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Abstract

:

The conversion of different biogenic feedstocks to hydrocarbons is a major challenge when ensuring hydrocarbon and fuel supply in spite of the heterogeneity of this feed. Flexible adaptation to changing compositions is mandatory for the respective processes. In this study, different oxygenate model feeds, such as alcohols, aldehydes, carboxylic acids and esters, were converted at 500 °C and 5 barg H2 using H-ZSM-5 zeolite catalysts with various Si/Al ratios to identify the relationship between the feed structure and the final product distribution. As the main outcome, the product distribution becomes increasingly independent of the feed structure for Al-rich H-ZSM-5 catalyst samples at low Time on Stream (ToS). Some minor exceptions are the increased formation of aromatics during ToS for carbonyl oxygenates compared to primary alcohols and the dominance of initial deoxygenation products for Si-rich H-ZSM-5 samples. This is interpreted by a multi-stage reaction sequence, which involves the initial deoxygenation of the feed and the subsequent integration of the olefin intermediates into a reaction network. The results pave the way towards the achievement of a desired product distribution in the conversion of different oxygenates simply by the adaption of the Al content of H-ZSM-5.
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1. Introduction


With the discovery of zeolite H-ZSM-5 as an acid catalyst, more and more of its applications have been found in the field of catalytic conversion of hydrocarbons [1]. One important application is the conversion of methanol in the methanol-to-hydrocarbons (MTH) process [2]. A remarkable milestone in this development is a deeper mechanistic understanding of this build-up reaction through the introduction of the dual-cycle hydrocarbon pool (HCP) mechanism by Haw et al. and other groups [3,4,5]. Further experimental work by Goetze et al. [6] and Weckhuysen et al. [7] achieved a level of molecular observation of active species within the zeolite pores, which confirms the existence and interconversion of proposed olefinic and cyclic hydrocarbon species (see Figure 1). Furthermore, the dual-cycle mechanism, with its sophisticated explanation of different product distributions over an olefinic and aromatic pathway, also matches the ethanol to hydrocarbon reactions (ETH) [8]. Mechanistic as well as process technology studies described by White [9] reached a new level, culminating in the introduction of industrially relevant patents by ExxonMobil [10,11]. Comparison of the conversion of ethanol and methanol as small oxygenates has already revealed a discrepancy in terms of the proposed consecutive reactions of C1 and C2 fragments. Even recent publications do not explain the source of this discrepancy in detail, which promotes a controversial discussion [12]. Exemplarily, another view on the hydrocarbon interconversion mechanism describes a chain of competing reactions with different probabilities, which determine the final product distribution as a statistical measure [13,14].



The first investigations by Chang and Silvestri [15] as well as by Bandermann et al. [16] on the conversion of other oxygenates such as small ketones, aldehydes, carboxylic acids and esters showed a significantly different behavior in product formation and deactivation. With the exploration of oxygenates as alternative resources to gas, oil and coal, a gap has arisen between the mechanistic explanation of small oxygenates beyond methanol via the dual-cycle mechanism and the mechanistic understanding of the conversion of long-chained molecules with other functional groups than hydroxyl.
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Figure 1. Schematic overview of methanol conversion and product formation on H-ZSM-5 with deoxygenation and first C-C-coupling and the following dual-cycle mechanism for hydrocarbon interconversion from olefinic and cyclic (aromatic) species [16,17,18,19]. 
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This work provides an option to close this gap with a systematic investigation of the catalytic conversion of different oxygenates with variating hydrocarbon chain lengths and functional groups. The catalytic measurements on H-ZSM-5 catalysts with varying Si/Al ratios at similar reaction conditions facilitate a comparison between alcohol conversion and findings about other oxygenates. From the application perspective, this helps to flexibly choose suitable catalysts to ensure stable hydrocarbon product quality during the conversion of heterogeneous bio-feedstock.




2. Results and Discussion


2.1. Textural, Structural and Surface Acidity Properties


The MFI structure (mordenite framework inverted) and the degree of crystallinity of the synthesized H-ZSM-5 samples was verified by X-ray diffraction (Figure 2a) for long-range as well as infra-red spectroscopy (ATR-FT-IR) for short-range structure analysis.



Table 1 reveals similar and high short-range and, only in the case of Z-35, slightly decreased long-range crystallinity. The results of the nitrogen physisorption indicate a type I isotherm for a clean microporous material (Figure 2b) [20]. With increasing Si/Al ratio, a hysteresis loop appears at p/p0 = 0.1–0.2, attributed to a solid-state transformation effect of nitrogen at homogenous silica surfaces inside the H-ZSM-5 pore system. The sorted monolayer coverage rearranges, leading to additional packing of nitrogen molecules during secondary micro-pore filling [21].



The difference in the Al content variation was confirmed by ICP-OES and TPAD. Table 1 shows a match for the observed Si/Al ratio to the desired Si/Al ratio adjusted by the synthesis composition. The characteristic two maxima of ammonia desorption profiles at H-ZSM-5 could be observed for all investigated samples. The increase in the Al content leads to a simultaneous increase in the low-temperature peak (physisorbed ammonia) and the high-temperature peak (chemisorbed ammonia), as demonstrated in Figure 2c. With respect to thermogravimetry analysis, all samples show similar behavior, with slightly higher hydrophilic behavior in the Al-rich samples (Appendix B, Figure A2). As a result of the experiments and accompanying analyses, synthesis of H-ZSM-5 zeolite samples with comparable textural properties was successful (specific surface area: 395–435 m2/g, pore volume: 0.17–0.19 cm3/g). Adjustment of the Al content of the synthesis gel composition leads to the desired acidity of the final zeolite products after ion exchange.




2.2. Morphology Analysis by Scanning Electron Microscopy (SEM) and Laser Scattering (DLS)


An increasing Al content leads to deceleration of the speed of crystallization [22,23]. Although the crystallization time was adapted from 48 h with increasing Al content up to 100 h in the case of sample Z-35, the crystallinity observed by XRD and FT-IR is the lowest for this sample and also the morphology differs from the Si-rich sample Z-inf. SEM images in Figure 3 confirm typical pinacoid-shaped crystals of approx. 8–11 µm with agglomeration for Z-inf, which changes stepwise to smaller spherical particles of approx. 2–4 µm, which causes less intergrowth and agglomeration.



A parallel view on particle size distribution from laser scattering experiments in Figure 4 confirms the trend of smaller particles with increasing amounts of Al in the synthesis gel. For all samples, there are four distinguishable size fractions: ca. 2–4 µm, ca. 4–8 µm, ca. 8–11 µm and a very small amount ca. 100 µm. With increasing Al content, the fraction of 2–4 µm rises at the cost of bigger particles of 4–11 µm. Consequently, the D50 value drops stepwise from sample Z-inf to Z-35. In the case of sample Z-35 with the highest Al content, the fraction of 8–11 µm is visible but less dominant with respect to Z-80. Compared to SEM imaging, the four fractions are denoted as small individual crystals (2–4 µm), big individual crystals (4–8 µm), bigger agglomerates (8–11 µm) and big residual aggregates (100 µm).



In conclusion, Al-rich samples show slightly smaller spherical crystals with less agglomeration, as reported by Shirazi et al. [24]. The dominant size fractions of all samples are very similar, i.e., morphology changes with Al content are not major reasons for changes in catalytic properties, which are the focus of the current work.




