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Abstract

:

The use of catalytic membranes as microstructured reactors without a separative function has proved effective. High catalytic activity is possible with minimal mass transport resistances if the reactant mixture is pushed to flow through the pores of a membrane that has been impregnated with catalyst. In this study, n-heptane (C7H16) was hydrocracked and hydro-isomerized within a plug-flow zeolitic catalytic membrane-packed bed reactor. The metallic cobalt (Co) precursor at 3 wt.% was loaded onto support mesoporous materials MCM-48 to synthesize heterogeneous catalysis. The prepared MCM-48 was characterized by utilizing characterization techniques such as scanning electron microscopy (SEM), X-ray diffraction (XRD), energy dispersive X-ray analysis (EDAX), Fourier transform infrared (FTIR), nitrogen adsorption–desorption isotherms, and the Brunauer–Emmett–Teller (BET) surface area. The structural and textural characteristics of MCM-48 after encapsulation with Co were also investigated. The analyses were performed before and after metal loading. According to the results, the 3 wt.% Co/MCM-48 of metallic catalyst in a fixed bed membrane reactor (MR) appears to have an excellent catalytic activity of ~83% during converting C7H16 at 400 °C, whereas a maximum selectivity was approximately ~65% at 325 °C. According to our findings, the synthesized catalyst exhibits an acceptable selectivity to isomers with multiple branches, while making low aromatic components. In addition, a good catalytic stability was noticed for this catalyst over the reaction. Use of 3 wt.% Co/MCM-48 catalyst led to the highest isomerization selectivity as well as n-heptane conversion. Therefore, the heterogeneous catalysis MCM-48 is a promising option/ alternative for traditional hydrocracking and hydro-isomerization processes.
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1. Introduction


Integrating membrane separation and reaction system in a single process unit exhibits considerable advantages compared to conventional process systems [1]. This promising concept has been introduced for a variety of applications in chemical and process engineering where chemical and biochemical reactors and membranes are involved [2]. This integration strategy is labled with three common categories, including contactor, distributor, and extractor. In general, membranes are called flow-through catalytic membrane reaction systems [3]. Hydro-isomerization of paraffins is an interesting process to enhance the gasoline octane number via replacing the normal paraffin by branched paraffin [4,5]. Otherwise, straight naphtha often undergoes isomerization or hydro-isomerization catalytic reaction to increase the octane number and upgrade the quality of products [6,7,8]. Thermodynamically, this catalytic process is desired at low temperatures using an acid catalyst; however, it requires an especial catalyst type such as bifunctional catalyst at high temperatures ~500 °C [9,10,11,12,13,14,15]. This high temperature condition leads towards cracking reaction which acts to reduce the production of desired products [5,16,17,18]. Therefore, the aim of hydro-isomerization process should be to maximize gasoline octane at low temperature active catalysts with recycling flow techniques for isomers that have low octane number. The selectivity of isomers is the main criterion that should be measured to evaluate the catalyst suitability. One of the promising microporous materials utilized in different catalytic reactions are zeolites with porous crystalline structures made of aluminosilicate materials; they are generally employed as catalysts and adsorbents in chemical and energy industries. For instance, petrochemical processes such as hydrocracking and catalytic cracking widely utilize synthetic zeolites with mesoporous structures (e.g., MCM-41) as the catalysts. Zeolite membrane sieves are widely used as an alternative to fractionation for recycled normal paraffins owing to it being more energy efficient and having a selective separation technique [19,20,21,22,23,24]. It is defined as a substance that is used to separate gas or liquid mixture by accelerating the reaction through diminishing the activation energy. The interest in zeolite membranes has increased since the beginning of the present century due to it being employed as a catalyst in several reactions such as hydro-isomerization, isomerization, esterification, alkylation, and dehydrogenation [25,26]. Although the zeolite membrane is fragile and crisp, it is considered to be a thermally stable and to have very good chemical resistance compared with the pure polymer membrane. Several research works about the potential of zeolite layers for the synthesis of innovative as well as complex active materials, such as dielectrics with mechanical stability, molecular sensors, and advanced reaction-diffusion systems, have recently discussed. In the era of nanotechnology, layers of organised porous molecular sieve are considered to be extremely useful materials with cutting-edge applications [27,28]. Simply, combining a zeolite catalyst with a membrane becomes necessary during the separation of linear molecules from the product mixture by the membrane, and then they are fed directly over the zeolite catalyst to form mono- and di-branched molecules [29,30]. Gora and Jansen [31] employed a membrane reactor to study the hydro-isomerization of n-heptane over a combination of platinum chlorinated alumina as a catalyst with silicalite-1 zeolite as a membrane. They concluded that the combination of zeolite membrane with a Pt-loaded chlorinated catalyst contributed to improving the octane number. The interest in mesoporous compound MCM-48 increased after 1992 when Mobil Oil researchers discovered it [32,33]. It has attracted the attention of numerous researchers owing to its prospective uses as a catalyst, absorbent, and catalyst support. The main features of MCM-48 are that it has high thermal stability, large surface areas around 1000–1500 m2 g−1, specific pore volume reaching up to ~1.2 cm3 g−1, and narrow distribution of pore sizes of 1.45–1.72 nm [34,35,36,37,38,39].



