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Abstract

:

Nowadays, waste thermal energy represents a huge quantity of energy that, in most cases, is unfortunately dispersed rather than recovered. Although it is well known that its recovery could result in a considerable impact reduction of human activities on the environment, it is still a challenging issue. In view of this, absorption chillers and heat pumps, based on the use of porous materials capable of reversibly adsorbing and desorbing water vapor, can be considered among the preferred systems to recover waste thermal energy, especially at medium–low temperatures. This study deals with the preparation and performance of a new generation of advanced adsorbent materials specifically produced as coatings for water adsorption systems driven by low temperature heat sources (around 150 °C). The proposed coating consists of hybrid SAPO-34/polyacrilonitrile microfibers directly deposited on the surface to be coated by means of the electrospinning technique. Their zeolite morphology and concentrations, as well as their distribution over the polymeric microfibers, were key variables in achieving the best combination of adsorption properties and hydrothermal stability of the coating.
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1. Introduction


Microfibers made by electrospinning have been studied and proposed for many applications in different fields, from tissue engineering to the production of carbon microfibers or microfiltration systems [1,2,3,4]. Our previous studies on electrospun microfibers focused on the production and characterization of an adsorbent coating made of hybrid (organic/inorganic) microfibers for an innovative adsorber for adsorption heat pumps [5,6,7,8]. Adsorption and absorption heat pumps are alternative technologies competing with standard (compression) heat pumps for heating or cooling buildings [9]; they operate in a more energy efficient and ecofriendly way, as they are based on different phenomena than the electrical compression of vapors. Although less economically competitive compared to compression heat pumps for their lower COP (coefficient of performance), these systems are particularly attractive, because they are “thermally” driven, which means that their main energy source is thermal energy, which could be recovered from waste heat from industrial or civil activities. Moreover, adsorption pumps use water as the working fluid, making these systems particularly ecofriendly and safe. Wasted thermal energy constitutes a huge quantity of energy which is not used, but rather, is dispersed into the environment; it has enormous potential in terms of energy saving and impact reduction of human activities on the planet. According to recent studies [10,11,12,13], world energy production was estimated to be 474.171 PJ per year; more than 70% of this energy is lost after conversion. The waste heat potential of the industrial sector in the EU has been estimated to be about 300 TWh/year; more than 30% of this waste heat is low-temperature, which means <200 °C. The remaining 70% is divided as follows: 25% at medium-temperature (200–500 °C) and 45% at high-temperature (>500 °C). Adsorption heat pumps are the preferred candidate to recover thermal energy at low temperatures, i.e., the most difficult setting due to the low thermal-jump available. Adsorption chillers can be driven by heat sources at temperatures as low as 70–90 °C, while absorption chillers and heat pumps generally require waste heat at T > 90 °C [14,15,16]. Some potential applications of adsorption chillers are low-temperature heat recovery from High-Performance Computing (HPC) data centers, industrial production of compressed air, the food industry (pasteurization and cooking), bio-waste incineration and gasification [17,18]. The economical convenience of adsorption chillers is, however, strictly dependent on their price per kW compared to compression systems and the industrial price for electricity. At the moment, an improvement in terms of COP of adsorption pumps would facilitate their marketing growth. For these reasons, research on these systems has put a lot of emphasis on developing more efficient components and improving the adsorbing materials. An important issue that has a direct influence on the performance of adsorption systems is the efficiency of heat and mass transfers between the adsorbent (the porous material) and the adsorber (the module). Traditionally, adsorbent materials are granules or beads of inorganic, porous compounds with good hydrophilicity, like zeolites or silica gel. Kinetic studies on the adsorption/desorption of water vapor on granular materials have demonstrated that heat and mass transfers are dependent on the particles size of the adsorbent [19,20,21,22]. A typical adsorption heat pump has a cycle time in the range of 5–15 min, so that all heat and mass transfer phenomena have to be considered to be in an unsteady state. Improvement of the heat and mass transfer coefficients is obtained when the adsorbent is not used as loose granules but as a component of a coating directly covering the metallic surfaces of the adsorber [23,24,25,26]. Coatings made of the adsorbent particles glued by a binder improve contact with the adsorbent/metal interface and increase heat transfer, although they can have a negative effect on mass transfer due to their low porosity [22,24,27,28]. Different solutions have been proposed to maintain an adequate permeability of the adsorbent coatings, for example, the use of metal foams [29], or sintered metal fibers [30] or silicone-based foams [31,32]. Coatings made of electrospun hybrid microfibers have the advantage of tying the zeolite crystals in polymeric microfibers to the surface of the adsorber while maintaining a high porosity and permeability through the coating layers.