2.3. Catalytic Conversion of Alcohols with Different Chain Lengths


The first step to evaluate the effect of Al-based catalytic active sites systematically is a catalytic test of a silicalite-1 (Z-inf). The sample only contains silanol groups and structural defects in the framework. These surface and solid-state centers act as adsorption sites. The consequences of this “silicate activity” associated with these adsorption sites are represented in Figure 5a by the Si/Al = inf catalyst system. It allows the evaluation of the catalytic performance by product carbon yields of fractions C1–C7 as a function of the chain length of the primary alcohol. For comparing the results of an empty reactor conversion of n-propanol, see Appendix B, Figure A1. At this point, four observations stand out.



(1) The blue bars in Figure 5 represent the initial products resulting from the primary alcohol dehydration. A direct dehydration describes the formation of an olefin with the same chain length as the originally reacted primary alcohol by the elimination of water without any observable intermediates. Thus, for example, the direct dehydration of ethanol directly leads to an increased carbon yield of C2 (respectively, C3 for C3-OH, C4 for C4-OH, and so on). However, for the special case of methanol dehydration, a carbene-type intermediate could not be observed for methanol [14]. Recent results conclude a bimolecular Koch-type carbonylation [11,25], even without Brønsted acid sites. Moreover, for all experiments with alcohols, full conversion was observed at 500 °C. Even a reaction of alcohols without catalyst leads to 83% conversion by dehydration in the case of propanol (Appendix B, Figure A1).



(2) The value of the blue bars in Figure 5 decreases continuously from C2-OH to C7-OH. From this, it can be deduced that the initial dehydration products are further converted during subsequent reactions. The activation threshold of these follow-up reactions depends on the chain length of the initial dehydration product. The main reason for the difference is the lower stability of primary carbenium ions, as they would result from the protonation of ethylene, compared to secondary and tertiary carbenium ions, as they would result from the protonation of C3+ olefins.



(3) The reaction types of these follow-up reactions after dehydration are different build-up and breakdown reactions, which may be considered as a chain [11,12,13]. It can be assumed that at a certain number of reaction events, the chain reaches a statistically equal distribution since a product of one reaction can act as an educt for the other reaction. As already reported, olefinic molecules, e.g., from dehydration of the primary alcohols, tend to form a hydrocarbon pool located at different adsorption sites in the MFI-type zeolite [26]. Therefore, they are able to feed the olefin-consuming and afterwards olefin-providing mechanism.



(4) In addition to the network of build-up and breakdown reactions within a hydrocarbon pool, Figure 5 displays concrete direct breakdown reactions. Looking at the product distribution detected during the conversion of C6-OH and C7-OH, an increased carbon yield can be observed for C3 (pink bars), respectively, C3 and C4 (yellow bars).



By increasing the Al content of the catalyst system, the product distribution from the conversion of different primary alcohols becomes similar (Figure 5a–d). The correlation between the Al content and the alignment of the product distribution can be interpreted as follows: the above-mentioned “silicate activity” consists of several distinguishable reactions. After dehydration, the initial hydrocarbon deoxygenation product has a low tendency to be converted by any follow-up reactions. With the increase in the Al content of the catalyst sample, the number of adsorption sites in the solid-state surface rises, which increases the probability of re-adsorption processes, i.e., an already converted molecule can be converted again at another location in the catalyst pore system. Thus, although the particle morphology slightly tends towards smaller crystals with increasing Al content, the number of intermediate steps between the initial adsorption at the entrance of the catalyst bed and the final desorption at the exit increases. An intermediate step within this reaction chain represents an interaction from one hydrocarbon molecule inside the pore system with a catalytically active site. However, after increasing the number of intermediate steps, the probability increases that the most thermodynamically favorable reactions will dominate the product distribution at the end of the catalyst bed. At each adsorption site inside the pore system, there is a new chance that the reaction on a hydrocarbon adsorbate will result in an equilibrated and not an initial product, e.g., from dehydration (blue bars in Figure 5a). Furthermore, in accordance with Schulz [27], it is assumed that the predominant proportion of reactions will act on hydrocarbon adsorbates on the surface and in the pores of the MFI-type zeolites and not in the gas phase. This results from a size limitation effect, which leads to an increased formation of small C3 + C4 products, as shown in Figure 5 [28,29,30,31]. As a direct consequence, there is an independence of the original feed chain length.




2.4. Catalytic Conversion of Feeds Containing Different Oxygenated Functional Groups


Figure 6 shows the product distribution during experimental series 2. In this series, five feeds with different oxygenated functional groups but the same amount of carbon atoms in the main chain were investigated. Three carbonyl oxygenates (octanoic acid = C7-COOH, octanal = C7-CHO, ethyloctanoate = C7-COOC2) were compared to two primary alcohols (1-heptanol = C7-OH, equimolar solution of 1-heptanol and ethanol = C7-OH_C2-OH).



For all catalytic test experiments with different oxygenates, full conversion was observed at 500 °C. Even without a catalyst, the conversion of ethyloctanoate leads to 55% conversion to ethylene and octanoic acid (see Appendix B, Figure A1). The first observation in Figure 6a–d is a related product distribution with a few exceptions, for all converted feeds and used catalysts. Moreover, the product distributions with Al-rich H-ZSM-5 catalyst (Si/Al = 35) of Figure 5d and Figure 6d are remarkably similar. Due to this observation, it is justifiable to extend the above-mentioned statements on the alignment of the product distributions with increasing Al content to the conversion of oxygenates with other functional groups.



The similarity of the product distributions regardless of different zeolite crystal sizes and of the converted feed of experimental series 2 shown in Figure 6a is related to their C7 main chain, which rapidly cracks into C3 and C4 products. Since the initial hydrocarbon deoxygenation products for terminal oxygenates with a C7 main chain are the same (C3 and C4), the product distributions also become similar. The reason is the promotion of subsequent reactions after deoxygenation with increasing Al content. As soon as olefins are the product of the initial deoxygenation reaction (dehydration, decarbonylation, decarboxylation), subsequent interconversion reactions at Al-rich H-ZSM-5 mainly determine the final product distribution.



However, one observation can be made for feeds containing a C2 component beside the C7 main chain, such as C7-COOC2 (green bars, Figure 6) and C7-OH + C2-OH (red bars). For these feeds, Figure 6a shows an increased carbon yield for C2 products and a reduced carbon yield for C3 and C4 products. This is related to the reduced reactivity of ethane and ethylene compared to propylene and bigger olefins, as reported by Plessow et al. [12]. However, again, by increasing the Al content of the catalyst, these differences disappear (Figure 6a–d).



One key observation from experimental series 2 is an increasing product fraction of C3 + C4 with increasing Al content of the catalyst (Figure 6a–d). Meanwhile, also, the molar C3/C4 ratio of the product distribution increases (Table 2). A thermal cleavage of a C7 chain should result in a C3/C4 ratio of 1:1. However, since a significantly higher C3/C4 ratio is already observed for the silicalite-1 (Table 2, Z-inf), a positive effect of the MFI-type pore geometry on the formation of C3 can already be concluded. In addition, a contribution of the catalytic cracking via Brønsted acid sites and subsequent interconversion reactions beyond the thermal cracking seems reasonable. Furthermore, the intensified effect of limiting pore sizes for the Al-rich zeolite catalyst is a result of an increased number of inner-pore conversion events due to the increasing number of Al-based adsorption sites [14,26].




