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Abstract

:

Environmental pollution is an issue of particular concern, specifically when industrial waste products are not subjected to appropriate treatment. Among various industries in the agri-food sector, the brewing industry holds a significant position in this context, given that beer stands as the predominant choice of consumers. Brewery waste generates significant quantities of organic substances, along with ammonium nitrogen and phosphorus. Among the various methods for their treatment, adsorption has received substantial attention due to its cost-effectiveness and operational simplicity. The present study investigates the adsorption capacity of two materials, zeolite and palygorskite, for the removal of ammonium nitrogen and brewery waste, using columns and batches. Simultaneously, desorption and regeneration experiments were conducted, and the effect of pH on their effectiveness was also examined. To understand the adsorption mechanisms, isotherm and kinetic models have been estimated. The results of the experiments have demonstrated a marked adsorption efficiency of the adsorbent materials, surpassing 90%. In comparison, zeolite has exhibited a better adsorption capacity in the removal of ammonium nitrogen, while palygorskite has shown greater aptitude for phosphorus removal. The purpose of these experiments was to investigate the adsorption capacity of these two materials as a potential medium for brewery wastewater treatment (e.g., as part of adsorption filter, trickling filters, and constructed wetlands).
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1. Introduction


One of the current concerns of humanity concerns environmental pollution, particularly in the context of industrial waste disposal into aquatic ecosystems without prior treatment [1,2]. Many industries in the agro-food sector generate substantial quantities of waste and by-products, which exert a profound influence on environmental degradation, climate change, and economic disparities [3].



Among the various types of industrial waste, those emanating from the brewing industry hold notable economic significance. This significance is attributed to the global preeminence of beer consumption [1], given that it accounts for approximately 40% of total alcohol consumption [4]. It is estimated that the production of 1 liter of beer results in the generation of 3–10 liters of wastewater, depending on the production process and the specific water usage [5,6,7], with global beer production calculated to be over 134 billion liters [8]. The volume of beer produced in Greece amounted to four million hectoliters in 2021, an increase compared to the previous year [9].



The brewing industry generates large quantities of organic waste, mainly consisting of brewery wastewater (BWW) and spent grains or barley malt residues (BSG). BWW is characterized by a high organic load that is easily biodegradable, while BSG is a product of difficult biological decomposition due to its lignocellulosic compounds’ content [3]. Furthermore, these waste products exhibit high concentrations of nutrients, which are mainly linked to the brewing process [10]. In Table 1, the main characteristics of wastewater from the brewery industry are presented, as sourced from the available literature [10,11,12,13]. As observed in Table 1, there is a wide range of values for each parameter, which demonstrates that there is no standardization for this category of waste, as its specific characteristics may vary depending on production methodologies, ingredients used, and industry-specific management practices. As a result, the brewing industry discharges large amounts of highly polluting wastewater throughout the year, thereby posing a significant threat to both human health and the environment [11], as pollutant concentrations are much higher than those in municipal wastewater.



In order to address these issues, environmental authorities are exerting pressure on breweries to ensure that their wastewater abides with environmental standards [8]. Numerous wastewater treatment methods have been adopted for the treatment of brewery wastewater, including membrane filtration [13], anaerobic [3] and aerobic processes [14], constructed wetlands [8], and combinations of these [10]. Among these methods, biological wastewater treatment has become a more attractive alternative solution, finding application in both developed and developing nations. Notably, within the spectrum of wastewater treatment options, constructed wetlands (CWs) have gained favor as an eco-friendly technology, while offering numerous benefits through the treatment of variable wastewater volumes. CW systems have been tested for treating different types of industrial wastewater [15], including those from brewery operations [8]. In the CWs, wastewater purification is achieved through a comprehensive array of physical, chemical, and biological processes that occur within their components [16]. However, the effectiveness of CWs in removing pollutants is predominantly subject to hydraulic variables [17,18]. For instance, a lower hydraulic loading rate leads to higher pollutant contact time within the CW, favoring the settling of Total Suspended Solids (TSS) and the degradation of Chemical Oxygen Demand (COD), including the high absorption and retention of nutrients [19], improving the quality of the wastewater. It should be noted that the performance of CWs is contingent upon the local climatic conditions, the vegetation, and the specific substrates employed, all of which contribute to their efficiency.



Regarding nutrient removal, the removal of nitrogen (N) is associated with processes such as ammonification, nitrification, plant uptake, and ammonia adsorption [20]. Conversely, the removal of phosphorus (P) is accomplished through a synergistic approach involving substrates, vegetation, and microorganisms [21]. The substrate plays a vital role in mitigating N and P. Commonly used substrates are generally categorized into three types—natural materials, industrial by-products, and industrial products. Various substrates have been utilized in constructed wetlands, including gravel, clay, bentonite, zeolite, charcoal, palygorskite, and others [22].



In the selection of substrates, the primary considerations are the cost and the availability of raw materials [23]. Zeolite is a natural aluminosilicate mineral with various commercial applications due to its low cost, stable crystal structure, and low density. The primary physical characteristics of zeolites that are relevant for ion exchange applications [24] include porosity (%), thermal stability, ion exchange capacity (mmolM+/g), specific weight (g/cm3), and apparent density (g/cm3) [25]. Zeolite, a natural mineral, exhibits a high absorption rate for both nitrogen (N) and phosphorus (P) due to its internal composition and spatial structure [26]. Specifically, zeolite filters can significantly enhance the removal capacity of CW, with removal rates for organic matter, N, and P reaching 95%, 80%, and 70%, respectively [27].



On the other hand, palygorskite is a hydrated alumino-magnesium phyllosilicate mineral with an ideal chemical formula (Mg, Al)5(Si, Al)8 O20(OH)2 8H2O [28]. Its layer charge and high surface area give palygorskite intermediate cation exchange capacity while also providing high adsorption capacity. This, combined with the mineral’s elongated quality, makes it particularly useful in various industrial applications (such as drilling fluids, suspension fertilizers, environmental absorbents, etc.) [29]. Similarly, palygorskite is a significant industrial mineral that is closely associated with absorption processes [30]. This mineral exhibits removal rates of 90% for N and 85% for P [31].



The use of ion exchange materials, such as zeolite and palygorskite, enhances the efficiency of CWs, including their capacity to handle shock loads and operate effectively over a wider range of temperatures [32]. In general, however, the adsorption capacity of adsorbent substances depends on multiple characteristics, such as their texture properties, including porosity, surface area, pore size, and surface chemistry, all of which play a critical role in adsorption performance. Furthermore, the adsorption capacity is subject to modulation by an array of factors, including the pH of the solution, ionic concentration, temperature, initial concentration of adsorbates, as well as the duration of contact [2].



In this study, the adsorption capacity of zeolite and palygorskite for treatment of brewery wastewater was investigated, as substrates media of a constructed wetland system. Specifically, research was conducted using columns and batch tests to remove ammonia ions from artificial wastewater. An equivalent set of experiments was conducted for wastewater from the Macedonian Thrace Brewery, known as “Vergina”. In tandem with these experiments, desorption and regeneration tests were carried out, and the impact of altering conditions, such as pH, was studied. Furthermore, in order to better understand the adsorption mechanisms, calculations of adsorption isotherm and kinetic models were conducted, including the Elovich model, the intraparticle diffusion (ID) model, the double constant (DC) model, the pseudo-first (PFO) model, and the pseudo-second (PSO) model.




2. Materials and Methods


In order to investigate the ability of zeolite and palygorskite to adsorb ammonium and treat brewery wastewater, a series of experiments was conducted. As a first step, batch experiments using ammonium aqueous solutions were performed in order to define adsorption kinetics and isotherms and to examine the effect on adsorption of ammonium feeding concentration, material size and pH. The next step was to conduct batch column experiments, based on the batch experiments results, using firstly ammonium aqueous solutions and then brewery wastewater. During batch column experiments, adsorption kinetics and isotherms were defined for ammonium, ortho-phosphate and COD. All batch and column experiments were followed by desorption experiments, to investigate the ability of the materials to release the adsorbed ammonium, phosphorus and organic matter.



