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Abstract

:

This work aimed to test composites (surfactant modified zeolites prepared by treatment of natural zeolites—clinoptilolite (IZ CLI) and/or phillipsite (PHIL75)-rich tuffs with two different amounts of cationic surfactants: cetylpyridinium chloride (CPyCl) and Arquad® 2HT-75 (ARQ)) for the adsorption of salicylic acid (SA)—a common contaminant of emerging concern. Adsorption of SA was studied at different initial drug concentrations (in the range of 2–100 mg/L) in water solution. The Langmuir isotherm model showed the highest adsorption was achieved by bilayer composite of IZ CLI and CPyCl—around 11 mg/g. Kinetic runs were performed by using the initial drug concentration of 20 mg/L in the time interval from 0 to 75 min and pseudo-second order had good correlation with experimental data. The influence of the four different temperatures on the SA adsorption was also investigated and thermodynamic parameters suggested that the adsorption drug onto composites is an exothermic and nonspontaneous process, followed by the decrease of randomness at the solid/liquid interface during the adsorption. Zeta potential and Fourier-transform infrared spectroscopy with attenuated total reflectance (FTIR-ATR) had been performed for the characterization of composites after adsorption of SA confirming the presence of the drug at composite surfaces.
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1. Introduction


Emerging contaminants (ECs) are a large group of naturally occurring or manmade compounds present in the environment whose toxicity or persistence could affect the health of living beings [1]. Several groups are considered as ECs: pharmaceuticals, steroid hormones, personal care products, pesticides, surfactants, fragrances, plasticizers, flame retardants, nanoparticles, perfluoroalkyl compounds, algal toxins, various trace elements such as rare earths, and radionuclides [2,3,4,5]. Currently, these compounds are not subjected to any discharge limitations; however, ECs are becoming a growing concern due to their often detection in different water bodies in concentrations from a few ng/L to a few hundred µg/L, and even mg/L in industry effluents [3,4,6]. Effluents from wastewater treatment plants (WWTPs) are a significant source of ECs since conventional treatment is often inadequate for removal of these pollutants [7,8,9], this enables ECs to further spread through surface water and ultimately to reach drinking water, potentially affecting human health [4,10]. Different techniques have been used for water treatment such as membrane filtration, advanced oxidation processes (oxidation, ozonation, ultrasonic irradiation, etc.), electrochemical and biological processes, etc. [11,12]. However, each method has some disadvantages, like high operational costs, formation of by-products, or complexity of the process [11,12,13,14]. Therefore, adsorption—as a low-cost, simple, environmentally friendly, and by-product free option—is a promising technique [12,14,15].



Natural zeolites are extensively studied as adsorbents of heavy metal cations [16,17,18,19,20]. However, these minerals have no affinity toward low-polar molecules and anions; thus, to overpower this limitation zeolitic surface can be modified with cationic surfactants producing surfactant modified natural zeolites (SMNZs). At the zeolitic surface, molecules of cationic surfactant can be arranged in monolayer or bilayer, depending on the surfactant amount used for modification as well as the counter ion effects [21,22]. Monolayer composites (containing surfactants in amounts up to 100% of ECEC) have an affinity towards hydrophobic molecules, whereas bilayers (with amounts of surfactant above ECEC value) besides hydrophobic molecules could also adsorb anions [23,24,25,26]. Consequently, SMNZs have the ability to simultaneously adsorb different pollutants: cations, anions, organic molecules, and pathogens [15,20,27,28,29,30,31].



Among the pharmaceuticals, especially important are antibiotics and steroid hormones, but also nonsteroidal anti-inflammatory drugs (NSAIDs): diclofenac (DCF), ibuprofen (IBU), salicylic acid (SA), naproxen (NAP), etc. These compounds are frequently detected in water because of their massive consumption [3,4,32,33]. SMNZs have been examined for pharmaceutical purposes—as carriers of NSAIDs [21,34,35,36,37,38,39]. Some of the findings were that amounts of adsorbed DCF and IBU were around a few dozen of mg/g and that this number increased when the initial drugs concentrations increased [21,34,35,36,37,38,39]. However, literature about the application of SMNZs for the removal of NSAIDs from water is sparse [40,41,42]. In our previous studies, removal of DCF, KET, IBU, and NAP using SMNZs prepared by modification of clinoptilolite and phillipsite-rich tuffs with cetylpyridinium chloride (CPyCl) and Arquad® 2HT-75 (ARQ) (100% and 200% of ECEC values) were reported [41,42]. Characterization of obtained composites by Fourier-transform infrared spectroscopy with attenuated total reflectance (FTIR–ATR), simultaneous thermal analysis (STA) with evolved gases analysis (EGA), and determination of zeta potential, confirmed the presence of surfactants at clinoptilolite and phillipsite surfaces. It was pointed that DCF, KET, IBU, and NAP adsorption increased with increasing the amount of either CPyCl or ARQ in composites. The highest amounts of drugs were achieved with the composites with the highest level of surfactants. Results confirmed the effectiveness of adsorbents for the removal of the four mentioned drugs.



Salicylic acid, metabolite of acetylsalicylic acid (ASA)—the active component of aspirin (in vivo hydrolyzed to SA)—is used in cosmetic products due to its keratolytic and antifungal properties [3,7,12,43,44,45]. The use of SA in high concentrations can cause severe health problems and even death (3.1 deaths per 1000 aspirin ingestions compared to 0.1 per 1000 IBU ingestions) [12,44]. For this reason, the presence of SA in water, frequently detected in concentrations from ng/L to µg/L depending on water type (WWTPs influent/effluents, hospital waste, pharmaceutical industry effluents, surface water, etc.) is a rising concern, and its removal from water is of great importance [5,7,12,32,43,46,47,48,49]. Between three metabolites of ASA, SA had intermediate acute toxicity to daphnids (EC50 values were 1945.32 and 1147.57 mg/L for Daphnia magna and Daphnia longispina, respectively), whereas chronic exposures to SA affected normal reproduction or growth in both types of cladocerans [43]. Another study has shown no acute toxicity for species Daphnia magna and bacterium Vibrio fisheri, at two tested concentrations of 32 µg/L and 500 µg/L as well as no chronic toxicity (tested on Ceriodaphnia dubia and Selanastrum capricornutum at concentration 32 µg/L) [48]. Literature data on application of SMNZs as adsorbents for SA are rare. Only, clinoptilolite modified with benzalkonium chloride (in amount 500% of ECEC value) was tested as carrier of SA [50], while a commercial zeolite modified with hexadecyltrimethylammonium chloride—HDTMA (100% of ECEC value) was investigated as adsorbent of SA [50,51].



The present study aims to examine if the previously prepared composites of clinoptilolite and phillipsite-rich tuffs with CPyCl and ARQ (100% and 200% of ECEC values) are capable to adsorb SA, a metabolite of a common anti-inflammatory drug ASA. The influence of structure of surfactants (CPyCl has aromatic ring and single alkyl chain, while ARQ has two alkyl chains) on adsorption of SA was evaluated. The drug adsorption experiments were performed in distilled water, under the following conditions: different initial drug concentration, contact time, and temperature. The prepared composites were used for the first time for SA adsorption. The mechanism of SA adsorption by composites was also suggested based on the drug adsorption experiments as well as on the characterization of composites after SA adsorption.