2.5. Catalytic Conversion of Feeds Based on Substance Groups


In addition to the above-mentioned increase in the number of adsorption sites and thus the number of intermediated steps, increasing the Al content also causes a change in the electronic structure for different catalytic active sites on the catalyst surface. This change is caused by the rules of the next-nearest neighbor principle, as reported for zeolite Y [32]. Therefore, the activation threshold of possible reactions within the hydrocarbon pool theory might differ from adsorption site to adsorption site inside the pore system. Additionally, by increasing the Al density in the pore system, the probability increases that more than one Al is present in one pore and thus the probability of multi-center reactions increases [14,33,34]. From former work by Cumming and Wojciechowsky [13] for cracking reactions the hydride shift reaction, the cyclization or the carbonium ion mechanism are predominantly bimolecular processes. They should therefore occur with increased probability due to the action of a Brønsted acid site on a neighboring hydrocarbon adsorbate.



This change in reactivity and reaction diversity depending on Al content is clearly shown in Figure 7, in which the results of experimental series 1 and 2 are grouped according to the carbon yield of the substance groups olefins, paraffins and aromatics. As shown in Figure 7a,d, the carbon yield of olefins decreases by increasing Al content, but the carbon yields of paraffins (Figure 7b,e) and aromatics (Figure 7c,f) increase, apparently coupled. With the rising Al content of the catalyst, the probability of a multi-center reaction changes: the paraffin-providing reactions, such as hydride shift and carbonium ion mechanism, and the aromatic-providing reactions, such as cyclization with subsequent dehydrogenation, become more dominant. Moreover, this gives new explanation to similar observations for methanol and ethanol conversion to paraffins and aromatics on H-ZSM-5 with different Si/Al ratios, as reported in [35,36,37]. Since a high olefin carbon yield is already observable for silicalite-1 (Z-inf, Figure 7a,d), it can be assumed that olefin-providing deoxygenation reactions take place even without any Al sites.



In conclusion, for alcohols with chain lengths of C1–C7, as well as the considered oxygenates, the conversion mechanism is related to the already known processes within the hydrocarbon pool in methanol and ethanol conversion [27,35]. At 500 °C, initial deoxygenation leads to an olefin backbone, which depends on the deoxygenation mechanism. By increasing the Al content of the catalyst, this olefin-providing backbone is supplemented by build-up, cracking, as well as paraffin- and aromatic-providing interconversion reactions. With respect to reports about the comparable conversion of different oxygenated hydrocarbons [16], such a general trend has not yet been reported.




2.6. Dependency on Time on Stream


All statements so far apply to an equilibrated initial activity at Time on Stream (ToS) = 0.5 h. The dependency on the ToS of the carbon yield of olefins, paraffins, aromatics and the aggregated C1–C4 products is shown in Table 3 for the Z-35 catalyst system. For this purpose, 1-heptanol (representing primary alcohols) and octanal (representing carbonyl oxygenates) were compared. Starting with ToS = 3.5 h, an activity plateau is reached that is evident for all substance groups shown in Table 3. Looking at this activity plateau, the carbon yields of olefins are almost identical for 1-heptanol and octanal, but for paraffins, aromatics and the C1–C4 products, significant differences are observable. The difference between the first (ToS = 0.5 h) and last value (ToS = 5.5 h) of the aggregated C1–C4 products is approx. 3% for 1-heptanol and approx. 14% for octanal. Remarkably, the same values can be seen for the difference between the first (ToS = 0.5 h) and the last value (ToS = 5.5 h) for the aromatics (1-heptanol: approx. 2%, octanal: approx. 14%). This confirms that the formation of C6 + C7 aromatics removes the hydrocarbon adsorbate from the catalyst system as inert products, as assumed above. The ratio of paraffin-providing and aromatic-providing reactions changes, but the carbon yield of olefins from deoxygenation remains unchanged with ToS. This can be explained by the probability of a multi-center reaction, which decides whether an olefin or non-olefin is formed.



However, for a given Al content, the contribution of paraffin-providing and aromatic-providing reactions mainly depends on the functional group of the feed. The direct dehydration of 1-heptanol almost immediately leads to the formation of a C7 olefin with rapid cracking to C3 and C4 products. The decarbonylation of octanal requires an electron shift into the carbonyl group for the formation of CO. Possible reactions are the aldol reactions, as known from fast coking in methanol conversion [38] and Lebedev process [39], or an 1,6-intramolecular hydride shift that could facilitate cyclization and subsequent aromatization of the C7 main chain of the converted octanal. By increasing the probability of aromatic-providing reactions via an aldol process in the case of C7-CHO conversion, the probability of paraffin-providing reactions is reduced beyond the coupled aromatic and paraffin formation from hydride transfer between initially formed olefins [35]. Furthermore, fast aromatization leads to reduced formation of small olefins C3 + C4 from cracking, which reduces the overall amount of C1–C4 products during the conversion of C7-CHO compared to C7-OH.





3. Materials and Methods


3.1. Chemicals


The chemicals used for this investigation include sodium trisilicate (Na2Si3O7, Si as SiO2 ≥ 60% and Na as Na2O ≥ 18%, Fluka Honeywell, Charlotte, North Carolina, USA), sodium aluminate (NaAlO2 technical, Al as Al2O3 50–56% and Na as Na2O 37–45%, Sigma-Aldrich, St. Louis, Missouri, USA), tetrapropylammonium bromide (TPABr, C12H28BrN > 98.0%, TCI, Tokio, Japan), sulfuric acid (H2SO4 95–97%, VWR International, Radnor, Pennsylvania, USA), ammonium nitrate (NH4NO3 99%, Grüssing GmbH, Filsum, Germany), hydrofluoric acid (HF 40%, Merck Millipore, Burlington, Massachusetts, USA), nitric acid (HNO3 69%, Supra-quality, Carl Roth GmbH & Co. KG, Karlsruhe, Germany), hydrochloric acid (HCl 37%, VWR International) and boric acid (H3BO3 99.9995%, Alfa Aesar, Haverhill, Massachusetts, USA). Feed for catalytic tests consists of methanol (CH3OH 99.9%, TCI), ethanol (C2H5OH abs., Sigma-Aldrich), n-propanol (C3H7OH 99.7%, Sigma-Aldrich), n-butanol (C4H9OH 99.8%, Sigma-Aldrich), n-pentanol (C5H11OH > 99%, Sigma-Aldrich), n-hexanol (C6H13OH > 99%, Sigma-Aldrich), n-heptanol (C7H15OH > 98%, Sigma-Aldrich), ethyl octanoate (C7H15COOC2H5 > 98%, Sigma-Aldrich), octanal (C7H15CHO 99%, Sigma-Aldrich), octanoic acid/caprylic acid (C7H15COOH > 98%, Sigma-Aldrich).




