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Abstract

:

Zeolites belong to aluminosilicate microporous solids, with strong and diverse catalytic activity, which makes them applicable in almost every kind of industrial process, particularly thanks to their eco-friendly profile. Another crucial characteristic of zeolites is their tremendous adsorption capability. Therefore, it is self-evident that the widespread use of zeolites is in environmental protection, based primarily on the adsorption capacity of substances potentially harmful to the environment, such as pharmaceuticals, pesticides, or other industry pollutants. On the other hand, zeolites are also recognized as drug delivery systems (DDS) carriers for numerous pharmacologically active agents. The enhanced bioactive ability of DDS zeolite as a drug carrying nanoplatform is confirmed, making this system more specific and efficient, compared to the drug itself. These two applications of zeolite, in fact, illustrate the importance of (ir)reversibility of the adsorption process. This review gives deep insight into the balance and dynamics that are established during that process, i.e., the interaction between zeolites and pharmaceuticals, helping scientists to expand their knowledge necessarily for a more effective application of the adsorption phenomenon of zeolites.
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1. Introduction


Zeolites are porous, hydrated aluminosilicate minerals with a three-dimensional structure and loosely bounded cations of alkali or alkali earth metals [1,2,3]. Due to the progress of mineralogy, the traditional definition of zeolite as aluminosilicate frameworks was found to be too inflexible. In the definition of a zeolite mineral recommended by the International Mineralogical Association, Commission on New Minerals and Mineral Names, structures containing an interrupted framework of tetrahedra are accepted where other zeolitic properties predominate, and complete substitution by elements other than Si and Al is allowed [4]. These include the divalent cations Be2+ and Zn2+, other trivalent cations such as B3+, Ga3+, and Fe3+, as well as tetravalent cations such as Ti4+ and Ge4+.



According to their origin, they can be natural and synthetic [5]. Zeolites are formed in nature in the reaction of volcanic rocks and ash with water of high pH value and a high concentration of salt [1,2,5,6]. Natural zeolites possess high selectivity for heavy metal ions and ammonium ions and are therefore important for environmental protection [6]. There are around 50 known natural zeolites, and the most important ones are clinoptilolite, mordenite, and chabazite [2]. Natural zeolites usually contain impurities of other minerals—for example, feldspar and quartz, metals, etc. [2], and, as a result, their application is limited when it is required to use zeolites of high purity and uniformity [1]. It is important to note that zeolite deposits are a non-renewable resource. Laboratory synthesis of zeolites is based on the application of natural and synthetic silicates as carriers. Zeolites synthesised using natural substrates are never 100% pure. However, their price is significantly lower compared to zeolites obtained from synthetic substrates [6]. Studies have shown that synthetic zeolites have numerous advantages over natural zeolites. The pore size of synthetic zeolites is significantly larger than natural zeolite, which allows the adsorption of larger molecules—for example, diesel fuels and used engine oil. Also, the efficiency of removing radioactive waste and heavy metal ions from the environment is higher for synthetic zeolites [2,6].



Zeolites can be classified on the basis of their crystal structure, chemical composition, pore size, etc. [1]. The Si/Al ratio is an important characteristic of zeolites that determines their ion-exchange abilities. Increasing this ratio changes the surface selectivity from hydrophilic to hydrophobic [1,2,7]. For this reason, silicon-rich zeolites are stabilized in the synthesis process by adding various organic species to the reaction mixture [8].



Zeolites can be classified according to the Si/Al ratio as follows:




	
Low Silica Zeolites: Si/Al ≤ 2



	
Intermediate Silica Zeolites: 2 < Si/Al ≤ 5



	
High Silica Zeolites: Si/Al > 5 [9].








Another classification of zeolites is based on the diameters of their pores:




	
Small-pore zeolites (8-member rings) with pore diameter of 0.3–0.45 nm



	
Medium-pore zeolites (10-member rings) with pore diameter of 0.45–0.6 nm



	
Large-pore zeolites (12-member rings) with pore diameter of 0.6–0.8 nm



	
Extremely large-pore zeolites (14-member rings) with pore diameter of 0.8–1.0 nm [1,2,3].








Zeolites can be represented by the structural formula based on a crystallographic unit cell:


Mx/n[(AlO2)x(SiO2)y]·wH2O








where n represents the valence of a cation M, w is the number of water molecules per unit cell, x and y is the number of tetrahedra per unit cell, and the y/x ratio is most often in the range of 1 to 5 [3,10].



The zeolite structure is composed of SiO4 and AlO4 tetrahedra interconnected through oxygen atoms [5,10]. In the zeolite structure, silicon is tetravalent and forms an electroneutral SiO4 tetrahedron, while aluminium is trivalent and each AlO4 tetrahedra carries a negative charge. This charge is balanced by the presence of non-framework easily exchangeable cations [10]. The connection of the SiO4 and AlO4 tetrahedra (both commonly marked as TO4) leads to the formation of cavities and channels with an internal surface area that reaches several hundred square meters per gram of zeolite. This characteristic makes zeolites extraordinarily effective ion exchangers. The pore diameter is usually in the range of 0.3 nm to 1.0 nm, in the group of aluminosilicates, and extends to about 1.4 nm in the respective phosphates, and they contain water molecules and cations [11].



The primary building blocks of zeolites TO4 tetrahedra can be assembled into secondary building units by linking through oxygen atoms, resulting in the final structures of zeolites with a regular distribution of pores and cavities [3,5,10].



These secondary building units (SBU) or blocks have various different compositions and can have up to 16 T-atoms. SBUs can be single 4-, 5-, 6-, 8-member rings or double 4-, 6-, 8-member rings, or some other complicated structures like two connected 5-member rings (5–3) or 6-member rings followed by 4-member one (6–2), etc. The space combination of these SBUs sometimes gives a rise to specific cages in structure. For example, a combination of single 6- and 4-member rings creates a well-known sodalite cage. Using different parts of this cage to connect cages, different zeolite frameworks arise. Illustrations of double 4- and 6-membered rings are presented in Figure 1. Sodalite cages directly connected through 4-member rings create a sodalite structure (Figure 2 left), while cages on some distance create a double 4-member ring giving a rise of Linde Type A structure type (Figure 2 middle). Similarly, creating a double 6-member ring makes a Faujasite structure type (Figure 2 right). Each zeolite framework is marked using a three-letter type code assigned by the International Zeolite Association [12]. The above-mentioned zeolites have codes SOD, LTA and FAU, respectively. Silicon and aluminium could be substituted by phosphorus, gallium or germanium ions, creating aluminophosphates, galophosphates etc. In the zeolite structure, cations can be reversibly replaced with other cations from solution in contact with the zeolite in the ion exchange process, and water can be reversibly removed at temperatures usually below 400 °C, leaving the crystal structure undamaged [1,3,4,13].



The wide and still not completely finished list of applications of zeolites is related mainly with their porous structure, high adsorption capacity, and ion exchange properties [14]. Zeolites are used in various technological applications, such as catalysts and as molecular sieves, including separating various molecules, as detergents, etc. [15,16].