In this paper, the synthesis, characterization, and application of MCM-48 in a membrane reactor through hydro-isomerization and a hydrocracking reaction process are presented. In contrast to previous membrane reactor designs, no separation work is carried out. Catalytically active porous membranes, which are often made of an amorphous silica wall, are used since perm selectivity is not necessary. The membrane’s role is to enable the close proximity of the reactants and catalyst, brief contact times, and a restricted distribution of residence times. Few studies were of interest about the loaded cobalt onto the MCM-48 nanoporous catalyst employed in the n-heptane hydro-isomerization. Therefore, in the present study, the catalytic activity of MCM-48-supported at 3 wt.% of Co catalysts, which serves as an MR for reactions involving n-heptane in hydro-isomerization and hydrocracking, was investigated.




2. Results and Discussion


2.1. Characterization


The XRD patterns with small angles of samples of the MCM-48 membrane calcined for 4 h at 500 °C are presented in Figure 1. These patterns revealed a mesostructure indicating peak of intense diffraction (1 0 0) at around 2θ of 2.56° for 3 wt.% Co/MCM-48 and 2.53° for MCM-48. Furthermore, two further peaks, categorized as (2 1 1) and (2 2 0), were observed in the XRD patterns. A sequence of small peaks situated between 3.5 and 5.5° and two reflection peaks at 2θ lower values than 3° are matched to the cubic structure of Ia3d. The peaks observed in this research strongly resemble the corresponding peaks described in the literature [40,41,42].



The N2 adsorption–desorption isotherms for the siliceous MCM-48 and 3 wt.% Co/MCM-48 catalysts are depicted in Figure 2. The curves of the samples follow the usual cubic MCM-48 mesoporous material Langmuir IV adsorption isotherms, which are complemented by an H1-type hysteresis loop. The textural characteristics of the composite materials are shown in Table 1 for comparison purpose. The results indicate that composite catalysts and MCM-48 have excellent SBET. The pore volume (VP) for the prepared 3 wt.% Co/MCM-48 catalyst is less than VP for MCM-48. The type IV isotherm and the type H1 hysteresis loop are related to isotherms of nitrogen adsorption of MCM-48 (see Figure 2); the sharp branches of adsorption and desorption in hysteresis loops are evidence of a narrow distribution of pore sizes. Generally, the height and sharp appearance of the capillary condensation stage in the isotherms demonstrate the uniformity of the pore size for mesoporous molecular sieves [43]. Figure 2 displays the typical type IV isotherm for the MCM-48, with a common capillary condensation scene leading to symmetrical mesoporous in the 0.05 to 0.25 relative pressure (P/P0) range. Table 1 lists the structural parameters derived from measurements of nitrogen adsorption, which display the specific surface area, wall thickness, pore size, and pore volume of the sample.



Figure 3 shows the pore size distribution (PSD) of the 3 wt.% Co/MCM-48 catalytic membrane and MCM-48. The wide size distributions of pores for the substance manufactured utilizing CTAB, NaOH, and TEOS were centered at 34 Å. For the basic preparation, a considerable number of mesopores were observed, providing the most obvious distribution of pore sizes and demonstrating a remarkably usual structure [35,38].