2. Materials and Methods


Natural zeolite from Turkey (IZ CLI) with 79 wt % of clinoptilolite and a zeolitic-rich tuff from Italy (PHIL75), with 58 wt % of zeolite content (mainly ca. 44 wt % of phillipsite and minor chabazite and analcime), were used as starting materials. Mineralogical and chemical characterizations of IZ CLI and PHIL75 were reported elsewhere [41,52,53,54]. Modification of tuffs with CPyCl and ARQ resulted in surfactant modified natural zeolites. Used surfactant concentration was equivalent to 100% or 200% of zeolites’ ECEC value, necessary for monolayer and bilayer formation, respectively. Eight composites were prepared: IZ CLI-CPyCl-monolayer (CCM), IZ CLI-CPyCl-bilayer (CCB), IZ CLI-ARQ-monolayer (CAM), IZ CLI-ARQ-bilayer (CAB), PHIL75-CPyCl-monolayer (PCM), PHIL75-CPyCl-bilayer (PCB), PHIL75-ARQ-monolayer (PAM), and PHIL75-ARQ-bilayer (PAB) [41,42]. Starting materials and SMNZs were previously characterized by STA coupled with EGA, FTIR-ATR, and zeta potential measurements [41,42]. In this work, determination of the point of zero charge (pHpzc) of starting materials and SMNZs was performed. The pHpzc was evaluated in accordance with the procedure given in the literature [55]. Experiments were performed by using KNO3 as an inert background electrolyte, at three concentrations: 0.001, 0.01, and 0.1 M [55]. For each concentration of KNO3, the initial pH (pHi) was adjusted using small amounts of 0.1 M HNO3/KOH. The measurements were performed on a pH/ion meter (781, Metrohm AG Metrohm AG, Herisau, Switzerland). Then, 10 Erlenmeyer flasks were used, each containing 50 mL of appropriate salt solution and 0.1 g of either starting materials or SMNZs. Suspensions were shaken at 300 rpm for 24 h at room temperature (shaker Unimax 1010, Heidolph Instruments, Schwabach, Germany), filtered using qualitative very slow filter paper (7970267, Lab Logistics Group GmbH, Meckenheim, Germany), and the final pH of each filtrate was measured (pHf). The pHpzc of samples was determined as the pH value at the plateau of the curve pHf = f(pHi).



Salicylic acid [CAS: 69-72-7] was of the analytical grade (≥98%), supplied from Merck Group (Darmstadt, Germany). The structural formula and basic physicochemical characteristics of SA are presented in Table 1.



The SA adsorption isotherm runs were carried out by addition of 25 mg of each SMNZ to 50 mL of SA solution—initial concentrations from 2 to 100 mg/L, under continuous shaking (300 rpm, room temperature) for 75 min. Samples were filtered and filtrates were kept for UV–VIS spectroscopy (Spectrophotometer UV—1800, Shimadzu, Kyoto, Japan), while absorbance was measured at λ = 296 nm.



To study the effect of temperature thermodynamic runs were conducted at—303.15, 313.15, 323.15, and 333.15K by mixing 25 mg of each adsorbent and 50 mL of SA solution (C0 = 20 mg/L), and suspensions were shaken for 75 min at 300 rpm in the incubator (Incubator 1000, Heidolph Instruments, Schwabach, Germany). Afterward, suspensions were filtered and filtrates analyzed by UV–VIS. Thermodynamic parameters: the change of standard free energy of adsorption (ΔG°), the change of standard enthalpy (ΔH°), and the change of standard entropy (ΔS°) were calculated. Kinetic runs of SA adsorption onto composites were evaluated as reported in our previous papers [41,42]. Briefly, 500 mg of each composite was mixed for 75 min with 1 L of drug water solution (C0 = 20 mg/L, pH~5). At fixed time intervals, 5 mL aliquots were taken, filtered, and tested on UV–VIS. Zeta potential of composites before and after SA adsorption (samples collected after kinetic runs) in water suspension (0.1 g/L) was evaluated using a Zetasizer Nano ZS90 (Malvern Panalytical, Malvern, UK). Additionally, pure SA and composites before and after SA adsorption were characterized by FTIR spectroscopy. All spectra were acquired using Nicolet iS50 spectrophotometer (Thermo Fisher Scientific, Waltham, United States) with a diamond attenuated total reflectance (ATR) accessory over a range 4000–400 cm−1 and with the resolution of 2 cm−1 and 64 scans. Omnic 9.2 software (Thermo Fisher Scientific, Waltham, MA, USA) was used to process spectra and the baseline and atmospheric influence (CO2 and H2O) correction was made.




3. Results and Discussion


3.1. Point of Zero Charge (pHpzc)


The removal efficacy of adsorbents for low polar molecules depends on the physicochemical properties of adsorbate molecules (polarity, solubility, dissociation constants, etc.). From Table 1, it can be seen that SA is an ionized compound, thus has different forms depending on pH values. Additionally, efficacy of adsorbents is dependent on their physical properties (the total charge and charge distribution, the size of pores, accessible surface area, etc.) [60,61,62]. The pHpzc is also a significant property of minerals that defines the state of the surface of a dispersed solid phase at the solid-electrolyte solution surface [63]. The pH at which the sorbent surface has an equal amount of positive and negative active sites (the surface has zero net charge) is called pHpzc. In a certain range of solution pH, adsorbent will act as a buffer, trying to reach the pHpzc value. For example, if solution pH is higher than pHpzc, the hydroxyl group will start to dissociate. The surface will become negatively charged; simultaneously, the concentration of protons in the solution will increase, leading to a decrease in pH value. If pH < pHpzc, hydroxyl groups will associate protons from the solution, the surface will become positive, while pH will increase to reach pHpzc [64]. To comprehend if the modification of zeolite-rich tuffs (IZ CLI and PHIL75) with cationic surfactants had an influence on the surface charge of adsorbents, the pHpzc values were determined for the starting zeolite-rich tuffs as well as the composites and presented in Figure 1 and Figure 2.



From Figure 1 and Figure 2, it can be seen that for all adsorbents, curves pHf = f(pHi) show the same shape and have a plateau that represents the pH range where the zeolitic surface will behave as a buffer. The increase of the final pH (pHf) with the increase of the initial pH (pHi) up to ~5.0 was observed for the starting clinoptilolite and its modified samples, where the plateau began, except for CAB, where the plateau starts at ~4.5. For all clinoptilolite samples, plateaus end at pH around 10.0. Within these values, pHf were independent on the pHi. For starting phillipsite and its modified zeolites, plateaus were observed from ~3.5 to ~9.8. At plateaus, all adsorbents exhibit amphoteric properties. The plateaus of the curves correspond to the pH range where the buffering effect of the zeolitic surface takes place—i.e., where for all pHi in this range, pHf is almost the same and corresponds to pHpzc [64]. By comparing the pHpzc values of the starting clinoptilolite (pHpzc = 5.5) and its four modified zeolites (pHpzc = 6.5), and the starting phillipsite (pHpzc = 7.2) and its composites (pHpzc = 7.2), it can be seen that cationic surfactants present at the clinoptilolite surfaces slightly increase the pHpzc of the zeolitic tuff. For phillipsite samples, pHpzc was not changed after adsorption of surfactants ions. According to Daković et al. (2010), these results suggest that SMNZs have similar surface functional groups with similar acid and basic characteristics as starting materials [64]. Since SA adsorption by SMNZs was followed in distilled water (pH around 5), the results of the pHpzc suggest that the surfaces of SMNZs are uncharged at this pH value. Additionally, different ionic strengths of electrolyte KNO3 were not influencing the pHf = f(pHi) curves; in other words, the curves were overlapping and this is an indication that K+ or NO3− ions were not specifically adsorbed on SMNZs surfaces [63,65].



The obtained results for pHpzc of starting zeolites and their SMNZs were in agreement with the literature data. For example, modification of clinoptilolite with HDTMA (0.25 L of a 0.03 M HDTMA solution was mixed with 25 g of zeolite tuff) did not change pHpzc—it remained around 6.9 [66]. Clinoptilolite modified with benzalkonium chloride (below and equal to ECEC of clinoptilolite) had the same pHpzc values of 6.8 for all composites [67]. In another study, clinoptilolite was modified with three levels of octadecyldimethylbenzyl ammonium (ODMBA) (below and equal to ECEC value of clinoptilolite), and pHpzc values changed from 6.8 ± 0.1 for starting clinoptilolite to 7.0 ± 0.1 for the three organozeolites [64].




3.2. Drug Adsorption


3.2.1. Adsorption Isotherms of SA on Composites


Adsorption isotherms of SA from water solution by IZ CLI and PHIL75 composites are presented in Figure 3. Results suggested that for all samples, adsorption of SA increased when the initial drug concentration increased. Additionally, adsorption of SA increased with increasing of the amount of both surfactants in SMNZs. It was noticed that adsorption of SA was higher for SMNZs obtained from IZ CLI than for PHIL75 modified zeolites, probably due to the higher zeolitic (clinoptilolite) content in IZ CLI. Additionally, drug adsorption followed orders: CCB > CAB > CCM > CAM and PCB > PAB > PCM > PAM, making it easier to notice that bilayer composites had higher adsorption capacity than monolayer composites, showing that the amount of used surfactant for modification of the tuffs is a very important parameter. Another observation is that composites with CPyCl had better adsorption compared to the ones with ARQ, this can be explained by different chemical structures of used surfactants, which are influencing their different arrangements at the zeolitic surface [42], consequently leading to different adsorption affinity for SA. The highest adsorption was observed for IZ CLI and PHIL75 containing CPyCl in amount equal to 200% of zeolites ECEC value (samples CCB and PCB). On these adsorbents, maximum adsorbed amounts of SA were 10.6 and 7.5 mg/g, for CCB and PCB, respectively. Results confirmed the fact that adsorption of relatively nonpolar molecules is influenced by the physical properties of zeolites and the type of used surfactant [34,41,63,68,69].



