAl and xK/Ni–MaAl catalysts are shown in Figure 3. The BET surface area of the xK/Ni–MeAl catalysts decreased significantly when Ni and K were added, whereas the addition of Ni and K slowly decreased the BET surface area of the xK/Ni–MaAl catalysts (Figure 3A and Table 1). Shown in Figure 3B, the mesopore sizes in xK/Ni–MaAl (2–35 nm) were larger than those in xK/Ni–MeAl (2–8 nm). The significant decrease in pore volume and size after the addition of Ni and K onto the MeAl supports (Table 1) implied either pore blocking by the large-sized Ni particles or a new phase between K and Al2O3. Even though this phenomenon could also occur in xK/Ni–MaAl, the Ni and K addition on the macro/mesoporous channels and multiple interactions between Ni–K–Al2O3 supports induced a smaller Ni size and a slight decline in the pore volume and average pore size of the MaAl support (Table 1).



The reducibility of the calcined catalysts was measured from 50 °C to 900 °C by H2-TPR experiments, and the H2-TPR profiles are shown in Figure 4. In the H2-TPR profiles, a primary broad reduction peak from 400 °C to 800 °C was assigned to the reduction of nickel oxide or NiAl2O4 on the surface of Al2O3 [34,35,36]. The large peak area of reduced NiO for the xK/Ni–MaAl catalysts implied a high number of Ni metallic sites (Table 1). Interestingly, the shoulder peak at 600 °C only appeared in xK/Ni–MaAl catalysts, confirming the smaller size of NiO on the surface, while the main peak at around 720 °C represented the reduction of NiAl2O4 [37]. In addition, the peak shift of NiO reduction to a higher temperature after K addition (both MeAl and MaAl) indicated the oligomerization of NiO particles.



Figure 5 provides the XRD patterns of both mesoporous and macroporous catalysts after calcining in air and subsequent reduction in hydrogen at 600 °C. For calcined catalysts (Figure 5A), following Ni impregnation onto the alumina supports, a peak shift occurred in the alumina XRD patterns, from 2θ = 45.8°, 60.5°, and 66.8° to 2θ = 45.4°, 59.9°, and 66.3° (gamma aluminum oxide, JCPDS Card No. 10-0425, space group Fd3m). This indicated the formation of a new surface nickel aluminate-like spinel phase (NiAl2O4) as a result of the interaction between Ni2+ ions and Al2O3 at the interface [38,39,40,41]. A dramatic decrease in Al2O3 acidity following the addition of Ni also suggested the substitution of Ni2+ ions inside the tetrahedral interstice of Al3+ in Al2O3 (Table 1). In previous research, Al3+ ions have been shown to occupy octahedral and tetrahedral interstices in the γ-Al2O3 crystal, where they are surrounded by densely packed oxygen ions [42,43]. On the basis of the molecular orbital energies, Al3+ ions in the tetrahedral interstice serve as stronger electron acceptors than those in the octahedral interstice, leading to higher acidity of the tetrahedral surface Al site. The decrease in the tetrahedral Al site by Ni substitution caused the loss of acidity on the alumina surface. Additionally, in comparison to MeAl, MaAl possessed higher acidity (Lewis acid) and the peak at 2θ = 31.7o, representing the reflection plane with aluminum in tetrahedral position [44,45], only observed clearly for MaAl (Figure 5 and Figure S5), demonstrated a high portion of AlO4 in the structure of MaAl. This might increase the interaction between Ni and MaAl, rather than MeAl support. After reduction, three phases of Ni (metallic Ni, nickel oxide, nickel aluminate) can be seen in Figure 5B. The existence of a characteristic XRD peak for nickel oxide at 2θ = 43.4° (JCPDS No. 47-1049, space group Fm3m) for the reduced catalysts indicated that NiO was not completely reduced in hydrogen at 600 °C for 2 h [38]. It is notable that the peak at 2θ = 43.4° for 2K/Ni–MeAl became clear and sharp. In the presence of potassium, K+ ions could interact not only with Al2O3 to form K2Al2O4 or KAlO2 (JCPDS 450-850) (Figure S5) [46,47,48] but also with NiAl2O4 through the cooperation of K+ ions with tetrahedrally coordinated Al3+ ions placed on the NiAl2O4 surface [47,49]. This diminishes the interaction between Ni and Al2O3, causing of the growth in Ni particle size (Figure 2 and Table 1). The deconvolution results of the overlapped peaks in XRD patterns in the range of 2θ = 41°–50° indicated that the XRD peaks for metallic Ni were sharper in the xK/Ni–MeAl catalysts (Figure 5Ba–c) and broader in the xK/Ni–MaAl catalysts (Figure 5Bd–f). The Ni particle sizes in the xK/Ni–MaAl catalysts (Table 1), as calculated by the Scherrer equation, were much smaller than those in the xK/Ni–MeAl catalysts, indicating the prohibition of growth rate of Ni metallic crystal in the xK/Ni–MaAl catalyst.