The MCM-48 and composites’ FT-IR spectra indicate a vibration band about 3400 cm−1, which is attributed to OH (H2O). The FT-IR spectra of MCM-48 are shown in Figure 4, and it exhibits the standard Si-O-Si bands at bands of 1080, 960, 800, and 459 cm−1, which are the result of the stretching vibration in Si-O-Si. The 960 cm−1 absorption band can be attributed to either Si-O-Si or Si-OH vibration of stretching. The large band at about 3463 cm−1 is due to the existence of exterior OH groups and the intense hydrogen-bonding connections between them by the Si-OH groups. Eventually, it is feasible to identify the band at roughly 1637 cm−1 as the base of the distortion behaviour of OH bonds of adsorbed H2O [44,45]. The spectrum characteristics of a loaded metal Co are quite identical to MCM-48 owing to its low metal content, while the samples’ two further bands are the black arrows that appear at 660 and 570 cm−1. Metals have slightly stronger Co/MCM-48 bands than MCM-48. The adsorption bands of 3454 cm−1 and 1631 cm−1 (to bending vibration of O–H) are attributed to stretching vibration and water moisture, respectively, based on the FT-IR spectrum of Co. The peak at 690 cm−1 was considered as the characteristic peak of Co. [46]. We relate this to the existence of bigger particles size on the exterior side of the catalyst pores, since Co/MCM-48 reveals similar absorbance bands in a way that dramatically increases in intensity [42].



The systematic MCM-48 and 3 wt.% Co/MCM-48 were exposed to EDAX and SEM characterization tests. Figure 5 (panels a and c) clearly demonstrate SEM images of both of these materials at a 1000× magnification. Scanning electron microscopy (SEM) pictures of the MCM-48 and 3 wt.% Co/MCM48 are depicted in Figure 5a and Figure 5c, respectively. The SEM picture of the siliceous MCM-48 had a spherical shape and was similar in particle size, as can be seen in Figure 5. Note that the particle size of composite catalysts is not constant, as evident from Figure 5.



Pre-test catalyst samples were exposed to EDAX. Panels b and d of Figure 5 include EDAX figures for MCM-48 and 3%Co/MCM-48, respectively. The MCM-48 nanoporous material produced peaks on the EDAX graph that indicated the zeolite was generally formed by the combination of C, O, and Si, whereas the metals loaded are represented by the peaks in Figure 5d. EDAX graphs were made for a variety of different positions on the SEM images to obtain a precise average weight percentage for every material [44]. The ratio of Si/O over the MCM-48 tested samples can be approximately estimated from the weight percentages of Si and O predicted by these figures. It was observed that the Si/O ratios for MCM-48 and 3% Co/MCM-48 are around 0.68 and 1.7, respectively.




2.2. Conversion of n-Heptane


Measurements of the experimental data were made with a Co-loaded MCM-48. In Figure 6, the isomerization of n-C7 over this catalyst between 200 and 400 °C served as a measure of the catalyst activity. As can be observed from the conversion findings, increasing the reaction temperature to 400 °C enhanced the n-C7 conversion practically linearly. For the Co/MCM48 catalyst, the maximum conversion was observed. Catalytic activity was shown to depend on a number of variables, including surface qualities, metal function, structural regularity, distribution, kind of acid sites, geometry, and strength. The following equation was used to determine the overall conversion for the catalytic membrane at 3 wt.% Co/MCM-48 in weight percentage under various temperature conditions while preserving a steady flow rate of 20 mL min−1.


   %   Conversion   of    n − heptane = 100  [    no .    of   moles   of    n −  heptane   consumed    no .  of   moles   of    n −  heptane   introduced       ]     



(1)







The calculated conversion for the catalytic membrane with 3 wt.% Co investigated at various temperature ranges with a constant n-C7 flow rate of 0.287 mL/min is shown in Figure 6. The activity of the MCM-48 catalytic membrane is due to the existence of Lewis acid sites in the catalyst structure. With a conversion rate reaching 83% at 400 °C, the catalytic membrane composed of 3 wt.% Co/MCM-48 exhibits the next-best conversion when temperatures are at the highest level. It may be observed that tri-metallic 3 wt.% Co/MCM-48 has greater membrane reactor activity because of the size of the metal cluster [47,48].