Biotechnology and medicine are other promising fields for applications of zeolites [17]. These include detoxification of animal and human organisms, improvement of the nutrition status and immunity of farm animals, separation of various biomolecules and cells, construction of biosensors and detection of biomarkers of various diseases, controlled drug delivery systems (DDS), radical scavenging, and tissue and bone engineering. As components of hemostatics, as gastroprotective drugs, or as antioxidative agents, zeolites can also be applied.



Zeolites can be widely applied in nowadays extremely important sustainable chemistry, including biomass conversion, exhaust post-treatment, radionuclide removal, fuel cells, thermal energy storage, CO2 capture and conversion, air-pollution remediation, water and air purification, etc. [18]. Water purification with zeolites includes removal of radioactive contaminants, and their great efficiency in pesticide removal [19,20,21,22,23].



Many of these applications are based on the extraordinary adsorption capacity of zeolites. Isotherm modelling and kinetic investigation are applied in order to get insight into the main mechanisms behind the adsorption processes.




2. Zeolites in the Removal of Pharmaceuticals from the Environment


2.1. Where to Start?


Wide applications of pharmaceuticals, which are defined as substances used in the diagnosis, treatment, or prevention of disease and for restoring, correcting, or modifying organic functions, have contributed to the incredible improvement of human health and raised the quality and length of life to a great extent [24]. The most recent example is the explosion of the use of pharmaceuticals during the SARS-CoV-2 pandemic, in the treatment, but also in the prevention and diagnosis of diseases on a global scale. Despite the many benefits of modern medicine, its usage is a double-edged sword, because of the fact that a significant percentage of drugs used will end their journey in the environment.



In addition to frequently administered drugs like antidepressants, lipid-lowering agents, β-blockers, etc., very often investigated the occurrence of antibiotics, and non-steroidal anti-inflammatory drugs-NSAIDs and their residues in wastewater [25,26]. Although antibiotics levels are ng/L to µg/L, they are considered toxic compounds which contribute to the evolution of antibiotic-resistant bacteria and genes [27,28].



Ciprofloxacin, azithromycin and cephalexin, as frequently administered drugs, are suitable as markers of antibiotic pollution of the aquatic environment [25]. Interestingly, the effects on aquatic systems of birth control pills or better defined, endocrine-disrupting chemicals, are the subject of numerous reported studies for more than 40 years [29].



Excretion is the dominant way that drugs reach the environment, sometimes in their parent form or as metabolites. The environment’s physicochemical and bioconversion of excreted pharmaco-active compounds, which occurred after their biotransformation pathways, give as a result various and sometimes unpredictable products [30]. The fate of pharmaceuticals in the aquatic environment is therefore a very attractive field of study [31]. Although pharmaceuticals are generally considered as susceptible to diverse transformation reactions, the resulting products are often very stable. Such transformed hydrophilic compounds easily pass-through sewage treatment plants [32]. Anyway, the drugs of even the same pharmacology active groups possess a variety of non-predictable excretion rates, with considerable impact to the aquatic environment [33].



The importance of inadequate disposal of discarded drugs should not be neglected, although this area is officially regulated in most countries [34].



Luckily, this topic is nowadays under the watchful eye of scientists, and water is an environment of interest for monitoring pharmaceutical levels, as well as the resulting impacts it leads to. Focus is placed on surface water samples, sewage treatment plants, and drinking water [35,36,37].




2.2. Examples of Effective Removal of Pharmaceuticals with Zeolites


The procedures for removal of pharmaceuticals from the aquatic environment are numerous and more and more innovative. For example, pharmaceuticals can be removed from wastewater by biological processes, hydrodynamic cavitation and ultraviolet light treatment [38]. Besides the general approach, it is usually necessary to create a specific action toward targeted compounds.



Although the conventional procedures, like an advanced oxidation, hydrolysis, and photo-degradation, are usually an efficient way for removal of pollutants, these strategies applied to pharmaceutical rich waters, such as hospital waste effluents or pharmaceutical industries are, can potentially cause environmental and health harmful products [39,40], and must be considered in detail [41].



Among numerous attempts, the use of zeolite for water purification from pollutants was highlighted as a simple, efficient, low-cost, and eco-friendly procedure. Zeolites (either in pristine or modified forms), are well-known materials for the adsorption of pesticides from wastewaters [19,20,21,22,23].



The most important characteristic of zeolite for this application is its adsorption ability. The efforts of scientists in this field are focused on finding materials with improved adsorption capacities, appropriate kinetics, and examining the reversibility of the adsorption process, as well as the possibility of reuse.



First, investigations often start with neat structures, to elucidate key parameters, such as Si/Al ratio, surface area and extra-framework ions. The experimental design relies on sample loading optimization; however, the practical approach imposes the use of low loadings to boost adsorption capacity. To participate in this quest, researchers sometimes report loading that exceeds the starting adsorbent amount several times, although this has no physical meaning. Another challenge is to detect important parameters for efficient removal of environmentally significant concentrations, which are often for pharmaceuticals at the ng/mL level. Such a low concentration masks real adsorbent performance, and lab research usually employs mg/L concentration to boost experimental sensitivity [42].



A search of the literature can reveal the published results of testing a large number of zeolite structures with the aim of testing their ability to remove drugs, i.e., their adsorption from wastewater. Table 1. gives the most explored types of zeolites for this purpose.



Among different zeolites, the FAU framework is especially present for wastewater treatment due to its substantial adsorption capacity toward different molecules. Additionally, in some cases there is no need for functionalization, and commercially available zeolite can be readily employed. Following its beneficial adsorption behaviour, FAU zeolite has been so far employed for the removal of sulfonamide [43,44] and fluoroquinolone antibiotics [45,46]. A special study was dedicated to the macrolide class representative, azithromycin removal by FAU zeolite [47]. Another reason for FAU selection lies in its fast kinetics, which takes up to several minutes for half an hour, which is of utmost importance for environmental application. Antibiotics are often oxygen and nitrogen-rich compounds whose main mechanism of interaction with the zeolite surface is hydrogen bonding. If this is the case, it is necessary to examine pH effects on the adsorption process [47]. Scheme 1 illustrates the drug removal by zeolites.



Zeolites sometimes require functionalization/composite preparation to establish new and improved features. MFI zeolite, for example, suffers from low adsorption capacity, and combination with excellent adsorbents enabled the removal technique to be extended from adsorption to catalytic degradation in the presence of suitable oxidants. For instance, composite prepared of MFI zeolite and carbon adsorbent is proposed for 150 ppm ciprofloxacin adsorption [48].



These procedures, however, sometimes tend to be costly and complicated or even pose a bigger environmental threat, due to hazardous solvents or higher toxicity, leaving of constituents, etc.