Figure 6 shows the details of the XPS spectra of Ni 2p, O1s, and Al 2p representing the electronic states of Ni, O, and Al on the reduced catalysts. In Figure 6A, three main deconvoluted peaks of Ni 2p data are observed, centered at 852.1, 854.9, and 856.9 eV. These peaks were ascribed to metallic Ni (Nio), nickel oxide (Ni–O), and nickel aluminate (Ni–O–Al), respectively [50,51,52,53,54]. The K addition reduced a portion of the surface NiAl2O4 and conversely increased the level of NiO, confirming the K–NiAl2O4 interaction which was consistent with the XRD results. In Figure 6B, the O 1s spectra reveals a broad peak containing three main deconvoluted components: a peak at 530.5 eV attributed to lattice oxygen in Al2O3, a peak at 532.5 eV characterized for oxygen in O–H of aluminum oxo hydrides, and a peak at 533.5 eV assigned to oxygen in adsorbed water on the surface of Al2O3 [55,56,57]. The water adsorbability of catalysts is strongly related to the acidity of γ-Al2O3, particularly for Lewis acidic sites. Oxygen in H2O has a lone electron pair that can share electrons with an Al3+ acceptor in Al2O3 (particularly Al3+ in the tetrahedral interstice) to generate a covalent bond between Al in Al2O3 and O in water. For the xK/Ni–MaAl catalysts, the adsorbed water peak intensity is higher in both Figure 6B,C than for xK/Ni–MeAl, and this peak intensity significantly decreased following the addition of higher K contents indicating increased AlO4 in MaAl and the disappearance of Lewis acidic sites on the catalysts caused by K, which, in turn, was caused by the interaction between K+ and Al3+ in the tetrahedral interstice of Al2O3.