Adsorption of SA followed nonlinear isotherms, for this reason Langmuir and Freundlich isotherm models were used to fit the experimental data and are given with the equations


   Q e  =    Q  m a x    K L   C e    1 +  K L   C e     



(1)






   Q e  =  K F   C e      1 n     



(2)




where    Q e    (mg/g) is the amount of loaded adsorbate,    C e    mg/L) is the concentration of adsorbate in solution at equilibrium, Qmax (mg/g) is the highest concentration of adsorbate, KL (L/mg) and KF (L/mg) are Langmuir and Freundlich constants, respectively. While 1/n is a constant associated with adsorption intensity [70].



Langmuir isotherm (Equation (1)) is based on assumption that adsorbate molecules can form only one layer, and for this reason, the curve reaches a plateau [41,42]. Freundlich isotherm (Equation (2)) takes into consideration the heterogeneity of adsorbents. The constant n in the Freundlich equation is a constant that represents the parameter characterizing quasi-Gaussian energetic heterogeneity of the adsorption surface [71]. The amount of adsorbed molecule is the summation of adsorption on all sites (different bonding energies), with the stronger binding sites being occupied first, until adsorption energy exponentially decreases upon the completion of the adsorption process. The n constant gives an indication of the favorability of adsorption and it is stated that n in the range of 2–10 represent good, 1–2 moderately difficult, and less than 1 poor adsorption characteristics [71]. Chosen mathematical models were evaluated considering the determination coefficients (R2), and Akaike weight parameter (AICw—higher the value, a mathematical model is considered as a better approximation of experimental data) [72,73]. The calculated parameters of adsorption isotherms are given in Table 2, and based on AICw values, in most cases a better fit was achieved with the Freundlich model. On the other hand, although slightly lower correlation coefficients were achieved with Langmuir model, a good agreement of the experimental data was also obtained with this model.



Nonlinear isotherms were also reported for adsorption of SA on different organomodified minerals, and an overview on literature, together with data from this study, is given in Table 3. According to literature, nonlinear isotherms obtained for adsorption of relatively nonpolar molecules (such as NSAIDs) onto the SMNZs indicate a complex adsorption mechanism that includes hydrophobic partitioning and ion exchange [63,68,69,74]. SA is a relatively nonpolar molecule and exists in the anionic form at pH > 3 (see Table 1). Thus, nonlinear isotherms for SA (Figure 3) indicate that in the case of monolayer composites, SA is adsorbed through electrostatic interactions with the surfactant cationic heads attached directly to the zeolite surface and also through hydrophobic interactions between the surfactant chains and hydrophobic parts of SA. Simultaneously with this process, additional interaction happens, especially when bilayer composites are used as adsorbents—counter anions in surfactant molecules (such as chlorides) are exchanged with the anionic form of the investigated drug. The higher SA adsorption capacities for bilayer composites confirmed that anion exchange contributes significantly to the overall adsorption process.




3.2.2. Thermodynamic Runs


The data collected for adsorption of SA on composites at four temperatures (303.15, 313.15, 323.15, and 333.15 K) were used to estimate thermodynamic parameters. The changes of standard free energy of adsorption (ΔG°), standard enthalpy (ΔH°), and standard entropy (ΔS°) were calculated from the equations


ΔG° = −RTlnK



(3)






lnK = ΔS°/R − ΔH°/(RT)



(4)




where T is the temperature in Kelvin (K), R is the gas constant (8.314 J/mol K), and K is the partitioning coefficient (the ratio of the equilibrium amount of adsorbed drug and equilibrium concentration of drug remaining in solution). ΔG° was calculated from Equation (3), whereas ΔS° and ΔH° were estimated from the slope and intercept of the plots   ln K = f    1 T      Equation (4)) [77]. The values of thermodynamic parameters for the adsorption of SA are given in Table 4.



All composites had the positive values of ΔG° indicating that the adsorption of SA is a nonspontaneous process [78]. It is observed that for monolayer composites ΔG° values were higher than for bilayer samples, suggesting that for CCM, CAM, PCM, and PAM adsorption of SA is an even less spontaneous process. Additionally, the change of standard free energy increased as temperature increased, leading to the conclusion that adsorption is less favorable at higher temperatures. Considering ΔH°, almost all composites had negative values indicating that SA adsorption is exothermic [79]. Calculated positive ΔH° values were obtained only for CAB and PAM samples. The ΔS° values were negative for all adsorbents, suggesting the decrease of randomness at the solid/liquid interface during the adsorption of SA onto composites, which is probably caused by more regular arrangement of SA molecules onto their surfaces [79,80].




3.2.3. Kinetic Runs


The effect of contact time on SA adsorption onto SMNZs is shown in Figure 4. Results indicate that when the amount of cationic surfactant used in the modification of starting materials was 200% of their ECEC values (CCB, CAB, PCB, and PAB), the adsorption rate increased rapidly and adsorption equilibrium was reached in approximately 10–15 min.



Adsorption of SA was also very fast for PHIL75 monolayer sample (PCM), while for PAM, equilibrium was reached after 45 min, whereas for IZ CLI monolayer composites (CCM and CAM) more time was necessary (~60 min). For the initial SA concentration of 20 mg/L (40 mg/g), higher adsorption of SA was observed for IZ CLI composites than for PHIL75 modified samples. Among IZ CLI composites, maximum adsorbed amounts of drug were 7.8 and 6.8 mg/g for CCB and CAB, respectively. Monolayer samples showed maximum adsorbed amounts of SA—3.1 mg/g (CAM) and 2.7 mg/g (CCM). Similar behavior was noticed when PHIL75 was used as starting material. Bilayer composite with CPyCl (PCB), showed maximum adsorbed amount of SA of 4.2 mg/g, while composite containing ARQ bilayer (PAB) adsorbed slightly less amount of drug (3.6 mg/g). Between monolayer samples, composite with CPyCl (PCM) adsorbed 2.2 mg/g of SA, while for PAM sample adsorption of SA was 0.8 mg/g.



The kinetic runs for SMNZs are often described with a pseudo-first order (PFO) and a pseudo-second order (PSO) model [36,38,81,82,83], given by the equations


   Q t  =  Q  m a x     1 −  e  −  K 1  t     .  



(5)






   Q t  =    K 2   Q  m a x  2  t   1 +  K 2   Q  m a x   t   .  



(6)




where Qt is the amount of drug adsorbed by adsorbent (mg/g) as a function of time t (min), Qmax is adsorbate concentration at equilibrium, whereas K1 and K2 are the pseudo-first and the pseudo-second-order constants, respectively.



Based on statistical criteria (Table 5), better goodness-of-fit was achieved by PSO. Good agreement with PSO model was also reported in our previously published results on adsorption of DCF, IBU, KET, and NAP by the same composites [41,42]. Pseudo-second order model was also successful in describing kinetics when IBU was adsorbed on phillipsite-rich tuff [39] or clinoptilolite-rich tuff [84] modified with CPyCl, benzalkonium chloride, or HDTMA-Cl/Br.





3.3. Characterization after Adsorption


3.3.1. Zeta Potential


Zeta potential values for composites before and after adsorption of SA are illustrated in Figure 5.