The adsorption conditions of antibiotics on zeolite are often examined, like in the study of chlortetracycline, oxytetracycline (OTC), ofloxacin, and enrofloxacin adsorption on natural zeolite [49]. The Langmuir-Freundlich sorption model was employed to estimate the maximum sorption capacity, and it was found that the capacity increased if the solution pH decreased. The presence of natural organic matter reduced the sorption of OTC but improved the sorption of the remaining antibiotics. An ofloxacin removal was additionally tested on LTA zeolite prepared from red mud/fly ash/spinel iron oxide nanoparticles [50]. Tested adsorption was investigated in different matrices—tap and river water—by spiking the samples with 10 µg/L antibiotics.



As another example, erythromycin (ERY) and levofloxacin (FLX) were almost completely adsorbed by Y zeolite (as an example of organophilic zeolite) from water samples collected at the outlet of a wastewater treatment plant [45].



The “2-in-1” idea to lower the overall costs and to use environmentally undesirable materials is reported in the study where coal fly ash (CFA) driven zeolites were applied for the adsorptive removal of ceftazidime, a broad-spectrum antibiotic [51], where CFA is a leftover product of burned coal, very harmful for the environment.



Sometimes reviews about zeolites and mesoporous silica materials as effective adsorbents of drugs, besides antibiotics, are focused on the removal of NSAIDs, as another most frequently used pharmaceuticals. The review of Grela et al. summarized available literature data and concluded that the highest concentrations of diclofenac, ibuprofen, and ketoprofen were found in wastewater influents, municipal wastewater, and hospital effluents, and gave the order of NSAIDs and antibiotics concentrations in different types of water samples: hospital effluents > wastewater influents > municipal wastewater > secondary wastewater > river water > wastewater effluents > groundwater > surface water > seawater > tap water > hospital wastewater > surface water (lakes) [52].



High concentrations of pollutants in simulations of real water samples are necessary to elucidate key parameters for adsorption and to select the best adsorbent. But, directing further research towards lower concentrations in environmental real water samples (real effluents in environmentally relevant concentrations) and information on the practical implementation of these materials in real-life wastewater treatment is of extreme importance. Recently, Ajo et al. showed that the actual removal rates of ibuprofen cannot be accurately estimated in the context of real wastewaters without negative bias from simultaneous reformation [53]. The review by Shearer et al. focused on metformin and macrolides and assesses isotherm, kinetic and thermodynamic studies, as well as the adsorption mechanisms, with discussion on some identified mistakes and inconsistencies. The review also sought to identify gaps in knowledge, particularly real-world applications, which should be priorities for future investigations [54]. The removal of pharmaceuticals from wastewater can be challenging due to its complex matrix. The examination of removal efficiency of fluoroquinolone antibiotics, norfloxacin and ofloxacin, by using nanoscale zero-valent iron loaded zeolites modified with polyethylene glycol surfactant in samples taken from the Yellow River is directed towards such applications [55]. A similar investigation, considering real river samples, was conducted for the Photo-Fenton treatment of water sample from the Meurthe River in France for the removal of 21 different pollutants, including 17 pharmaceutical compounds such as diclofenac, erythromycin, ibuprofen, ketoprofen, and lidocaine using Faujasite Y zeolite containing iron as catalyst [56]. In an interesting study, De Sousa et al. studied wastewater effluent samples from Girona wastewater treatment plants in Spain, which included wastewater from hospitals, homes, and urban areas. Two FAU zeolites with different SiO2/Al2O3 ratios were used as adsorbents for determining the concentration of azithromycin, ofloxacin, and sulfamethoxazole [47]. However, a larger number of studies refer to the analysis of samples that do not actually contain pollutants, but real matrix (for example, river water) spiked with pollutants.



Natural zeolite, like Jordanian zeolite (Intermediate silica), was successfully applied as an adsorbent for the removal of several frequently used pharmaceuticals such as ibuprofen, diclofenac sodium, indomethacin, chlorpheniramine maleate, and paracetamol from water [57]. The study showed the optimal was pH 2 for the removal of all tested compounds, except for diclofenac sodium it was pH 6, with 80 min as the optimum adsorption time. After optimization, the highest removal was found to be 88.3% for NSAID ibuprofen, and 85.8% for antihistaminic chlorpheniramine maleate. The adsorption efficiencies were evaluated, and it turned out that Freundlich isotherm fits the experimental data for both ibuprofen and chlorpheniramine maleate. The results of a continuous flow experiment performed on ibuprofen under constant influent concentration and fixed flow rate indicated that the percentage removal of ibuprofen on zeolite was the highest after fraction 9 with 78% removal.



The introduction of cationic surfactants (cetylpyridinium chloride and Arquad® 2HT-75) into natural zeolites, such as clinoptilolite (CLI) and phillipsite, leads to a better effect of the obtained composites in the removal of ibuprofen and naproxen [58]. The zeolitic surfaces were prepared as monolayer and bilayer surfactant coverage. The Langmuir model gives the conclusion that the highest adsorption capacity for the composite characterized by a bilayered surfactant at the clinoptilolite surface was 19.7 mg/g for ibuprofen and 16.1 mg/g for naproxen. The influence of the initial drug concentrations and contact time on adsorption of ibuprofen and naproxen and zeolite clinoptilolite and phillipsite, are surely very important factors for the process of drug adsorption from buffer solutions [58].



Simply discovering that a certain zeolite has the ability to adsorb a pharmaceutical, so it can be used for wastewater treatment, can in no way satisfy the scientific public. It is extremely important to shed light on the adsorption process itself, e.g., to determine the factors that affect the capacity, dynamics and reversibility of this process. For this purpose, a multidisciplinary approach and a number of modern instrumental methods are used. This approach will be illustrated by citing some examples from the literature.



Adsorption isotherms and thermogravimetric analysis show that ERY, FLX and carbamazepine (CBZ) are adsorbed in remarkable amounts by Y zeolite. X-ray structure analyses carried out on zeolite after adsorption revealed the selected drugs inside the Y cage. The study indicates that the adsorption properties of zeolitic materials do not only depend on micropore size, and that zeolite shape selectivity also depends on structural features [45].



The beta zeolites with different SiO2/Al2O3 ratio (i.e., 25, 38 and 360) were tested for adsorption of ketoprofen, hydrochlorothiazide and atenolol from diluted aqueous solutions, with changing the ionic strength and the pH, before and after thermal treatment of the adsorbents [59]. The processes were followed by thermogravimetry and X-ray diffraction. The study confirmed that the adsorption capacity was dependent on both the solution pH and the alumina content of the beta zeolites. The noticed difference was explained as a function of the interactions between drug molecules and zeolite surface functional groups. Atenolol was adsorbed on the less hydrophobic zeolite, under pH conditions in which electrostatic interactions were predominant, while ketoprofen adsorption was mainly determined by hydrophobic interactions. The adsorption capability for undissociated molecules increased with the increase of hydrophobicity.



Certain studies were conducted with the aim to better understand the interaction between the natural zeolite clinoptilolite and antibiotics that caused gastric side effects, such as metronidazole and sulfamethoxazole [60]. Beside the considerable importance of pH on the adsorption process, the study reported that interaction of metronidazole and sulfamethoxazole with the clinoptilolite and its forms is fundamentally related with the polarity of the molecules and the nature of the zeolitic material.



