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Abstract

:

Adsorption chillers produce cold energy, using heat instead of electricity, thus reducing electrical energy consumption. A major industrial waste, fly ash, can be converted to zeolite and used in adsorption chillers as an adsorbent. In this research, three different types of zeolites were synthesised from fly ash via a hydrothermal reaction in an alkaline solution (NaOH). The obtained samples (Na-A zeolites) were modified with K2CO3 to increase the water adsorption capacity of these samples. Phase and morphology analyses shows that desired zeolites formed properly but other crystalline phases also exist along with nonporous amorphous phases. The determined specific surface areas for Na-A zeolite (12 h) and Na-A zeolite (24 h) are 45 m2/g and 185 m2/g respectively, while the specific surface area for synthesized 13X zeolite is almost negligible. Water-isotherm for each of these samples was measured. Considering the application of adsorption chillers, average adsorption capacity was very low, 1.73% and 1.27%, respectively, for the two most probable operating conditions for synthesized 13X zeolite, whereas no water was available for the evaporation from Na-A zeolite (12 h) and Na-A zeolite (24 h). This analysis implies that among the synthesized materials only 13X zeolite has a potential as an adsorber in sorption chillers.
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1. Introduction


Modern civilization is driven mostly by energy. The development and application of the latest technologies largely depend on non-renewable energy. The main sources of this energy are fossil fuels, such as natural gas, oil and coal. There are two main problems associated with the consumption of fossil fuels. The first one is the scarcity of these sources, as they are running out quickly. Secondly, the consumption of fossil fuels is the main reason for the greatest environmental problems associated with releases of greenhouse and hazardous combustion by various products, including CO2, NOx, SO2, heavy metals and dust. Moreover, the demand for energy is increasing day by day. Therefore, the development of sustainable energy systems is both needed and required.



Due to serious climate changes and an urgent need to increase thermal comfort in indoor spaces, the demand for cooling is increasing rapidly. Common air-conditioning and refrigeration systems are usually driven by electricity. Between 2003 and 2004, the electricity used for air conditioning in USA constituted 15.4% of total electricity consumption. In Shanghai city, China, the electricity used for air conditioning constituted 45 to 56% of total electricity consumption in the summer of 2010 [1]. In 2019, 8.5% of total generated electricity was used for space cooling. Energy demand for this purpose has increased more than three times from 1990 [2]. It demonstrates how fast the demand for space cooling is growing and will grow in the future. It has been projected that the number of air-conditioning units will increase up to 5600 million in 2050 from almost 1600 million in 2016, with significant increases in countries such as China and India [3]. So, electricity consumption will also increase for the purpose of space cooling. This electricity mainly comes from fossil fuels. In the year 2018, coal, natural gas and oil constituted 39%, 26% and 3% of total electricity generation [4]. Additionally, electricity production has low efficiency, around 40–50%, and the temperature of the waste heat ranges between 70–200 °C [1]. It ultimately affects the environment. Furthermore, chlorofluorocarbons (CFC), which was used for refrigeration, caused significant damage to ozonosphere, which stops the dangerous ultraviolet rays that originate from the sun. Hydrochlorofluorocarbons (HCFC) are only a temporary alternative because they also create a greenhouse effect and cause damage to the ozonosphere [1].



Renewable energy resources, such as solar energy and geothermal energy, together with waste energy resources with low to very low temperature ranges are available. An adsorption chiller can be employed to utilize these small temperature range heat resources. There are existing sorption refrigeration and heat pump technologies that can be run with such low-grade heat and also use environmentally friendly refrigerants [1]. Adsorption refrigeration technologies can use different adsorbents which can be operated with low-grade heat, for instance, the zeolite–water pair works in the range of 70–250 °C, silica gel–water pair works in the range of 55–120 °C, the activated carbon–methanol pair the works up to a temperature of 120 °C and the activated carbon–ammonia pair usually works up to temperatures of 150 °C (can be used even for 200 °C or more) [1,5]. The commonly used refrigerants are water, ammonia, methanol, etc. These are called green refrigerants because they have no ozonosphere depletion potential (ODP) or greenhouse warming potential (GWP). Additionally, the adsorption refrigeration system has other advantages over absorption systems, e.g., this equipment does not include a solution pump and rectification equipment. Moreover, solution crystallization is absent for such a system. However, there are additional drawbacks as well. Adsorption refrigeration is not as efficient as absorption refrigeration and the volume and mass of this system is also large [1].