Scheme 1 summarizes the systematic changes in the compositions and structures of the prepared catalysts. The γ-Al2O3 phase was found in the XRD pattern of both the MaAl and MeAl supports. The structure of Al2O3 is traditionally described as a cubic defect spinel with a non-spinel fraction where the Al3+ cations occupy both the octahedral (AlO6) and tetrahedral (AlO4) sites [58,59]. However, the AlO4 site part was higher in the MaAl support. After the first impregnation step, Ni was introduced onto the surface of Al2O3 (blue in Scheme 1) and formed multilayered structures on the alumina [38]. The introduced Ni precursor formed the surface NiAl2O4-like spinel phase (green in Scheme 1), which was a result of the interaction between NiO6 and AlO4 sites. NiAl2O4 had a partially inverse spinel structure, where the bulk of Ni2+ and Al3+ cations occupied the octahedral and tetrahedral sites, respectively, and part of the Ni2+ and Al3+ cations inversely occupied the tetrahedral and octahedral sites [60,61]. An excess of Ni precursor existed in NiO (rock salt structure or amorphous structure) on the top of the NiAl2O4 layer or on the top of Al2O3 [62]. NiO on the Al2O3 surface might indicate a weak Ni–AlO6 interaction. During the Ni addition process, the better access of Ni(NO3)2 through macro/mesoporous channels onto MaAl that had higher portion of AlO4 sites, as evidenced by the XRD results, induced the preferential formation of NiAl2O4 (not NiO) on the Al2O3 surface over MaAl. As a result of the strong interaction between excessive NiO and NiAl2O4, NiO on this spinel layer was highly dispersed on the surface of MaAl. Owing to the difference in lattice structures, NiAl2O4 and NiO exhibited different Ni reducibility values. Octahedral Ni2+ cations were reported as having higher reducibility than tetrahedral Ni2+ cations [38,63]. Therefore, in the TPR profiles (Figure 4), the peaks of NiO reduction appeared at a lower temperature compared with the peaks of Ni reduction in NiAl2O4. Likewise, the reduction peak of NiO–MaAl appeared at a lower temperature than that of NiO–MeAl, since NiO over MaAl was highly dispersed (Figure 4a,d). After reduction, Ni–MaAl contained highly dispersed Ni metallic particles and a NiAl2O4 phase, whereas agglomerated Ni metallic and NiAl2O4 phases were formed over the Ni–MeAl catalyst, which was evidenced by the XRD results. Following the second step, K was impregnated on the surface of Ni/Al2O3 samples. K existed in KAlO2 with two different states: free KAlO2 phase (brown triangle, appearing only on the MeAl surface) and a highly dispersed phase on the alumina surface (brown rectangle), which was the result of K–Al2O3 and K–NiAl2O4 interactions, respectively. At a high temperature, K was able to interact with tetrahedral Al to form potassium aluminate (KAlO2) [64,65]. The typical structure of potassium aluminate is composed of corner-shared tetrahedral AlO4, which causes sizable voids to be occupied by large K cations [65,66]. This interaction between K and tetrahedral Al could reduce the interaction between Ni and Al2O3 [67]. As a result, the formation of the NiAl2O4 phase was decreased, and the formation of the NiO phase was enhanced. Finally, the catalysts were partially reduced under the hydrogen environment to transform NiO into metallic Ni [68,69]. The strong K–Ni–Al2O3 interactions over xK/Ni–MaAl with the macro-porous channels inhibited the growth of Ni particles by K addition, maintaining the high dispersion of Ni on the catalyst surface. However, the different multiple interactions between K–Ni–Al2O3 over 2K/Ni–MeAl resulted in the formation of a triangular structure of KAlO2 and aggregation of NiO particles even after the reduction step.




2.2. Catalytic Activity


Steam reforming of 1-MN over the xK/Ni–MeAl and xK/Ni–MaAl catalysts was conducted at 600 °C for 2 h. The reaction results of the xK/Ni–Al catalysts are listed in Table 2. Without a catalyst (blank test), a low percentage of 1-MN (6.2%) was converted by thermal cracking, where 1-MN could be cracked through the expansion of C–C bonds, followed by the formation of hydrocarbon radicals [70], which could react together to form a heavier hydrocarbon, particularly coke. In the gas products, the majority of thermal cracking was linked to CH4 and C2+ (C2 gases) as the weak C–C bond between the methyl group and aromatic ring in 1-MN was easily broken into CH4. Over alumina supports only, a cracking reaction (C3 and C4 in gas products) might occur, raising the 1-MN conversions. In the presence of Ni containing catalysts, two more primary reactions (steam cracking and steam reforming) occurred over the Ni–MaAl and Ni–MeAl catalysts, resulting in higher 1-MN conversion (from 11.5 to 16.1 for Ni–MeAl and from 13.9 to 20.1 for Ni–MaAl) and a variation in liquid and gas selectivities for the different catalysts. For the xK/Ni–MaAl catalysts, the 1-MN conversions and C selectivities in gas were higher than those of the xK/Ni–MeAl catalysts. Moreover, for the xK/Ni–MaAl catalysts, ring-opening hydrocarbons and naphthalene (groups (1) and (3)) were the main components of liquid products, whereas for the xK/Ni–MeAl catalysts, there was a decrease in the proportion of these compounds and an increase in the heavier hydrocarbons (Anthracene—group (4)). Figure 7 shows the effect of K addition on 1-MN conversion. The 1-MN conversions after 2 h reaction linearly dropped for the xK/Ni–MeAl catalysts with increasing x values (x = 0: 16.1%; x = 0.5: 11.3%; and x = 2: 6.9%) while slightly changing into a volcano pattern for the xK/Ni–MaAl catalysts (x = 0: 20.1%; x = 0.5: 23.1%; and x = 2: 20.4%). This confirmed that a small K dopant content on Ni–MaAl supports could enhance the catalytic performance because of the macro/mesoporous channels and K–Ni–Al2O3 interactions in MaAl catalyst. There was no effect of K on the performance of MeAl catalysts.