Other agents that can modify the properties of the solid surface of zeolites and improve the adsorption of some pharmaceutics are surfactants. The study of Lam et al. reported the results of semiempirical calculations applied on the systems formed by surfactants, drugs, water and a clinoptilolite channel model [61]. Special attention was paid to the interaction of each drug molecule with the external surface of the clinoptilolite model. The cationic surfactant seems to be well adsorbed on the clinoptilolite model, contrary to the anionic surfactant. The polarity of the drugs plays a very important role in the adsorption process from the solution: the most polar studied drug, metronidazole, was best adsorbed on the zeolite model, followed by acetylsalicylic acid and sulfamethoxazole. If the same system contains the cationic surfactant, the order of the drug adsorption is opposite: the adsorption of sulfamethoxazole as a hydrophobic molecule is more pronounced. Those conclusions can help in adjusting the adsorption of certain drugs on clinoptilolite in the desired direction by the presence of surfactant on the zeolite external surface.



Zeolitic imidazolate metal organic framework group of compounds, such as ZIF-8, belongs to metal-organic frameworks (MOFs), and possess similar characteristics to zeolite, including the high adsorption capability, and therefore can be a great candidate for the testing of removal of the pharmaceuticals from wastewater. As an example, ZIF-8 exhibits ultra-high adsorption capacity to tetracycline from aquatic media [62].




2.3. Use of Theoretical Calculation for Predicting Interactions


In a well-designed experiment, theoretical calculations should precede empirical research. Afterwards, when optimizing interactions of interest is concluded, and adsorbates and adsorbents are selected, it makes sense to start an experiment. The fact is, however, that predictions do not always produce ideal results, thus the reverse order of research is resorted to. Namely, most methods include theoretical support that follows after preceedingly obtained experimental results as a form of deeper explanation of adsorption phenomena.



There is great power in using theoretical calculations like density-functional theory (DFT), semi-empirical methods or molecular dynamic simulations. These methods could be used for predicting the stability and reactivity of molecules or predicting adsorption energies.



Drugs are usually organic molecules, so HOMO and LUMO orbitals and associated energies can be calculated. HOMO energy is connected to the ability of a molecule to donate electrons, while LUMO energy is connected to the ability to accept electrons. The gap between these two orbitals helps in the description of chemical behaviour. Lower energies are correlated with higher reactivity and lower stability of molecules [63].



Modern DFT calculations can be used to predict material properties and it is a tool that is indispensable. Based on the first principal energies of the particular systems can be calculated, followed by the prediction of adsorption energies [64].



Zeolite structures are complex, so calculations of energies in systems of interest could be complicated and some approximations had to be used. Mainly, the structure of zeolite is approximated by a cluster which represents the main cage or pore, in the particular zeolite. This was done in the work of Brachi et al., where the structure of FAU zeolite was represented by the central cage [65]. Different sulfonamide antibiotic molecules were initially optimised using DFT and minimal energy conformers were found. These steps were followed by calculations of interaction energies, bond lengths and optimal dimer conformations in the FAU cage.



In their work, Hessou et al. used the primitive crystal lattice of FAU zeolite and modeled the adsorption of dibenzyl disulfide, which can be considered as a theoretical model of pollutant molecules [66]. A theoretical prediction of the interaction energy was modeled in the presence of various monovalent extra framework cations. They predicted that CsY, AgY and CuY had high adsorption energy for dibenzyl disulfide, while not favoring production of dissociated species.



While molecular mechanics/molecular dynamics calculations are widely used to investigate the adsorption of various organic molecules with different complexity on full silica zeolites, application of these calculations on drug adsorption is quite low but emerging lately.



Fatouros and his co-workers applied molecular dynamic calculations to predict interactions and adsorption of theophylline and salbutamol on beta zeolite. Theophylline and salbutamol are molecules with similar dimensions, but salbutamol is a more flexible one. Calculations predicted that salbutamol could be adsorbed into the channels and pores of beta zeolite, while theophylline could not. These theoretical findings are supported by experimental data showing the significantly less adsorbed amount of theophylline on beta zeolite, compared with salbutamol [67].



The same research group applied molecular dynamics to predict diffusion rate and release the possibility of 5-fluorouracil from beta and FAU zeolite [68]. This drug had significantly different diffusion rate coefficients in FAU and beta systems. The slower release rate from beta zeolite is a consequence of a smaller pore system, and increased van der Waals interactions with drug molecules, compared with FAU zeolite.



In the final example of using theoretical models for predicting interactions of drugs with zeolite adsorbents, the author employed molecular dynamic simulations, as well as DFT calculations. Simulations were performed for over 20 widely used drugs and two zeolites as adsorbents, mordenite and faujasite. The author showed that the interaction energy of the zeolite-drug system from minimal energy configuration could be useful for predicting the effective removal of drugs from water. The zeolite framework was kept rigid in the simulation process in order to lower system complexity. For mordenite, it was calculated that 8 out of 21 drugs (i.e., triclosan, ibuprofen, oxybenzone...) had interaction energies between 200 and 270 kJ/mol and experimentally it was found that mordenite removes quantitatively these drugs. Nine drugs (i.e., diazepam and hydrocodone) not adsorbed by mordenite had interaction energies close to zero.



The calculations take considerable time and computational resources, but this type of screening should precede experiments whenever possible [69].





3. Zeolite-Based Biomaterials for Biomedical Application


The biocompatibility and mechanical strengths of zeolite make them suitable for biomedical application as pharmaco active compounds or as biomaterial used for dental fillers, bone grafts, implant coating, or as a drug carrier agent [70].



An illustration of the positive example of application of zeolites themselves in pharmacotherapy is clinoptilolite which can stand out as a potent detoxifying, antioxidant, and anti-inflammatory agent [71,72]. Zeolites are currently regarded as dietary super-materials [71], and this, sometimes, is an overstatement. Every drugstore is selling zeolite-based nutritional formulations enhanced with vitamins, enzymes, etc., often without any scientific basis to support the claims of high nutritional benefits. Antioxidant, antimicrobial, detoxifying, and anticancer activity is often attributed to both synthetic and natural zeolites. However, a strict survey of the available literature gives somewhat controversial findings. For instance, zeolite’s ability for trapping radical species in order for them to be safely removed from the body is a cornerstone of many studies [73]. A part of this is actually true, zeolite structure does enable radical species removal [74,75], although they shouldn’t be a part of a human diet in spite of being used for cattle because tightly bind mycotoxins from animal feed in the gastrointestinal tract and thereby decrease their bioavailability [76]. Concerning this, Ipek et al. assessed the effect of natural zeolite, clinoptilolite supplementation on the oxidative status in cows and concluded that it did not support cow’s systems against oxidative stress [77].



3.1. Zeolites for Dental Applications


In addition to their wide application in medicine and other sciences, zeolites have also displayed a significant potential for use in the field of dentistry. Zeolites may be applied in root canal therapy, periodontics, implant and restorative dentistry, and tissue engineering [78]. Zeolites were introduced into dental practice mainly as root filler materials, based on their hemolytic and cytotoxic properties [79], or their antimicrobial and mechanical characteristics [78]. Remineralizing the ability of calcium-rich zeolite makes it a promising candidate as a dental composite filler [80]. We can say that a wide application of zeolite in dentistry is not primarily based on adsorption as a phenomenon, but certain functions of zeolite are significantly improved thanks to the adsorption effect, which will be illustrated by examples.