2.1. Artificial Wastewater and Brewery Wastewater


Ammonium chloride (NH4Cl) was used in the experiments in order to produce artificial wastewater (AWW). After NH4Cl was dried at 104 °C, it was diluted in deionized water leading to several concentrations of NH4+-N, so as to conduct the adsorption and desorption studies in batch and column experiments. In addition, apart from the experiments with artificial wastewater, column experiments were also conducted with brewery wastewater (BWW). For the needs of this experiment, 10 L of brewery wastewater were obtained after the fermentation stage from a Macedonia Trace Brewery called “Vergina” with a capacity of approximately 7000 t/year, which is located in Rodopi. Then, the wastewater was transported to the laboratory in plastic bottles and was used immediately to prevent any change in its composition. The brewery’s wastewater characteristics are presented in Table 2.




2.2. Adsorbents: Zeolite and Palygorskite Characterization


The natural zeolite employed in this study originated from Bulgaria (Imerys Minerals Bulgaria AD, Kardzhali, Bulgaria) and subsequently imported into Greece by ZeolifeTM Company, Tessaloniki, Greece. Specifically, this material can be described as a hydrated aluminosilicate mineral of volcanic origin, with a clinoptilolite content of approximately 85%. It contains a moisture content ranging from 10 to 12%, while the residual 3 to 5% is comprised of impurities, including feldspar, micas, and clays that are devoid of fibers and quartz. The chemical composition of the dry clinoptilolite is detailed in Table 3. According to the technical data sheet provided, this particular zeolite exhibits a minimum cation exchange capacity of 150 meq/100 g. In preparation for all experimental procedures, the zeolite was sieved to obtain different granulometries (i.e., 1–2, 2–4 and >4 mm), washed to remove dust, and finally dried.



Fibrous palygorskite of natural origin, extracted from the Ventzia Basin (Grevena, Greece), was provided by Geohellas S.A. (Athens, Greece) in granular form, albeit with non-uniform sizing. Geohellas S.A. conducted a chemical composition analysis of the palygorskite, and the results are presented in Table 3. The palygorskite possessed a cation exchange capacity (CEC) of 30 meq/100 g [33]. The palygorskite was sieved to obtain different granulometries (i.e., 1–2, 2–4 and >4 mm), washed to remove dust, and finally dried at 105 °C for 24 h before use.




2.3. Batch Studies


For both adsorbents (zeolite and palygorskite), batch tests were carried out in 250 mL borosilicate bottles filled with 100 mL of AWW at several concentrations (5, 10, 50, 100 and 200 ppm) and 5 g of adsorbent of different particle sizes (i.e., 1–2, 2–4, >4 mm). Bottles were continuously stirred at 150 rpm and samples were taken at regular intervals until equilibrium was achieved. The volume sampled at each time interval during desorption was minimal (~1.5 mL) in order to avoid any change in the solid/liquid ratio. The maximum amount of ammonium adsorbed per mass of adsorbent at equilibrium (qe) was determined. In addition, after evaluating the impact of granulometry in the NH4+-N removal, adsorbents were used as purchased without any sieving. Again, the batch test procedure was the same but only one concentration of NH4+-N was applied (50 ppm). In addition, the influence of pH was examined for both adsorbents at 5 ppm NH4+-N initial concentration.




2.4. Column Studies


Based upon batch experiments, further adsorption experiments were also carried out in laboratory-scale columns. The adsorption experiments on fixed-bed reactors were conducted on Plexiglas tubes (columns), 50.0 cm high and of 4.0 cm internal diameter with approximately 450 mL operational volume, equipped with sample valves placed at the bottom of the columns (Figure 1). The columns were firstly filled with approximately 400–450 g of zeolite and fed with 400 mL of AWW at concentrations of 200 and 5000 mg NH4+-N/L. Then the columns operated with palygorskite (~240–340 g) and were filled with AWW (~400 mL) at various NH4+-N concentrations (200, 1000, 1500, 3000 and 5000 mg/L). Samples were collected at regular intervals from the lower sample valve. Generally, in order to achieve complete adsorbent saturation, the columns were fed with an aqueous solution of ammonium chloride of concentration 5000 mg/L. Finally, column studies were conducted with brewery wastewater (BWW) testing both adsorbents (zeolite and palygorskite), following the same procedure as in the experiments with AWW. Specifically, one column was filled with approximately 400 g of zeolite and another with approximately 200 g of palygorskite.



Then 440–470 mL of brewery wastewater was added to the columns. Time intervals between samplings were the same as in the column studies with AWW. Apart from NH4+-N, other pollutants were also analyzed, including total soluble COD (SCODt) and orthophosphates (OP). The determination of the concentrations of the above pollutants was carried out according to the Standard Methods [34]. To be more precise, the determination of NH4+-N was executed following the Salicylate Method (4500-NH3 B-E), while the measurement of OP was carried out in accordance with the Cassiterite Method (4500-P D). Furthermore, the physico-chemical parameters were assessed using portable instruments, specifically the EcoSense pH100A (YSI Incorporated, Yellow Springs, OH, USA) and EcoSense EC300A (YSI Incorporated, Yellow Springs, OH, USA).




2.5. Adsorption Kinetics


Adsorption experiments were conducted in order to determine the time and to which extent NH4+-N, SCODt and OP are adsorbed on the substrate material (equilibrium), and from which point saturation of binding sites occurs. The experimental data collected from the adsorption tests were fitted to several kinetic models, such as the pseudo-first order, pseudo-second order, Elovich, intraparticle diffusion, and the double-constant model. Details regarding the applied adsorption kinetic models are included in the Appendix A (Appendix A.1).




2.6. Isothermal Adsorption


Adsorption isotherms are used to describe the interactive behavior between solutes and adsorbents, which express the surface properties and affinity of the adsorbent. The experimental data were fitted to four isotherm models: Langmuir, Freundlich, Temkin and Henry models, in order to evaluate which better describes them. Information regarding the isotherm models is shown in the Appendix A (Appendix A.2).




2.7. Desorption and Regeneration Experiments


Zeolite and palygorskite can be used in agriculture for soil fertilization, since they provide slow release of nutrients, which enhance plant growth and, eventually, high crop yield [35]. Therefore, after the conduction of batch and column tests, desorption and regeneration tests were conducted on two consecutive days using deionized water (desorption test) and 0.1 N HCl (regeneration test), respectively, in order to evaluate the adsorbent’s desorption capacity and possible use as a soil additive. The choice of solvents for desorption and regeneration tests was guided by the existing literature [34,35]. The aim of desorption with deionized water is to evaluate the ability of the adsorbent particles to release ions with the flow of a natural solvent, thereby preventing the introduction of a new element and consequently avoiding the contamination of the area with a new chemical product [36]. On the other hand, research has indicated that the use of HCl 0.1 N is the most effective eluent for regenerating these materials [37]. The saturated adsorbent was washed with distilled water and then dried at 45 °C for use in the desorption tests. In batch tests, following the same procedure as the adsorption tests, 100 mL of solvent (deionized water or 0.1 N HCl) were used for the desorption and regeneration experiments with AWW. These experiments were performed for all granulometries and initial NH4+-N concentrations. In column experiments, 350–500 mL of solvent were added to each column for both experiments, with AWW and BWW. Again, experiments were performed for all the applied initial concentrations of NH4+-N (AWW and BWW) and sCODt and PO4−3-P (BWW). Samples were collected at regular intervals for the same period of time applied in the batch and column studies. The desorption and regeneration studies lasted 1440 min until constant values of pollutant concentrations would be observed.





3. Results & Discussion


3.1. Adsorption Batch Experiments


3.1.1. Effect of Particle Size and Initial Concentration


Firstly, the effect of particle size was examined for AWW of several initial concentrations (5, 10, 50, 100 and 200 mg/L NH4+-N). These initial concentrations were chosen to be comparable with previous related studies [35]. Table 4 illustrates the removal efficiencies of both adsorbents at the several initial concentrations. It can be concluded that there are no great differences between the granulometries (1–2 mm, 2–4 mm and >4 mm) (Figure 2). This was also stated by other researchers in previous studies [35]. On the other hand, Muscarella et al. [38] found that grain adsorption ability of zeolite increases by decreasing the particles’ diameter. In addition, for each grain size tested, ammonium removal occurred rapidly within the first 60 min of contact time, with removal efficiencies ranging from 91.57 to 100%. Similar results were reported in another study [39], where the zeolite’s finest particle size presented the fastest and highest ammonium adsorption during the first hour, while past that time the removal rate reduced. However, after 60 min, higher particle sizes demonstrated higher removal capacity, indicating that in smaller particle sizes the available active sites are taken more quickly and therefore saturation is reached in less time. This was explained by the fact that the concentration of available sites is constant; therefore, the availability of active sites is nearly the same between smaller and larger particles. Since the diffusion paths of ions are shorter in smaller particles, the available sites are more accessible to ions. Therefore, smaller particle size is expected to favor kinetics mostly in the early stages of adsorption [39,40]. In the current study, after the first hour, the removal rate gradually decreased and finally reached equilibrium at approximately 120 min. In higher concentrations, the removal efficiency reduced slightly, probably due to the adsorbents’ ammonium capacities.