3.2. Hydrothermal Synthesis of ZSM-5 and Preparation of H-ZSM-5


Table 4 shows the chemicals used and their amounts for the synthesis of ZSM-5 with different Si/Al ratios. At first, in a beaker, 1 L deionized water was tempered at 35 °C. Afterwards, TPABr was added consecutively and tempered under vigorous stirring until complete dissolution. The designated amount of mortared Si and Al precursors (disodium trisilicate and sodium aluminate) was added in portion to the transparent TPABr/water solution under vigorous stirring. Subsequently, the resulting white suspension was stirred for an additional period of 10 min. For 30 min, the pH value of this suspension was adjusted to 10.0 by dropwise addition of 50 wt.-% sulfuric acid. Instantaneously, the prepared primary synthesis gel was transferred into a PTFE-coated autoclave (polytetrafluorethylene), heated to 150 °C using a stainless-steel oven and tempered under autogenous pressure from 48 h up to 100 h (with increasing Al content). Afterwards, the oven was cooled down to 50 °C within 2 h. The resulting as-synthesized product was washed with water and ethanol until no foam formation was observable anymore, dried overnight and calcined at 550 °C for 48 h in synthetic air. The calcined sample underwent three times ammonium ion exchange at 78 °C for 3 h as well as the consecutive calcination at 450 °C for 6 h in synthetic air to generate the H form of the catalyst sample. The prepared ZSM-5 samples were designated as Z-inf, Z-250, Z-80 and Z-35 in accordance with the decrease in Si/Al ratio from infinite to 35 (Table 1 and Table 4).




3.3. Powder X-ray Diffraction (XRD)


ZSM-5 phase identification and product crystallinity estimation were accomplished by powder X-ray diffraction using the X-ray powder diffractometer STADI P from Stoe. (Cu-Kα, 100 K, 15 min, 5–55° 2θ). After calcination, the samples were saturated in a humid environment according to ASTM D5758-01 [40]. The sampling was conducted by adsorption of solid-state material through a drop of silicon oil attached to a nylon loop. The ZSM-5 phase identification was carried out by reference diffractogram comparison applying a calculated ZSM-5 diffraction pattern [41] deposited at the “Database of Zeolite Structures” [42]. Estimation of crystallinity degree from XRD was performed according to ASTM D5758-01, method A and B (see Table 1, as well as Table A2).




3.4. Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy (ATR-FT-IR)


ZSM-5 Fourier-transform infrared measurements were performed to investigate the short-range order of the zeolites produced. For this purpose, the dried ZSM-5 samples were pressed on the sample holder of the ATR-FT-IR spectrometer Vertex 70 from Bruker with a KBr beam splitter, a diamond as ATR crystal and a globar as a radiation source. For each sample, 32 scans between 350 cm−1 and 1600 cm−1 were accumulated with a resolution of 1 cm−1. For each measurement, a separate background was recorded. Crystallinity was calculated by the ratio of absorbance at 450 cm−1 and 550 cm−1 in accordance with Shukla et al. [43].




3.5. Temperature-Programmed Ammonia Desorption (TPAD)


The surface acidity of H-ZSM-5 zeolite samples was investigated using a TPDRO 1100 Series from Thermo Fisher Scientific (Waltham, Massachusetts, USA). The premeasurement preparation consisted of drying the calcined sample for 20 min in a muffle furnace. Then, 250 mg of the dried sample was calcined at 550 °C for 6 h using argon and cooled down to 100 °C. The ammonia loading was performed at 100 °C for 10 min, with consecutive conditioning at 100 °C with helium for 3 h. The measurement was performed, increasing the temperature from 100 °C to 550 °C or 750 °C with 10 K/min. The deconvolution of the TPAD profile was accomplished by applying asymmetric Gaussian distributions. The area was estimated by intern calibration of the device. The ammonia desorption profile of H-ZSM-5 consisted of an l-peak (“low-temperature peak”) and an h-peak (“high-temperature peak”). The signal maximum of the l-peak was approximately 270 °C and the signal maximum of the h-peak was approximately 490 °C. The h-peak was closely related to the chemisorption of NH3 on the Brønsted acid sites and partly also the Lewis acid sites of the aluminosilicate material. The l-peak, on the other hand, was primarily caused by the adsorption of NH3 by weaker physisorption interactions. These included the interactions between NH3 and (1) silanol groups [44,45], (2) Na+-ions [44,46], (3) non-zeolitic material [44], (4) extra framework aluminum [47] and (5) already chemisorbed NH3 [48]. The total acidity was given by the specific amount of adsorbed ammonia (mmol NH3/g) and calculated by calibration of the signal area of the TPAD profile. Finally, the amount of desorbed ammonia and the surface acidity were determined (Table 1). For further details, see Table A3.




3.6. Thermogravimetric Analysis


Coke quantification of the catalyst sample after catalytic testing was performed by thermogravimetric analysis. The premeasurement preparation steps consisted of a sampling of 20–40 mg at room temperature, starting with the coked catalyst sample removed at room temperature from the catalytic device. Measurement was performed using a TG50 from Mettler Toledo (Columbus, Ohio, USA) in an alumina crucible by heating to 850 °C with 10 K/min using synthetic air. The amount of coke residues on the used catalyst was estimated by the mass loss between 420 and 670 °C. A similar program under nitrogen flow was used for thermogravimetric analysis of thermal resistance of the samples.




3.7. Physisorption of Nitrogen


The textural properties of H-ZSM-5 samples were investigated using a Carlo Erba Instruments (Egelsbach, Germany) Sorptomatic 1990 or a Thermo Fisher Scientific Surfer. Starting with the calcined sample, the additional premeasurement preparation steps consisted of drying at 250 °C for 20 min in a muffle furnace, sampling of 150–250 mg, calcination at 250 °C under a vacuum of 7.4–4.4 mbar for 8 h and finally cooling down to 77 K with liquid nitrogen. By application of the BET (by Brunauer, Emmett and Teller) and BJH methods (by Barrett, Joyner and Halenda), textural properties of the H-ZSM-5 samples were estimated (see Table 1) [49,50].




3.8. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)


Elemental analysis of the synthesized H-ZSM-5 samples was accomplished by inductively coupled plasma optical emission spectroscopy using a Perkin Elmer Instruments (Walham, Massachusatts, MA, USA) Optima 2000 DV detecting the sodium signal (589.592 nm), aluminum signal (237.313 nm) and silicon signal (212.412 nm). Starting with the calcined sample, the additional premeasurement preparation steps consisted of drying at 120 °C, sampling of 20–30 mg, dissolution with 2.0 mL 40 wt.-% hydrofluoric acid, complexation of fluoride with 20.0 mL saturated boric acid and filling up the solution with ultrapure water to 100.0 mL. Subsequently, the sample solution was diluted in a 1 to 50 ratio with nitric acid, targeting a 0.1-M nitric acid measurement solution. The Si and Al content of the H-ZSM-5 sample were determined by calibration against standard samples (see Table 1).




3.9. Morphology Analysis by Scanning Electron Microscopy (SEM) and Dynamic Laser Light Scattering (DLS)


The morphology analysis of synthesized H-ZSM-5 samples by means of scanning electron microscopy (SEM) was performed with a SU8020 SEM (Hitachi, Chiyoda, Japan) equipped with a triple detector system for secondary and backscattered electrons (Ua = 2 kV). To acquire electron images, the samples were fixed directly on a double-sided adhesive carbon pad that was placed on an aluminum sample holder. In order to avoid any charge-up and chemical alteration during the measurements, the sample’s surface was coated with gold in an automatic rotary pump coating system (Quorum Q150R ES). In addition, dynamic laser light scattering (DLS) was used to determine particle size distribution with a Bettersizer S3 Plus by 3P Instruments. Wet dispersion procedure was performed with 2000 rpm stirring and 200 W (26 kHz) ultrasonic for 2 min. Data acquisition and processing were in accordance with ISO 13320:2009 with calculation of particle size distribution from scattering data by Mie theory [51].