In general, zeolites alone have little or no effect on antimicrobial properties, unless the zeolites are doped with ions, such as silver or zinc. The ability of zeolites to uptake and release ions, combined with their exceptional biocompatibility and long-lasting effects, has been used for the antimicrobial treatment against pathogenic oral microorganisms. Regarding dental restorative materials, zeolites are generally combined with glass ionomer cements (GIC), resin cements, or bonding agents. The antibacterial effects of GIC containing silver-zeolite (AgZ) were demonstrated on Streptococcus mutans in vitro [81]. Similar antimicrobial results can also be found in a zinc-doped zeolite (ZnZ) against Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Bacillus subtilis, and Candida albicans [82]. A functional dental restorative platform consisting of zeolite nanoparticles as a drug delivery carrier loaded with chlorhexidine (CHX), was incorporated into commercial dental GIC, demonstrating a stronger inhibitory effect on S. mutans compared to GIC alone [83]. AgZ combined with GIC sealer showed a stronger antimicrobial effect towards E. faecalis compared to GIC sealer alone, which was concentration- and time-independent [84].



The root canal treatment has been related to persistent periradicular lesions, including primary endodontic infections and persistent infectious progression with the E. faecalis as the main etiological factor in these diseases. Zeolites in endodontics were generally added to calcium hydroxide and mineral trioxide aggregate (MTA) and used as root canal irrigants to enhance their antimicrobial properties. Ghatole et al. showed that adding AgZ to calcium hydroxide enhanced the antimicrobial effect against E. faecalis compared to the control or when chlorhexidine is added [85]. Among the root end filling materials, MTA is regarded as biocompatible and is most commonly used in clinical applications, but with limited antimicrobial activity. The addition of AgZ to MTA enhanced antimicrobial effects toward selected oral microflora such as E. faecalis, S. aureus, and Candida albicans in a concentration-dependent manner throughout 72 h [86].



Two types of zeolites, Zeolite A and ZSM-5 were investigated for their potential to adsorb volatile sulphide compounds (VSC), which are produced in the oral environment by Gram-negative bacteria and cause periodontal disease and mouth odour. The amount of H2S adsorbed on zeolite A was found to be larger than that on ZSM-5, suggesting that the adsorptive property of zeolites depends on their Si/Al ratio. By optimising Si/Al ratio, it is expected to develop an adsorbent material, which highly adsorbs VSC, and may contribute to oral health [87].



Zeolite in prosthesis can be added to both acrylic resin and non-acrylic materials, such as ceramic. The non-acrylic materials that were tested with zeolite demonstrated that adding AgZ to soft liners enhanced its antimicrobial properties against C. albicans and gram-negative bacteria while also maintaining its viscoelastic properties [88]. Sodalite zeolite is a subtype of zeolite that can easily infiltrate other materials due to its selectivity and strong catalytic activity and has been often applied to ceramic prostheses to improve their mechanical properties [89]. Incorporation of Ag-Zn zeolite with acrylic resin materials showed beneficial effects by improving their surface finish and resistance to surface damage by increasing hardness [90].



Application of zeolites in dentistry can also extend to antibacterial coatings on implants since coating titanium implants with AgZ was effective in inhibiting methicillin-resistant S. aureus growth [91].



Zeolites are known for their applicability in different composite materials, including dental materials. Zeolite fillers associated with phenol−formaldehyde resins and poly-(vinylidene fluoride) are often used [92]. An important fact is that zeolites have a positive impact on the mechanical properties of composites, which is combined with their ability to deliver the calcium ions (Ca2+) to the tooth surface, showing the remineralizing potential of the hydroxyapatite structure of dentin and enamel [93]. FAU zeolites (X and Y type) have the highest remineralisation potential [94] and can be also used as scaffolds because they do not affect cell viability [80]. Since Gram-negative bacteria do not adhere to the type X zeolite, composite materials with zeolite X will not be sensitive to secondary caries [80].



Dental composites consist of inorganic fillers and organic resin matrix with some amounts of additives [95]. Due to the low adhesion of inorganic fillers to resins, it is often necessary to modify their surface before mixing these components. One of the main types of modifications that is used in dental fillings is silanization. This modification empowers bringing into contact the groups that are involved in cross-linking of the composite to a filler’s surface [96]. Silane molecules that ensure the binding between the organic matrix and inorganic filler make the composite have a more rigid structure and improve the mechanical features of the composite, such as compressive and flexural strength, to obtain similar mechanical characteristics of the tooth structure [97]. Application of calcium-rich 13X zeolites as active fillers improved the remineralizing effect of examined composites by providing sustained release of calcium ions in conditions simulating a natural oral environment. Furthermore, the silanization of these composites significantly improved flexural strength and compressive strength values. The beneficial effects of silanization are the consequence of a stronger bond between fillers particles and resins from the organic matrix due to the introduction of methacrylic groups to the fillers’ surface, which form covalent bonds between the resin and the filler [80].



Modification of the zeolite surface by a 4-(dimethylamino)benzenediazonium cation to acquire an active filler in methacrylic-resin-based composites was performed to verify some mechanical properties, as well as crosslinking ability [98]. All conducted tests proved that the addition of modified zeolite improved the compressive and flexural strength of the composite. The modification process, as well, has a crucial impact on these values. The results also show that it affected the crosslinking properties of the resin.



Soft and hard tissue engineering of the oral cavity represents the therapeutic approach with great potential. Zeolites, due to their favourable properties, have appeared promising as scaffolds in bone- and tooth-tissue engineering. The clinoptilolite-composite scaffolds enhanced mechanical, physical, and biological properties of polymer-based scaffolds, increased in vitro protein adsorption capacity of the scaffold and led to higher osteoinductivity and intracellular calcium deposition [99].



It is expected that the further research effort should focus on zeolite-based materials and concentrate on zeolite effects in response to microbial challenges in vivo, but also to determine the proper concentration of zeolite that may be incorporated into various dental materials and establish zeolite’s impact on their mechanical properties. The possibilities and beneficial effects of various surface modification methods should also be involved. Zeolite’s favourable properties and wide range of the composition and hierarchical pore structure makes the zeolitic materials convenient for tissue engineering purposes.




3.2. Zeolites as Drug Carriers in Pharmacotherapy


The next logical step in the medical application of zeolites was their usage as drug carriers. That idea was surely provoked by two main groups of reasons. The first one is the reversibility of the adsorption of pharmaceuticals by zeolites, and which requires thorough studying of many important factors which influence this process. The focus, for sure, must be put on the ability to control and prolong drug release.



At the same time, scientists have made great efforts to exploit the possible synergistic bioactivities of zeolites with applied drugs. The resulting effects are often unpredictable and require detailed study, especially when cytotoxic effects on fibroblasts and tumour cells are performed in parallel.