Results suggest that adsorption of SA caused changes in the surface charge of all surfactant modified zeolites, providing evidence that SA molecules are present at the surface of composites. It is observed, that for bilayer composites containing CPyCl—after adsorption of SA—zeta potential changed from +37.7 mV for sample CCB to +7.3 mV, while for PCB, zeta potential changed from +30.6 mV to +2.3 mV. For monolayer composite CCM, zeta potential (+7.2 mV) becomes negative after adsorption of SA (−11.4 mV), while for PCM, zeta potential changed from +2.8 mV to −10.1 mV after adsorption of SA. When SA was adsorbed on ARQ bilayer composites, zeta potential changed from +36.1 mV for sample CAB to +18.3 mV, while for PAB, from +33.5 mV to +19.9 mV. Adsorption of the drug on composites containing ARQ (amount equivalent to 100% of ECEC value) changed potential from −14.2 mV to −13.0 mV (sample CAM) and from +2.0 mV to −12.2 mV (sample PAM). Differences in values of zeta potential after adsorption of SA on IZ CLI and PHIL75 composites may be caused by the different arrangement of and ARQ ions at their surfaces and are the consequence of the different structures of surfactants (CPyCl contains one alkyl chain, while ARQ possesses two alkyl chains). Thus, when the amount of CPyCl was equal to ECEC value (CCM and PCM), zeta potential was close to zero confirming nearly monolayer formation and almost complete hydrophobicity of both zeolitic surfaces [35]. When ARQ amount was 100% ECEC, potential of clinoptilolite sample (CAM) was negative, while for phillipsite sample (PAM) became close to zero. This may be an indication that ARQ ions are adsorbed as micelle at clinoptilolite surface, leaving part of the surface uncovered. For phillipsite, which possess more available sites for ARQ adsorption, surfactant ions are uniformly adsorbed forming a monolayer. When the amount of both surfactants was 200% of the ECEC value, zeta potential became positive, pointing to charge reversal and bilayer formation at clinoptilolite and phillipsite surfaces. After adsorption of SA, zeta potential of samples containing monolayer (CCM, PCM, and PAM) or micelle (CAM), became or stayed negative; while for all bilayer composites, zeta potential decreased but was still positive. The decrease of zeta potential for bilayer composites after adsorption of SA was more pronounced for composites containing CPyCl (CCB and PCB) indicating that hydrophobic part of SA and its anionic form are involved in adsorption. For ARQ bilayer composites (CAB and PAB), hydrophobic interactions of the hydrophobic part of SA with alkyl chains dominate, while the anionic form of SA contributes less to the overall adsorption.




3.3.2. FTIR-ATR


FTIR-ATR spectra for SA, and composites before and after adsorption of SA, are given in Figure 6. The results have shown that after adsorption, peaks at 2920 cm−1 and 2850 cm−1 (symmetric and asymmetric C-H stretching vibrations), and at 1466 cm−1 (C-H bending vibration) originating from surfactant present at the zeolitic surface [42] were reduced. Most likely this happened because small amounts of the loosely bound surfactant molecules were released during the adsorption experiment [37]. Additionally, small changes in spectra after adsorption, in the region between 1490 cm−1 and 1380 cm−1, evidenced the adsorption of SA. For example, a low-intensity peak at 1386 cm−1 characteristic for this drug (slightly shifted from 1384 cm−1) has appeared in bilayer composites: CCB + SA, CAB + SA, and PAB + SA, while in the case of monolayer composites this peak was not visible probably due to the lower adsorption of SA onto these composites. Additionally, incorporation of SA in composites CAB and PAB slightly increased the intensity of peak at 1486 cm−1 (C-H bending vibration). No relevant variations in wavenumbers of the bands assigned to zeolite-rich tuffs after drug incorporation were observed, indicating that zeolitic framework was unaltered.






4. Conclusions


In this study, previously prepared and characterized monolayer and bilayer composites of natural zeolites and cationic surfactants, CPyCl and ARQ, were tested for the removal of SA—an emerging contaminant. Additional characterization—namely determination of pHpzc—was performed and the results have suggested that experimental conditions, such as pH, could play a significant role in the adsorption process. Based on adsorption isotherm, the highest adsorption of SA was achieved by the bilayer composites suggesting hydrophobic partitioning and ion exchange as two simultaneous adsorption mechanisms. Adsorption capacities of tested SMNZs were in a range from 1.7 to 11 mg/g. Kinetic runs have suggested that adsorption of SA is a fast process and a good correlation of experimental data with pseudo-second order was confirmed, while thermodynamic parameters suggest that adsorption of SA onto composites is a nonspontaneous, exothermic process followed by a decrease in randomness at the solid/liquid interface. Characterization of SMNZs after adsorption of SA confirmed drug adsorption and that there were no structural changes in zeolitic framework. Results showed that SMNZs have an affinity for the removal of SA and potential for decontamination of polluted water.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ma14247728/s1, Figure S1. ΔpHf = f(pHi) plots for: (a) starting material IZ CLI, (b) CCM, (c) CCB, (d) CAM, and (e) CAB). Experiments were carried out using three different concentrations of KNO3 (0.001 M, 0.01 M, and 0.1 M). pHpzc value of each material was taken as the average value of the curves` intercept with the x-axis; Figure S2. ΔpHf = f(pHi) plots for: (a) starting material PHIL 75, (b) PCM, (c) PCB, (d) PAM, and (e) PAB). Experiments were carried out using three different concentrations of KNO3 (0.001 M, 0.01 M, and 0.1 M). pHpzc value of each material was taken as the average value of the curves` intercept with the x-axis.





Author Contributions


Conceptualization, A.D.; formal analysis, M.O. (Milena Obradović) and M.O. (Milica Ožegović); investigation, M.O. (Milena Obradović), M.O. (Milica Ožegović), and D.S.; resources, A.D. and B.d.G.; writing—original draft preparation, D.S. and A.D.; writing—review and editing, F.I., C.G., and B.d.G; visualization, D.S.; supervision, A.D. and B.d.G; project administration, F.I. and C.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Ministry of Education, Science, and Technological Development of Republic of Serbia, grant number 451-03-9/2021-14/200023. Chiara Germinario was supported by the research grant on the project PON AIM1845378-1; CUP: F84I19000040001 (funded by Ministry of Education, University and Research, Italy).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on the request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sauvé, S.; Desrosiers, M. A review of what is an emerging contaminant. Chem. Cent. J. 2014, 8, 1–7. [Google Scholar] [CrossRef]

	



Rodil, R.; Quintana, J.B.; Concha-Graña, E.; López-Mahía, P.; Muniategui-Lorenzo, S.; Prada-Rodríguez, D. Emerging pollutants in sewage, surface and drinking water in Galicia (NW Spain). Chemosphere 2012, 86, 1040–1049. [Google Scholar] [CrossRef]

	



Gil, A.; García, A.M.; Fernández, M.; Vicente, M.A.; González-rodríguez, B.; Rives, V.; Korili, S.A. Effect of dopants on the structure of titanium oxide used as a photocatalyst for the removal of emergent contaminants. J. Ind. Eng. Chem. 2017, 53, 183–191. [Google Scholar] [CrossRef]

	



Boshir, M.; Zhou, J.L.; Hao, H.; Guo, W.; Thomaidis, N.S.; Xu, J. Progress in the biological and chemical treatment technologies for emerging contaminant removal from wastewater: A critical review. J. Hazard. Mater. 2017, 323, 274–298. [Google Scholar] [CrossRef]

	



Gavrilescu, M.; Demnerová, K.; Aamand, J.; Agathos, S.; Fava, F. Emerging pollutants in the environment: Present and future challenges in biomonitoring, ecological risks and bioremediation. New Biotechnol. 2015, 32, 147–156. [Google Scholar] [CrossRef]

	



Terzić, S.; Senta, I.; Ahel, M.; Gros, M.; Petrović, M.; Barcelo, D.; Müller, J.; Knepper, T.; Martí, I.; Ventura, F.; et al. Occurrence and fate of emerging wastewater contaminants in Western Balkan Region. Sci. Total Environ. 2008, 399, 66–77. [Google Scholar] [CrossRef]

	



Arfanis, M.K.; Adamou, P.; Moustakas, N.G.; Triantis, T.M.; Kontos, A.G.; Falaras, P. Photocatalytic degradation of salicylic acid and caffeine emerging contaminants using titania nanotubes. Chem. Eng. J. 2017, 310, 525–536. [Google Scholar] [CrossRef]

	



Petrović, M.; Gonzalez, S.; Barceló, D. Analysis and removal of emerging contaminants in wastewater and drinking water. TrAC Trends Anal. Chem. 2003, 22, 685–696. [Google Scholar] [CrossRef]

	



Martín, J.; del Mar Orta, M.; Medina-Carrasco, S.; Santos, J.L.; Aparicio, I.; Alonso, E. Removal of priority and emerging pollutants from aqueous media by adsorption onto synthetic organo-funtionalized high-charge swelling micas. Environ. Res. 2018, 164, 488–494. [Google Scholar] [CrossRef]

	