3.10. Catalytic Test Devices and Procedure


The catalytic tests were performed using a plug flow tube reactor (inner diameter 10 mm) connected to an electric oven, gas supply and a liquid pump. The reactor was filled with 500 mg of dried, calcined and fractionated (315–400 µm) catalyst sample between two layers of quartz glass wool. The reactor was heated using nitrogen at 500 °C for 60 min. The excess pressure inside the reactor was adjusted to 5 bar using hydrogen. After starting the feed pump, the reaction was equilibrated for 20 min. In turns of every 30 min, a gas and a liquid phase were abstracted. The gas phase was measured immediately using an HP 6890 Series GC System from Hewlett-Packard (Palo Alto, California, CA, USA) (HP-1 (100 m)) by a shortened DHA method (detailed hydrocarbon analysis). A qualitative check for CO and CO2 was possible using gas chromatography and mass spectrometry (GC/MS) with a Clarus 680 GC and a Clarus SQ 8 S MS from PerkinElmer Instruments (Walham, Massachusatts, MA, USA) by means of the same DHA method. For this reason, hydrogen atmosphere was used as carrier gas, which was necessary to efficiently detect these small gases and which did not influence the catalytic results in this case, as already reported by Rao et al. [52]. The liquid phase was stored at 10 °C and measured after the reaction using the same gas chromatograph (GC/FID) by means of an extended DHA method (based on ASTM D6730-01 [53]). The calculation used is explained below. Since the oxygenated feeds differed in the wt.-% of carbon, all catalytic results were presented as carbon yield, which gives the yield normalized to the amount of hydrocarbon CnHm in the oxygenate feed after initial deoxygenation.




3.11. Analysis and Evaluation of Catalytic Test Reactions


The catalytic testing of the zeolite samples at standard parameters (Table A1) provided the gas chromatographic analysis of the gaseous, organic and aqueous phase as a function of the reaction time (ToS), the mass flow of feed (     m ˙     f e e d     ) and the mass flow of aqueous (     m ˙     g a s     ) and organic phase (     m ˙     o r g a n i c     ). Coke analysis of the catalyst samples after the reaction was performed using thermogravimetric analysis and revealed no significant amount of coke that had to be taken into account during this calculation.



The application of the DHA method for the separation of the products in the individual phases provided the area fractions of hydrocarbons and oxygenates but did not provide any information on the area fraction of H2O, CO and CO2, since these products cannot be detected by a flame ionization detector [54]. In order to be able to conclude the mass balance of the reaction, the proportions of these products were determined indirectly by calculation. The calculation was based on the assumption that the deoxygenation of the oxygenates treated here takes place exclusively via decarbonylation and/or dehydration [55], decarboxylation [56,57,58] being excluded by definition as a possible reaction path. The product yield (    A    p r o d u c t  ,  T o S     ) was calculated for a defined reaction period (ToS) from the mass flow of a product in relation to the mass flow of the feed supplied. The feed conversion (x) was calculated analogously for a defined reaction period (ToS) taking into account the possible presence of the feed in all three product phases (aqueous, organic, gaseous).


    A    p r o d u c t  ,  T o S    =      m ˙     p r o d u c t  ,  T o S         m ˙     f e e d      ,    x  =    (   ∑   p h a s e   3  (    n ˙     f e e d  ,  p h a s e  ,  o u t    ) −    n ˙     f e e d  ,  i n     )       n ˙     f e e d  ,  i n       











The mass flow (     m ˙     p r o d u c t  ,  T o S     ) and, indirectly, the flow rate of the amount of substance (     n ˙     p r o d u c t  ,  T o S     ) of a product were calculated from the mass fraction of the product related to the mass flow of the analysed phase (    w    p r o d u c t  ,  T o S     ). Since the gas phase contained water and CO in non-analyzable amounts, the mass fraction of a product in the gas phase could only be based on the mass flow of analyzable products in the gas phase (hydrocarbons in gaseous phase) (     m ˙     H C     i n     g a s     ).


     m ˙     p r o d u c t  ,  T o S    =   w    p r o d u c t  ,  g a s  ,  T o S    ∗    m ˙     H C     i n     g a s    +   w    p r o d u c t  ,    o r g a n i c  ,  T o S    ∗    m ˙     o r g a n i c     











The mass fraction of a product (    w    p r o d u c t  ,  T o S     ) was obtained by dividing the area of the peak (    F    p r o d u c t  ,  T o S     ) and the resulting total area of all peaks of the chromatogram.


    w    p r o d u c t  ,  p h a s e  ,  T o S    =     F    p r o d u c t  ,  p h a s e  ,  T o S    /  R    F    p r o d u c t       ∑   i  = 0   n   (   F    i  ,  p h a s e  ,  T o S    /  R    F   i   )    











The feed types converted in this work differed in the presence and type of the functional group. The above deoxygenation assumption has different effects on the calculation of the mass flow of CO and H2O depending on the feed type. These two quantities have a direct effect on the calculation of the mass flow of analyzable products in the gas phase (     m ˙     H C     i n     g a s     ) and thus, according to (1), also to the product yield (    A    p r o d u c t  ,  T o S     ).



Feed type I: “Non-oxygenates (pure hydrocarbons)”. Since no water or CO can be produced from the feed, the following applies:


     m ˙     H C     i n     g a s    =    m ˙     g a s    =    m ˙     f e e d    −    m ˙     o r g a n i c     











Feed type II: “Alcohol oxygenates (primary alcohols)”. Deoxygenation for this type of feed takes place exclusively via dehydration. The mass flow of formed water thus corresponds to the mass flow of converted feed, which can be determined by gas chromatographic calibration of the mass flow of the feed used in the aqueous and gaseous product phase.


     n ˙     f e e d  ,  o u t    = calibration  (    F    f e e d  ,  G a s    +   F    f e e d  ,  a q u e o u s     )   










     m ˙     a q u e o u s    =  (     n ˙     f e e d  ,  i n    −    n ˙     f e e d  ,  o u t     )  ∗   M     H  2   O     










     m ˙     H C     i n     g a s    =    m ˙     g a s    =    m ˙     f e e d    −    m ˙     o r g a n i c    −    m ˙     a q u e o u s     











Feed type III: “Carbonyl oxygenates (carboxylic acid, aldehyde, ketone, ester)”. Deoxygenation of the carbonyl oxygenates takes place via decarbonylation and dehydration, whereby these two reactions, by definition, take place in a 1:1 ratio. By summing up the mass flow of all oxygenated products in the organic product phase, a mass flow rate of “converted oxygen” is defined. This mass flow rate is compared to the mass flow rate of oxygen supplied by the feed. The difference provides the mass flow of CO and water.


     n ˙     C O    =    n ˙      H  2   O    =   (    n ˙    ”  O  ”    i n     f e e d    −    n ˙     ” O ”     i n     o r g a n i c     p r o d u c t     p h a s e    )  2   










     m ˙     a q u e o u s    =    n ˙      H  2   O    ∗   M     H  2   O    ,     m    C O    =    n ˙     C O    ∗     M    C O     










     m ˙     g a s    =    m ˙     f e e d    −    m ˙     o r g a n i c    −    m ˙     a q u e o u s     










     m ˙     H C     i n     g a s    =    m ˙     g a s    −    m ˙     C O     












3.12. Experimental Series


For the catalytic tests, several different oxygenate feeds and four prepared H-ZSM-5 catalyst samples were used. The investigation of these feeds can be divided into two experimental series.