Similarly, Gianni et al. [41] found that removal efficiency reached almost 100% for the lowest initial concentration, while it decreased when higher initial concentrations were applied. On the whole, removal efficiencies for both palygorskite and zeolite were higher than 90% for all applied initial concentrations. In addition, among both adsorbents, zeolite was the most efficient, with slightly higher removal efficiencies in comparison to palygorskite regarding ammonium removal (Table 4). This can be attributed to the fact that zeolite illustrates higher selectivity for NH4+-N cations due to the presence of alkaline earth metal cations on its negatively charged surface, exchanged readily with NH4+-N cations in the AWW [42].



Figure 3 illustrates the effect of initial concentration on the adsorbents’ performance. It can be concluded that increased concentrations of initial ammonium lead also to higher adsorbed amounts on the adsorbent. This was also observed by Widiastuti et al. [43], who reported that higher initial concentrations of ammonium provided greater driving force. Probably, the ammonium ion could migrate to the internal micro-pores from the external surface and therefore could exchange with cations on both the external and internal surfaces.



Consequently, since there wasn’t any great difference in ammonium removal for various granulometries, in the pH batch tests and in the column studies both adsorbents were used with their commercial granulometry (<5 mm and D50 = 150 μm for zeolite and <4 mm and D50 = 75 μm for palygorskite).




3.1.2. Equilibrium Time


In order to investigate the influence of contact time, batch tests were performed with palygorskite and zeolite as purchased with 50 mg/L NH4+-N (initial concentration). The removal efficiency in both adsorbents was very fast initially, with 92.9% and 96.2% achieved in the first 60 min for palygorskite and zeolite, respectively (Figure 4). Then, the rate was lower with increased contact time and remained almost constant until reaching equilibrium at approximately 180 min. After 400 min, ammonium removal reached up to 94.5% and 99.1% in palygorskite and zeolite, respectively.



Similar results were found also in previous studies [35,43,44,45]. According to Martin et al. [45], ammonium removal by zeolite occurred within the first 180 min, and the removal rate decreased with increased contact time. Alshameri et al. [44] stated that ammonium removal surpassed 78% within 300 min, contact time higher than that observed in the current study, but then removal rate became constant. In addition, Kotoulas et al. [35] found that ammonium removal reached 85% within the first hour and eventually the removal rate became constant. However, removal rate reached the value of 99% at 2880 min, while in the current study 99% removal was achieved at 400 min. The high removal rate within the first hour (Figure 4) can be explained by the fact that available adsorbing sites are rapidly utilized followed by fast diffusion into its pores and channels, and finally equilibrium is reached [35]. Regarding palygorskite, Alshameri et al. [44] found that removal efficiency of NH4+-N increased rapidly and reached equilibrium very quickly at 30 min. This may also be attributed to the utilization of available sites and eventually equilibrium attainment. Fast adsorption kinetics makes these adsorbents very popular in terms of efficiency and field deployment [44]. However, Alshameri et al. [44] reported lower removal efficiencies (~50%) in comparison to those in this study. Gianni et al. [41] investigated ammonium removal with palygorskite and found that optimal contact time was 15 min. After 15 min they found that removal decreased, probably due to potential NH4+-N desorption, since the available active sites were taken and the agitation may break the bonding between ammonium and the active sites. Once again, removal efficiencies were lower (≤30%) in comparison to the current study. Similar results were found by Widiastuti et al. [43], where ammonium removal by zeolite was fast within the first 15 min but then the removal rate begun decreasing till equilibrium was reached.




3.1.3. Effect of pH


The pH value of the solution is a key parameter for the removal of several pollutants, including ammonium [41,43]. Electrostatic interactions between adsorbents and adsorbate ions are strongly pH dependent [42,46]. The influence of pH on adsorption was evaluated though batch experiments for both adsorbents. Batch tests were conducted at three values of pH, 3 (acid), 7 (neutral) and 9 (alkaline), while NH4+-N initial concentration was constant at 5 mg/L. Figure 5 and Figure 6 illustrate the results pH effect on palygorskite (pal) and zeolite (zeo) performance both in terms of contact time (Figure 6) and pH value at equilibrium (Figure 5). Rozic [47] stated that, besides the adsorption mechanism, ion exchange is also a main mechanism of ammonium removal by zeolite. Ammonium in aqueous solution ca be found in two forms, i.e., as a dissociated form NH4+ or as a non-dissociated form NH3 (ammonia) [43]. In addition, according to Layva-Ramos et al. [48] and Genethliou et al. [39], the ammonium ion NH4+ is the predominant species at pH lower than 7, while at greater pH (alkaline) the NH4+-NH3 equilibria shifts towards NH3. Sundhararasu et al. [46] also avoided alkaline pH in their adsorption experiments with zeolite, since NH4+ ions tend to evaporate as ammonia in high pH values. In addition, at pH values above 8, NH4+ is neutralized by hydroxyl groups, while below 6, H+ and NH4+ compete against each other for adsorption on available active sites of the adsorbent [41,49]. Regarding palygorskite, optimum results were obtained at the highest pH 9 and decreased at lower pH values, with lowest performance at pH 3 (Figure 6). Similar results were published by Gianni et al. [41], who reported that palygorskite under acidic conditions is protonated. Low removal capacity of palygorskite at low pH values can be attributed to the fact that ion exchange between the H+ and NH4+ is not favored (there is potential competition between them for the exchange sites on the adsorbent). On the other hand, higher pH values (above 7) result in a negative charge of the adsorbent’s surface, conditions that favor the adsorption of cationic NH4+ through electrostatic attraction [42,44]. These findings are in absolute agreement with the results of the current study (Figure 6).



Regarding zeolite, the performance changed when pH varied from 3 to 9. Overall, at the lowest pH, the ammonium removal was highest and further increase of pH lowered the removal efficiency (Figure 5). This implies that lower pH intensifies the adsorption and ion exchange, while at higher pH values NH4+ ions are transformed to aqueous NH3, which demonstrates low ion exchange ability. In addition, it can be observed that within the first 150 min the removal efficiency at pH 7 is higher in comparison to that at pH 3, while past 200 min the zeolite’s performance is better at pH 3, reaching equilibrium. The performance of zeolite at pH 9 was the lowest, a fact attributed to the low ion exchange ability of NH3 as the predominant species in an alkaline environment. Partially similar results were reported by previous studies [39,43]. Specifically, Widiastuti et al. [43] reported that optimum adsorption takes place in a pH range between 4 and 8, which is consistent with the results of the current study. Genethliou et al. [39] found that pH had little effect on ammonium removal at pH values in the range from 6 to 8, while zeolite’s performance dropped significantly at pH values above 8. On the other hand, Saltalı et al. [50] found an optimal pH 8, which is in disagreement with previous studies but also with the current study.




3.1.4. Batch Kinetic Models


The knowledge of adsorption kinetics is of critical importance to the design of practical treatment systems and the field deployment of adsorbents in general [43,44]. Kinetics of NH4+-N adsorption on both adsorbents were analyzed using several linear and nonlinear modes, i.e., the Elovich model, the intraparticle diffusion (ID) model, the double constant (DC) model, the pseudo-first (PFO) model and the pseudo-second (PSO) model. The use of these kinetic models may help identify the mechanism of adsorption, which depends on the physico-chemical characteristics of the adsorbents and the mass transport process. The values of adsorption capacity at equilibrium (qe), measured experimentally and calculated from the applied models were compared. The fitting results of the five applied models and the relative kinetic parameters are summarized in Table 5 and illustrated in Figure 7.