The silica gel–water adsorption chiller has been marketed successfully, but there is still much space for improvement in the adsorption refrigeration system. The focus should be given to the factors that can improve the performance of adsorption refrigeration technology, such as adsorption working pairs and their working mechanisms, the structure and design of adsorption refrigeration devices, the improvement of heat and the mass transfer of the adsorption/regeneration bed, etc. [1].



The presented study is dedicated to the analysis of fly ash-derived zeolites as potential candidates for an adsorption chiller. Zeolites are microporous materials that contain aluminium, silicon and oxygen in their main three-dimensional, crystalline structure and also carry cations and water [6]. The general chemical formula of zeolite is as follows: My/n[(AlO2)y(SiO2)m]zH2O [1]. The water contained in pores and cavities in the structural composition of zeolites can be removed upon the application of heat [7]. High thermal and mechanical stability make zeolites proper candidates for adsorption chiller adsorbents, usually in a working pair with water. This working pair is characterised by a heat of adsorption equal to 3200–4200 kJ/kg [1].



In the tetrahedral structure, zeolite includes silicon cations (Si4+) and aluminium cations (Al3+). These ions are bonded with four oxygen anions (O2−). Thus, oxygen ions connect the tetrahedrons. The ratio of Si:O is 1:2 [7].



The Na-A zeolite is one of the aluminosilicate molecular sieves with a Si/Al ratio of 1, also known as Linde Type A with the composition (Na+12(H2O)27|8[Al12Si12O48]8 [8]. The framework includes β-cages (SOD) and α-cages (supercages). Four-membered rings (D4R) link the β-cages with each other and form an inner cavity [9]. The diameter of the super cage is 11.4 Å and the aperture size is 4.1 Å. The Na+ ion can be replaced with K+, reducing the pore opening, and replaced by Ca2+, increasing the pore opening [8]. It can be used as a desiccant, catalyst and also in cation exchange [8,10].



The Na-X zeolite has a Si/Al ratio that varies from 1 to 1.5 with a faujasite-type (FAU) structure that has the chemical formula (Ca, Mg, Na2)29 (H2O)240|[Al58Si134O384] [11]. The framework includes β-cages (SOD) and α-cages (supercages). Double six-membered rings (D6R) link the β-cages with each other and form an inner cavity [9]. The diameter of the super cage is 13 Å and the aperture size is 8 Å [9,12]. There are several uses of the FAU type zeolites, such as ion exchangers, adsorbents or catalysts, in chemical or oil refining; natural gas purification from sulphur compounds; drying oils and gases; separation of hydrocarbon mixtures; sorption of radio nuclides; etc. [13].



The evaluation of synthetic zeolite production from different materials, such as clay minerals, low carbon materials and fly ashes, allowed the production of new value-added products and their use in industry, in particular the agriculture, biochemical and chemical sectors. The utilisation of fly ash as a feedstock for zeolite synthesis subscribes to waste minimization strategies and circular economy concepts, but it requires the elaboration of special procedures. The most often used and well-known synthesis methods are hydrothermal synthesis, molten salt method, alkali activation and microwave synthesis [14,15].



The performance of the adsorption chiller largely depends on the performance of the adsorption and desorption of the adsorbent, namely the amount of adsorbed refrigerant, the time required to reach equilibrium, the temperature of adsorption and desorption, the heat of adsorption and desorption, the heat and mass transfer of the adsorber bed, etc. [1]. The purposes of the present work included the synthesis of Na-A and 13X zeolite from fly ash and the analysis of the potential application of these adsorbents compared to the performance of silica gel with regard to the adsorption chiller.




2. Material and Methods


2.1. Zeolites Preparation Methods


The fly ash used for zeolite synthesis was collected from a power plant located in Poland. The composition of the fly ash was as follows: SiO2 = 45.50%, Al2O3 = 23.10%, Fe2O3 = 7.38%, CaO = 6.30%, MgO = 4.22%, Active CaO + MgO = 0.55%, S = 0.54%, SO42− = 1.62%, TiO2 = 0.72%, P2O5 = 0.29%, Mn3O4 = 0.17, Na2O = 1.55%, K2O = 2.96 and Combustion Loss = 6.42%. Three types of zeolites were prepared and modified with K2CO3 to further develop the adsorption capacity of these materials.