The application of zeolites in biomedicine, as drug carriers, is based on their large specific surface area, high adsorption capacity [100], biocompactness, low toxicity [101], and microporous structure, which allows drug encapsulation within the zeolite and the ability to control and prolong drug release. Drug release is monitored in liquids with different pH values that correspond to the pH of the regions through which the drug-loaded zeolite carrier passes [102]. Drug encapsulation in drug delivery systems (DDS) eliminates side effects while maintaining treatment effectiveness [103], reduces drug concentration, and provides targeted delivery [104].



Zeolite nanocarriers enable drug delivery to a specific target and drug release without affecting surrounding healthy cells [105], and they display enhanced permeability, controlled drug distribution, and prolonged life in the blood system [106]. Synergistic effects of zeolites, such as gastroprotective influence, especially in the case of clinoptilolite DDS, could be ascribed to zeolites ability to attach to hydrogen ions and biologically active amines and nitrates [107].



The differences between the zeolite pore size and the targeted drug, and in hydrophilicity between zeolites and drugs, which are usually considered as limitation in their loading capacity, can be improved by surface modification of the zeolite [108], with the aim to adjust the surface of a zeolite depending on the delivered drug characteristics.



The efficiency of zeolites as DDS can be improved by the adsorption of cationic surfactants on the surface of zeolites through ion exchange and hydrophobic interactions, leading to the formation of monolayers or bilayers, depending on their concentration [109]. It looks that very important role here concerns the concentration of the cationic surfactant in relation to external cation exchange capacity—ECEC value, confirmed by the study performed on the natural zeolite with high clinoptilolite content with different levels of cetylpyridinium chloride (CPC) [110]. If the surfactant loading level was equal to ECEC, a monolayer of the organic phase is present at the zeolitic surface. When the amount of the CPC was above the ECEC value, a less extended bilayer is formed, while the sample with the highest surfactant content ordered bilayer or admicelles exist at the zeolitic surface. Similar results, obtained for the cationic surfactant-hexadecyltrimethylammonium bromide (HB) showed proportional increase of drug adsorption by increasing the amount of surfactant used for zeolite modification, leading to interactions between DS and HB at the zeolitic surface [111].



3.2.1. Zeolites as Carriers of Anti-inflammatory Drugs


Diclofenac and ibuprofen are the most commonly used nonsteroidal anti-inflammatory drugs (NSAIDs) with low toxicity and thermal and chemical stability [100,112]. Due to the short half-life and the possibility of side effects [109,112], the subject of many studies is the encapsulation of drugs into systems that allow prolonged drug release, improving therapeutic activity and reducing side effects [112]. The ability of natural zeolites as carriers of anti-inflammatory drugs can be improved by modifying their surface with different cationic surfactants [100,109].



For the sorption of diclofenac sodium (DS) as a model drug by zeolites modified with cationic surfactant cetylpyridinium chloride (CPC), the best fit to the equilibrium data over the entire tested concentration range provides the Langmuir equation [110]. The phase resulting from adsorbed CPC was the primary sorption phase for the DS, enabling the adsorption and partitioning processes at the same time.



Results of DS release in vitro of the hexadecyltrimethylammonium bromide modified zeolite composites showed that the prolonged DS release throughout 8 h was achieved, making them promise as a functional drug formulation excipient [111]. Because of the strong affinity of hexadecyltrimethylammonium bromide for DS, even corresponding physical mixtures showed prolonged DS release.



Serri et al. tested the DS delivery system using natural zeolites clinoptilolite (CLI), chabazite (CHA), and phillipsite (PHI) modified with cetylpyridinium chloride. The drug loading process took less than five minutes, with roughly equal amounts of DS in clinoptilolite and phillipsite and loading capacities greater than anion exchange capacity (AEC), while chabazite had the lowest loading capacity. The DS release process was sustained for five hours for all three zeolites, through particle diffusion for CLI and PHI, and a combination of film diffusion and particle diffusion for CHA, with a release of about 40% in the first hour. Despite the higher loading efficiency, CLI and PHI achieved a lower percentage of release compared to CHA (100%), indicating stronger interaction with the surfactant [112]. When DS was adsorbed in granulated clinoptilolite modified with cetylpyridinium chloride, the release process was extended up to 9 h, with approximately 22% of the drug released in the first 2 h in the solution at pH 1.2. The release of DS from the zeolite followed quasi-zero order kinetics for the first 8 h [108].



Considering the zeolite capability as a carrier for sustained drug release, a clinoptilolite was superficially modified with CLC and loaded with DS, to enhance its adsorption. The release profile was found to be reversible with the DS being gradually released in the presence of an ionic medium, such as simulated intestinal fluid (pH∼6.8). The results pointed out the ability of superficially modified nanozeolites to prolong DS release for 5 h. This release was predominantly governed by very fast ion exchange, while the drug diffusion through the boundary layer was the rate-controlling step of the process [100].



The modification of clinoptilolite and chabazite with cetyltrimethylammonium bromide results in higher DS adsorption capacities of 21.9% and 33.7%, respectively [113]. Diclofenac sodium was released rapidly from chabazite, with 97.7% of the drug released in the first hour and 100% released after only 3 h. In the case of clinoptilolite, an initial release of 57% was observed after one hour, followed by a prolonged release of 84% after six hours.




3.2.2. Zeolites as Carriers of Anticancer Drugs


Cancer is one of the most common diseases whose treatment includes surgery, chemotherapy, and radiotherapy [102,114]. The most frequently used anticancer drugs include doxorubicin, 5-fluorouracil, cisplatin, and cyclophosphamide, among others, which can be used alone or in combination with other drugs [114]. However, many of the drugs used in clinical practice cause undesired mutagenic and cytotoxic changes in normal cells, leading to numerous side effects. Zeolites have emerged as suitable carriers for anticancer drugs which can be encapsulated within them and hence may reduce the side effects of anticancer treatment on healthy cells, but also may provide a prolonged exposure of the drug to the cancer cell, resulting in an enhanced anticancer effect [101,106]. As the environment of tumour tissue is more acidic (5.5–6.0) compared to normal tissue (7.4), the focus of many studies is the development of DDS with pH-controlled drug release, which increases the effectiveness of therapy and reduces side effects [115]. This pH-dependent drug release can be especially important when analysing zeolite as a drug carrier for gastrointestinal cancer treatment because pH values significantly vary through different parts of the digestive tract.