According to Table 5, the classification of all kinetic modes used to fit the data is PSO > DC > Elovich > ID > PFO for palygorskite and DC > Elovich > ID > PSO > PFO for zeolite. That means that the adsorption mechanism might be different when comparing these adsorbents. The experimental adsorbed amount at equilibrium (qe,exp) was 0.952 mg/g and 0.983 mg/g in palygorskite and zeolite, respectively. Regarding palygorskite, the results indicate that the experimental data fitted best the pseudo-second order kinetic model (R2 = 0.686). In addition, qe, which is a significant parameter for adsorption mechanism, was overestimated in almost all kinetic models, apart from PFO, where it was underestimated (Table 5). The qe from the PSO plot is correlated with the experimental qe, expressing the adsorbents’ removal capacity adequately. Although the correlation coefficient was generally low at all models applied (0.359 < R2 < 0.686) for palygorskite, they confirm the findings presented by Alshameri et al. [44] and Gianni et al. [41], whose results had the best fit to the PSO kinetic model, suggesting that NH4+-N uptake on the palygorskite was controlled mostly by chemisorption process.



Regarding zeolite, the experimental data fitted best to the DC and Elovich model (R2 = 0.902 and 0.901, respectively). This result is also highlighted by the fact that the calculated adsorption capacity of both kinetic models is very close to the experimental adsorption capacity (Table 5). The good agreement with the Elovich model indicates that the activation energy varies greatly during the sorption process [51]. In addition, the conformity of the ammonium adsorption to the Elovich model suggests that the rates of NH4+-N exchange were governed by a heterogeneous diffusion process. However, these results are not in agreement with previous studies [39,43,52], where the PSO kinetic model fitted best to the experimental data. However, it should be noted that previous researchers applied less kinetic models (PFO and PSO) in comparison to the current study (four kinetic models applied). Consequently, applying more kinetic models may give different and more trustworthy results. Overall, it can be assumed that three steps are involved in the adsorption kinetics [44,53,54,55]. Based on the adsorption models’ fitting, it is confirmed that the adsorption mainly uses readily available adsorption sites, which results in a rapid diffusion and quick equilibrium of the adsorbent, while after saturation the adsorbed ions move into the adsorbent places of the adsorbent [44]. These include the diffusion of ammonium ions from liquid-phase to liquid–solid interface, the movement of ions from liquid–solid interface to solid surfaces and finally the diffusion of ions into the particle pores.




3.1.5. Batch Adsorption Isotherms


An adsorption isotherm is very important for designing an adsorption system (in terms of adsorbents’ performance and optimization) and includes several constants related to the surface characteristics, affinity of the adsorbent and adsorption capacity [39,43]. The models were applied for the adsorbents’ removal efficiency for 5, 10, 50, 100 and 200 mg/L NH4+-N and for several granulometries (1–2 mm, 2–4 mm and >4 mm). The fitting curves with the experimental data are presented in Figure 8 and the respective model parameters are listed in Table 6. Since there were no significant differences between the granulometries, Figure 8 illustrates the applied isotherm models only for granulometry >4 mm.



As illustrated in Table 6, the classification of all isotherm modes used to fit the data is Freundlich > Henry > Langmuir > Temkin for palygorskite and Henry > Langmuir > Freundlich > Temkin for zeolite. It is obvious that the mechanism again might be different when comparing palygorskite and zeolite. Freundlich estimated values demonstrated a better fit for palygorskite (Figure 8a), while Henrys’ model fitted best to the zeolites’ results. Worth noticing is also the fact that Henry’s isotherm model gave satisfactory results for both adsorbents (R2 > 0.943, Table 6), indicating that a very simple linear form can describe the adsorption for both. Regarding palygorskite, the results do not agree with Alshameri et al. [44], who found that Langmuir isotherm gave a better fit than Freundlich, indicating a monolayer adsorption. However, it should be noted that previous researchers focused mainly on only two isotherm models, the Langmuir and Freundlich models [41,44,50,52]. The application of more isotherms cast more light on the isotherm adsorption mechanism. On the other hand, Gianni et al. [41] published similar results, where the Freundlich isotherm fitted best the results highlighting the heterogeneous nature of the procedure. Concerning zeolite, the Langmuir model may have had the second-best fit with the experimental data; however, the estimated equilibrium concentrations (Qe) were lower than the experimental (underestimation, Figure 8b, red line). Then Freundlich gave a better fitting curve (Figure 8b), meaning that the adsorption may be explained by both Henrys’ and Freundlich’s equation, with the second one prevailing. Previous studies are not in complete agreement with the current study, where the results were best described by the Freundlich model [35,43] or both Langmuir and Freundlich models [50,52]. Again, it should be noted that in many previous studies only Langmuir and Freundlich equations were applied. Finally, Genethliou et al. [39] found a better fit to the Temkin model, indicating an uneven surface of the particles.





3.2. Column Studies


3.2.1. AWW Experiments


Based on the batch sorption experiments, palygorskite (pal) and zeolite (zeo) (as purchased) were tested for further sorption studies using columns. Firstly, two concentrations of ammonium were tested, 200 and 5000 mg/L. The results did not indicate any significant difference for zeolite, which demonstrated high removal capacity in both initial concentrations, and the performance of zeolite did not seem to decrease (Table 7). However, this was not the case for palygorskite, where removal efficiencies were lower. Therefore, more initial concentrations were tested with palygorskite in order to evaluate its performance. Zeolite demonstrated higher removal efficiency and lower equilibrium concentration when high ammonium concentration was applied (Table 7), while palygorskite demonstrated better performance at the lowest concentration (200 mg/L). In addition, palygorskites’ performance decreased with the increase of ammonium initial concentration, while zeolite gave opposite results. Furthermore, for palygorskite it appears that, for initial concentrations above 1000, it reaches its maximum adsorption capacity in the first 100 min and after 100 min the material undergoes sorption and desorption cycles (Figure 9). However, according to Figure 9, similar adsorption rates were found for both adsorbents. In addition, a higher amount of adsorbent was used in the zeolite column study, indicating that saturation was reached and a further amount of adsorbent did not necessarily lead to higher removal capacity and adsorbents’ potential.



It can be concluded that in smaller ammonium concentrations equilibrium was reached sooner (~400 min for 200 mg/L), while in higher concentrations the system took more time to reach saturation (1440 min) (Figure 9).




3.2.2. Column Kinetic Studies


Kinetics of ammonium adsorption on both adsorbents were analyzed again as in the batch studies using the same kinetic models (Elovich, ID, DC, PFO and PSO kinetic models) in order to shed light on the adsorption mechanism. Table 8 illustrates all the fitting parameters along with the qe measured experimentally and estimated with the use of kinetic models. The applied concentrations for palygorskite were 200, 1000, 1500, 3000 and 5000, while for zeolite only 200 and 5000 were applied, since no decrease in performance was observed (Table 8). It is obvious from the curves in Figure 10a,b that the adsorption mechanism is different between the two tested adsorbents. This is highlighted also by the correlation coefficients (R2) shown in Table 8. Specifically, regarding palygorskite, it was observed that at low ammonium concentrations the governing adsorption model was the Elovich (R2 = 0.726), while at concentrations higher than 1000 mg/L, the adsorption was governed by the ID model where the highest correlation coefficients were calculated (Table 8). When intraparticle diffusion occurs, an adsorbate hops from one available adsorption site to another through an adsorption–desorption reaction [56]. This can be produced by pore volume diffusion, surface diffusion or their combination.



The Elovich kinetic model is often used to describe second-order kinetics assuming that the surface is energetically heterogeneous [57]. In palygorskite, initially, at low concentrations, the main mechanism follows the Elovich model, while with high concentrations (≥1000 mg/L) the mechanism follows the ID model pattern. On the other hand, zeolite demonstrated different behavior, with better fit to the PFO kinetic model at low concentration (R2 = 0.895, Ci = 200 mg/L) and with the PSO model at higher concentration (R2 = 0.958, Ci = 5000 mg/L). In the PFO kinetic model, the reaction rate depends only on the concentration of the adsorbate and the process is controlled by physisorption. However, in the PSO kinetic model the rate-determining step is considered as a chemical reaction between the adsorbent (zeolite) and adsorbate (ammonium solution), described as chemisorption [43]. This means that in zeolite, according to the above results, at lower adsorbate concentrations (200 mg/L) adsorption was governed mainly by physisorption, but when the concentration increased significantly (5000 mg/L) the mechanism changed to chemisorption, which involves the sharing of electrons or their transfer between adsorbate and adsorbent.



On the whole, it can be concluded that the removal mechanism changes with the increase of the initial concentration of ammonium for both adsorbents. This result is very crucial for the selection, design and operation (conditions) of an effective adsorption system.