The procedure of the Na-A zeolite (12 h) preparation was conducted using dry fly ash, which was mixed with NaOH into a mass ratio of 5:6. The mixture was milled and exposed to a temperature of 550 °C in a muffle furnace for 1 h. The mixture after heating was cooled down to room temperature and milled for 1 h. It was then mixed with distilled water at a 4:1 ratio. The obtained slurry was stirred at room temperature for 12 h. After this stage, the mixture (solid and liquid phases) sample crystallization was obtained at 100 °C for 12 h. The obtained zeolite was washed with distilled water to remove NaOH and reach c.a. pH = 7 and filtered. The obtained material was dried at 100 °C for 12 h.



The procedure of the Na-A zeolite (24 h) preparation was similar to the methodology for the Na-A zeolite sample (12 h), but the crystallization time at 100 °C was extended up to 24 h.



Both Na-A zeolites were modified with K2CO3. In this step, the obtained zeolite was mixed with K2CO3 at a ratio of 2:1 (by weight) and dissolved in distilled water at a ratio of 1 g to 5 mL. The obtained slurry was stirred at room temperature for 24 h. Modified zeolite was filtered and dried at 60 °C for 12 h. The last step was the calcination, which was performed in a muffle furnace at 300 °C for 4 h.



During 13X Zeolite preparation, fly ash was first calcined in a muffle furnace at 800 °C to remove the remaining carbon and volatile matter. To enhance the activity, thermal stability and acidity of the zeolite, the removal of Al and Fe was performed by treatment with hydrochloric acid. The calcined sample was treated with 1 M HCl. Dried pre-treated fly ash was then mixed with NaOH at a ratio of 1.5:1 (by weight). This mixture was exposed to 550 °C for 1 h and later cooled down to room temperature. The obtained mixture was milled and distilled water was added at a ratio of 10 g fly ash/100 mL water. The obtained mixture was stirred for 12 h. Then, it was allowed to settle at 90 °C for 6 h. After that, distilled water was used to wash the sample and filtered to remove the remaining sodium hydroxide and was later dried at 100 °C for 12 h.




2.2. Surface Area Analysis


The nitrogen gas adsorption method was used at −196 °C using Gemini V 2.00; model 2380. All the samples were degassed overnight at 250 °C under vacuum before measurement. The surface area of the samples was determined using the BET model.




2.3. Phase Analysis


The analysis of the crystalline phases was carried out by X-ray diffraction using an XRD DX-27mini manufactured by HAOYUAN. Analyses were performed at a 2θ angle measuring range from 5° to 110° with a step of 0.02° 2θ. The tube voltage and the tube current were 35 kV and 12 mA, respectively. The percentage of crystalline phases was determined by a semi-quantitative method and was implemented to Malvern Panalytical’s HighScore Plus software using PDF4+ database (2012 version). The relative intensity of the reflections of the phases was compared with references included in the ICDD database and the phase composition was determined for studied samples.




2.4. Morphology Analysis and Semi-Quantitative Analysis of Synthesised Zeolites Using Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM–EDS)


The surface structure of the samples and the chemical composition of selected areas on their surfaces were analyzed using the scanning electron microscopy with energy dispersive spectroscopy (SEM–EDS method). The images and chemical composition analysis (EDS) were performed using a Prisma E scanning electron microscope manufactured by Thermo Scientfic, Waltham, MA, USA.




2.5. Water Adsorption Isotherm Determination


The amount of adsorbed water, so-called water uptake was measured using a gravimetric method in a DVS vacuum-surface measurement system presented in Figure 1. It is able to perform multi-component experiments using vapor and/or gas sorbate molecules with the in situ samples, degassing up to 400 °C and high vacuum [16]. This device is used to analyse the performance of porous materials, such as zeolites, porous polymers, composites, aluminophosphates (AlPOs) and silica aluminophosphates (SAPOs), silica gels, activated carbons and metal organic frameworks (MOFs) [16].



About 25 to 30 mg of the sample was analysed during the sorption capacity tests. In this study, the adsorption and desorption processes were analysed in the water vapor P/P0 range from 0 up to 90%. Five process temperatures were selected in this study: 25, 35, 45, 55 and 65 °C; relative pressure step (P/P0) was set to 10%; and time duration for each step was 20 min. The activation temperature of 170 °C was set for 90 min to dry and degas the analysed sample prior to the experiment; the incubator temperature (same as system temperature) and vapor flow rate were 25/65 °C and 50 cm, respectively.