Polyphenol curcumin exhibits a wide range of biomedicine applications based on its anticancer, antioxidant, antifungal, and anti-inflammatory properties [105,116,117,118,119]. Encapsulation of curcumin within zeolites improves its solubility and stability in water and increases bioavailability [105]. Karimi et al. investigated the effects of surface modification with polyethylene glycol PEG on drug encapsulation and release efficiency using two synthetic zeolites, Y and ZSM-5 (PEG/Y and PEG/ZSM-5). The results of BET analysis revealed that the efficiency of curcumin encapsulation in zeolite Y (60.06%) was higher compared to ZSM-5 zeolite, while in the case of modified zeolite, the pores were partially coated with PEG, resulting in a lower encapsulation efficiency. Nitrogen adsorption-desorption analysis indicated that zeolite pore volume and surface area decreased after the encapsulation of the drug in the zeolite. In vitro release of curcumin in this study showed that more drug was released in solution with a lower pH value, with a higher amount of drug released from modified zeolites due to the increase in solubility of curcumin in the presence of PEG as well as the weakening of zeolites-curcumin interactions. A maximum drug release efficiency of 67% was achieved for PEG/Y over a period of 120 h [117]. Investigation of cyclodextrin-modified ZSM-5 zeolite for hydrothermal delivery of curcumin showed that higher efficiency was achieved in a more acidic medium (pH 5.5) compared to buffer solution at pH 7.4 [105].



Magnetite-zeolite nanocomposites (MZNC) were tested as carriers for the anticancer drug 5-fluorouracil (5-FU), with a loading capacity that increased with the concentration of 5-FU. Measuring the amount of drug released in buffer solutions showed that 90% of 5-fluorouracil was released from MZNC at pH 5.0 over 360 min. 5-FU encapsulated in MZNC showed concentration-dependent inhibitory effects on the proliferation of gastric carcinoma cells [114].



In another study, three types of micronized zeolites (ZSM-5, Zeolite A, and Faujasite NaX) were investigated and loaded with 5-FU as delivery systems to establish the drug release behaviour in a simulated gastric fluid environment, but also to reveal the cytotoxic effect of zeolites without/with 5-FU on colon cancer cells. The aluminosilicate structure was easier to be altered and decompose in a more acidic solution (pH 1.6) than in a mild acidic solution (pH 5) and the drug was released easier. Furthermore, all applied zeolites had a safe behaviour towards colon carcinoma cells, while the cytotoxic effect on these cell lines was confirmed in their 5-FU-loaded versions, showing the most potency for ZSM-5, followed by ZA and ZX [102]. Therefore, these zeolites can be used as good carriers for anticancer drugs which release in a controlled way.



When compared to Linde Type L (LTL) zeolite, which has monodimensional nanochannels, drug delivery systems based on NaY zeolite showed higher loading efficiency for 5-FU due to the three-dimensional structure. Both NaY and LTL were nontoxic to three cell lines analysed (breast cancer, colon cancer, and melanoma cell lines), even when applied in the highest concentrations. On the other hand, both host zeolites combined with 5-FU exerted toxic effects on all three cell lines and these effects were concentration- and cell type-dependent, with 5-FU/LTL showing a stronger inhibitory effect on cell viability compared to 5-FU/NaY. The toxic effect was more prominent on breast cancer and colon carcinoma cells. In vivo results also showed cell-specificity and led to a higher tumour reduction in breast cancer cells [120]. Encapsulation of 5-FU in LTL zeolite modified with positive amino groups leads to increased DDS internalisation by breast cancer cells and MCF-10 non-cancer epithelial mammary cells, with a more prominent effect in cancer cells compared to normal, which can be attributed to the higher metabolic and growth rates present in malignant cells compared to healthy ones. The results of this study showed that the surface nanoparticle functionalization with positive charges enhanced their internalisation and improved the zeolite efficacy as DDS, by improving their electrostatic interactions with the negatively charged cell membrane of the chosen cell lines. Furthermore, this effect was achieved with the application of a lower drug amount. Overall, these findings emphasise the importance of zeolite structures as DDS and the significance of surface modification in enhancing their efficacy as anti-cancer agents.



Linde type A zeolites and their magnetite nanocomposites can be used for efficient loading and slow-release applications. While the zeolites and their nanocomposites were nontoxic to breast cancer cell lines, the loading of zeolites with doxorubicin (DOX) enhanced cell growth inhibition along with the increase in concentration compared to non-encapsulated DOX, with the highest efficiency for DOX-4A and magnetic DOX-4A [121].



Doxorubicin loaded on ZSM-5/chitosan core-shell (ZSM-5/CS) nanodisks was examined as pH-sensitive DDS for the treatment of osteosarcoma. Its mesoporous structure contributed to the high loading efficiency of 97.7% while chitosan core-shell layers on the surface improved drug delivery efficiency and controlled DOX release. After 7 days of incubation, the maximum cumulative release ratio of DOX was 71% in solutions at pH 5.5. The cytotoxic effect on osteoblastic human osteosarcoma-derived cell line (MG63) cells showed that ZSM-5/CS/DOX toxicity was higher at lower pH (5.5), causing inhibition of cell growth more than free DOX [122].



In research by Abasian et al., chitosan/PLA/NaX/Fe3O4/DOX nanofibers obtained by an electrospinning method were tested as a carrier for doxorubicin. The loading efficiency of the NaX-DOX system reached a maximum of 97%, while the loading efficiency of the DOX-loaded chitosan/PLA/NaX/Fe3O4 nanofiber was reduced to 92% due to DOX release during the electrospinning process. The prolonged release of doxorubicin in two steps consisted of release from NaX, followed by release from nanofibers. The presence of magnetic nanoparticles in the fibers contributed to slowing down the process of drug release, while the presence of a magnetic field showed the opposite effect. The main drug-release mechanism was Fickian diffusion of DOX into buffer solution, as described by Korsmeyer-Peppas kinetics. The maximum death of the human lung epidermoid carcinoma cell line after 7 days of treatment was 82% for DOX-loaded composite nanofibers in the presence of an external magnetic field [123].



Cisplatin (CIS) has been used for the treatment of numerous human cancers, with limited application due to its numerous and serious side effects, extensive resistance, and toxicity [124,125]. Furthermore, because of the drug’s non-specific delivery, high doses are required for treatment, which are very toxic to healthy cells [123,124,125,126]. Investigating the delivery of CIS on synthesized zeolite Y nanoparticles revealed that this DDS was pH-, concentration- and time-dependent. In vitro drug release assessment showed that CIS release from ZC-NPs was faster in an acidic environment (pH 5.4) with a maximum drug release of 93.8%. The zeolites alone increased the viability of MG63 cells, while the CIS incorporated within zeolite decreased cell viability, but to a less extent compared to CIS alone [124].



Similar results were obtained in a study that investigated a polycaprolactone-zeolite (PCL-Z) nanocomposite Y-scaffold as a drug delivery system for CIS in the treatment of osteosarcoma. The release rate of a CIS from the zeolite carrier was pH-dependent, showing that 87.6% of the drug was released at pH 5.4 during 28 days of incubation. The presence of the zeolite in the PCL-Z scaffold increased MG63 cell viability, while the release of CIS from this nanocomposite showed a cytotoxic effect on these cells [125].