3.3. Brewery Wastewater Experiment


Apart from the experiments with artificial wastewater, column experiments were also conducted with brewery wastewater (fixed bed column experiments). In comparison to AWW, which contained only NH4+-N as a pollutant, natural brewery wastewater contains several other components (e.g., pollutants, physico-chemical parameters, etc.) that may interact with each other, enhancing or inhibiting the columns’ overall performance in terms of adsorption. Therefore, apart from NH4+-N, sCODt and OP were also analyzed, and physico-chemical parameters (pH, Electrical Conductivity, EC) were measured. According to previous studies, fixed bed columns were more efficient than fluidized bed columns [35,58]. The columns operated as fixed bed reactors and were fed with brewery wastewater. Samples were taken at specific time intervals until equilibrium to determine the kinetics of NH4+-N, sCODt and PO4−3-P removal (Section 2.4). Table 9 illustrates the initial concentrations of pollutants in the brewery wastewater and the results obtained at equilibrium state.



Figure 11 illustrates the variation in pH and Electrical Conductivity (EC) measurements over time. It is noteworthy that a significant initial decline is marked within the first few minutes of the process for both adsorbents and parameters, followed by a stabilization of the values. Figure 12 presents the results of NH4+-N, sCODt and OP adsorption obtained in column kinetic experiments (under batch operation) with brewery wastewater for palygorskite (pal) and zeolite (zeo). It can be observed that both palygorskite and zeolite were able to adsorb most of the available NH4+-N within 400 min (>85%, Table 9, Figure 12b1), while equilibrium was reached at 1440 min. In a previous study [35], zeolite demonstrated very high NH4+-N removal efficiencies (>99%) within a smaller period of time (120 min).



In terms of overall performance, palygorskite demonstrated better results in comparison to zeolite, since removal efficiencies were either similar or higher (Table 9, Figure 12). Worth noticing also is the high adsorption of phosphorus to the palygorskite substrate (>90%). The distinctive structural and adsorptive characteristics of palygorskite for the purpose of phosphorus removal are widely recognized and have found extensive application [33,59,60]. In addition, as illustrated Figure 12a3, phosphorus concentration continued to decrease even after 1400 min, meaning that there are available adsorption sites even after this period of time, while adsorption of other pollutants (such as sCODt and NH4+-N) reached equilibrium earlier. In zeolite, adsorption of PO4−3-P was less than that of NH4+-N, indicating that zeolite’s ability to adsorb PO4−3-P is limited compared to its ability to adsorb NH4+-N [35,61]. PO4−3-P is mainly adsorbed in zeolite through an inner-sphere complexation [35]. Zeolite’s law adsorption capacity for PO4−3-P was also reported by previous studies [35,62]. Concerning sCODt removal, the columns presented the same pattern, with maximum removal reaching 44.67% and 46.30% in palygorskite and zeolite, respectively. Due to the relative short experimental time period, sCODt removal is mainly attributed to adsorption.



Worth noticing is the fact that adsorbed amounts of all pollutants (NH4+-N, sCODt, PO4−3-P) per gram of the adsorbent were higher in the column filled with palygorskite in comparison to the one filled with zeolite (Figure 12(b1,b2,b3)). This highlights the better performance of palygorskite as an adsorbent material in the treatment of brewery wastewater.



Table 10 illustrates all the fitting parameters along with the qe measured experimentally and estimated with the use of kinetic models for the brewery wastewater test. Kinetic models were applied for all three pollutants (NH4+-N, sCODt, PO4−3-P). It is obvious that the adsorption mechanism regarding NH4+-N and sCODt follows the same pattern in both adsorbent materials (palygorskite and zeolite), with governing kinetic models PSO and PFO for NH4+-N and sCODt, respectively (correlation coefficients R2, Table 10). Ammonium’s adsorption mechanism is mainly described by chemisorption, including a chemical reaction between the adsorbent (zeolite) and adsorbate (ammonium solution). These results agree with those reported by Genethliou et al. [42], who stated that the formation of relatively strong bonds between the palygorskite particles and adsorbed NH4+-N and thus the uptake of NH4+-N on palygorskite were dominated by chemisorption.



However, these results do not agree with those produced in the column studies testing various concentrations of ammonium (synthetic wastewater, Table 8). This may be attributed to the fact that brewery wastewater contained lower ammonium concentrations (5.61 mg/L, Table 9) in comparison to those applied in the column studies (range 200–5000 mg/L). This means that the adsorption mechanism changes with the increase of initial concentrations. Regarding sCODt, the adsorption mechanism was described best by physisorption, depending only on the concentration of the adsorbent. The same was reported by Genethliou et al. [42], who suggested that the predominant adsorbent-adsorbate forces are physical. On the other hand, phosphorus adsorption did not show similar behavior between the two tested adsorbents. Specifically, the experimental data in palygorskite fitted best to the Elovich model, while in zeolite to the ID model (R2 = 0.955 and R2 = 0.841 for palygorskite and zeolite respectively). The results are also highlighted by the fact that the calculated adsorption capacities of kinetic models are very close to the experimental adsorption capacities (Table 10). The good agreement of phosphorus adsorption to palygorskite suggests that the mechanism was governed by a heterogeneous diffusion process.




3.4. Desorption and Regeneration Experiments


The investigation of the desorption process is very significant, since zeolite and palygorskite are useful for agricultural soil fertilization as they provide slow release of nutrients [35,39], which enhance plant growth and, eventually, high crop yield [35]. The saturated adsorbents were tested for desorption in deionized water. Regeneration of the adsorbents is important since it may affect the substrate selection and process cost [39,40]. The regeneration of the adsorbents was performed with 0.1 N HCl. Results of all desorption experiments are illustrated in Table 11, Table 12 and Table 13.



In the batch desorption tests, the results showed a remarkably slow release even after equilibrium, where the NH4+-N recoveries were below 6% for all granulometries and both adsorbents (Table 11), with slightly higher recoveries found at the finer granulometry (1–2 mm) and zeolite. The results of Kotoulas et al. [35] agree with the results of the current study, reporting zeolites’ recovery varying from 2.77 to 4.39%, with higher values found at the lowest granulometry. In addition, Genethliou et al. [42], who found similar results, stated that NH4+-N uptake by palygorskite was practically irreversible (9.1 ± 0.1% and 7.8 ± 0.1% recoveries for distilled and tap water). On the contrary, Genethliou et al. [39] found that for zeolite the regeneration efficiency of NH4+-N was satisfactory, reaching 63.75% of the adsorbed quantity. Regarding column desorption studies, slightly higher values were observed in palygorskite (recoveries 6.96–17.77%), while in zeolite these values were again very low (recoveries 3.45 and 2.07%, Table 12). These results can be explained by the fact that the aqueous solution lacked any ion exchange capacity to release and replace ammonium anions. In order to generate used adsorbents, a strong ion exchange solution is needed [63]. However, as is shown in Table 11 and Table 12, although the regeneration of NH4+-N was higher in batch studies than in desorption studies, the recoveries were again insignificant, following a similar pattern to the desorption with deionized water. On the other hand, in column studies regarding palygorskite, the recoveries were in all cases higher than those found in batch studies (Table 12), indicating that a column system is more effective in desorption and regeneration activities. Regarding zeolite, the pattern was similar to that found in batch studies, with low NH4+-N recoveries.



Regarding desorption column studies with BWW, recoveries of NH4+-N were low, 5.36 and 5.72% for palygorskite and zeolite, respectively (Table 13). In regeneration tests, NH4+-N recovery was significantly higher (36.02%) in palygorskite, while in zeolite it slightly increased but again remained low (15%). sCODt recoveries were generally low, with values of 21.13 and 19.99% in palygorskite and zeolite, respectively. Genethliou et al. [42] found desorption efficiencies of sCODt for tap and distilled water of 61.7 ± 0.4% and 54.0 ± 0.1%, respectively, suggesting that sCODt uptake was reversible and that the predominant forces between adsorbent-adsorbate are mainly physical. Finally, PO4−3-P recoveries were also generally low (Table 13) indicating that PO4−3-P uptake by both adsorbents was practically irreversible.