3. Results and Discussion


The results of the performed experiments are presented and discussed in detail in this section. Adsorbents were compared according to their thermal and sorption properties. An additional comparison with previously published studies was performed.



3.1. Sample Characterization—Surface Area Analysis


Low-temperature gas adsorption results obtained from the studied samples allow for the determination the porosity of the samples (Figure 2). The results for the silica gel sample confirmed the mesoporous nature of the material with the highest adsorption capacity up to 0.4 P/P0, a specific surface area for this sample was 613 m2/g, and a total porous volume of 0.314 cm3/g. For the synthesized Na-A zeolite (12 h), the observed isotherm demonstrated lower adsorption capacity than expected for pure NaA, and the obtained specific surface area was only 45 m2/g. The specific surface area for commercial A-type zeolite, as noted in the literature, is around 850 m2/g [11], suggesting that the synthesized sample has a lower than expected share of zeolites in its structure. Thus, this result indicates that the conversion of fly ash to zeolite was very low. From XRD analysis, it has also been found that the desired zeolite was formed along with additional non-porous crystalline phases. These phases can block void spaces. Additionally, there are present amorphous phases which are apparently nonporous. This resulted in a lower specific area. Additionally, it has been found that the total porous volume is 0.109 cm3/g for the Na-A zeolite (12 h). The synthesis for 24 h resulted in a sample with better adsorption properties. The obtained specific surface area of the Na-A zeolite (24 h) is 185 m2/g, which is 78% lower compared to commercial A zeolite, suggesting that the synthesized sample has a smaller share of zeolite but is also significantly better that the sample obtained within a 12-h synthesis. Similar to the previous case, phase analysis shows that the desired zeolite was formed along with some nonporous crystalline phases, resulting in a lower specific surface area. The total porous volume of this sample was 0.171 cm3/g.



For both synthesized 13X zeolite and fly ash, which was the raw material for zeolite synthesis, the obtained specific surface area was almost negligible. This suggests that these are almost nonporous materials. However, phase analysis results showed that desired zeolite was formed. Based on phase analysis and surface area analysis it can be seen that only a very small portion was converted to zeolite, and the sample contains a significant amount of non-porous amorphous mass.




3.2. Sample Characterization—Morphology Analysis and Semi-Quantitative Analysis of Synthesised Zeolites Using Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM–EDS)


The structural and morphological analysis of obtained zeolites was performed and the images are presented in Figure 3. The obtained materials are composed of irregular particles of different sizes and shapes. The microscopic photographs enable the analysis of the crystalline structure of obtained zeolites. In the case of Na-A zeolite (12 h) and 13X zeolite synthesized from fly ash, a well-developed, regular structure, characteristic for zeolites was observed, whereas in the case of the Na-A zeolite (24 h) sample, the structure was more irregular and crystals were present only locally. All samples present a mesoporous structure with a possible presence of micropores.



The energy dispersive spectroscopy (EDS) technique is generally used for the qualitative analysis of materials, but in this study semi-quantitative results for major components was provided to define the Si/Al ratio for the synthesised materials. The results are presented in Table 1. The type of zeolites depend on the content of SiO2 (the molar ratio of Si/Al). The ratio of Si/Al determines the properties of zeolite. Low-silica zeolites are characterized by a higher acid proofness, noticeable stability at higher temperatures and hydrophilicity. On the other hand, high-silica zeolites are more hydrophobic and have high ions exchange features.



The highest molar Si/Al ratio was obtained for 13X zeolites, treated with HCl before crystallization to minimize Fe and Al content. A similar Si/Al ratio was achieved for Na-A zeolites whose crystallization time was different and does not influence the relationship between silicon and aluminium content.




3.3. Sample Characterization—Phase Analysis


The X-ray diffractograms of two commercial zeolites, 4A and 5A, are presented and compared with the obtained Na-A zeolites in Figure 4. For commercial 4A zeolite, numerous peaks were noted at 7.2, 10.18, 12.48, 16.12, 21.7, 24.02, 27.14, 29.98, 32.6 and 34.22, in the case of the second commercial zeolite (5A), similar peaks were noted. For synthesized Na-A zeolite (12 h), reflections were noted at 13.0, 24.22, 28.06, 31.46, 34.56, 42.7, 51.9, 58.08, 60.12, 61.96, 63.88, 69.38 and 78.2. The similarity between commercial and synthesized Na-A zeolite in the case of phase analysis was achieved only to a minor extent. Other peaks were noted as well, which indicate the presence of other crystalline phases. Other detected phases are potassium aluminium silicon oxide and sodium calcium aluminium silicate hydrate. Zeolite constitutes 66% of the total crystalline phase and the rest of the crystalline phases constitute 34%.