In this work, we discuss the preparation and performance of a new generation of hybrid SAPO-34 microfibers for water adsorption based on PAN (polyacrylonitrile) as the polymeric component, and specifically produced as coatings for adsorption systems driven by low temperature heat sources. The operating conditions of an adsorption heat pump are particularly challenging for the adsorbing coatings, because they have to be stable to cyclic variations of pressure and temperature in the presence of water vapor. The polymeric component of microfibers, in particular, is the most critical element for the coating durability, because the zeolite crystals are generally much more stable in the operating conditions of the heat pump. For these reasons, research on more effective and compatible polymers for hybrid microfibers is continuing. PAN is a versatile polymer which is widely used to produce fibers for membranes, filters and textiles, showing chemical resistance to organic solvents and acid reagents, and being insoluble in water. PAN is classified as thermoplastic, although it degrades before melting (Tm = 300 °C); however, it shows good thermal stability up to T = 250 °C. Moreover, PAN fibers have good mechanical properties and are easily spinnable, with good compatibility with ceramic fillers [33,34,35]. Finally, polyacrylonitrile electrospun microfibers are an ideal precursor for the synthesis of carbon nanofibers (CNF) [36,37].



PAN/SAPO-34 microfiber coatings were obtained by electrospinning mixtures of zeolite and a polymeric precursor, with the objective of maximizing the zeolite content to increase the adsorption capacity of the coating while maintaining good morphological characteristics of the microfibers. The effect of the zeolite particle size on the properties of microfibers has been studied using three different specially synthesized SAPO-34 powders. The microfiber morphology was characterized by scanning electron microscopy (SEM), while thermogravimetric tests (TGA-DSC) were carried out to evaluate structural variations with temperature. The adsorption properties of the microfiber coatings were assessed by measuring the water uptake at the equilibrium in isothermal conditions and different water vapor pressures. Finally, an evaluation of the hydrothermal stability of the microfibers was made by aging the coatings in a saturated vapor environment in an autoclave.



The results showed that depending on the particle size of the zeolite, PAN/SAPO-34 microfibers with a zeolite content of up to 85% by weight could be easily deposited on a metallic surface by electrospinning. The water adsorption properties of the adsorbent in the hybrid microfibers were not negatively influenced by the polymeric matrix, and the coating could be operated in the typical conditions of adsorption chillers driven by waste heat at temperatures of up to 150 °C, with no evidence of thermal degradation of the PAN component.




2. Materials and Methods


2.1. Zeolite Synthesis


Pure SAPO-34 was synthesized by the hydrothermal route adopting the formulation 1Al2O3:1P2O5:0.6SiO2:0.7TEA2O:70H2O, as already used to produce hybrid microfibers. Details of the synthesis procedure are reported elsewhere [5]. The SAPO-34 powder obtained from this procedure (labeled SAPO-34M from now) had the same morphological characteristics as commercial zeolite. A SAPO-34 with smaller particle size (SAPO-34S) was synthesized with the formulation 1Al2O3:2P2O5:0.6SiO2:2TEA2O:140H2O, according to the procedure described in [38], while to increase the particle dimensions of the zeolite (SAPO-34L), the formulation 1Al2O3:1P2O5:0.6SiO2:1TEA2O:60H2O was used, where the template (TEA2O) quantity was increased and the water content lowered.