4. Conclusions


In this study, a sequence of experiments was undertaken to evaluate the processes taking place within the substrate of a constructed wetland system. More specifically, the investigation primarily centered on the utilization of ion exchange materials, namely zeolite and palygorskite, for the removal of ammonium from artificial wastewater and the treatment of brewery wastewater. Experimental assessments were conducted both in batch and column configurations. In batch experiments, both of the aforementioned adsorbent materials exhibited remarkable efficiency, surpassing the 90% threshold, for the removal of ammonium. In comparison, zeolite displayed higher performance in the removal of ammonium. This can be attributed to zeolite’s higher selectivity for cations due to the presence of alkaline earth metal cations on its negatively charged surface, which can easily exchange with NH4+-N ions in the aqueous wastewater. In column experiments, the zeolite material showcased higher efficiency in NH4+-N removal, coupled with lower equilibrium concentrations when subjected to higher ammonium concentrations. Conversely, palygorskite demonstrated better performance when the ammonium concentrations were lower. A noteworthy observation is that both palygorskite and zeolite demonstrated the capacity to adsorb a substantial portion of the available NH4+-N in brewery wastewater, exceeding 85% removal rate. It is worth mentioning that palygorskite exhibited higher phosphorus removal efficiency, which can be attributed to its unique structure. To identify the adsorption mechanisms in both experiments, kinetic models, including the pseudo-first order, pseudo-second order, Elovich, intraparticle diffusion, and double-constant model, were employed. These mechanisms depend on the physico-chemical characteristics of the adsorbents and the mass transfer process, indicating different adsorption mechanisms for these materials. Isotherm models were also calculated, which are essential for designing an adsorption system and include several constants related to surface characteristics, adsorbent affinity, and adsorption capacity. Finally, desorption and recovery experiments were conducted, as these materials find applicability in agriculture due to their ability to facilitate the controlled release of nutrients.
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Appendix A


Appendix A.1. Adsorption Kinetic Models


In the Elovich model, which is one of the most widely used, chemisorption is dominant for the sorption process and can be calculated by Equation (A1), where C0 and k0 are two empirical constants determined by the experimental data. The intraparticle diffusion (ID) model is used to analyze and elucidate the diffusion mechanism and is calculated by Equation (A2), where C1 is an intercept constant indicating the effect of boundary layer to adsorption and k1 is an intraparticle diffusion rate constant. The double-constant model is suitable for the heterogenous diffusion process and is given by Equation (A3), where C2 is an intercept constant and k2 an adsorption constant. The pseudo-first order (PFO) kinetic model provides a simplified description of the kinetic-sorption mechanism and is calculated by Equation (A4), where qe (mg/g) is the amount adsorbed at equilibrium and k3 is a rate constant of the PFO model. The pseudo-second order (PSO) kinetic model is calculated by Equation (A5), where k4 is the pseudo-second order rate constant for adsorption.


qt = C0 + k0 lnt,



(A1)






qt = C1 + k1 t1/2,



(A2)






lnqt = C2 + k2 lnt,



(A3)






qt = qe (1 − e−k3t),



(A4)






qt = (qe2 k4 t)/(1 + k4 qe t),



(A5)








Appendix A.2. Isotherm Models


The Langmuir model is applied to monolayer adsorption onto a homogenous surface, with a finite active number of identical sites which, once occupied by a metal ion, are no longer available for further adsorption. The Langmuir model is described by Equation (A6), where Ce and qe are defined as the adsorbed amount (mg/kg) and the concentration (mg/L), qm is the saturated adsorption (or adsorption capacity) (mg/kg), and KL is a constant (L/kg), which reflects the bonding energy between solution and ions. According to the Freundlich isotherm, due to the heterogeneity of the surface charges, the adsorption may be multilayered (Equation (A7)). Qe is the adsorbed amount (mg kg−1) and Ce is the concentration (mg L−1), KF is a constant (mg/ kg) indicative of efficiency of adsorption of ions and n is a constant indicative of the intensity of adsorption of ions. The Temkin model is often used to describe the uneven surface of a soil particle, which can be expressed by Equation (A8), where A and B are two empirical constants. The Henry model is a simple linear form which describes the adsorption through Equation (A9), where Kp is an adsorption constant (L/kg) and D is the initial amount of adsorbed ions (mg/g) and is considered as 0.


qe = (KL Ce qm)/(1+ KL Ce),



(A6)






qe = KF Ce1/n,



(A7)






qe = A lnCe + B,



(A8)






qe = D + Kp Ce,



(A9)
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Figure 1. Column setup. 






Figure 1. Column setup.
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Figure 2. Effect of particle size on ammonium removal efficiency (10 mg/L NH4+-N) for (a) palygorskite and (b) zeolite at time 400 min. 
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Figure 3. Amount of NH4+-N adsorbed (mg/g) on the adsorbent (Palygorskite-Pal and Zeolite-Zeo) at time (min) at various initial concentrations (200, 100, 50, 10 and 5 mg/L) for particle size >4 mm. 
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Figure 4. Effect of contact time for palygorskite and zeolite on ammonium removal (NH4+-N initial concentration = 50 mg/L). 
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Figure 5. Adsorbent performance at various pH values applied (3, 7 and 9) for palygorskite (pal) and zeolite (zeo). 
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Figure 6. Effect of pH over time (total 400 min) on the removal efficiencies for palygorskite (pal) and zeolite (zeo). 
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Figure 7. Kinetic adsorption models of NH4+-N on (a) Palygorskite and (b) Zeolite (NH4-N initial concentration = 5 mg/L) in batch studies. 
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Figure 8. Adsorption isotherms of ammonium for (a) palygorskite and (b) zeolite (granulometry >4 mm) in batch studies. The qe is the adsorption capacity and Ce is the equilibrium concentration of NH4+-N. 
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Figure 9. Amount of NH4+-N adsorbed (mg/g) on the adsorbent (Palygorskite-Pal and Zeolite-Zeo) at time (min) at various initial concentrations (200, 1000, 1500, 3000 and 5000 mg/L). 
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Figure 10. Kinetic adsorption models of NH4+-N on (a) Palygorskite and (b) Zeolite (NH4-N initial concentration = 5000 mg/L) in column studies. 
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Figure 11. (a) pH and (b) EC values in effluent brewery wastewater in column studies for palygorskite (pal) and zeolite (zeo). 
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Figure 12. Effluent concentrations and adsorbed amount of (a1,b1) NH4+-N, (a2,b2) sCODt and (a3,b3) PO4−3-P through time (min). 
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Table 1. Characteristics of brewery wastewater.






Table 1. Characteristics of brewery wastewater.





	Parameter
	Ashraf et al., 2021 1
	Zacharof et al., 2021 2
	Chen et al., 2016 3
	Simate et al., 2011 4





	pH
	6.5 ± 0.4
	6.5 ± 0.2
	5.2–6.2
	3–12



	COD (mg/L)
	1250 ± 100
	2250 ± 418
	8000–14,000
	2000–6000



	BOD (mg/L)
	-
	1340 ± 335
	-
	1200–3600



	TP (mg/L)
	-
	480 ± 70
	20–90
	10–50



	TN (mg/L)
	24 ± 3
	50 ± 35
	80–280
	25–80



	NH3-N (mg/L)
	16 ± 5
	-
	-
	-



	TS (mg/L)
	-
	-
	500–1300
	2900–3000



	VS (mg/L)
	-
	-
	380–1100
	-



	SS (mg/L)
	500 ± 50
	480 ± 70
	-
	-







Note: COD = Chemical Oxygen; BOD = Biochemical Oxygen Demand; TP = Total Phosphorus; TN = Total Nitrogen; NH3-N = Ammonium Nitrogen; TS = Total Solids; VS = Volatile Solids; SS = Suspended Solids 1 [11], 2 [12], 3 [13], 4 [10].













 





Table 2. Characteristics of brewery wastewater for “Vergina”.






Table 2. Characteristics of brewery wastewater for “Vergina”.





	Parameter
	Concentration





	pH
	5.42



	EC (μS/cm)
	1476



	COD (mg/L)
	7783.45



	OP (mg/L)
	46.52



	NH4-N (mg/L)
	9.24







Note: EC = Electrical Conductivity; COD = Chemical Oxygen; OP = Orthophosphate; NH4-N = Nitrogen Ammonium.













 





Table 3. Chemical composition of the zeolite used, as analyzed by Imerys Minerals Bulgaria AD and reported in the technical data sheet provided online by ZeolifeTM Company. (https://zeolife.gr/products/zeolithos-apo-2-5-eos-5-chiliosta/, accessed on 20 September 2023), and chemical composition of the palygorskite.