For the synthesized Na-A zeolite (24 h), several reflections were noted at 13.88, 24.16, 28.94, 32.24, 32.5, 37.82, 40.2, 42.54 and 55.78 and a higher amorphous phase content was also noted in this case. Other peaks were observed as well, which indicate the presence of other crystalline phases. Other detected phases are calcium hydroxide and potassium hydrogen carbonate. Zeolite constitutes 47% of the total crystalline phase and the rest of the crystalline phases constitute 53%. Both Na-A synthesized zeolites were characterised by a very similar composition.



The X-ray diffractograms of 13X commercial zeolite is presented and compared with obtained 13X zeolite in Figure 5. For commercial zeolite, peaks are present at 6.13, 10.02, 11.75, 15.45, 18.46, 20.12, 23.34, 26.70, 30.94, 31, 32 and 33.65. For synthesised 13X zeolite, reflections were noted at 6.16, 10, 11.78, 13.92, 15.46, 18.08, 20.08, 23.34, 24.3, 26.7, 29, 31, 32 and 33.86, which almost superimposes on the reflection peaks of commercial zeolite. Some additional peaks are present as well, which indicate the presence of other crystalline phases as well. Other detected phases are sodium hydrogen carbonate, CaCO3 and sodium aluminium silicon carbonate oxide. Zeolite constitutes 60% of the total crystalline phase and the rest of the crystalline phases constitutes 40%.




3.4. Adsorption Isotherm and Potential Use in Adsorption Chiller


The water intake was tested in the temperature range of 25–65 °C, the sorption isotherms are shown in Figure 6 for silica gel as a reference material and for synthesized zeolites (Figure 7, Figure 8 and Figure 9).



3.4.1. Silica Gel


Silica gel adsorbed 33.25% water vapor for P/P0 = 100% at 25 °C and 33.69% for P/P0 = 100% at 65 °C. This amount was adsorbed within 25 min. Within this time, silica gel almost reached its highest adsorption capacity. However, adsorption kinetics suggest that it could have adsorbed and desorbed (for lower P/P0) more if the time for each step had been increased. This would result in smaller hysteresis.



From the shape of the isotherm in Figure 5, it can be concluded that it is a type IV isotherm [17,18]. It is a multilayer adsorption process. It also has a significant hysteresis issue. The observed type H2(b) hysteresis usually results from pore neck blocking [18]. The hysteresis loop becomes smaller with increased temperatures.




3.4.2. Synthesized Na-A Zeolite (12 h)


Synthesized Na-A zeolite (12 h) adsorbed 12.09% water vapor at P/P0 = 100% and 25 °C and 33.07% at P/P0 = 100% and 65 °C. This amount of water was adsorbed within 60 min. The adsorption kinetics showed that for higher pressures, if the time of adsorption had been increased, this sample would have been able to adsorb more water vapor. However, for lower P/P0 (which is actually the working condition for adsorption chillers [19,20,21,22,23,24,25,26,27,28,29,30,31]), equilibrium was almost reached in less than 20 min.



The shape of the isotherm is type IV. The flat region indicates monolayer adsorption, followed by a rise which indicates multilayer adsorption. It is characteristic of mesoporous materials [17,18], but this does not seem to be the case here. The adsorption in the lower pressure region occurred due to the presence of zeolite. The increase in adsorption in higher pressure regions occurred due to capillary condensation in intergranular voids. Additionally, hydration probably played a part. It also has significant hysteresis.



The usual shape for commercial Na-A zeolite is Type I [32] and the adsorption capacity is also very high at lower P/P0 compared to synthesized Na-A zeolite (12 h). For commercial Na-A zeolite and synthesized Na-A zeolite (12 h), the adsorption capacity at 25 °C and P/P0 = 20% is 28% and 1.66%, respectively. XRD and surface area analysis suggested that other non-porous crystalline phases and amorphous phases are present, which explains the reason for having different types of isotherms and lower adsorption capacity.