All zeolites were prepared starting from the same raw materials, i.e.: aluminum isopropoxide (98 wt.% Al(OC3H7)3, Sigma Aldrich, St. Louis, MO, USA), tetraethylammonium hydroxide (35 wt.% TEAOH, Sigma Aldrich) and an aqueous solution of colloidal silica (40 wt.% SiO2, Sigma Aldrich).




2.2. Electrospinning SAPO-34/PAN Microfibers


Solutions of different concentrations were prepared by stirring the SAPO-34 powders obtained as previously described in N,N-dimethylformamide (DMF) for 1 h at room temperature. The polyacrylonitrile precursor (PAN, Mw = 150,000, Sigma Aldrich) was then added to the mixture, stirred for 1 h at 50 °C and, finally, stirred for 1 h at room temperature. The composition of the precursor mixtures, polymer/solvent (PAN/DMF) and zeolite/polymeric solution (SAPO-34/PAN solution) ratios are shown in Table 1 in terms of weight percentage (w/w%).



The electrospinning parameters were kept constant for all mixtures. Each solution was loaded into a 10 cc syringe fitted with a 0.7 mm steel needle and driven by a syringe pump at a flow rate of 1.1 mL/h. The applied voltage was 13 kV and the distance between the needle tip and the collector was 15 cm. Aluminum foils previously cleaned and degreased with acetone were used as collectors.




2.3. Samples Characterization


The synthesized SAPO-34 powders were analyzed by X-Ray diffractometry (Bruker D2 Phaser, Karlsruhe, Germany) in the 2θ range 5–40° (Cu Kα1 = 1.54056 Å) to verify their crystallographic structure and the possible presence of amorphous or extraneous phases. The morphological characterization of zeolites and electrospun microfibers was carried out by scanning electron microscopy (SEM Phenom ProX, Deben, Suffolk, UK). The microfiber diameters were measured by digital image analysis using the software ImageJ and the plugin DiameterJ [39], specifically developed for the characterization of nanofibers.



TGA/DSC analysis (STA 409 PC Netzsch, Selb, Germany) was carried out on zeolites and hybrid microfibers by increasing the temperature from 25 °C to 500 °C at a rate of 10 °C/min in nitrogen flow.



The adsorption properties of the SAPO-34 microfibers were assessed measuring adsorption isotherms in water vapor pressure by a volumetric apparatus made in house for testing samples of microfiber coatings. The volumetric equipment consisted of two communicating sections separated by vacuum valves, i.e., the sample chamber and a water vapor reservoir. The two sections were connected to a distilled water tank immersed in a thermostatic bath maintained at a constant temperature (±0.1 °C). The vacuum in the volumetric equipment was obtained by a turbomolecular pumping station (Edwards, T-Station). The vacuum in the two sections of the apparatus was measured by two capacitance gauges (Barocel 7025, Edwards, pressure range = 1000–0.1 mbar, accuracy = 0.2%). The sample temperature was measured by a thermocouple inserted directly into the sample holder (±0.1 °C) and connected to a thermoregulator which changed the sample temperature by a ring heater placed outside the sample chamber. Before each adsorption measurement, the microfiber sample was degassed at 150 °C in a high vacuum (P = 10−4 mbar) for 12 h. Then, the sample was allowed to cool in a high vacuum to the temperature of the adsorption isotherm. When the sample temperature was stable, the water vapor (at known pressure) in the reservoir was allowed to flow into the sample chamber and to be adsorbed by the microfibers. Knowing the volume, temperature and the pressure differences before and after opening the valve to the sample chamber, the amount of the adsorbed water was determined [40,41].





3. Results and Discussion


3.1. SAPO-34 Zeolite Characterization


The x-ray diffractograms of SAPO-34 powders in Figure 1 show the overlap of the X-ray peaks of the synthesized zeolites with diffraction data of SAPO-34 reported in PDF 00-047-0429, PDF 00-047-0617 and PDF 00-055-0829. There is no evidence of extraneous phases in the diffractograms in Figure 1; the observed differences in peaks intensity are related to the different particle sizes among the three zeolites, i.e., SAPO-34M, SAPO-34L and SAPO-34S. The XRD of SAPO-34S shows diffraction peaks with the lowest intensity and greatest width because it is the powder with the smallest crystals.