Table 3. Chemical composition of the zeolite used, as analyzed by Imerys Minerals Bulgaria AD and reported in the technical data sheet provided online by ZeolifeTM Company. (https://zeolife.gr/products/zeolithos-apo-2-5-eos-5-chiliosta/, accessed on 20 September 2023), and chemical composition of the palygorskite.





	
Components

	
Zeolite

	
Palygorskite




	
wt.%

	
wt.%






	
SiO2

	
69.62

	
53.89




	
Al2O3

	
13.62

	
15.32




	
TiO2

	
0.11

	




	
Fe2O3

	
0.75

	
10.91




	
CaO

	
3.28

	
7.66




	
MgO

	
0.90

	
8.03




	
Na2O

	
0.55

	




	
K2O

	
2.94

	
2.22




	
Loss of ignition (at 1050 °C)

	
8.23

	




	
Surface area (m2/gr)

	
793

	
152




	
Average pore size (nm)

	
12.30

	
16.80




	
Total pore volume (cm3/g)

	
0.40

	
0.80











 





Table 4. NH4+-N removal efficiencies (%) for both adsorbents (palygorskite and zeolite) at 400 min.






Table 4. NH4+-N removal efficiencies (%) for both adsorbents (palygorskite and zeolite) at 400 min.





	
NH4-N Initial Concentration (mg/L)

	
Palygorskite

	
Zeolite




	
Granulometry

	
Granulometry




	
1–2 mm

	
2–4 mm

	
>4 mm

	
1–2 mm

	
2–4 mm

	
>4 mm






	
5

	
96.47

	
98.19

	
97.93

	
99.91

	
100.00

	
100.00




	
10

	
99.10

	
98.67

	
98.19

	
99.86

	
99.73

	
99.58




	
50

	
95.89

	
96.00

	
96.41

	
99.75

	
99.67

	
99.33




	
100

	
95.65

	
96.30

	
95.97

	
99.35

	
98.93

	
98.39




	
200

	
92.67

	
91.76

	
91.59

	
99.29

	
98.44

	
98.57











 





Table 5. Fitting parameters of kinetic models to NH4+-N adsorption (initial ammonium concentration = 5 mg/L) in batch studies.
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Kinetic Models

	
Parameters




	
Palygorskite

	
Zeolite






	
Elovich model

	
C0

	
k0

	
qe,est

	
R2

	
C0

	
k0

	
qe,est

	
R2




	

	
0.878

	
0.013

	
0.957

	
0.667

	
0.876

	
0.018

	
0.986

	
0.901




	
Intraparticle Diffusion model (ID)

	
C1

	
k1

	
qe,est

	
R2

	
C1

	
k1

	
qe,est

	
R2




	
0.909

	
0.003

	
0.960

	
0.519

	
0.917

	
0.004

	
0.992

	
0.821




	
Double Constant model (DC)

	
C2

	
k2

	
qe,est

	
R2

	
C2

	
k2

	
qe,est

	
R2




	
−0.129

	
0.014

	
0.957

	
0.673

	
−0.129

	
0.019

	
0.987

	
0.902




	
Pseudo-first order (PFO)

	
qe,exp

	
k3

	
qe,est

	
R2

	
qe,exp

	
k3

	
qe,est

	
R2




	
0.952

	
0.317

	
0.941

	
0.359

	
0.983

	
0.321

	
0.953

	
0.404




	
Pseudo-second order (PSO)

	
qe,exp

	
k4

	
qe,est

	
R2

	
qe,exp

	
k4

	
qe,est

	
R2




	
0.952

	
1.739

	
0.950

	
0.686

	
0.983

	
1.383

	
0.975

	
0.740








Note: qe,exp and qe,est are the experimental and estimated adsorbed amount at equilibrium.













 





Table 6. Isotherm parameters for ammonium adsorption onto the adsorbents tested in batch studies.
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Isotherm Models

	
Parameters




	
Palygorskite

	
Zeolite






	
Langmuir

	
qm

	
KL

	
R2

	
qm

	
KL

	
R2




	
1–2 mm

	
1.051

	
1.846

	
0.593

	
1.765

	
5.805

	
0.943




	
2–4 mm

	
2.734

	
0.678

	
0.855

	
1.241

	
11.322

	
0.953




	
>4 mm

	
3.898

	
0.378

	
0.946

	
1.090

	
9.551

	
0.937




	
Freundlich

	
1/n

	
KF

	
R2

	
1/n

	
KF

	
R2




	
1–2 mm

	
0.649

	
0.695

	
0.994

	
0.873

	
4.144

	
0.886




	
2–4 mm

	
0.605

	
0.815

	
0.996

	
0.863

	
2.446

	
0.925




	
>4 mm

	
0.650

	
0.732

	
0.998

	
0.898

	
1.713

	
0.916




	
Temkin

	
A

	
B

	
R2

	
A

	
B

	
R2




	
1–2 mm

	
10.562

	
0.591

	
0.822

	
63.420

	
0.764

	
0.797




	
2–4 mm

	
12.439

	
0.594

	
0.845

	
74.293

	
0.614

	
0.786




	
>4 mm

	
10.112

	
0.614

	
0.838

	
52.858

	
0.599

	
0.769




	
Henry

	
KP

	

	
R2

	
KP

	

	
R2




	
1–2 mm

	
0.297

	

	
0.964

	
4.321

	

	
0.943




	
2–4 mm

	
0.319

	

	
0.953

	
2.348

	

	
0.962




	
>4 mm

	
0.321

	

	
0.966

	
1.601

	

	
0.958











 





Table 7. NH4+-N removal efficiencies and equilibrium concentrations for palygorskite and zeolite in column studies.
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NH4+-N Initial Concentration

	
Palygorskite

	
Zeolite

	
Palygorskite

	
Zeolite




	
Removal Efficiency (%)

	
Equilibrium Concentration (Qe, mg/L)






	
200

	
85.92

	
84.95

	
28.17

	
30.10




	
1000

	
63.98

	
-

	
360.17

	
-




	
1500

	
72.78

	
-

	
408.34

	
-




	
3000

	
74.98

	
-

	
750.54

	
-




	
5000

	
73.66

	
92.19

	
1317.07

	
294.11











 





Table 8. Fitting parameters of kinetic models to NH4+-N adsorption in column studies at various initial concentrations.
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Kinetic Model

	
Parameter




	
Palygorskite

	
Zeolite






	
Elovich model

	
C0

	
k0

	
qe,est

	
R2

	
C0

	
k0

	
qe,est

	
R2




	
200

	
−0.026

	
0.039

	
0.260

	
0.726

	
−0.125

	
0.053

	
0.275

	
0.774




	
1000

	
0.061

	
0.119

	
0.926

	
0.556

	
-

	
-

	
-

	
-




	
1500

	
−0.030

	
0.195

	
1.390

	
0.882

	
-

	
-

	
-

	
-




	
3000

	
−0.963

	
0.504

	
2.703

	
0.891

	
-

	
-

	
-

	
-




	
5000

	
1.456

	
0.345

	
3.966

	
0.639

	
−0.387

	
0.683

	
4.584

	
0.937




	
Intraparticle Diffusion model (ID)

	
C1

	
k1

	
qe,est

	
R2

	
C1

	
k1

	
qe,est

	
R2




	
200

	
0.086

	
0.005

	
0.293

	
0.647

	
0.043

	
0.006

	
0.275

	
0.470




	
1000

	
0.375

	
0.018

	
1.062

	
0.595

	
-

	
-

	
-

	
-




	
1500

	
0.486

	
0.030

	
1.613

	
0.945

	
-

	
-

	
-

	
-




	
3000

	
0.379

	
0.076

	
3.260

	
0.934

	
-

	
-

	
-

	
-




	
5000

	
2.382

	
0.052

	
4.340

	
0.658

	
1.657

	
0.087

	
4.961

	
0.693




	
Double Constant model (DC)