Potential Use in Adsorption Chillers: The performance of the adsorption refrigeration system is determined by COP and P. These two parameters largely depend on the adsorbent–adsorbate working pair performance, such as how quickly the adsorbent can adsorb and desorb the refrigerant and what amount of adsorbate will be taken by the absorbent under given working conditions (pressure and temperature) [1].



As explained before, for this sample, the adsorption took 60 min. However, based on adsorption kinetics for Na-A zeolite (12 h), it actually took less than 20 min to reach equilibrium (almost) at lower P/P0, whereas for silica gel it was around 25 min. This implies that the sample will have a better adsorption refrigeration cycle time compared to silica gel.



To determine the potential of the Na-A zeolite (12 h) as an adsorbent in the sorption chiller in working pair with water, conditions and performance of adsorption chillers were taken from previously published papers [19,20,21,22,23,24,25,26,27,28,29,30,31]. For those chillers, during adsorption, the pressure of the adsorbent bed is always lower, usually above 15% of the saturation pressure, and can sometimes be as high as 45% [22,23,24,25,26,27,28,29,30,31,32]. The temperature usually ranges between 25–40 °C [19,20,21,22,23,24,25,26,27,28,29,30,31]. During the desorption of the refrigerant the temperature varies significantly (usually more than 65 °C and can be as high as 120 °C for solar energy as heat resource), whereas the pressure is usually less than 5% of the saturation pressure of the respective temperature and can sometimes be more than 10% as well [19,20,21,22,23,24,25,26,27,28,29,30,31]. Based on these research works, two different working conditions have been considered.



First, for adsorption, 25 °C temperature and 30% of saturation pressure (for water at 25 °C) were considered. In these conditions, silica gel (14.37%) adsorbed much more water vapor than Na-A zeolite (12 h) (1.66%). For desorption, if the temperature 65 °C and the pressure of 10% of the saturation pressure were considered, the water uptake at this condition was 9.68% and 6.99% for synthesized zeolite and silica gel, respectively. Therefore, under these conditions, the average adsorption capacity in the case of our sample and silica gel are 0% and 7.38%, respectively. So, produced zeolite cannot produce any cold energy and replace silica gel as an adsorbent for the adsorption chiller.



Second, for adsorption, 25 °C temperature and 20% of saturation pressure (for water at 25 °C) were considered. In these conditions, silica gel (10.02%) adsorbed much more water vapor than synthesized zeolite (1.16%). For desorption, at a temperature of 65 °C and a pressure of 10% of the saturation pressure, the adsorbed amount at this condition is 9.68% and 6.99%. Therefore, under these conditions, the amount of water refrigerant available for evaporation at the evaporator in the case of the Na-A zeolite (12 h) and silica gel would be 0% and 3.03%, respectively. Thus, our sample cannot produce any cold energy and replace silica gel as an adsorbent for the sorption chiller.




3.4.3. Synthesized Na-A Zeolite (24 h)


Synthesized Na-A zeolite (24 h) adsorbed 34.57% water vapor for P/P0 = 100% at 25 °C and 59.33% for P/P0 = 100% at 65 °C (Figure 7). This amount of adsorption was achieved in 60 min. The adsorption kinetics suggests that for higher pressure if we increased the duration of adsorption, this sample would have been able to adsorb a little more water vapor. However, for lower P/P0 (which is actually the working condition for adsorption chiller [19,20,21,22,23,24,25,26,27,28,29,30,31]), equilibrium was almost reached in less than 20 min.



The shape of the isotherm is a type IV isotherm. The flat region indicates monolayer adsorption, followed by a rise which indicates multilayer adsorption [17,18]. The adsorption in the lower pressure region occurred due to the presence of zeolite. The increase in adsorption in the region of higher pressure occurred due to capillary condensation in intergranular voids. It seems KHCO3 also contributed, while hydration probably also played a part. It also has a significant hysteresis.



The usual shape for commercial Na-A zeolite is Type I and the adsorption capacity is also very high at lower P/P0 compared to synthesized Na-A zeolite (24 h). For commercial Na-A zeolite and synthesized Na-A zeolite (24 h), the adsorption capacity at 25 °C and P/P0 = 20% is 28% and 3.90%, respectively. The reasons again here are the presence of non-porous crystalline phases and amorphous phases.