The SEM images of the three SAPOs in Figure 2 confirm that the differences observed in X-ray diffractograms are due to the dimensions of the powder granules. The typical cubic shape of SAPO-34 zeolite is evident in all samples. SAPO-34M shows the most diffuse particle sizes, i.e., between 5 and 10 μm, while in SAPO-34L, the granules reach dimensions of between 10 and 30 μm; finally, in SAPO-34S, the smallest size powder, the zeolite crystals show sizes of between 1 to 3 μm.




3.2. Morphological Characterization of Hybrid Microfiber Coatings


The objective of the proposed coatings was to improve the performance of adsorption heat pumps driven by recovered waste heat in a “medium–low” temperature range, i.e., around 150 °C, aiming at further decreasing this value in the future to below 90 °C [43]. The active phase, i.e., the adsorbing material, is the zeolite SAPO-34, whose properties are known to be ideal for this specific application and temperature range [44]. The fibrous polymeric matrix has no absorption properties; however, it plays an important structural role because it facilitates the fixing of the powder granules to the metal surface of the adsorber. The goal is to reach the highest concentration of SAPO-34 in the coating while maintaining good structural and mechanical properties of the microfibers. For this reason, this part of the study was focused on increasing the quantity of zeolite in the precursor formulation, using the standard SAPO-34M, from a minimum concentration of 45 w% to 85 w% or more (Table 1). Figure 3 shows low magnification SEM images of the hybrid microfibers from samples PAN-M45 to PAN-M85. At a first glance, in all samples, the SAPO-34M granules appear to be completely entrapped in a net of PAN microfibers. Increasing the zeolite weight ratio in the precursor solution, the SAPO-34 powder quantity in the electrospun microfibers also increased (Figure 3). At concentrations of SAPO-34M higher than 85 w%, however, it was difficult to achieve a stable jet during electrospinning, and the result was unsatisfactory.



The effect on the microfiber structure of increasing the zeolite concentration is more evident at higher magnifications, as shown in Figure 4, where samples PAN-M45, PAN-M75 and PAN-M85 are compared. At the lowest concentration of SAPO-34, the mean diameter of the microfibers was 0.68 μm (measured by digital image analysis), similar to the diameter shown by microfibers of pure PAN electrospun under similar conditions. Increasing the concentration of SAPO-34, the microfiber mean diameter increased to 0.93 μm for PAN-M75 and to 1.27 μm for PAN-M85 (Figure 4). The low standard deviation values of the diameter distributions in Figure 4 evidence that the size variations of the electrospun microfibers were narrow, confirming that electrospinning mixtures of PAN and SAPO-34M is a stable and controlled process. To support the hypothesis that the microfiber diameters of the three samples were effectively different, an analysis of variance with a significance level of 0.05 was conducted, resulting in a probability of difference of >95%. It can be concluded that there is a direct correlation between the quantity of SAPO-34 added to the precursor and the diameter of the hybrid microfibers. This effect was be attributed to the modification of the physical properties of the precursor solution due to the addition of the zeolite powder, because the electrospinning conditions, i.e., flow rate, electric field, needle diameter and collector distance, were kept constant throughout the experiments. By increasing the weight ratio of SAPO-34 in the precursor, an equivalent increase of the solution electrospinnability was observed. This correlation between precursor electrospinnability and microfiber diameter is in good agreement with literature data [35,45,46].