Two synthetic zeolites FAU and LTA in their sodium forms (NaY and NaA) were used for the encapsulation and controlled release of an anticancer agent, α-Cyano-4-hydroxycinnamic acid (CHC). The zeolite NaA adsorbed 67–76% of the CHC in solution, while the adsorption capacity of the NaY zeolite was 85%. Both applied zeolites exerted no toxic effect on cancer cells. On the other hand, a significant increase in the drug effect on the human colon cancer cells was observed when applying CHC in the zeolite system compared to CHC alone, and this effect was concentration-dependent and more prominent in zeolite combination with NaY compared to NaA. CHC-zeolite combination led to an inhibition of cell viability up to 146-fold (CHC/NaA) and even 585-fold (CHC/NaY) when compared to the non-encapsulated drug. These results could be attributed to the more open structure of NaY that allows drug diffusion, making it a more efficient drug delivery system [103].



The current challenge in treating cancers is to replace conventional chemotherapy with an in-situ drug delivery system to enhance drug efficiency. Currently, zeolites as pH-sensitive delivery systems with their exceptional physiological stability are very promising contestants in cancer treatment procedures and the development of a new delivery system with multifunctional activity. In experimental models in vivo and in vitro, the use of zeolites as scaffolds for anticancer drugs, can provide effective and sustained drug release and may aggravate the inhibitory effect on various cancer cells compared to the anticancer drug applied alone. Zeolites are denoted as a promising system for targeted delivery of chemotherapeutic agents by promoting their therapeutic efficiency, reducing undesired side effects, and diminishing their toxicity on the healthy surrounding tissue.



Besides zeolites, metal-organic frameworks (MOFs) possess certain advantages compared to other DDSs such as definite crystalline structure and flexibility in creating them from scratch [127]. Zeolitic imidazolate frameworks (ZIFs) seem to be nowadays the most frequently studied MOFs as DDSs, especially because of their biocompatibility, and simple synthesis procedures [128]. ZIFs have especially harvested interest as pH-sensitive drug carriers with high drug loading capacities and biodegradability, which remains stable in neutral and basic media, but quickly collapses in the strong acidic aqueous solution [129]. ZIFs were particularly successfully confirmed as anticancer DDS [130].



Hao et al. reported the evaluation of the possible beneficial applications of zeolites and ZIFs as DDS for anticancer drugs, including doxorubicin (DOX), 5-fluorouracil (5-FU), curcumin, cisplatin, and others [131]. Following PRISMA guidelines, after screening the full texts published till August 2021, 53 articles remained and were included in the analysis. Clinoptilolite is currently the only zeolite registered in the EU as a medical device, and can be used in oral treatment, as drug carriers and delivery systems. Despite that fact, CLI was included as anticancer DDS in only three studies. The study claimed that 35 studies included ZIFs based supports for DDSs, of which in 31 considered particularly ZIF-8. FAU types of zeolites follow in the number of reported results as DDS carriers, i.e., 19 studies included NaX, NaY, or nano NaY zeolites.



What is the secret of such an interest in ZIF-8 as a carrier in anticancer DDS? Computer simulations and molecular modelling helped to clarify that the diffusion of 5-fluorouracil (5-FU) and caffeine (CAF), model drugs, between neighbouring pores in ZIF-8 is strictly restricted due to large energy barriers. The study of Proenza and Longo shows that the inner pores of ZIF-8 surface model were inaccessible to the 5-FU and CAF, but accessible to the solvents (methanol or water) [132]. The outstanding reliability of the ZIF-8 surface model relies in its appropriate explanation of the surface and by exposing adsorption sites such as undercoordinated zinc ions to interactions with large molecules, achieved by changing the periodic conditions from the atomistic level to a higher molecular level, such as a ZIF-8 nanocrystal. Perhaps future considerations of zeolites as drug carriers should take into account the comparative advantages demonstrated by ZIF, modifying them to be more suitable, reliable and effective.



Current research trends in the adsorption phenomenon using porous materials [133,134] along with innovative adsorbent characterization [135] reveal the utmost importance of the subject in both medical and environmental areas and offer novel and comprehensive ideas and solutions which may further assist drug/carrier design.






4. Conclusions


As a conclusion, here are listed some of the perspectives that may be addressed in future zeolite use as a removal tool of pharmaceuticals and/or other pollutants from the aquatic environment:




	-

	
main interactions in the pollutant-zeolite system assisted by spectroscopic methods, especially in post-adsorption studies;




	-

	
targeted interactions lead to a comprehensive understanding of the adsorption mechanism. Once we know the mechanism in detail, we can elucidate a number of target pollutants. If a designed zeolite adsorbent shows substantial adsorption capacity for one species, can it be applied for the other or their occurring mixtures?




	-

	
sometimes zeolites are designated as costly materials, and novel routes for synthesis, from waste materials, are beneficial;




	-

	
what to do with the spent adsorbent, does this impose a significant shortcoming of mainly physical removal techniques? Some innovative solutions are offered, mostly in the pyrolysis of the spent adsorbents and subsequent employment as electrode materials;




	-

	
environmentally relevant concentrations and/or flow techniques may be employed in the second step of the adsorption test aimed at pharmaceuticals removal. This requires HPLC/UPLC techniques, preferably with sensitive detection such as mass spectrometry. For volatile pharmaceuticals, GC/MS methods are also available.




	-

	
a focus needs to be shifted to real effluents, with a range of concurrent adsorbing ions, mostly metals, and organic matter;




	-

	
test whether the adsorption, as a removal technique, leaves the environment more toxic than the pollutant itself;




	-

	
apply a range of quantum mechanical calculations to guide future adsorbent design as this state-of-the-art calculation can point out exactly what to expect from your adsorption system and enable future predictions.









If we talk about zeolites as drug carriers in pharmacotherapy, the above listed considerations are more or less appropriate for this application of interaction between zeolites and pharmaceuticals. Future directions of investigations must cover several important issues:




	-

	
first, there is a need to study and ensure the lowest possible level of toxicity;




	-

	
expand the therapeutic range of DDS, improving more benefits and less side effects of pharmacological active compounds;




	-

	
raise the specificity of targeted sensitive sites of DDS action;




	-

	
work to achieve appropriate kinetics of release of pharmacologically active components. Parallel development of reliable, sensitive and specific analytical methods for following such a low concentration level of drugs in situ are more than desired.









This is certainly a topic within which researchers will be motivated to shed more light in the future, because of its important potential benefits, and as to a final conclusion—adsorption does matter.
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Figure 1. A double 4-members ring (D4R) and double 6-members ring (D6R) as examples of SBUs. Red atoms are oxygen and blue atoms are silicon or aluminium atoms. 
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Figure 2. The framework structure for SOD (left), LTA (middle) and FAU (right) zeolitic network. 
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Scheme 1. Pharmaceutical adsorption by zeolites from aquatic media. 
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Table 1. Some types of zeolites.
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Synthetic

	
Natural




	
Structure

	
Zeolite Type

	
Structure

	
Zeolite Type






	
LTL

	
Zeolite L

	
HEU

	
Clinoptilolite




	
LTA

	
Zeolite A

	
MOR

	
Mordenite




	
MFI

	
ZSM-5 Zeolite

	
CHA

	
Chabazite




	
FAU

	
Zeolite X

	

	




	

	
Zeolite Y

	

	




	
BEA

	
Beta Zeolite
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