In the first experimental series, seven primary alcohols were investigated, which differed in the length of the hydrocarbon chain, starting with methanol (C1-OH) up to 1-heptanol (C7-OH).



In the second experimental series, the length of the main hydrocarbon chain remained unchanged, while the functional group varied (octanoic acid, octanal, ethyllaurate, 1-heptanol, equimolar solution of 1-heptanol and ethanol). This division was chosen to investigate the influence of the chain length and the deoxygenation mechanism on the product distribution during the catalytic conversion of oxygenates at 500 °C. In addition to the feed variation, the Al content of the used H-ZSM-5 zeolites was varied to investigate the influence of Al-based catalytic active sites.





4. Conclusions


Conversion of heterogeneous biogenic feedstock and flexible adaption of processes to variations in feed composition are major challenges in the use of bio-resources in the petrochemical industry. In this work, H-ZSM-5 zeolites with different Si/Al ratios were prepared and investigated concerning their catalytic activity in the conversion of different oxygenate feeds. The experimental series 1 dealt with the variation in the hydrocarbon chain length of primary alcohols and series 2 with the variation in the functional group at a constant chain length. In conclusion, for all oxygenates, after deoxygenation, an initial olefin distribution forms, which is typical for the respective carbon chain length and type of functional group. This olefinic backbone is converted in a subsequent reaction network, as described in the hydrocarbon pool concept for alcohol conversion. For Si-rich H-ZSM-5 samples, there are increased selectivities for the initial products of deoxygenation. In particular, aldehydes show increased formation tendency of aromatics and coke from preferred aldol reactions. By increasing the Al content and reducing the particle sizes of investigated H-ZSM-5, the observed initial product distribution at ToS = 0.5 h is very similar, independent of the converted feed for all alcohols and different oxygenates used, which facilitates a flexible response to changing feed compositions. In addition to the apparent approximation of the product distributions with increasing Al content, a change in reactivity and reaction diversity leads to the well-known decrease in the olefin yield and an increase in the paraffin and aromatic carbon yield.



The specific novelty of the findings is the systematic extension of the subsequent deoxygenation, olefin-providing and olefin-consuming concepts from alcohol conversion processes, denoted as hydrocarbon pool, to other feeds with oxygenated functional groups in biomass conversion. This reveals options to deal with heterogeneous bio-feedstock by use of H-ZSM-5 with an adapted Al content in fuel and hydrocarbon production.
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Appendix A. Additional Measurement Conditions and Parameters
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Table A1. Standard reaction parameters of catalytic experiments.






Table A1. Standard reaction parameters of catalytic experiments.





	Reaction Parameter
	Value





	Temperature
	500 °C



	H2 pressure
	5 barg



	Flow H2
	10 L/h



	Flow Feed
	2 mL/h



	Catalyst mass
	500 mg



	Catalyst load 1
	2.7–3.8 h−1



	Time on Stream
	4 h to 6 h







1 Depending on the feed density.
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Table A2. Measurement conditions on the STADI P X-ray powder diffractometer for the radiographic examination of aluminosilicate powder samples for the identification and quantification of crystalline phases.






Table A2. Measurement conditions on the STADI P X-ray powder diffractometer for the radiographic examination of aluminosilicate powder samples for the identification and quantification of crystalline phases.





	Parameter
	Value





	Radiation source
	Cu-Kα



	Detector
	S2 CCD



	Temperature, duration
	100 K, 15 min



	Region
	5–55° 2θ



	Step size
	0.06° 2θ
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Table A3. Measurement conditions on Thermo Fisher Scientific TPDRO 1100 Series for characterizing the acidic properties of the prepared H‑ZSM‑5 zeolite samples.






Table A3. Measurement conditions on Thermo Fisher Scientific TPDRO 1100 Series for characterizing the acidic properties of the prepared H‑ZSM‑5 zeolite samples.





	Process step
	Value





	Calcination
	Argon 20 mL/min, 550 °C, 6 h



	Cooling
	Argon 20 mL/min, at 100 °C



	NH3 adsorption
	NH3 20 mL/min, at 100 °C, 10 min



	Flushing
	Helium 20 mL/min, at 100 °C, 3 h



	NH3 desorption
	Helium 20 mL/min, 100–550 or 750 °C at 10 K/min



	Calibration factor
	7.353·10−7 mmol (mV s)−1









Appendix B. Additional Results




[image: Catalysts 11 00432 g0a1 550] 





Figure A1. Comparison of empty reactor test results after 0.5 h ToS for the conversion of n-propanol (C3-OH) and ethyloctanoate (C7-COOC2); grey bars: almost exclusive formation of propene (C3) from dehydration of C3-OH at 83% conversion; black bars: almost exclusive formation of octanoic acid and ethylene at 55% conversion. 






Figure A1. Comparison of empty reactor test results after 0.5 h ToS for the conversion of n-propanol (C3-OH) and ethyloctanoate (C7-COOC2); grey bars: almost exclusive formation of propene (C3) from dehydration of C3-OH at 83% conversion; black bars: almost exclusive formation of octanoic acid and ethylene at 55% conversion.



[image: Catalysts 11 00432 g0a1]







[image: Catalysts 11 00432 g0a2 550] 





Figure A2. Additional material characterization: (a) ATR-FT-IR transmission spectra of the prepared H ZSM-5 zeolite samples; special focus on transmission at 450 cm−1 and 550 cm−1 to determine crystallinity by Shukla and Pandya [43]; (b) thermogravimetric analysis between 35 °C and 850 °C in nitrogen flow of H-ZSM-5, slightly higher hydrophilicity for Al-rich material at similar thermal stability. 
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Figure 2. (a) Powder X-ray diffraction patterns, (b) N2 physisorption isotherms, (c) temperature-programmed ammonia desorption (TPAD) profiles of the prepared H-ZSM-5 zeolite samples. 
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Figure 3. Comparison of morphologies of prepared H‑ZSM-5 zeolite samples by SEM imaging at magnification x 5000: (a–d) samples Z-inf, Z-250, Z-80, Z-35; from Si-rich (Z-inf) to Al-rich samples (Z-35) typical coffin-shaped zeolites of approx. 10 µm switch to smaller spheres of approx. 4 µm. 
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Figure 4. Comparison of particle size distribution of H‑ZSM-5 zeolite samples by dynamic laser scattering: (a–d) samples Z-inf, Z-250, Z-80, Z-35; similar distribution, but from Si-rich (Z-inf) to Al-rich samples (Z-35) shift in main particle fraction towards smaller sizes, also visible within D50. 
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Figure 5. Comparison of catalytic results of prepared H‑ZSM-5 zeolite samples with various Si/Al ratios (a–d) in the conversion of primary alcohols C1-OH to C7-OH; blue bars = increased carbon yield for products corresponding to direct dehydration of primary alcohols (increased C2 for C2-OH, increased C3 for C3-OH, etc.); pink bars = increased carbon yield for direct cleavage of C6 product after dehydration of C6-OH into C3 + C3; yellow bars = increased carbon yield for direct cleavage of C7 product into C3 + C4 after dehydration of C7-OH. 
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Figure 6. Comparison of catalytic results of prepared H-ZSM-5 zeolite samples with various Si/Al ratios (a–d) in the conversion of oxygenates with different functional groups; green and orange bars: relatively increased carbon yield for C2 products and decreased carbon yield for C3 and C4 products for feeds containing a C2 chain (C7-COOC2 = ethyloctanoate, C7-OH_C2-OH = equimolar solution of 1-heptanol and ethanol). 
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Figure 7. Comparison of catalytic results of prepared H-ZSM-5 zeolite samples with various Si/Al ratios at the conversion of different feeds based on substance group: (a–c) comparison of carbon yields in alcohol conversion in experimental series 1 and (d–f) comparison of oxygenates with different functional groups in experimental series 2. 
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Table 1. Textural and acidity properties of the prepared H-ZSM-5 zeolite samples.
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Sample