In the xK/Ni–MaAl and xK/Ni–MeAl catalysts, Ni surfaces served as active sites for both steam reforming and steam cracking of 1-MN [71]. Steam reforming was competitive with steam cracking even though we reported that the reaction at 600 °C would prefer steam reforming over steam cracking in our previous study [52]. In steam reforming, 1-MN was oxidized into CO and H2 gases by active oxygen species formed over Ni sites. In steam cracking, a hydrocarbon could potentially be oxidized by the OH group through the opening of the central aromatic ring, the release of CO2 in the gas products, and ring-opening hydrocarbons. In Table 3, the higher CO2 and lower CO portions in the gas composition of the Ni–MeAl catalyst indicate the relative dominance of steam cracking. In contrast, steam reforming occurred strongly over the xK/Ni–MaAl catalysts, generating more CO and less CO2 in the gas composition (Table 3) and higher ring-opening hydrocarbon portions in the liquid product distributions (Table 2). For the xK/Ni–MaAl catalysts, it is possible that the additional nickel sites generated through K–NiAl2O4 interactions to favor steam reforming, as evidenced by the lower portion of CH4 and C2+ and the higher portion of CO and H2 in the gas compositions (Table 3 and Figure S6, see Supplementary Data). As shown in the results, the TOF (H2) values were also higher for the xK/Ni–MaAl catalysts (Table 3). Even with high K contents (2K/Ni–MaAl), a rise in the K–Ni interaction on the Ni surface or K coverage on Ni active sites led to a small decrease in steam reforming conversion (Table 2 and Figure 7), which also resulted in a small decrease in TOF (H2) value (Table 3). At the same time, the results for the xK/Ni–MeAl catalysts were almost the opposite compared with those for xK/Ni–MaAl catalysts. Most nickel active sites over the xK/Ni–MeAl catalysts disappeared readily because of the oligomerization of Ni particles by the added potassium, dramatically reducing both steam reforming and steam cracking. As shown in Table 3 and Figure S6 (see Supplementary Data), hydrogen and CO gases were almost entirely absent for 2K/NiMe–Al. The high K coverage on Ni surfaces for 0.5K/Ni–MeAl and 2K/Ni–MeAl induced an increase in thermal cracking, which caused a rapid decrease in 1-MN conversion from 16.1% (Ni–MeAl) to 6.9% (2K/Ni–MeAl) (see Table 2) and the disappearance of H2 and CO while enhancing the C2+ portion in gas products (Table 3). Figure 8 represents a linear fit of the relationship between the steam reforming products (H2 + CO) and the Ni sites. There was a strong correlation between steam reforming and the Ni metallic sites (R2 = 0.88), indicating that the bigger Ni particles as a result of K addition reduced steam reforming.



Scheme 2 shows the possible steam reforming reaction routes of the reaction of1-MN with steam over the xK/Ni–Al catalysts. First, over the Ni sites on nickel-containing catalysts, adsorbed steam was dissociated into a hydroxyl group and hydrogen. This OH group was further dissociated into active H and O species that were adsorbed on the Ni surface [72,73]. The strong interaction between Ni and the supports or a high Ni dispersion decreased the energy barrier of O–H cleavage, thus promoting steam dissociation. Over the xK/Ni–MaAl catalysts, additional active O species were generated from steam decomposition as O–H cracking in the OH group appeared to be favorable which may have been caused by the high Ni dispersion on MaAl. Therefore, steam reforming occurred predominantly over the xK/Ni–MaAl catalysts, resulting in higher carbon selectivity in the gas (Table 2) and generation of more CO and H2 in the gas (Table 3). Through the oxidation of adsorbed 1-MN by O species from steam on Ni sites, the aromatic ring in 1-MN proved difficult to open directly to form lighter hydrocarbons. As a result, a majority of the liquid products were classified as group (3) (Figure S7, see Supplementary Data) for the xK/Ni–MaAl catalysts (Table 2).