Rathi, B.S.; Kumar, P.S.; Show, P.L. A review on effective removal of emerging contaminants from aquatic systems: Current trends and scope for further research. J. Hazard. Mater. 2021, 409, 124413. [Google Scholar] [CrossRef]

	



Escapa, C.; Coimbra, R.N.; Paniagua, S.; García, A.I.; Otero, M. Paracetamol and salicylic acid removal from contaminated water by microalgae. J. Environ. Manag. 2017, 203, 799–806. [Google Scholar] [CrossRef]

	



Lee, X.J.; Chemmangattuvalappil, N.; Lee, L.Y. Adsorptive removal of salicylic acid from aqueous solutions using new graphene-based nanosorbents. Chem. Eng. Trans. 2015, 45, 1387–1392. [Google Scholar] [CrossRef]

	



Coelho, A.D.; Sans, C.; Esplugas, S.; Dezotti, M. Ozonation of NSAID: A biodegradability and toxicity study. Ozone Sci. Eng. 2010, 32, 91–98. [Google Scholar] [CrossRef]

	



Kyzas, G.Z.; Fu, J.; Lazaridis, N.K.; Bikiaris, D.N.; Matis, K.A. New approaches on the removal of pharmaceuticals from wastewaters with adsorbent materials. J. Mol. Liq. 2015, 209, 87–93. [Google Scholar] [CrossRef]

	



Apreutesei, R.E.; Catrinescu, C.; Teodosiu, C. Surfactant-modified natural zeolites for environmental applications in water purification. Environ. Eng. Manag. J. 2008, 7, 149–161. [Google Scholar] [CrossRef]

	



Albino, V.; Cioffi, R.; Pansini, M.; Colella, C. Disposal of lead-containing zeolite sludges in cement matrix. Environ. Technol. 1995, 16, 147–156. [Google Scholar] [CrossRef]

	



Cioffi, R.; Pansini, M.; Caputo, D.; Colella, C. Evaluation of mechanical and leaching properties of cement-based solidified materials encapsulating Cd-exchanged natural zeolites. Environ. Technol. 1996, 17, 1215–1224. [Google Scholar] [CrossRef]

	



Colella, C.; de’ Gennaro, M.; Langella, A.; Pansini, M. Evaluation of natural phillipsite and chabazite as cation exchangers for copper and zinc. Sep. Sci. Technol. 1998, 33, 467–481. [Google Scholar] [CrossRef]

	



Pansini, M.; Colella, C. Dynamic data on lead uptake from water by chabazite. Desalination 1990, 78, 287–295. [Google Scholar] [CrossRef]

	



Wang, S.; Peng, Y. Natural zeolites as effective adsorbents in water and wastewater treatment. Chem. Eng. J. 2010, 156, 11–24. [Google Scholar] [CrossRef]

	



De Gennaro, B.; Mercurio, M.; Cappelletti, P.; Catalanotti, L.; Daković, A.; De Bonis, A.; Grifa, C.; Izzo, F.; Kraković, M.; Monetti, V.; et al. Use of surface modified natural zeolite (SMNZ) in pharmaceutical preparations. Part 2. A new approach for a fast functionalization of zeolite-rich carriers. Microporous Mesoporous Mater. 2016, 235, 42–49. [Google Scholar] [CrossRef]

	



Cappelletti, P.; Colella, A.; Langella, A.; Mercurio, M.; Catalanotti, L.; Monetti, V.; de Gennaro, B. Use of surface modified natural zeolite (SMNZ) in pharmaceutical preparations Part 1. Mineralogical and technological characterization of some industrial zeolite-rich rocks. Microporous Mesoporous Mater. 2017, 250, 232–244. [Google Scholar] [CrossRef]

	



de Gennaro, B.; Catalanotti, L.; Bowman, R.S.; Mercurio, M. Anion exchange selectivity of surfactant modified clinoptilolite-rich tuff for environmental remediation. J. Colloid Interface Sci. 2014, 430, 178–183. [Google Scholar] [CrossRef] [PubMed]

	



Esposito, S.; Marocco, A.; Dell’Agli, G.; de Gennaro, B.; Pansini, M. Relationships between the water content of zeolites and their cation population. Microporous Mesoporous Mater. 2015, 202, 36–43. [Google Scholar] [CrossRef]

	



Haggerty, G.M.; Bowman, R.S. Sorption of chromate and other inorganic anions by organo-zeolite. Environ. Sci. Technol. 1994, 28, 452–458. [Google Scholar] [CrossRef]

	



Sullivan, E.J.; Hunter, D.B.; Bowman, R.S. Topological and thermal properties of surfactant-modified clinoptilolite studied by tapping-modeTM atomic force microscopy and high-resolution thermogravimetric analysis. Clays Clay Miner. 1997, 45, 42–53. [Google Scholar] [CrossRef]

	



Hrenovic, J.; Rozic, M.; Sekovanic, L.; Anic-Vucinic, A. Interaction of surfactant-modified zeolites and phosphate accumulating bacteria. J. Hazard. Mater. 2008, 156, 576–582. [Google Scholar] [CrossRef]

	



Reeve, P.J.; Fallowfield, H.J. Natural and surfactant modified zeolites: A review of their applications for water remediation with a focus on surfactant desorption and toxicity towards microorganisms. J. Environ. Manag. 2018, 205, 253–261. [Google Scholar] [CrossRef]

	



de Gennaro, B.; Aprea, P.; Liguori, B.; Galzerano, B.; Peluso, A.; Caputo, D. Zeolite-rich composite materials for environmental remediation: Arsenic removal from water. Appl. Sci. 2020, 10, 6939. [Google Scholar] [CrossRef]

	



Al-Mashaqbeh, O.A.; Snow, D.D.; Alsafadi, D.A.; Alsalhi, L.Z.; Bartelt-Hunt, S.L. Removal of carbamazepine onto modified zeolitic tuff in different water matrices: Batch and continuous flow experiments. Water 2021, 13, 1084. [Google Scholar] [CrossRef]

	



Morante-Carballo, F.; Montalván-Burbano, N.; Carrión-Mero, P.; Espinoza-Santos, N. Cation exchange of natural zeolites: Worldwide research. Sustainability 2021, 13, 7751. [Google Scholar] [CrossRef]

	



Farré, M.l.; Pérez, S.; Kantiani, L.; Barceló, D.; Pe, S.; Kantiani, L. Fate and toxicity of emerging pollutants, their metabolites and transformation products in the aquatic environment. TrAC Trends Anal. Chem. 2008, 27, 991–1007. [Google Scholar] [CrossRef]

	



Sivaranjanee, R.; Kumar, P.S. A review on remedial measures for effective separation of emerging contaminants from wastewater. Environ. Technol. Innov. 2021, 23, 101741. [Google Scholar] [CrossRef]

	



Krajišnik, D.; Daković, A.; Malenović, A.; Milojević-Rakić, M.; Dondur, V.; Radulović, Ž.; Milić, J. Investigation of adsorption and release of diclofenac sodium by modified zeolites composites. Appl. Clay Sci. 2013, 83–84, 322–326. [Google Scholar] [CrossRef]

	



Krajišnik, D.; Daković, A.; Milojević, M.; Malenović, A.; Kragović, M.; Bogdanović, D.B.; Dondur, V.; Milić, J. Properties of diclofenac sodium sorption onto natural zeolite modified with cetylpyridinium chloride. Colloids Surf. B Biointerfaces 2011, 83, 165–172. [Google Scholar] [CrossRef] [PubMed]

	



de Gennaro, B.; Catalanotti, L.; Cappelletti, P.; Langella, A.; Mercurio, M.; Serri, C.; Biondi, M.; Mayol, L. Surface modified natural zeolite as a carrier for sustained diclofenac release: A preliminary feasibility study. Colloids Surfaces B Biointerfaces 2015, 130, 101–109. [Google Scholar] [CrossRef]

	



Marković, M.; Daković, A.; Krajišnik, D.; Kragović, M.; Milić, J.; Langella, A.; de Gennaro, B.; Cappelletti, P.; Mercurio, M. Evaluation of the surfactant/phillipsite composites as carriers for diclofenac sodium. J. Mol. Liq. 2016, 222, 711–716. [Google Scholar] [CrossRef]

	