2.3. Selectivity to Isomerization


For a catalytic membrane including 3 wt.% Co/MCM-48, estimations were conducted to evaluate the selectivity of isomerization products (i-C7) by using the below equation as shown in Figure 7.


   %   Selectivity   to    i − heptane = 100 ×  [     ∑  i −  heptane     ( g )     ∑   Total   Products     ( g )     ]   



(2)







Figure 7 demonstrates the selectivity of isomerization products at various operating temperatures within the MR that includes the 3 wt.% Co/MCM-48 catalytic membrane. The intermediate alkenes can be transformed into their structural isomers as a result of the Lewis acid sites’ abundance of zeolite throughout the mechanism of the isomerization reaction across tri-functional catalysts. When these acid sites are missing, such as in the situation on MCM-48, only processes involving hydrocracking and dehydrogenation are possible [49,50].



Since the catalytic membrane of MCM-48 has larger pores, it has poor isomerization product selectivity and is hence non-product selective. For instance, MCM-48 exhibits a 3.5 nm pore diameter, while cyclohexane has a 0.6 nm molecular diameter, which measures six times smaller. As a result, the molecules of the reactant react and leave the pores of the catalyst prior to the development of any selectivity [50]. Chica and Corma (1999) investigated production of gasoline with high octane number through hydroisomerization of n-heptane to dibranched and tribranched components where different zeolites such as unidirectional 12 Membered Ring (MR) zeolites having various pore sizes were employed [51].




2.4. Selectivity to Cracking


According to the results of this study, all the catalyst cases have high selectivity iso-heptane (i-C7) at low reaction temperature and/or low conversion, due to thermodynamic constraint of the isomerization reaction. It has been proven that the isomer formation, desorption, and diffusive mass transfer in the tiny catalyst pores experience delay in most catalyst samples, since the multi-branched isomers have higher molecular size compared to the mono-branched ones. This usually leads to production of more cracking components. Referring to our results, the introduced catalysts show promising selectivity to isomers with multiple branches. It was found that the catalyst pore diameter has a vital role in synthesis of the multi-branched C7. The selectivity of cracking, hydrogenolysis products, and aromatization of n-C7 in terms of reaction temperature are demonstrated in Figure 8. Based on the literature, the existence of mesoporosity expedites hydrogen transfer reactions between cyclic intermediates and olefin. Thus, cracking and aromatization are considered as the key reactions of all mesoporous cases. Note that the reactions cause an increase in the magnitude of yields of LPG and aromatics. Furthermore, increasing temperature can increase the amount of cracking and aromatic products. The balance between acid and metal functions, geometry, acidity, and type of acid location mainly influence the reactions and their extents. Based on our results, the introduced catalyst exhibits a good selectivity with respect to desired products (e.g., aromatization and isomerization products). As it is clear from Figure 8, a very low amount of aromatics is produced upon utilization of the composite catalyst. It is worth noting that aromatic parts have an elevated level of octane number in gasoline. However, synthesis of reformulated gasoline with low benzene concentration is an important strategy in the petrochemical industry, due to environmental regulations. The isomerization of n-paraffin is a key reaction to enhance octane number.For all of the temperatures that were measured, with an n-C7 flow rate of 0.28 mL per minute, the selectivity for cracked products (C1–C6) by the 3 wt.% Co/MCM-48 catalytic membrane was determined by the following equation:


   %   Selectivity   to   Cracking  = 100 ×  [     ∑   Cracked   Product     ( g )     ∑   Total   Products     ( g )     ]   



(3)







Figure 8 demonstrates the results of the temperature tests used to assess the membrane cracking selectivity of 3 wt.% Co/MCM-48. It shows clearly that the selectivity to cracking rises to 98 wt.% at 400 °C. Again, owing to the structure of the catalyst pore and the abundance of Lewis acid sites, the catalytic membrane of the MCM-48 reveals a higher selectivity for cracked products. Alongside being active, the MCM-48 catalytic membrane is structurally non-selective for the hydro-isomerization of n-C7 such as the targeted isomerization products and insufficient Bronsted acid sites that contribute to isomerization. As confirmed in the literature [30], hydro-isomerization processes and hydrocracking reactions are in thermodynamic equilibrium and usually occur between 210 and 270 °C, which is a relatively low temperature. Since hydro-isomerization requires low temperatures, the catalytic membrane of MCM-48 is inactive and exhibits no selectivity for isomerization products at these temperatures. Thus, the MCM-48 catalytic membrane demonstrates a significant selectivity towards cracked products regarding the operation at a relatively high temperature between 300 and 400 °C as a consequence of the structure of the catalyst, which contains Lewis acid sites. The same conclusion was obtained by Tan et al. [52,53].