To evaluate the effect of the zeolite particle size, microfiber coatings with the highest concentrations, i.e., 80 w% and 85 w%, were produced using SAPO-34S and SAPO-34L (Table 1). The SEM image of sample PAN-L85 in Figure 5 shows a microfiber morphology similar to samples with SAPO-34M, being the large crystals of SAPO-34L entrapped in a net of microfibers with mean diameter ≈1 μm. Increasing the initial weight ratio of SAPO-34L, the number of entrapped crystals in the microfibers increased, although the final quantity of zeolite in the microfibers was always lower than in coatings filled with SAPO-34M. The particle size of SAPO-34L hindered the entrapment effect exerted by the PAN microfibers, and part of the zeolite powder was left in the syringe. A different morphology was observed when adopting SAPO-34S, as shown in sample PAN-S80 of Figure 5. The granules of this zeolite had dimensions that enabled their alignment along the microfibers, resulting in a “necklace” morphology like that already observed in PEO/SAPO-34 and PVA/SAPO-34 microfibers [5]. This morphology (Figure 5) showed homogenous distribution of the adsorbing particles that indicated the presence of more zeolite in the deposited coating compared to samples with SAPO-34 powders with bigger particles sizes. The addition of SAPO-34S, however, had a significant impact on the electrospinnability of the precursor solution, and at the highest concentration, as in sample PAN-S85 (not shown here), the formation was observed of lumps of zeolite and a polymeric matrix that compromised the homogeneous distribution of the adsorbing particles. Comparing the mean diameters of the samples in Figure 5, the correlation between microfiber size and precursor electrospinnability discussed above was confirmed. The PAN-S80 microfibers had a mean diameter (1.17 μm), bigger than PAN-L85 (1.12 μm), although the amount of zeolite added to the precursor was lower, because the solution electrospinnability increased more rapidly with the powder with smaller particle size.




3.3. Thermal and Adsorption Properties of the Microfibers


An important issue for microfiber coatings for water adsorption is to prove that there is no thermal degradation of the polymeric matrix under the operating conditions of an adsorption heat pump. The thermal analyses in Figure 6a,b show the behavior of the basic components, the zeolite SAPO-34M and the electrospun microfibers of the pure PAN, in a temperature range of 25–500 °C and N2 flow. The gravimetric curve of the zeolite (Figure 6a) shows a maximum weight loss of 20%, which was reached at a temperature of 220 °C and a peak of endothermic heat in the DSC curve at T = 127 °C. In an adsorption heat pump driven by low temperature sources, the thermodynamic cycle varies within a pressure range of 10–40 mbar and a temperature range of 25–100 °C. The TGA curve of pure PAN microfibers (Figure 6b) shows that they are thermally stable up to 250 °C; above that temperature, an exothermic peak appears, which is associated with the greatest mass loss. The observed heat flow at ~300 °C was an indication that cyclization and dehydrogenation reactions had occurred in the PAN microfibers [46]. Dehydrogenation and cyclization of the polyacrylonitrile structure gives rise to the formation of double bonds and rings along the carbon chain that “stabilize” the PAN microfibers [36,37,47]. Microfiber coatings with the highest quantity of SAPO-34 are the most suitable for water adsorption, and in Figure 6c, the TGA-DSC curves of sample PAN-M85 compared to those of pure PAN microfibers are shown. The DSC curve of PAN-M85 shows two main peaks, i.e., an endothermic peak at T = 97 °C and an exothermic one at T = 315 °C, that can be attributed to two main events during the heating up of the microfibers: water evaporation from the zeolite particles at low temperature and the stabilization of the polymeric chains at a higher temperature. Compared to pure PAN microfibers, the shift to 315 °C of the exothermic peak (Figure 6c) is an indication that dehydration and cyclization reactions in PAN-M85 were delayed by the chemical interactions of the PAN microfibers with SAPO-34 crystals. At T = 250 °C, before the exothermic reactions, the mass decrease of PAN-M85 was ≈ 18 w%, and considering that the mass loss of pure PAN microfibers at the same temperature is only few percent (Figure 6b), the weight loss of the sample can be attributed to simple water desorption, which is in agreement with the initial quantity of 85 w% of SAPO-34M in the precursor solution. In conclusion, the TGA-DSC results confirmed that PAN hybrid microfibers were thermally stable far beyond the maximum temperature reached during the heat pump cycling, and that the SAPO-34M adsorption/desorption properties were not compromised by the polymeric matrix because the porosity was not occluded. The thermodynamic cycle in the operating conditions, however, varied from 10 mbar to 40 mbar water vapor pressure, so the adsorption properties of the microfibers coatings had to be measured under similar conditions. For this reason, the adsorption isotherms of hybrid microfibers were measured using the volumetric apparatus described in the experimental section.