	
Texture




	
SBET 1

	
VPore 1

	
Dcrys. A 2

	
Dcrys. B 2

	
Dcrys. IR 3




	
(m2/g)

	
(cm3/g)

	
(%)

	
(%)

	
(% (ratio))




	
Z-inf

	
395

	
0.17

	
100

	
100

	
100 (0.62)




	
Z-250

	
421

	
0.19

	
93

	
97

	
98 (0.60)




	
Z-80

	
423

	
0.18

	
95

	
98

	
100 (0.61)




	
Z-35

	
421

	
0.18

	
74

	
84

	
100 (0.62)




	
Sample

	
Acidity




	
Si/Al 4

	
Total

	
l-Peak

	
h-Peak




	
(-)

	
(mmol NH3/g) 5

	
(mmol NH3/g) 5

	
(mmol NH3/g) 5




	
Z-inf

	
  ∞  

	
0.06

	
0.02 (36%)

	
0.04 (64%)




	
Z-250

	
278

	
0.22

	
0.07 (33%)

	
0.15 (67%)




	
Z-80

	
77

	
0.49

	
0.19 (39%)

	
0.30 (61%)




	
Z-35

	
34

	
1.10

	
0.44 (40%)

	
0.66 (60%)








1 N2 physisorption; analysis of adsorption isotherm with the point of complete micro-pore filling. 2 Powder X-ray diffraction; analysis of reflexes at 21–26° 2 θ  according to ASTM D5758-01, sample with the highest value set to 100%. 3 ATR-FT-IR; analysis of the ratio of absorbance at 450 cm−1 and 550 cm−1, standardized to 100% for the sample with the highest value; for spectra, see Appendix B, Figure A2. 4 ICP-OES; analysis of Si and Al content of samples after digestion. 5 TPAD; temperature-programmed ammonia desorption - calculation of specific amount of NH3 adsorbed on the solid-state surface, separated into a low(l)- and high(h)-temperature peak.
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Table 2. C3/C4 carbon yield ratio as dependent on Al content of the H-ZSM-5 samples in the conversion of oxygenates with different functional groups compared to primary alcohols.
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	Catalyst Sample
	C7-CHO
	C7-COOH
	C7-COOC2
	C7-OH
	C7-OH + C2-OH





	Z-inf
	1.6
	1.4
	1.4
	1.3
	1.3



	Z-250
	1.6
	1.5
	1.5
	1.3
	1.4



	Z-80
	1.7
	1.6
	1.6
	1.6
	1.6



	Z-35
	2.0
	1.9
	1.9
	2.0
	2.1










[image: Table] 





Table 3. Comparison of catalytic data of prepared H-ZSM-5 samples during the conversion of different feeds based on substance group (carbon yield) with dependence on Time on Stream.
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Feed

	
Substance Group/Time on Stream/Z-35




	
0.5 h

	
1.5 h

	
2.5 h

	
3.5 h

	
4.5 h

	
5.5 h






	

	
Olefins




	
C7-OH

	
25.9

	
24.3

	
24.9

	
25.0

	
26.4

	
26.7




	
C7-CHO

	
26.4

	
25.8

	
23.0

	
22.8

	
24.6

	
24.4




	

	
Paraffins




	
C7-OH

	
63.9

	
64.5

	
63.3

	
62.8

	
61.5

	
61.6




	
C7-CHO

	
56.2

	
51.6

	
47.1

	
45.4

	
44.5

	
42.9




	

	
Aromatics




	
C7-OH

	
6.4

	
7.3

	
7.7

	
8.2

	
8.5

	
8.4




	
C7-CHO

	
8.9

	
13.4

	
20.1

	
21.8

	
21.1

	
22.7




	

	
C1–C4 products




	
C7-OH

	
84.2

	
83.7

	
83.5

	
83.0

	
82.2

	
81.4




	
C7-CHO

	
78.0

	
72.8

	
65.8

	
64.5

	
64.5

	
63.8
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Table 4. Process parameters of hydrothermal synthesis of ZSM-5 zeolite samples.
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Sample

	
TPABr 1

	
Na2Si3O7

	
NaAlO2

	
H2SO4

	
H2O

	
SD 2




	
m (g)

	
m (g)

	
m (g)

	
V (mL)

	
V (mL)

	
(h)




	
(c (mol/L))

	
(c (mol/L))

	
(c (mmol/L))

	
(Vol.%)






	
Z-inf

	
60.00 (0.23)

	
100.00 (0.41)

	
0.00 (0.00)

	
30.6 (3.0)

	
1000

	
40




	
Z-250

	
60.00 (0.23)

	
100.00 (0.41)

	
0.40 (4.88)

	
30.7 (3.0)

	
1000

	
40




	
Z-80

	
60.00 (0.23)

	
100.00 (0.41)

	
1.27 (15.49)

	
28.0 (2.7)

	
1000

	
48




	
Z-35

	
60.00 (0.23)

	
100.00 (0.41)

	
2.90 (35.38)

	
30.6 (3.0)

	
1000

	
100








1 TPABr = organic template tetrapropyl ammonium bromide. 2 SD = Synthesis duration for respective zeolite samples.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  catalysts-11-00432


  
    		
      catalysts-11-00432
    


  




  





media/file8.jpg
[23 —2m 220 2| by [ 230 22w 2| @ [z 2w zzm zw]
PR ETE—

£ - Bl s S -y
i == = i
! §C4 I "
: §=
§ L el =

\ 'l\ YT .- ) : » @ °





media/file11.png





media/file6.jpg
Transmittance / -

a) [—z3s 280 —z2s0 —zint b) [~z ze0 —z2s0 —ziet
00
10
0s »
o8 £
S
07 E
o6 o
=
os
%
s
03 o
1400 1200 1000 800 600 400 0100 200 300 400 500 600 700 800

Wavenumber / cm-' Temperature / °C





media/file2.png
; , [ cyclic (aromatic) cycle ]
[ deoxygenation and C-C-coupling ] [ olefinic cycle ]