When the oxidation of 1-MN was successfully completed, the H2/CO + CO2 ratio reached its highest value at 2.45, which was roughly estimated from the chemical equation (Reaction 4). However, among all Ni-containing catalysts, this ratio was the lowest for Ni–MeAl (0.42) and highest for 0.5K/Ni–MaAl (1.26) (Table 3). This demonstrated that 1-MN was oxidized systematically over Ni sites, and the high percentage of aromatic products (2) in liquids contributed to the difficulty of oxidation of a large molecule such as 1-methyl naphthalene over xK/Ni–Al catalysts. The time on stream of 1-MN conversion for all catalysts is shown in Figure S8 (see Supplementary Data). Conversion of 1-MN for the xK/Ni–MeAl catalysts (dashed lines) were lower than those for xK/Ni–MaAl catalysts (solid lines). In the time on stream of (H2 + CO) composition in the gas products (Figure S6, see Supplementary Data), the steam reforming products (H2 and CO) were produced more over xK/Ni–MaAl catalysts (solid lines) compared to the xK/Ni–MeAl catalysts (dashed lines), which reflected the better catalytic performance of xK/Ni–MaAl catalysts in steam reforming of 1-MN.





3. Materials and Methods


3.1. Catalyst Preparation


Mesoporous alumina-supported nickel and potassium (xK/Ni–MeAl) and macroporous alumina-supported nickel and potassium (xK/Ni–MaAl) (x = 0%, 0.5%, and 2%) catalysts were synthesized using the incipient wetness impregnation method to impregnate a KNO3 salt solution to reach x wt.% K on Ni–MeAl and Ni–MaAl catalysts. All catalysts were calcined in air at 600 °C for 6 h. The Ni–MeAl, Ni–MaAl, yK/MeAl, and yK/MaAl (y = 2% and 5%) catalysts were prepared using the same method used for xK/Ni–MeAl and xK/Ni–MaAl catalysts. However, the impregnation of a Ni(NO3)2 salt solution was predicted to reach 10 wt.% Ni on MeAl and MaAl supports.



The preparation of MaAl has previously been described in detail [74]. The ethanol-to-water ratio in the washing step was 1:3, and the calcination temperature was 600 °C. The MeAl was prepared using the same method used for MaAl: a triblock copolymer Pluronic P123 (PEG–PPG–PEG) was used to create a porous structure rather than polystyrene beads as a macroporous structure template.




3.2. Characterization


The Brunauer–Emmett–Teller (BET) surface area and pore-size distribution of the prepared catalysts were determined by implementing the nitrogen adsorption/desorption method on a Micromeritics ASAP 2020 apparatus (Norcross, GA, USA). The catalysts were pretreated at 300 °C for 6 h prior to measurement. Ammonia temperature-programmed desorption (NH3-TPD), hydrogen temperature-programmed desorption (H2-TPD), and hydrogen temperature-programmed reduction (H2-TPR) were carried out in a multipurpose analytical system (BELCAT-M, MicrotracBEL Corp., Osaka, Japan) using a thermal conductivity detector (TCD). For NH3-TPD, catalysts were pretreated at 600 °C for 2 h in a carrier gas (in this case, helium gas). Once the ammonia gas (5% in helium) had been adsorbed at 50 °C for 1 h, the temperature was increased to 600 °C (ramping rate = 2 °C/min under carrier gas), and the desorbed ammonia was recorded using the TCD sensor. A similar procedure was applied in the H2-TPD experiment, where the adsorbed gas was hydrogen (5% H2 in N2) and the carrier gas was N2. For the H2-TPR experiment, the catalysts were oxidized by oxygen (5% in helium) at 600 °C for 2 h prior to the start of the reduction step. The oxidized catalysts were reduced by hydrogen, and the temperature was elevated from 50 °C to 900 °C (ramping rate = 2 °C/min).