	
C2

	
k2

	
qe,est

	
R2

	
C2

	
k2

	
qe,est

	
R2




	
200

	
−3.696

	
0.353

	
0.323

	
0.470

	
−9.096

	
1.273

	
1.178

	
0.717




	
1000

	
−1.559

	
0.212

	
0.984

	
0.550

	
-

	
-

	
-

	
-




	
1500

	
−1.174

	
0.213

	
1.455

	
0.903

	
-

	
-

	
-

	
-




	
3000

	
−1.666

	
0.392

	
3.259

	
0.931

	
-

	
-

	
-

	
-




	
5000

	
0.573

	
0.113

	
4.029

	
0.651

	
−0.364

	
0.281

	
5.364

	
0.901




	
Pseudo-first order (PFO)

	
qe,exp

	
k3

	
qe,est

	
R2

	
qe,exp

	
k3

	
qe,est

	
R2




	
200

	
0.263

	
0.024

	
0.207

	
0.623

	
0.205

	
0.010

	
0.208

	
0.895




	
1000

	
1.038

	
0.051

	
0.726

	
0.422

	
-

	
-

	
-

	
-




	
1500

	
1.529

	
0.023

	
1.124

	
0.446

	
-

	
-

	
-

	
-




	
3000

	
3.128

	
0.004

	
2.782

	
0.766

	
-

	
-

	
-

	
-




	
5000

	
4.280

	
0.080

	
3.372

	
0.466

	
4.123

	
0.019

	
3.711

	
0.899




	
Pseudo-second order (PSO)

	
qe,exp

	
k4

	
qe,est

	
R2

	
qe,exp

	
k4

	
qe,est

	
R2




	
200

	
0.263

	
0.112

	
0.228

	
0.684

	
0.205

	
0.046

	
0.230

	
0.834




	
1000

	
1.038

	
0.078

	
0.788

	
0.446

	
-

	
-

	
-

	
-




	
1500

	
1.529

	
0.022

	
1.267

	
0.665

	
-

	
-

	
-

	
-




	
3000

	
3.128

	
0.002

	
3.064

	
0.843

	
-

	
-

	
-

	
-




	
5000

	
4.280

	
0.037

	
3.514

	
0.523

	
4.123

	
0.006

	
4.038

	
0.958








Note: qe,exp and qe,est are the experimental and estimated adsorbed amount at equilibrium.













 





Table 9. Concentrations and removal efficiencies at equilibrium for both adsorbents at equilibrium.
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Initial Concentration (mg/L)

	
Concentrations (mg/L)

	
Removal Efficiencies (%)

	
Adsorbed Amount (mg/g)




	
P

	
Z

	
P

	
Z

	
P

	
Z






	
NH4+-N

	
5.611

	
0.74

	
0.80

	
86.77

	
85.81

	
0.01

	
0.01




	
sCODt

	
3441

	
796

	
774

	
45

	
46

	
1.

	
BDL




	
PO4−3-P

	
22.74

	
1.96

	
7.59

	
91.38

	
66.61

	
0.05

	
0.02








Note: P is Palygorskite and Z is Zeolite. BDL = Below Detection Limit.













 





Table 10. Fitting parameters of kinetic models to NH4+-N, sCODt and PO4−3 adsorption in column studies with brewery wastewater.
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Kinetic Model

	
Parameter




	
Palygorskite

	
Zeolite






	
Elovich model

	
C0

	
k0

	
qe,est

	
R2

	
C0

	
k0

	
qe,est

	
R2




	
NH4+-N

	
0.002

	
0.002

	
0.013

	
0.760

	
0.002

	
0.001

	
0.006

	
0.815




	
sCODt

	
−0.470

	
0.284

	
1.594

	
0.756

	
−0.438

	
0.165

	
0.759

	
0.849




	
PO4−3-P

	
0.012

	
0.005

	
0.048

	
0.975

	
−0.003

	
0.002

	
0.013

	
0.756




	
Intraparticle Diffusion model (ID)

	
C1

	
k1

	
qe,est

	
R2

	
C1

	
k1

	
qe,est

	
R2




	
NH4+-N

	
0.007

	
0.000

	
0.014

	
0.498

	
0.004

	
0.000

	
0.006

	
0.495




	
sCODt

	
0.034

	
0.039

	
1.529

	
0.672

	
0.034

	
0.023

	
0.888

	
0.732




	
PO4−3-P

	
0.026

	
0.001

	
0.051

	
0.813

	
0.003

	
0.000

	
0.015

	
0.841




	
Double Constant model (DC)

	
C2

	
k2

	
qe,est

	
R2

	
C2

	
k2

	
qe,est

	
R2




	
NH4+-N

	
−5.728

	
0.205

	
0.015

	
0.641

	
−6.139

	
0.143

	
0.006

	
0.773




	
sCODt

	
−1.991

	
0.355

	
1.804

	
0.724

	
−4.245

	
0.594

	
1.080

	
0.873




	
PO4−3-P

	
−4.053

	
0.145

	
0.050

	
0.959

	
−6.387

	
0.285

	
0.013

	
0.828




	
Pseudo-first order (PFO)

	
qe,exp

	
k3

	
qe,est

	
R2

	
qe,exp

	
k3

	
qe,est

	
R2




	
NH4+-N

	
0.012

	
0.033

	
0.011

	
0.830

	
0.005

	
0.052

	
0.005

	
0.936




	
sCODt

	
1.459

	
0.006

	
1.492

	
0.816

	
0.687

	
0.005

	
0.707

	
0.910




	
PO4−3-P

	
0.047

	
0.052

	
0.040

	
0.698

	
0.016

	
0.010

	
0.011

	
0.539




	
Pseudo-second order (PSO)

	
qe,exp

	
k4

	
qe,est

	
R2

	
qe,exp

	
k4

	
qe,est

	
R2




	
NH4+-N

	
0.012

	
4.079

	
0.012

	
0.855

	
0.005

	
15.634

	
0.005

	
0.979




	
sCODt

	
1.459

	
0.005

	
1.704

	
0.798

	
0.687

	
0.006

	
0.859

	
0.883




	
PO4−3-P

	
0.047

	
1.840

	
0.042

	
0.879

	
0.016

	
0.869

	
0.013

	
0.656











 





Table 11. Batch Desorption results with AWW.
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Solvents

	
Initial Concentration (mg/L)

	
Palygorskite

	
Zeolite




	
NH4+-N Recovery (%)

	
NH4+-N Recovery (%)






	
Deionized water

	
mg/L

	
1–2 mm

	
2–4 mm

	
>4 mm

	
1–2 mm

	
2–4 mm

	
>4 mm




	
5

	
2.25

	
1.44

	
1.42

	
5.49

	
4.57

	
4.31




	
10

	
1.10

	
1.10

	
1.42

	
0.97

	
0.55

	
0.59




	
50

	
0.83

	
0.91

	
0.81

	
0.29

	
0.12

	
0.11




	
100

	
0.96

	
0.91

	
1.09

	
0.10

	
0.07

	
0.10




	
200

	
0.73

	
0.57

	
0.75

	
0.39

	
0.11

	
0.09




	
0.1 N HCl

	
5

	
3.64

	
7.75

	
7.91

	
9.19

	
0.55

	
0.72




	
10

	
1.53

	
3.97

	
1.73

	
3.72

	
1.79

	
2.10




	
50

	
2.14

	
2.08

	
2.63

	
0.78

	
0.32

	
0.31




	
100

	
1.50

	
1.55

	
1.06

	
0.41

	
0.13

	
0.23




	
200

	
1.18

	
1.18

	
1.24

	
1.87

	
1.57

	
1.95











 





Table 12. Column desorption results with AWW.






Table 12. Column desorption results with AWW.





	
Solvents

	
Initial Concentration (mg/L)

	
Palygorskite

	
Zeolite




	
NH4+-N Recovery (%)

	
NH4+-N Recovery (%)






	
Deionized water

	
200

	
6.96

	
5.45




	
1000

	
14.94

	
-




	
1500

	
16.79

	
-




	
3000

	

	
-




	
5000

	
17.77

	
2.07




	
0.1 N HCl

	
200

	
18.92

	
4.35




	
1000

	
11.91

	
-




	
1500

	
13.06

	
-




	
3000

	
10.89

	
-




	
5000

	
10.03

	
1.61











 





Table 13. Column desorption results with BWW.






Table 13. Column desorption results with BWW.





	

	
Palygorskite

	
Zeolite

	
Initial Concentrations (mg/L)




	
Solvents

	
Recovery (%)

	
Recovery (%)






	
Deionized water

	
5.36

	
5.72

	
NH4+-N = 5.61




	
20.02

	
10.00

	
sCODt = 1440.67




	
7.94

	
12.73

	
PO4−3-P = 22.70




	
0.1 N HCl

	
36.02

	
15.00

	
NH4+-N = 5.61




	
21.13

	
19.99

	
sCODt = 1438.40




	
6.15

	
13.71

	
PO4−3-P = 22.70
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