H,0
Z-H + CH30H = Z-CH3 CH50H
H,0 /\/
Cco ~ cyclization

CH30H H,0

)/’ Z-COCH3 \i\ CH30H

Z-H + CH3;COOCH; Z-H + CH3;COOH CH30H

A

CHaOH H,0 olefins
Z-H + CH,=CO /\ conversion h|gher alkenes

2 CH30H

2 CH;0H w\/ 2 H,0

Z-H + (CH3),C=CO

P o

P 3 CH30H

cyclization ] i
/\

parlng





media/file13.png
9 / uonNQuUISIp ALE|NWND

w b= o =

S
— — (] o <
....
£
=2
i
™
[vo]
I
— o
(Vp]
()
0 L
(g}
o
N
~~
0
S
u m 0 (o] <
% / UOLNGLIASIP [eQUBIBYIP
9% / uouNqLISIp AR NWND
Q
&S 8 g g8 g
.. =
£
= &
wn
<
0
I
(=
1 wn
()
Y S—
=
B
N
~~
[49]
o’
H m o0 0 <

% / uonNQUISIP [eRUIIYIP

o
~

o~

o
~N

particle size / um

0

1000

100

0.1

0.01

1000

100

01

0.01

particle size / um

120

(d) Z-35

124

120

(c) Z-80

9% / uounquIsIp aAneNWNd
8 g 8 g

5.63 um

I D50

m o0 0 <

(=]
o~

~

% / uounqLIsIp [eRUAIBYIP

9% / uouNgIISIp ALeINWND

g8 8 8 g

7.66 um

| D50

o 0 o) =
-

% / UoUNQLISIP [EQUAIBYIP

(=1
~

0

”“h...
10
particle size / um

1000

100

0

particle size / um

o~

0.01

1000

100

0.1

0.01





media/file10.jpg





media/file7.png
Transmittance / -

a) | —z35 78 —z250 —z-inf b)
100
1.0
0.9 99
0.8 g?
= 98
0.7 £
%
0.6 = 97
<
0.5
96
04 -
0.3 ] 1 ] ] o5

1400

1200

1000 800 600 400
Wavenumber /cm™!

—Z-35 —2Z-80 —Z-250 —Z-inf

100 200 300 400 500 600 700 800
Temperature/ °C





media/file12.jpg





media/file18.jpg
sess83888

Carbon yield /%

Carbon yield /%
ozussEBazsd

Carbon yield /%

WCICHO  WCICO0R

csonacsonncron @ |accoa _acon
Gt - cTT
s
i
i
: {1
T 1w o e 1w
e e
[WCI-GH  C2-OH m C3-0H M C4-O [wcrcHo WCTcooH
BconBcsonBcron o |scwea acor
- —
e n
5
fa
i
k]

T e 1w T 1w
A s
ComGOTRC OGO i worcoon
Bonecionscron 0 |accwea acor
romais w Hromaticr
‘e
i

0 B
T 1w m 2w 2w 2w s
I . e






media/file9.png
c) ’ —2-35 —Z-80 —2Z-250 —Z-inf

b) | —27-35 —Z7-80 —Z-250 —Z-inf

a) ‘ —2Z-35 —Z-80 —Z-250 —2Z-inf

o / 2amesadwa)
o o

g 8 8 8 §

100

L)

Ll Al Ll

g ———————-
.

.
1 1 L

s 5 8 8 § °

8Aw / jeusis uondiosap-FHN

'

\

‘n‘e / AWN|OA pagJospe ads

L

§

‘n-e / AQisuaqul jeusis

20 30 40 50

10

02 04 06 08 10
P/P,

35

2theta/®

15

Time / min





media/file14.jpg
Carbon yield/ %

5882 .88880.88588Z08888

Primary alcohols

mcion

mczon

BC3OH BCLOH @CSOH BCEOH DCTOH

SuAI=int

,l | mmelY) mmmmcce memaccc )
@ a s« @

Y T ——





media/file1.jpg
[ odic @romatio cycte | (aramanc) cydle
deoxygenation and C-C-coupling olefinic cycle






media/file16.jpg
Carbon yield /%
o8 8882.82888 82888888888

Oxygenates with different functional groups

2O mOoon  mGico0 mCion_ acronczon
Siaeint

I|ﬂ|| W e o

a « s w @
s

nls] IIM_mn P——

" e o a o @ o
[simi=80]

Ml “MLIIIH PR——

@ @ o a s w o
ETE

a a o o o (s o
T T —





media/file5.png
100

Carbon yield/ %

20
80
70
60
50

30
20
10

OC3-OH mC7-CO0C2

empty reactor

— e — . a—

1

Cc2

C3 c4 c5 ceé
Amount of carbon atoms

Cc7

Cc8+

Conv






media/file15.png
Carbon yield / %

80
60
40

60
40

20

d)

80
60
40

20

Primary alcohols

mC1-OH ®mC2-OH mCG3-OH md4-O0H @C-O0H @mCe-OH O C7-OH

| Si/Al =inf |

c1
\ Si/Al = 250 |
e n——
C1 C2 C3 C4 C5 Cce C7
Si/Al = 80
C1 C2 C3 C4 C5 Cé C7
\ Si/Al = 35 |
C1 C2 C3 C4 C5 Ce C7

Amount of carbon atoms





media/file0.png





media/file17.png
Carbon yield / %

a)
80

60

40 |

20

b)

80
60
40

20

c)
80

60
40

20

d)

80

60

20

Oxygenates with different functional groups

mC7-CHO mC7-COOH mC7-CO0C2 mC7-OH  [@mC7-OH_C2-OH
I | Si/Al =inf |
— IIHDH IIHHH IIHHH IIIDD___-.DD___..-EEL_
c1 2 c3 ca cs c6 c7
I | Si/Al = 250 |
_— I.HHH IIHHH IIHHH “I.D.[I_I.I.IDD_I.-.I.:.:_
c1 c2 c3 c4 c5 c6 c7
L | Si/Al = 80 |
c1 2 3 ca c5 c6 c7
L |Si/AI=35 |
i IIH I
C1 C2 C3 C4 c5 ceé C7

Amount of carbon atoms






media/file19.png
100
20
80
70
60
50

30
20
10

Carbon yield/ %

b)

100
20
80
70
60
50

30
20
10

Carbon yield/ %

@)
~—

10

Carbon yield / %

mC1-OH m C2-OH m C3-OH m C4-OH
@ C5-OH @ C6-OH O C7-OH
- Olefins
Z-inf Z-250 Z-80 Z-35
Catalyst sample
mC1-OH m C2-OH m C3-OH m C4-0OH
@ C5-OH O C6-OH O C7-OH
i | Paraffins |
Z-inf Z-250 Z-80 Z-35

Catalyst sample

mC1-OH m C2-OH m C3-OH m C4-OH
@ C5-OH O C6-OH O C7-0OH
i Aromatics

Z-inf Z-250 Z-80 Z-35

Catalyst sample

d)

100
20
80
70
60
50

Carbonyield / %

30
20
10

e)

100
920
80
70
60
50

Carbonyield / %

30
20
10

10

Carbonyield / %

mC7-CHO m C7-COOH
m C7-CO0C2 @ C7-OH
- | Olefins |
Z-inf Z-250 Z-80 Z-35
Catalyst sample
m C7-CHO m C7-COOH
m C7-CO0C2 @ C7-OH
- | Paraffins |
Z-inf Z-250 Z-80 Z-35
Catalyst sample
mC7-CHO m C7-COOH
m C7-CO0C2 @ C7-OH
i Aromatics
Z-inf Z-250 Z-80 Z-35

Catalyst sample






media/file4.jpg
H

Carbon yield / %
c3B88883388

@BC3-0H  mWC7-C00C2

empty reactor

o

=)

a

c s %
Amount of carbon atoms.

car

Conv