X-ray diffraction (XRD) data were obtained using a Rigaku RAD-3C diffractometer (Rigaku Corp., Tokyo, Japan) with Cu Ka radiation (λ = 1.5418 Å) at a scan rate of 2°(2θ)/min, operated at 35 kV and 20 mA. On the basis of the XRD patterns, Ni crystal sizes were calculated using the Scherrer Equation (1).


   Crystalline   size     ( L )   =     K λ    Bcos  ( θ )     



(1)







X-ray photoelectron spectroscopy (XPS) data were obtained using Thermo K-Alpha XPS with an Al-Kα X-ray source (Thermo Fisher Scientific, Waltham, MA, USA). The XPS results were collected using an X-ray spot size of 400 μm, pass energy of 80 eV, and an energy step size of 0.1 eV.



The surface morphology of the catalysts was characterized using a field-emission scanning electron microscope (SEM; JEOL JSM-600F, Tokyo, Japan) and a high-resolution transmission electron microscopy instrument (TEM; JEM-2100F, JEOL, Tokyo, Japan). Specimens were prepared by suspending and grinding in an ethanol solution, and two drops of ethanol solution containing the ground catalyst powder were placed onto a carbon film-coated copper grid.




3.3. Reaction Test


Firstly, 0.25 g of catalyst power, placed in the middle of a quartz tube reactor (inner diameter of 9.1 mm), was reduced in situ in flowing hydrogen (12.8 mL/min) and helium (8.2 mL/min) at 600 °C for 2 h in a fix-bed reactor. After the reduction step, all hydrogen gas was removed by helium flow (8.2 mL/min). Secondly, the mixture of water flow (0.4 mL/min) was heated to 200 °C to vaporize water prior to entering the reactor. Subsequently, a flow of 1-MN was fed at 0.12 mL/min into the reactor. The catalyst performance test was carried out at 600 °C for 2 h, the steam to carbon ratio (S/C) was 2.43 and the weight hourly space velocity (WHSV) was 125 h−1.



Steam reforming:


C11H10 + 11H2O → 11CO + 16H2



(2)







Water gas shift:


11CO + 11H2O → 11CO2 + 11H2



(3)







Combination of steam reforming and water gas shift:


C11H10 + 22H2O → 11CO2 + 27H2



(4)







For product analysis, light gases (H2, CO, CO2, and CH4) and C2–C4 gases were analyzed using a gas chromatography–TCD (Acme 6100 GC, YL Instrument Co., Ltd., Dongan-gu, Anyang, Republic of Korea) with Carboxen 1000 and an HP-PLOT Q column, respectively. The liquid products were evaluated by gas chromatography with a flame-ionization detection machine (Agilent 6890 N Network GC, Agilent Technologies, Inc., Santa Clara, CA, USA) using an HP-5 column. The coke amount was determined by thermogravimetric analysis (TG Q50, TA instrument, New Castle, DE, USA).



The carbon selectivities of the liquid (SC-Liquid, mol%), gas (SC-Gas, mol%), and coke (SC-Coke, mol%) were defined as the moles of carbon in the liquid, gas, and coke products, respectively, divided by the moles of carbon in the reacted 1-MN (as a percentage). Conversion (C, mol%) was defined as the moles of carbon in the reacted 1-MN divided by the moles of carbon of the total 1-MN loaded into the reactor during reaction time. The reaction rate, gas composition, and turnover frequency (TOF) were calculated using the equations below:


   Carbon   selectivity   of   gas     (   mol ,   %   )   =     Mole   of   carbon   in   gas     Mole   of   carbon   in   reacted   1-MN     × 100   



(5)






   Carbon   selectivity   of   liquid     (   mol ,   %   )   =     Mole   of   carbon   in   liquid     Mole   of   carbon   in   reacted   1-MN     × 100   



(6)






   Carbon   selectivity   of   coke   ( mol ,   % ) =     Mole   of   carbon   in   coke     Mole   of   carbon   in   reacted   1-MN     × 100   



(7)






   Conversion   ( mol ,   % ) =     Mole   of   carbon   in   reacted   1-MN     Mole   of   carbon   in   fed   1-MN     × 100   