Serri, C.; de Gennaro, B.; Catalanotti, L.; Cappelletti, P.; Langella, A.; Mercurio, M.; Mayol, L.; Biondi, M. Surfactant-modified phillipsite and chabazite as novel excipients for pharmaceutical applications? Microporous Mesoporous Mater. 2016, 224, 143–148. [Google Scholar] [CrossRef]

	



Mercurio, M.; Izzo, F.; Langella, A.; Grifa, C.; Germinario, C.; Daković, A.; Aprea, P.; Pasquino, R.; Cappelletti, P.; Graziano, F.S.; et al. Surface-modified phillipsite-rich tuff from the Campania region (Southern Italy) as a promising drug carrier: An ibuprofen sodium salt trial. Am. Mineral. 2018, 103, 700–710. [Google Scholar] [CrossRef]

	



Sun, K.; Shi, Y.; Wang, X.; Li, Z. Sorption and retention of diclofenac on zeolite in the presence of cationic surfactant. J. Hazard. Mater. 2017, 323, 584–592. [Google Scholar] [CrossRef]

	



Smiljanić, D.; de Gennaro, B.; Daković, A.; Galzerano, B.; Germinario, C.; Izzo, F.; Rottinghaus, G.E.; Langella, A. Removal of Non-Steroidal Anti-inflammatory drugs from water by zeolite-rich composites: The interference of inorganic anions on the ibuprofen and naproxen adsorption. J. Environ. Manag. 2021, 286, 112168. [Google Scholar] [CrossRef] [PubMed]

	



Smiljanić, D.; de Gennaro, B.; Izzo, F.; Langella, A.; Daković, A.; Germinario, C.; Rottinghaus, G.E.; Spasojević, M. Removal of emerging contaminants from water by zeolite-rich composites: A first approach aiming at diclofenac and ketoprofen. Microporous Mesoporous Mater. 2020, 289, 110057. [Google Scholar] [CrossRef]

	



Marques, C.R.; Abrantes, N.; Gonc, F. Life-history traits of standard and autochthonous cladocerans: II. Acute and chronic effects of acetylsalicylic acid metabolites. Environ. Toxicol. Int. J. 2004, 19, 527–540. [Google Scholar] [CrossRef] [PubMed]

	



Otero, M.; Grande, C.A.; Rodrigues, A.E. Adsorption of salicylic acid onto polymeric adsorbents and activated charcoal. React. Funct. Polym. 2004, 60, 203–213. [Google Scholar] [CrossRef]

	



Arshadi, M.; Mousavinia, F.; Abdolmaleki, M.K.; Amiri, M.J.; Khalafi-Nezhad, A. Removal of salicylic acid as an emerging contaminant by a polar nano-dendritic adsorbent from aqueous media. J. Colloid Interface Sci. 2017, 493, 138–149. [Google Scholar] [CrossRef] [PubMed]

	



Sousa, J.C.G.; Ribeiro, A.R.; Barbosa, M.O.; Pereira, M.F.R.; Silva, A.M.T. A review on environmental monitoring of water organic pollutants identified by EU guidelines. J. Hazard. Mater. 2018, 344, 146–162. [Google Scholar] [CrossRef]

	



Ternes, T.A. Occurence od drugs in German sewage treatment plants and rivers. Water Res. 1998, 32, 3245–3260. [Google Scholar] [CrossRef]

	



Brun, G.L.; Bernier, M.; Losier, R.; Doe, K.; Jackman, P.; Lee, H.B. Pharmaceutically active compounds in Atlantic Canadian sewage treatment plant effluents and receiving waters, and potential for environmental effects as measured by acute and chronic aquatic toxicity. Environ. Toxicol. Chem. 2006, 25, 2163–2176. [Google Scholar] [CrossRef]

	



Tatarchuk, T.; Naushad, M.; Tomaszewska, J.; Kosobucki, P.; Myslin, M.; Vasylyeva, H.; Ścigalski, P. Adsorption of Sr(II) ions and salicylic acid onto magnetic magnesium-zinc ferrites: Isotherms and kinetic studies. Environ. Sci. Pollut. Res. 2020, 27, 26681–26693. [Google Scholar] [CrossRef]

	



Jevtić, S.; Grujić, S.; Hrenović, J.; Rajić, N. Surfactant-modified clinoptilolite as a salicylate carrier, salicylate kinetic release and its antibacterial activity. Microporous Mesoporous Mater. 2012, 159, 30–35. [Google Scholar] [CrossRef]

	



Choi, J.; Shin, W.S. Removal of Salicylic and Ibuprofen by Hexadecyltrimethylammonium-Modified Montmorillonite and Zeolite. Minerals 2020, 10, 898. [Google Scholar] [CrossRef]

	



de Gennaro, B.; Aprea, P.; Pepe, F.; Colella, C. Cation selectivity of a Ca2+ pre-exchanged clinoptilolite tuff. Stud. Surf. Sci. Catal. 2007, 170 (B), 2128–2133. [Google Scholar] [CrossRef]

	



de Gennaro, B.; Aprea, P.; Colella, C.; Buondonno, A. Comparative ion-exchange characterization of zeolitic and clayey materials for pedotechnical applications-Part 2: Interaction with nutrient cations. J. Porous Mater. 2007, 16, 667–673. [Google Scholar] [CrossRef]

	



de Gennaro, B.; Colella, A.; Cappelletti, P.; Pansini, M.; de’ Gennaro, M.; Colella, C. Effectiveness of clinoptilolite in removing toxic cations from water: A comparative study. Stud. Surf. Sci. Catal. 2005, 158 B, 1153–1160. [Google Scholar] [CrossRef]

	



Kragović, M.; Stojmenović, M.; Petrović, J.; Loredo, J.; Pašalić, S.; Nedeljković, A.; Ristović, I. Influence of alginate encapsulation on point of zero charge (pH pzc ) and thermodynamicproperties of the natural and Fe(III)-modified meolite. Procedia Manuf. 2019, 32, 286–293. [Google Scholar] [CrossRef]

	



Geiser, L.; Henchoz, Y.; Galland, A.; Carrupt, P.A.; Veuthey, J.L. Determination of pKa values by capillary zone electrophoresis with a dynamic coating procedure. J. Sep. Sci. 2005, 28, 2374–2380. [Google Scholar] [CrossRef] [PubMed]

	



Popova, L.; Pancheva, T.; Uzunova, A. Salicylic acid: Properties, biosynthesis and physiological role. Bulg. J. Plant Physiol 1997, 23, 85–93. [Google Scholar]

	



Landry, K.A.; Sun, P.; Huang, C.H.; Boyer, T.H. Ion-exchange selectivity of diclofenac, ibuprofen, ketoprofen, and naproxen in ureolyzed human urine. Water Res. 2015, 68, 510–521. [Google Scholar] [CrossRef] [PubMed]

	



Karunanayake, A.G.; Todd, O.A.; Crowley, M.L.; Ricchetti, L.B.; Pittman, C.U.; Anderson, R.; Mlsna, T.E. Rapid removal of salicylic acid, 4-nitroaniline, benzoic acid and phthalic acid from wastewater using magnetized fast pyrolysis biochar from waste Douglas fir. Chem. Eng. J. 2017, 319, 75–88. [Google Scholar] [CrossRef]

	



Daković, A.; Tomašević-Čanović, M.; Rottinghaus, G.E.; Matijašević, S.; Sekulić, Ž. Fumonisin B1 adsorption to octadecyldimethylbenzyl ammonium-modified clinoptilolite-rich zeolitic tuff. Microporous Mesoporous Mater. 2007, 105, 285–290. [Google Scholar] [CrossRef]

	



Jiang, N.; Shang, R.; Heijman, S.G.J.; Rietveld, L.C. High-silica zeolites for adsorption of organic micro-pollutants in water treatment: A review. Water Res. 2018, 144, 145–161. [Google Scholar] [CrossRef] [PubMed]

	



Roshanfekr Rad, L.; Anbia, M. Zeolite-based composites for the adsorption of toxic matters from water: A review. J. Environ. Chem. Eng. 2021, 9, 106088. [Google Scholar] [CrossRef]

	



Marković, M.; Daković, A.; Rottinghaus, G.E.; Kragović, M.; Petković, A.; Krajišnik, D.; Milić, J.; Mercurio, M.; de Gennaro, B. Adsorption of the mycotoxin zearalenone by clinoptilolite and phillipsite zeolites treated with cetylpyridinium surfactant. Colloids Surfaces B Biointerfaces 2017, 151, 324–332. [Google Scholar] [CrossRef] [PubMed]