It follows that the selectivity of the catalyst for iso-heptane (i-C7) is high at low conversion or low reaction temperatures as a result of the thermodynamic limit of the isomerization process. According to the literature, isomer production is frequently challenging. As a result of the multi-branched isomers’ larger molecular size compared to mono-branched isomers, their synthesis, desorption, and diffusion inside the narrow pores would be impeded in most catalysts, which typically leads to more cracking products. However, our study shows that the introduced catalyst has a strong affinity for multi-branched isomers. This finding suggests that our catalysts’ pore diameters are important in the production of multi-branched C7. The selectivity of the n-C7’s hydrogenolysis, aromatization, and cracking products versus reaction temperatures is shown in Figure 8. Various examples in the literature demonstrate that the presence of mesoporosity promotes the hydrogen transfer processes between cyclic intermediates and olefins. The primary responses of all mesoporous materials are hence aromatization and cracking. Increased yields of aromatics and LPG are produced as a result of these reactions. The rate of cracking and the production of aromatic compounds also rise as the temperature goes up [52]. The literature reveals that the bi-functional nature catalyst is made of highly amorphous silica, resulting in the catalyst acidic characteristic/nature. The MCM-48 cubic matrix is coated with 3 wt.% cobalt. It should be noted that cobalt in the presence hydrogen could result in coke deposition prevention; this will then improve the catalyst activity.



Acidity, acid type, acid position, geometry, and the balance between the functions of the acid and the metal all play a role in this reaction’s competition with other reactions. Based on the study outputs, our synthetic catalyst has a good selectivity for desired products such isomerization and aromatization products. With this composite catalyst, very little aromatic molecule synthesis occurs, as seen in Figure 8. The octane rating of gasoline for aromatic compounds is high. The petrochemical industry’s primary goal, however, is to produce reformulated gasoline with reduced benzene levels owing to environmental laws. One advantageous process for raising octane is the isomerization of n-paraffin [54,55].



The strength, nature, and relative concentration of acid sites for siliceous were assessed by Landmesser et al. (1998). FTIR spectroscopy was employed to analyze a variety of elements including Ga-, Al-, and Fe-substituted MCM-48, where the target region of the δNH vibrations of adsorbed ammonia and νOH vibrations was considered. Note that the internal surface area is highly hydroxylated. In this phase, one can distinguish various kinds of hydroxy groups. For example, 3500 cm−1 (associated silanols), 3710 cm−1 (geminal silanols), and vibrating at 3740 cm−1(terminal silanols) were observed. The surface is to be intensely hydrophilic; however, silanols are not acidic. Replacement of silicon by Fe, Ga, and Al, Ga creates Brønsted acid sites. Hence, in the spectra of adsorbed ammonia, a rise to an absorbance at 1450 cm−1 is observed [56].





3. Experimental


3.1. Chemicals


Hydrochloric acid (HCl; purity 99%), n-heptane (purity 99.33%), CoN2O6·6H2O (99.99%), and tetraethyl orthosilicate (TEOS; purity > 98% (as a source of silica)) were applied as a surfactant. Cetyltrimethylammonium bromide (CTAB; purity > 99%) and Pluronic P123 were supplied by Sigma-Aldrich (Germany). All these chemicals were utilized in their purchased state; no further purification was performed.




3.2. Synthesis of MCM-48


The procedure of formulation explained by [57,58] was performed in the preparation of MCM-48. It was produced using the following steps in a representative synthesis: 10 g of CTAB and 90 g of deionized H2O were combined. The combination was stirred vigorously at 35 °C for 40 min. The next step was to add 1 g of NaOH. Following vigorously stirring the combination for 1 h at 35 °C, TEOS was supplied at 11 cm3, and the solution was then stirred at that temperature for another 30 min. Finally, the combination was exposed to a heating source in static conditions within an autoclave for 24 h at 150 °C. The prepared MCM-48 product undertakes 1 h of cooling, filtration, distilled water washing, and drying at ambient temperatures. After purification, the synthetic material was calcined at 650 °C for 6 h through applying a 2 °C/min heating ramp rate.