The adsorption isotherms at T = 25 °C of the synthesized SAPOs are shown in Figure 7a. From a comparison, it is evident that the particle sizes did not make a difference in the adsorption behavior of the zeolite, an expected result because the isotherms were measured at equilibrium. The maximum water uptake of 30% is typical for SAPO-34 [48,49], as is the trend of the water adsorption isotherm, which is classified as Type V according to the IUPAC classification [50]. This characteristic behavior is the main reason for preferring SAPO-34 in adsorption cycles driven by low temperature heat sources. By a narrow pressure swing, i.e., between 10% and 40% of P/P0, the water uptake rose from a few percent to 90% of the total (Figure 7a). In Figure 7b,c the isotherms (at T = 25 °C) for sample PAN-M85 are presented in comparison with the related zeolite and PAN-S80 with the related zeolite. In both cases, the maximum amount of water adsorbed by the two hybrid microfiber samples was in agreement with the SAPO-34 content in the precursor formulations, i.e., the water uptake (g water/g sample) of PAN-M85 was almost 85 % of the maximum water capacity of SAPO-34M, while that of PAN-S80 was close to 80% of the maximum capacity of SAPO-34S. This result confirms that even at low pressure, the polymeric microfiber matrix did not hinder the zeolite granules from adsorbing/desorbing the water vapor. Moreover, although the microfiber morphologies of the two samples were different (compare Figure 4c and Figure 5a), in both cases, the isotherm pressure maintained the typical S-shape of SAPO34.



Finally, PAN-M85 microfibers showed the best combination of adsorption properties and morphological characteristics, so further tests were conducted on PAN-M85 coatings to evaluate the material’s stability.




3.4. Hybrid Microfiber Hydrothermal Stability


The use of hybrid (organic/inorganic) coatings in adsorption system cycles, in which the adsorbent is mixed with a polymeric component—e.g., just a binder [51,52] or a foamed matrix [32], or in our case, fibrous—is useful for evaluating hydrothermal stability after multiple thermal cycles at low water pressure. The coating must not become detached from the metal surface, or show cracking or swelling over time, and there must be no solvent emission (which would increase the adsorber pressure) or loss of adsorption capacity.



To test the hydrothermal stability of hybrid PAN microfibers, samples of aluminum sheets (3 × 4 cm) were coated with PAN-M85 and exposed to a saturated water vapor atmosphere by putting the coated sheets on a stand over a layer of distilled water inside an autoclave and allowing them to age for 4 h at T = 150 °C and autogenous pressure. Figure 8 shows SEM images of the coating before (Figure 8a) and after (Figure 8b) the aging test. An estimation of the coating porosity and microfiber diameters obtained by digital image analysis is reported in Table 2.



The hybrid microfibers appeared to be more compacted after aging, with an evident increase of interlayer density (Figure 8). The coating did not show macroscopic shrinkage; this would have caused the appearance of detachments from the aluminum sheet (insets in Figure 8). According to the data in Table 2, the mean diameter of the aged microfibers increased slightly, while the mean pore area and the number of pores decreased after aging. As such, the porosity was reduced from 47% before aging to 42% after.



According to our TGA-DSC analysis, the temperature of the hydrothermal treatment was below the limit of possible cyclization and dehydrogenation reactions in PAN, so the thickening and densification observed were morphological effects of the coupled action of temperature and vapor pressure inside the autoclave, rather than being due to chemical modifications of the coating.