	



Daković, A.; Kragović, M.; Rottinghaus, G.E.; Sekulić, Ž.; Milićević, S.; Milonjić, S.K.; Zarić, S. Influence of natural zeolitic tuff and organozeolites surface charge on sorption of ionizable fumonisin B1. Colloids Surfaces B Biointerfaces 2010, 76, 272–278. [Google Scholar] [CrossRef]

	



Gulicovski, J.J.; Čerović, L.S.; Milonjić, S.K. Point of zero charge and isoelectric point of alumina. Mater. Manuf. Process. 2008, 23, 615–619. [Google Scholar] [CrossRef]

	



Dávila-Estrada, M.; Ramírez-García, J.J.; Solache-Ríos, M.J.; Gallegos-Pérez, J.L. Kinetic and equilibrium sorption studies of ceftriaxone and paracetamol by surfactant-modified zeolite. Water. Air. Soil Pollut. 2018, 229, 123. [Google Scholar] [CrossRef]

	



Marković, M.; Daković, A.; Rottinghaus, G.E.; Petković, A.; Kragović, M.; Krajišnik, D.; Milić, J. Ochratoxin A and zearalenone adsorption by the natural zeolite treated with benzalkonium chloride. Colloids Surfaces A Physicochem. Eng. Asp. 2017, 529, 7–17. [Google Scholar] [CrossRef]

	



Daković, A.; Tomašević-Čanović, M.; Rottinghaus, G.; Dondur, V.; Mašić, Z. Adsorption of ochratoxin A on octadecyldimethyl benzyl ammonium exchanged-clinoptilolite-heulandite tuff. Colloids Surfaces B Biointerfaces 2003, 30, 157–165. [Google Scholar] [CrossRef]

	



Daković, A.; Tomašević-Čanović, M.; Dondur, V.; Rottinghaus, G.E.; Medaković, V.; Zarić, S. Adsorption of mycotoxins by organozeolites. Colloids Surfaces B Biointerfaces 2005, 46, 20–25. [Google Scholar] [CrossRef]

	



Foo, K.Y.; Hameed, B.H. Insights into the modeling of adsorption isotherm systems. Chem. Eng. J. 2010, 156, 2–10. [Google Scholar] [CrossRef]

	



Mirzaei, N.; Hadi, M.; Gholami, M.; Fard, R.F.; Aminabad, M.S. Sorption of acid dye by surfactant modificated natural zeolites. J. Taiwan Inst. Chem. Eng. 2016, 59, 186–194. [Google Scholar] [CrossRef]

	



Spiess, A.-N.; Neumeyer, N. An evaluation of R2 as an inadequate measure for nonlinear models in pharmacological and biochemical research: A Monte Carlo approach. BMC Pharmacol. 2010, 10, 6. [Google Scholar] [CrossRef] [PubMed]

	



Glatting, G.; Kletting, P.; Reske, S.N.; Hohl, K.; Ring, C. Choosing the optimal fit function: Comparison of the Akaike information criterion and the F-test. Med. Phys. 2007, 34, 4285–4292. [Google Scholar] [CrossRef] [PubMed]

	



Krajišnik, D.; Daković, A.; Malenović, A.; Djekić, L.; Kragović, M.; Dobričić, V.; Milić, J. An investigation of diclofenac sodium release from cetylpyridinium chloride-modified natural zeolite as a pharmaceutical excipient. Microporous Mesoporous Mater. 2013, 167, 94–101. [Google Scholar] [CrossRef]

	



Rakić, V.; Rajić, N.; Daković, A.; Auroux, A. The adsorption of salicylic acid, acetylsalicylic acid and atenolol from aqueous solutions onto natural zeolites and clays: Clinoptilolite, bentonite and kaolin. Microporous Mesoporous Mater. 2013, 166, 185–194. [Google Scholar] [CrossRef]

	



Cabrera-Lafaurie, W.A.; Román, F.R.; Hernández-Maldonado, A.J. Removal of salicylic acid and carbamazepine from aqueous solution with Y-zeolites modified with extraframework transition metal and surfactant cations: Equilibrium and fixed-bed adsorption. J. Environ. Chem. Eng. 2014, 2, 899–906. [Google Scholar] [CrossRef]

	



Alkaram, U.F.; Mukhlis, A.A.; Al-Dujaili, A.H. The removal of phenol from aqueous solutions by adsorption using surfactant-modified bentonite and kaolinite. J. Hazard. Mater. 2009, 169, 324–332. [Google Scholar] [CrossRef]

	



Auta, M.; Hameed, B.H. Modified mesoporous clay adsorbent for adsorption isotherm and kinetics of methylene blue. Chem. Eng. J. 2012, 198, 219–227. [Google Scholar] [CrossRef]

	



Anirudhan, T.S.; Ramachandran, M. Adsorptive removal of basic dyes from aqueous solutions by surfactant modified bentonite clay (organoclay): Kinetic and competitive adsorption isotherm. Process Saf. Environ. Prot. 2015, 95, 215–225. [Google Scholar] [CrossRef]

	



Chou, W.; Wang, C.T.; Huang, K.Y.; Liu, T.C. Electrochemical removal of salicylic acid from aqueous solutions using aluminum electrodes. Desalination 2011, 271, 55–61. [Google Scholar] [CrossRef]

	



Bowman, R.S. Applications of surfactant-modified zeolites to environmental remediation. Microporous Mesoporous Mater. 2003, 61, 43–56. [Google Scholar] [CrossRef]

	



Ho, Y.S. Citation review of Lagergren kinetic rate equation on adsorption reactions. Scientometrics 2004, 59, 171–177. [Google Scholar] [CrossRef]

	



Ho, Y.S. Review of second-order models for adsorption systems. J. Hazard. Mater. 2006, 136, 681–689. [Google Scholar] [CrossRef] [PubMed]

	



Izzo, F.; Mercurio, M.; de Gennaro, B.; Aprea, P.; Cappelletti, P.; Daković, A.; Germinario, C.; Grifa, C.; Smiljanic, D.; Langella, A. Surface modified natural zeolites (SMNZs) as nanocomposite versatile materials for health and environment. Colloids Surfaces B Biointerfaces 2019, 182, 110380. [Google Scholar] [CrossRef] [PubMed]








[image: Materials 14 07728 g001 550] 





Figure 1. pHf = f(pHi) plots for: (a) IZ CLI, (b) CCM, (c) CCB, (d) CAM, and (e) CAB. Experiments were carried out using three different concentrations of KNO3. pHpzc values were additionally confirmed by plotting ΔpHf = f(pHi) graphs (Supplementary Material, Figure S1). 
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Figure 2. pHf = f(pHi) plots for: (a) PHIL75, (b) PCM, (c) PCB, (d) PAM, and (e) PAB. Experiments were carried out using three different concentrations of KNO3. pHpzc values were additionally confirmed by plotting ΔpHf = f(pHi) graphs (Supplementary Material, Figure S2). 
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Figure 3. Equilibrium adsorption of SA on: (a) SMNZs of IZ CLI; (b) SMNZs of PHIL75. Solid line = Langmuir model; dotted line = Freundlich model. 
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Figure 4. Kinetics run for SA adsorption on: (a) composites of IZ CLI; (b) composites of PHIL75. Solid line = pseudo-second order; dotted line = pseudo-first order. 
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Figure 5. Zeta potential measured for: (a) IZ CLI composites, and (b) PHIL75 composites after adsorption of SA. Measured values were compared with zeta potential of the composites (before drug adsorption (*) previously reported in Smiljanić et al. (2020) [42]. Data were used with permission from Microporous and Mesoporous Materials, Elsevier, license number: 5207040046204. 
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Figure 6. FTIR–ATR spectra of: SA (*a1 and a2), and spectra of IZ CLI composites before and after adsorption of SA (*b1 and b2), and spectra of PHIL75 composites before and after adsorption of SA (*c1 and c2). *Subscript 1 relates to the spectral range 3100–2700 cm−1 and subscript 2 is connected to the range 1500–1360 cm−1 of the same spectra. 
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Table 1. Structural formula and physicochemical properties of salicylic acid






Table 1. Structural formula and physicochemical properties of salicylic acid





	Structure
	M (g/mol)
	4 Solubility (g/L)
	1,2 pKa
	2,3 log Kow





	 [image: Materials 14 07728 i001]
	138.12
	2.24
	2.93
	2.26







1 [56], 2 [57], 3 [58], 4 [59].
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Table 2. Mathematical models for the adsorption isotherms: parameters and goodness-of-fit