3.3. Loading of Metals onto MCM-48


Co(NO3)2·6H2O, a precursor of cobalt, was used to metal-load onto MCM-48 specimens during incipient wetness impregnation (IWI). Metal salt in sufficient quantities (3 wt.% loading) was dissolved in HCl solvent of 0.1 M to generate impregnation solutions, which loaded the metals consisting of a total of 3 wt.% of Co. To maintain metal dispersion at high levels and prevent particle agglomeration as the metal–salt mixture is being vaporized, the whole quantity of solution utilized was equivalent to the overall volume of pores in the support. Following the impregnation process, drying of the catalysts was achieved at room temperature for an overnight period. Following that, the specimen was dried for 24 h in a hot oven at 120 °C, and then the catalyst was subjected to a 4 h calcination process at 500 °C [57].




3.4. Preparation of Disk MCM-48 Membranes


Prior to installing it inside of the micro-reactor, the catalyst should be firstly pressed into a disk form. The disk shape was made by moulding 0.3 g Co/MCM-48 by loading it into the mould, inserting it inside the pneumatic press mechanism, and pumping it for 5 min at about 5 tonnes/cm2. The pressed catalyst is installed inside of a micro-reactor constructed of cylindrical Pyrex that is 400 mm in length and 4 mm inside diameter (ID). A suitable amount of glass wool is laid inside the fixed bed reactor to serve as support. This glass wool is introduced into the reactor at a 15 cm-diameter center distance from the upper side of the microreactor. Further glass wool is added into the fixed bed micro-reactor from the top to maintain the catalyst in position.




3.5. Characterization


On a MiniFlex (Rigaku) diffractometer, the small-angle XRD patterns were collected using Cu K radiation (λ = 1.5406 Å) in room conditions. The operating parameters for the X-ray tube were 40 kV and 30 mA, whereas the results were measured with a 2θ step size of 0.01 and a step duration of 10 s, and the results were recorded at 0.5–8° in the 2θ range. Employing a Micrometrics ASAP 2020 pore analyzer, nitrogen adsorption/desorption investigations were conducted at −196 °C via N2 physisorption. Each sample experienced degassing within the sorption analyzer degas port for 3 h at 350 °C and vacuum (p < 10−5 mbar). The BET method was utilized to calculate surface areas of the specimens in the 0.05 to 0.25 range of relative pressures. The Barrett-Joyner-Halenda (BJH) method was applied to determine the distributions of pore sizes, which is based on thermodynamics, from the desorption branch of the isotherm. From the isotherm of the N2 adsorption branch, the volume of the whole pores was determined as the quantity of liquid nitrogen adsorbed at P/P0 = 0.995. Using BET analysis (4V/A), the average mesopore diameters for the specimen were obtained employing nitrogen sorption results. A scanning electron microscope, type JEOL (JSM-5600 LV), was employed to perform scanning electron microscopy (SEM) in analyzing the macropore structure. The combination of EDAX and SEM was used as a technique for analysis that performs an inspection of the elements of the catalyst and identifies its chemical basis. At room temperature, the spectra of infrared of the solid materials (FT-IR) were obtained after being diluted with (8 wt.%) KBr utilizing the transmission mode of the NICOLET 380 FT-IR spectrometer in the 4 cm−1 resolution range between 4000 and 400 cm−1.