Potential Use in Adsorption Chillers: For this sample, the whole adsorption cycle took 60 min. However, the adsorption kinetics of the sample showed that it actually took less than 20 min to reach equilibrium at lower P/P0, whereas for silica gel it was around 25 min. This implies that the sample has better adsorption refrigeration cycle times compared to silica gel.



Similar to the previous cases, two working scenarios were taken into consideration.



First, for adsorption, 25 °C temperature and 30% of saturation pressure (for water at 25 °C) were considered. In these conditions, silica gel (14.37%) adsorbed much more water vapor than the Na-A zeolite (24 h) sample (4.35%). For desorption, considering the temperature of 65 °C and pressure of 10% of the saturation pressure, the adsorption amounts at these conditions were 11.03% and 6.99% for synthesized zeolite and silica gel, respectively. Therefore, under these conditions, the average adsorption capacity in the case of our sample and silica gel are 0% and 7.38%, respectively. Thus, synthesized zeolite cannot produce any cold energy and replace silica gel as an adsorbent for the adsorption chiller.



Second, for adsorption, the temperature of 25 °C and 20% of saturation pressure (for water at 25 °C) were considered. In these conditions, silica gel (10.02%) adsorbed much more water vapor than the zeolite sample (3.90%) at this temperature and pressure. For desorption, if we consider the temperature is 65 °C and the pressure is 10% of the saturation pressure, the adsorption amount under these conditions was 11.03% and 6.99%. Therefore, under these conditions, the possible amount of water refrigerant available for vaporization at the evaporator in the case of our sample and silica gel should be 0% and 3.03%, respectively. Additionally, in this case, the synthesized sample cannot produce any cold energy and replace silica gel as an adsorbent for the adsorption chiller.




3.4.4. Synthesized 13X Zeolite


Synthesized 13-X zeolite (12 h) adsorbed 77.64% water vapor for P/P0 = 100% at 25 °C and 100.9% for P/P0 = 100% at 65 °C. This amount of adsorption was achieved in 60 min. The adsorption kinetics suggests that for higher pressure by increasing the adsorption time, this sample would have been able to adsorb a little more water vapor. However, for lower P/P0 (which is actually the working condition for adsorption chiller [19,20,21,22,23,24,25,26,27,28,29,30,31]), equilibrium was almost reached in less than 25 min.



The shape of the isotherm for this sample is a type VI isotherm. Similarly to the previous case, the flat region indicates monolayer adsorption, followed by a rise in two different steps. The adsorption in the lower pressure region occurred due to the presence of synthesized zeolite. The increase in adsorption in the region of higher pressure occurred due to capillary condensation in intergranular voids. It seems that NaHCO3 also contributed, while hydration probably played a part.



The usual shape for commercial Na-X zeolite is Type I [32] and the adsorption capacity is also very high at lower P/P0 compared to the synthesized zeolite. For commercial zeolite and synthesized zeolite, the adsorption capacity at 25 °C and P/P0 = 20% is 34% and 8.27%, respectively. XRD and surface analysis suggests that there are other non-porous crystalline phases and amorphous phases present, which explains the reason for having a different type of isotherm and lower adsorption capacity. Additionally, we can say that only a small amount of raw material is converted to zeolite.



Potential Use in Adsorption Chillers: As presented before, for this sample, the adsorption took 60 min. However, according to the adsorption kinetics, it can be concluded that it actually took less than 25 min to reach equilibrium at lower P/P0. In fact, for higher temperatures, it was less than 20 min. For silica gel, it was around 25 min. This implies that for this sample adsorption refrigeration cycle, the time will be similar or less when compared to silica gel.



At 25 °C and 30% of saturation pressure (for water at 25 °C) silica gel (14.37%) adsorbed much more water vapor than the synthesized 13X zeolite (8.73%). For desorption, taking into consideration a temperature of 65 °C and a pressure of 10% of the saturation pressure, the adsorbed amount of water vapor under these conditions was 7% and 6.99% for zeolite and silica gel, respectively. Therefore, under these conditions, the average adsorption capacity for 13X zeolite and silica gel would be 1.73% and 7.38%, respectively. The zeolite–water vapor working pair produces cold energy, but it cannot replace silica gel as an adsorbent for the adsorption chiller. In these working conditions, silica gel has the potential to produce almost 4.3 times more cold energy than our samples.