The stability of the microfiber coating after cycling was assessed by measuring the same adsorption isotherm (at T = 25 °C) ten times consecutively on the same sample. Figure 9 depicts the repeated isotherms for sample PAN-M85. The error bars refer to a percentage error of 5% on the values of the first isobar. The test showed that there was substantial repeatability of the curves in the repetitions, due to the variation of the water uptake for PAN-M85 being lower than 5% at all of the measured pressures. The adsorption properties of hybrid microfibers did not worsen after 10 consecutive isotherms; therefore, although more and longer aging tests are needed to definitively determine the stability of the coating in the operating conditions of an adsorption pump, these first indications are positive. Moreover, a SEM analysis of the microfiber coating after the cyclic test (not shown here for brevity) did not reveal significant variations in terms of the microfiber diameters or texture porosity, confirming the hydrothermal stability of the PAN/SAPO-34 microfibers.





4. Conclusions


The motivation for proposing an adsorbent coating made of hybrid microfibers is based on the necessity to increase the efficiency of adsorption chillers and pumps driven by low temperature waste heat in order to make these systems economically viable. In this sense, the electrospinning of adsorbing microfibers directly on the metal surfaces is a feasible process, and PAN was shown to be an ideal polymeric component because it is easy to spin, thermally stable and has a good chemical affinity with the zeolite. An important factor in maximizing the SAPO-34 quantity while maintaining good microfiber morphology is particle size; our results showed that the ideal mixing was obtained with zeolite particles of few microns in size. The particular morphology of the microfibers and their interactions with the zeolite allowed us to produce coatings with high thickness while maintaining excellent porosity and permeability through the deposited layers.



A SAPO-34 content of 85 w% in PAN hybrid microfibers yielded the best combination of adsorption properties and hydrothermal stability, although more aging measurements are needed. These preliminary results are an incentive to scale up the coating process over an entire absorber to test the material in a real adsorption heat pump.
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Figure 1. XR-diffractograms of the synthesized SAPO-34. Reference peaks are reported for comparison [42]. 
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Figure 2. SEM images of the synthesized zeolites: SAPO-34L, SAPO-34M and SAPO-34S (from left). 
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Figure 3. SEM images of PAN/SAPO-34M microfibers at increasing zeolite concentrations. 
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Figure 4. SEM images and related mean diameters evaluation of PAN/SAPO-34M samples at increasing zeolite concentrations (45, 75 and 85 wt%). 
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Figure 5. SEM images of coating PAN-L85 and coating PAN-S80. 
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Figure 6. TGA-DSC curves of SAPO-34M (a), PAN microfibers (b) and sample PAN-M85 (c). 
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Figure 7. Isotherms of SAPO-34 zeolites (a), PAN-M85 (b) and PAN-S80 (c). 
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Figure 8. Sample PAN-M85 coating before (a) and after the hydrothermal test (b). 
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Figure 9. Cyclic test of adsorption isotherms. 
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Table 1. Composition of precursor solutions before electrospinning.
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	Sample
	PAN/DMF

(Polymer/Solvent Ratio, w/w%)
	SAPO-34/Solution

(Zeolite/Solution Ratio, w/w%)
	SAPO-34





	PAN-45
	5.5/94.5
	45/55
	M



	PAN-60
	5.5/94.5
	60/40
	M



	PAN-75
	5.0/95.0
	75/25
	M



	PAN-80
	5.0/95.0
	80/20
	S-M-L



	PAN-85
	4.5/95.5
	85/15
	S-M-L







S = small, M = medium, L = large.
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Table 2. Main morphological characteristics of the aging test for PAN-M85. All reported parameters are mean values of three measurements by digital image analysis of different samples.






Table 2. Main morphological characteristics of the aging test for PAN-M85. All reported parameters are mean values of three measurements by digital image analysis of different samples.





	Parameters
	Sample PAN-M85
	Sample PAN-M85 Aged





	Mean diameter (μm)
	1.27
	2.06



	SD
	0.18
	0.27



	Porosity (%)
	47
	42



	Mean pores area (μm2)
	8.42
	5.26



	N. pores
	447
	407











© 2020 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/).
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