(8)






   Gas   composition   ( mol ,   % ) =     Mole   of   each   gas   product       Total   mole   of   gas   products     × 100   



(9)






     TOF   for   H   2   =       Mole   of   H   2     gas   produced     Mole   of   Ni   sites × reaction   time     



(10)









4. Conclusions


Hierarchical MaAl and MeAl were used as supports for xK/Ni–Al2O3 catalysts in the steam reforming of 1-methyl naphthalene at a low temperature (600 °C) in a fixed-bed reactor. By adding different potassium content percentages (0%, 0.5%, and 2%) on nickel-containing supports, the effect of a hierarchically ordered macroporous structure on the interactions between K or Ni–support and K–NiAl2O4, alongside steam reforming performance, was observed in this study. We found that Ni nanoparticles were highly dispersed on the catalyst surface of MaAl due to the K–Ni–Al2O3 interaction whereas the metallic Ni was agglomerated over MeAl. The increased size of Ni metallic particles suppressed hydrogen adsorption on the nickel sites during the reaction, reducing steam reforming. Therefore, the multiple interactions between K–Ni–Al2O3 over MaAl created more nanosized Ni particles, thereby enhancing steam reforming, leading to high 1-MN conversion, improved carbon selectivity of gas and high hydrogen and CO portions in the gas phase.
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Figure 1. The SEM images of (a) MeAl, (b) Ni–MeAl, (c) 0.5K/Ni–MeAl, (d) 2K/Ni–MeAl, (e) MaAl, (f) Ni–MaAl, (g) 0.5K/Ni–MaAl, and (h) 2K/Ni–MaAl. (Scale bar = 200 nm). 
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Figure 2. The TEM and TEM-EDS mapping images of (A–C) 0.5K/Ni–MeAl and (D–F) 0.5K/Ni–MaAl. 
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Figure 3. Nitrogen adsorption–desorption isotherm curves (A) and pore-size distribution (B) of (a) MeAl, (b) Ni–MeAl, (c) 0.5K/Ni–MeAl, (d) 2K/Ni–MeAl, (e) MaAl, (f) Ni–MaAl, (g) 0.5K/Ni–MaAl, and (h) 2K/Ni–MaAl. 
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Figure 4. The H2-TPR profiles of (a) NiO–MeAl, (b) 0.5K/NiO–MeAl, (c) 2K/NiO–MeAl, (d) NiO–MaAl, (e) 0.5K/NiO–MaAl, and (f) 2K/NiO–MaAl. 
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Figure 5. The XRD patterns of (A) calcined and (B) reduced catalysts: (a) MeAl, (b) Ni–MeAl, (c) 0.5K/Ni–MeAl, (d) 2K/Ni–MeAl, (e) MaAl, (f) Ni–MaAl, (g) 0.5K/Ni–MaAl, and (h) 2K/Ni–MaAl. 
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Figure 6. The XPS results of (A) Ni 2p, (B) O 1s, and (C) Al 2p: (a) Ni–MeAl, (b) 0.5K/Ni–MeAl, (c) 2K/Ni–MeAl, (d) Ni–MaAl, (e) 0.5K/Ni–MaAl, and (f) 2K/Ni–MaAl. 
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Scheme 1. Illustration of Ni–alumina and K–alumina/nickel aluminate interactions during the preparation steps. 
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Figure 7. Dependence of 1-MN conversion on K percent on different supports (MeAl and MaAl). 
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Figure 8. A linear fit of relationship between the steam reforming products (H2 + CO) and the Ni sites. 
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Scheme 2. Main reaction pathways of steam reforming. 
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Table 1. Physicochemical properties of the prepared catalysts.
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	Catalysts
	Surface Area

(m2/g)
	Pore Size

(nm)
	Pore

Volume (cm3/g)
	Ni Size (nm)

TEM/XRD
	NiO/Ni Peak Area Ratio (XRD)
	Acidic Sites

(mmol/g)
	Ni Sites from H2-TPR (mmol/g)