Taking into consideration the decrease of pressure to 20% of saturation pressure (for water at 25 °C), silica gel (10.02%) adsorbed much more water vapor than analysed zeolite (8.27%). For desorption, if a temperature of 65 °C and a pressure of 10% of the saturation pressure were considered, the adsorption amount would be 7% and 6.99%. So, under these conditions, the amount of water refrigerant available for vaporization at the evaporator for 13X zeolite and silica gel would be 1.27% and 3.03%, respectively. Similarly to the previous case, zeolite will be able to produce cold energy, but it cannot replace silica gel as an adsorbent for the adsorption chiller. For such working conditions, silica gel has the potential to produce almost 2.4 times more cold energy than synthesized zeolite.






4. Conclusions


The results of the phase analysis showed that the targeted compound, such as Na-A zeolite and 13X zeolite, were produced successfully from the fly ash using the applied hydrothermal treatment. However, the presence of other non-porous crystalline phases and amorphous phases was evident as well. In the respective samples, Na-A zeolite (12 h), Na-A zeolite (24 h) and 13X zeolite constitute 66%, 47% and 60% of the total crystalline phase. Through the impregnation of K2CO3 other phases were developed. Additionally, the conversion percentage was low and for 13X zeolite it was very low. However, the applied treatments increased the water adsorption capacity of the raw material.



The morphology of the samples analysed using a scanning electron microscope showed that a well-developed crystalline structure was observed in the case of Na-A (12 h) and 13X zeolites. A high-silicone 13X zeolite was obtained through the treatment of a sample with HCl prior crystallization.



Considering the standard operating condition of an adsorption chiller, it has been found that synthesized Na-A zeolite samples cannot produce any cold energy, whereas the synthesized 13X zeolite has the potential to create cold energy. However, it cannot replace silica gel (which is used commercially) as an adsorbent in an adsorption chiller. The performance of zeolite is 2–4 times lower when compared with silica gel.



Different approaches can be used to obtain better zeolite synthesis from fly ash in order to impregnate zeolite with K2CO3 without forming any other type of compound and to improve the adsorption and desorption performances of these synthesized materials so that they are suitable for adsorption chillers. Additionally, they could be used for other purposes, such as water desiccant and CO2 capture. However, in order to test feasibility, these possibilities will require further study.
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Figure 1. DVS Vacuum Surface Measurement System. 
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Figure 2. Adsorption Isotherm for Different Samples (at −196 °C). 
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Figure 3. Morphology of synthesized zeolites. 
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Figure 4. Phase Analisis Result Comparison, Commercial 4A Zeolite, Commercial 5A Zeolite, Synthesized Na-A Zeolite and Synthesized Na-A Zeolite (24 h). 






Figure 4. Phase Analisis Result Comparison, Commercial 4A Zeolite, Commercial 5A Zeolite, Synthesized Na-A Zeolite and Synthesized Na-A Zeolite (24 h).



[image: Energies 15 07444 g004]







[image: Energies 15 07444 g005 550] 





Figure 5. Phase Analisis Result Comparison: Commercial 13X Zeolite and Synthesized 13X Zeolite. 
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Figure 6. Adsorption and Desorption Isotherms for Silica Gel (at five process temperatures 25, 35, 45, 55 and 60 °C. 






Figure 6. Adsorption and Desorption Isotherms for Silica Gel (at five process temperatures 25, 35, 45, 55 and 60 °C.



[image: Energies 15 07444 g006]







[image: Energies 15 07444 g007 550] 





Figure 7. Adsorption and Desorption Isotherms for Synthesized Na-A Zeolite (12 h) at five process temperatures: 25, 35, 45, 55 and 65 °C. 
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Figure 8. Adsorption and Desorption Isotherms for Synthesized Na-A Zeolite (24 h) at five process temperatures: 25, 35, 45, 55 and 65 °C. 
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Figure 9. Adsorption and Desorption Isotherms for Synthesized 13X at five process temperatures: 25, 35, 45, 55 and 65 °C. 
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Table 1. Semi-quantitative analysis of selected components of produced zeolites.
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	Na-A Zeolite (12 h), mol%
	Na-A Zeolite (24 h), mol%
	13X Zeolite, mol%





	Na
	30.6
	22.1
	22.7



	Si
	28.4
	19.5
	37.8



	Al
	24.3
	16.1
	21.7



	Si/Al
	1.17
	1.21
	1.74
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