Table 2. Mathematical models for the adsorption isotherms: parameters and goodness-of-fit





	
Drug

	
Sample

	
Model

	
Parameters

	
Goodness-of-Fit




	

	

	

	
K (L/mg)

	
n

	
Qmax (mg/g)

	
R2

	
AICw






	
SA

	
CCM

	
Langmuir

	
0.03 ± 0.01

	

	
8 ± 2

	
0.905

	
0.033




	
Freundlich

	
0.6 ± 0.2

	
2.0 ± 0.3

	

	
0.955

	
0.967




	
CCB

	
Langmuir

	
0.15 ± 0.04

	

	
11.0 ± 0.6

	
0.936

	
0.030




	
Freundlich

	
3.2 ± 0.3

	
3.7 ± 0.3

	

	
0.970

	
0.970




	
CAM

	
Langmuir

	
0.03 ± 0.01

	

	
5.6 ± 0.9

	
0.851

	
0.029




	
Freundlich

	
0.5 ± 0.2

	
2.2 ± 0.3

	

	
0.932

	
0.971




	
CAB

	
Langmuir

	
0.14 ± 0.05

	

	
8.5 ± 0.7

	
0.865

	
0.034




	
Freundlich

	
2.3 ± 0.3

	
3.5 ± 0.4

	

	
0.936

	
0.966




	
PCM

	
Langmuir

	
0.023 ± 0.009

	

	
3.8 ± 0.6

	
0.926

	
0.095




	
Freundlich

	
0.24 ± 0.06

	
1.9 ± 0.2

	

	
0.955

	
0.905




	
PCB

	
Langmuir

	
0.028 ± 0.006

	

	
10.0 ± 1

	
0.970

	
0.541




	
Freundlich

	
0.7 ± 0.2

	
1.9 ± 0.2

	

	
0.969

	
0.459




	
PAM

	
Langmuir

	
0.16 ± 0.08

	

	
1.7 ± 0.2

	
0.713

	
0.100




	
Freundlich

	
0.5 ± 0.1

	
3.6 ± 0.7

	

	
0.824

	
0.900




	
PAB

	
Langmuir

	
0.14 ± 0.08

	

	
4.4 ± 0.6

	
0.579

	
0.002




	
Freundlich

	
1.3 ± 0.2

	
3.8 ± 0.6

	

	
0.891

	
0.998
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Table 3. Bibliography data on SA adsorption onto surfactant modified minerals
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	Starting Mineral
	Surfactant
	Qmax of Prepared Organominerals
	Reference





	Montmorillonite-KSF
	HDTMA
	42.4 mmol/kg (5.9 mg/g)
	[51]



	Commercial zeolite
	HDTMA
	23.8 mmol/kg (3.3 mg/g)
	[51]



	Bentonite
	ODMBA
	2.3·× 10−5 mol/g (3.2 mg/g)
	[75]



	Kaolin
	ODMBA
	3.5·× 10−5 mol/g (4.8 mg/g)
	[75]



	Synthetic zeolite Y
	Modified with metal cations (sodium, cobalt, nickel, or copper) and subsequently with CPyCl
	1.2–3.0 mg/g
	[76]



	Clinoptilolite
	Benzalkonium chloride
	13 and 19 mg/g
	[50]



	Clinoptilolite-rich tuff
	CPyCl or ARQ
	5.6–11 mg/g
	Current study



	Phillipsite-rich tuff
	CPyCl or ARQ
	1.7–10 mg/g
	Current study
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Table 4. Thermodynamic parameters






Table 4. Thermodynamic parameters





	
Adsorbent

	
T (K)

	
ΔG° (kJ/mol)

	
ΔH° (kJ/mol)

	
ΔS° (J/(mol·K))






	
CCM

	
303.15

	
8.1 ± 0.4

	
−17 ± 12

	
−84 ± 36




	
313.15

	
9 ± 2




	
323.15

	
9 ± 1




	
333.15

	
10.7 ± 0.9




	
CCB

	
303.15

	
3.8 ± 0.2

	
−15 ± 2

	
−64 ± 5




	
313.15

	
4.8 ± 0.3




	
323.15

	
5.18 ± 0.09




	
333.15

	
5.7 ± 0.3




	
CAM

	
303.15

	
8.2 ± 0.5

	
−14.0 ± 0.8

	
−73 ± 3




	
313.15

	
9 ± 2




	
323.15

	
10 ± 2




	
333.15

	
10 ± 2




	
CAB

	
303.15

	
4.7 ± 0.3

	
2 ± 3

	
−8 ± 8




	
313.15

	
4.9 ± 0.2




	
323.15

	
4.84 ± 0.04




	
333.15

	
5.2 ± 0.3




	
PCM

	
303.15

	
8.72 ± 0.09

	
−34.4 ± 0.3

	
−142 ± 2




	
313.15

	
10 ± 2




	
323.15

	
12 ± 2




	
333.15

	
13.0 ± 0.2




	
PCB

	
303.15

	
6.1 ± 0.3

	
−22 ± 3

	
−92 ± 8




	
313.15

	
6.9 ± 0.4




	
323.15

	
7.9 ± 0.5




	
333.15

	
9 ± 1




	
PAM

	
303.15

	
13 ± 2

	
0.67 ± 15

	
−37 ± 45




	
313.15

	
10.9 ± 0.5




	
323.15

	
13 ± 2




	
333.15

	
13 ± 2




	
PAB

	
303.15

	
6.1 ± 0.9

	
−2 ± 5

	
−27 ± 15




	
313.15

	
8 ± 3




	
323.15

	
7.2 ± 0.6




	
333.15

	
7.4 ± 0.2
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Table 5. Mathematical models of kinetic runs: parameters and goodness-of-fit
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Drug

	
Sample

	
Model

	
Parameters

	
Goodness-of-Fit

	
* RE (%)




	

	

	

	
K1 (min −1)

	
K2 (g mg −1 min −1)

	
Qmax (mg/g)

	
R2

	
AICw

	






	
SA

	
CCM

	
PFO

	
0.06 ± 0.02

	

	
2.7 ± 0.2

	
0.904

	
0.153

	
6.63




	
PSO

	

	
0.02 ± 0.01

	
3.1 ± 0.3

	
0.934

	
0.847




	
CCB

	
PFO

	
1.10 ± 0.07

	

	
7.80 ± 0.05

	
0.998

	
0.246

	
18.35




	
PSO

	

	
0.49 ± 0.07

	
7.91 ± 0.05

	
0.999

	
0.754




	
CAM

	
PFO

	
0.09 ± 0.02

	

	
2.9 ± 0.2

	
0.955

	
0.011

	
7.30




	
PSO

	

	
0.033 ± 0.007

	
3.4 ± 0.2

	
0.983

	
0.989




	
CAB

	
PFO

	
0.26 ± 0.07

	

	
6.8 ± 0.4

	
0.913

	
0.870

	
16.49




	
PSO

	

	
0.05 ± 0.03

	
7.4 ± 0.6

	
0.947

	
0.130




	
PCM

	
PFO

	
0.46 ± 0.08

	

	
2.05 ± 0.06

	
0.962

	
0.151

	
5.47




	
PSO

	

	
0.38 ± 0.08

	
2.14 ± 0.06

	
0.974

	
0.849




	
PCB

	
PFO

	
1.2 ± 0.2

	

	
4.18 ± 0.04

	
0.995

	
0.889

	
10.03




	
PSO

	

	
1.6 ± 0.8

	
4.21 ± 0.06

	
0.992

	
0.111




	
PAM

	
PFO

	
0.05 ± 0.03

	

	
0.8 ± 0.2

	
0.797

	
0.406

	
1.97




	
PSO

	

	
0.06 ± 0.05

	
1.1 ± 0.3

	
0.813

	
0.594




	
PAB

	
PFO

	
1.6 ± 0.5

	

	
3.67 ± 0.05

	
0.988

	
0.257

	
8.73




	
PSO

	

	
1.9 ± 0.9

	
3.71 ± 0.06

	
0.991

	
0.743








* RE—removal efficiency, calculated as   RE    %  =    C o  −  C      C o    ∗ 100   where Co is the initial concentration of drug solution, and C is the last measured concentration.
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