	MeAl
	314.2
	9.5
	1.24
	-
	-
	1.359
	-



	Ni–MeAl
	177.7
	4.0
	0.25
	11.17/4.7
	Only Ni
	0.586
	0.012



	0.5K/Ni–MeAl
	172.0
	5.1
	0.29
	15.8/8.2
	0.29
	0.419
	0.008



	2K/Ni–MeAl
	168.8
	5.1
	0.29
	46.8/7.9
	Only NiO
	0.370
	0.006



	MaAl
	266.2
	11.5
	1.00
	-
	-
	2.033
	-



	Ni–MaAl
	221.5
	10.8
	0.81
	2.8/1.8
	Only Ni
	0.773
	0.017



	0.5K/Ni–MaAl
	202.1
	10.2
	0.69
	5.1/2.1
	0.19
	0.527
	0.017



	2K/Ni–MaAl
	199.5
	10.4
	0.68
	6.7/2.1
	0.31
	0.518
	0.014
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Table 2. Conversions and product distributions of 1-MN steam reforming over different catalysts (reaction conditions: T = 600 °C, t = 2 h, mass of catalyst = 0.25 g, loading rate of 1-MN = 0.1 mL/min, and water pump rate = 0.4 mL/min).






Table 2. Conversions and product distributions of 1-MN steam reforming over different catalysts (reaction conditions: T = 600 °C, t = 2 h, mass of catalyst = 0.25 g, loading rate of 1-MN = 0.1 mL/min, and water pump rate = 0.4 mL/min).





	
Catalysts

	
Conversion (%)

	
C-Selectivity in Products (%)

	
Liquid Product Distribution (%)




	
Coke

	
Gas

	
Liquid

	
(1)

	
(2)

	
(3)

	
(4)






	
Blank test

	
6.2

	
3.3

	
26.1

	
70.6

	
0.1

	
0.6

	
45.7

	
53.6




	
MeAl

	
11.5

	
0.4

	
22.9

	
76.8

	
40.8

	
12.4

	
40.1

	
22.7




	
Ni–MeAl

	
16.1

	
0.3

	
49.8

	
49.9

	
0

	
13.2

	
86.5

	
0.2




	
0.5K/Ni–MeAl

	
11.3

	
0.6

	
48.9

	
50.5

	
1.1

	
2.2

	
91

	
5.7




	
2K/Ni–MeAl

	
6.9

	
0.7

	
55.2

	
44.1

	
10.4

	
1.3

	
63.2

	
25.2




	
MaAl

	
13.9

	
0.3

	
47.0

	
52.7

	
28.9

	
8.6

	
56.8

	
5.8




	
Ni–MaAl

	
20.1

	
0.5

	
56.9

	
42.5

	
1.4

	
0.9

	
91.9

	
5.8




	
0.5K/Ni–MaAl

	
23.1

	
0.5

	
65.4

	
34.1

	
11.0

	
1.3

	
80.4

	
7.2




	
2K/Ni–MaAl

	
20.4

	
0.4

	
55.1

	
44.4

	
30.6

	
0.6

	
63.4

	
5.4








(1) Heptane, (2) Toluene, (3) Naphthalene, and (4) Anthracene (Figure S7, see Supplementary Data).
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Table 3. Gas compositions under the 1-h and 600 °C reaction conditions.
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	Catalysts
	H2
	CO
	CO2
	CH4
	C2+
	TOF (H2) (mol/mol.h)
	(H2 + CO)/(CH4 + C2+) Mole Ratio





	Blank test
	0
	0
	0
	66
	34
	-
	0.0



	MeAl
	0
	0
	6
	66
	28
	-
	0.0



	Ni–MeAl
	28
	29
	38
	3
	2
	736
	11.4



	0.5K/Ni–MeAl
	18
	8
	12
	48
	15
	430
	0.4



	2K/Ni–MeAl
	0
	0
	22
	38
	40
	-
	0.0



	MaAl
	0
	0
	5
	62
	33
	-
	0.0



	Ni–MaAl
	28
	26
	9
	20
	17
	577
	1.5



	0.5K/Ni–MaAl
	43
	26
	7
	14
	10
	952
	2.9



	2K/Ni–MaAl
	41
	26
	9
	16
	7
	950
	2.9
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