3.6. Catalytic Test and Isoheptane Measurements


A fixed-bed Pyrex micro-membrane reactor in the configuration of a cylinder with a 400 mm length and a 4 mm ID was loaded with 0.1 g disk catalyst Co/MCM-48 and supported by glass wool inside the reactor. With 50 mL min−1 air/H2, the catalysts were reduced in situ after being calcined in the air at 450 °C for 4 h. The metal was prevented from sintering and agglomerating across the catalyst in order to achieve optimal performance of the catalyst. The highest temperature heating of 450 °C and heating rate of 1 °C min−1 are utilized throughout activation. H2 gas was supplied through the use of a saturator that contained n-heptane. The flow rates for H2 were 20–45 mL min−1 while those for n-C7 were 0.287–0.686 mL min−1. However, the molar concentration of n-C7 in the input stream, as measured through the experiment, was 1.436 mol% and was determined by measuring the feed entire area on the GC-FID during blank tests at flow rates ranging from 20 to 72 mL min−1, utilizing extrapolated n-C7 output factor values. This represented a better fit for the theoretical molar composition determined at 0 °C using the n-C7 standard vapour pressure and demonstrates that, across the H2 flow rate range, the saturator is performing extremely close to its optimal value. The catalysts were examined at constant pressures of 100 kPa and a range of temperatures from 250 to 400 °C. The variable volume, constant pressure approach was used to measure the quantity of product mixture gases that permeated across MCM-48 composite membranes, whereas a Varian 3400 GC-FID was used for penetrating gas analysis, which was fitted with either a 50 m Al2O3 capillary column of 0.32 mm ID with a 100 kPa feed pressure at 298 K [59].





4. Conclusions


This study employs a dead-end application of an unselective porous catalytic membrane, causing the reactants to flow across the membrane. It serves to create a reaction area with a brief regulated residence duration and strong catalytic activity. Pore diffusion controls the conversion in conventional fixed-bed reactors. Intense contact between the reactants occurs if the catalyst is positioned inside the membrane pores and the reactants flow convectively through the pores.



The MCM-48 catalytic membrane serves as a promising alternative for traditional hydrocracking and hydro-isomerization processes. The introduction of 3 wt.% Co onto a thin MCM-48 layer of protection might enhance the stability of the catalytic membrane against practical scenarios. Other reactions, such as dehydrogenation, can be performed using this membrane reactor technology. Although cobalt commonly shows poor structural, textural, and mechanical characteristics compared to Pt, it is recognized as a great catalyst choice with high activity for isomerization reactions, because of its promising redox features. However, these key properties can be considerably enhanced if this metal is supported on a mesoporous silica like SBA-15, MCM-48, and MCM-41.It was noticed that MCM-48 appears to lack product shape selectivity during isomerization owing to its larger pores than the products of isomerization and insufficiency of Brønsted acid sites. As a result of the presence of catalysts’ Lewis acid sites, the zeolitic catalytic membrane reactor with 3 wt.% Co/MCM-48 demonstrated high selectivity toward cracked products. The findings demonstrate that the majority of produced catalysts can isomerize n-C7 with adequate conversion, selectivity, and stability. The dual pore size distribution of the micro/mesoporous composite catalysts includes both micropores and mesopores. The isomerization of n-C7 is successfully catalyzed by the catalyst composed of 3 wt.% Co/MCM-48. The catalytic activity is reduced as a result of the coke deposition, particularly in the first 1–2 h. The produced catalysts exhibit an appropriate selectivity for both aromatic products and multi-branched isomers. This catalyst has performed well due to its porosity, metal dispersion, acidity, and acid site’s nature.
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Figure 1. X-ray diffraction pattern of MCM-48 and 3 wt.% Co/MCM-48. 
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Figure 2. Nitrogen adsorption desorption isotherms for MCM-48 and 3% Co/MCM-48. 
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Figure 3. BJH pore size distribution of MCM-48 and 3 wt.% Co/MCM-48. 
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Figure 4. FT-IR spectra of MCM-48 and 3% Co/MCM-48. 
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Figure 5. (a) SEM image of MCM-48, (b) EDX image for pure MCM/48, (c) SEM image of 3% Co/MCM-48, and (d) EDAX image for 3% Co/MCM-48. 
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Figure 6. Conversion of n-heptane for the tested catalytic membrane. 
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Figure 7. Isomerization product selectivity for the tested catalytic membrane. 
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Figure 8. Cracking product selectivity for the tested catalytic membrane. 
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Table 1. BET surface area, pore volume, and pore size of MCM-48.
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	Sample
	SBET

(m2·g−1)
	VP

(cm3·g−1)
	VµP

(cm3·g−1)
	DP

(nm)
	ɑₒ

(nm)
	twall

(nm)





	MCM-48
	1400
	1.3
	0.4
	3
	4
	0.5



	3 wt.% Co/MCM-48
	800
	0.8
	0.05
	4
	3
	0.3
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