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Abstract

:

Tomato waste was studied as a low-cost biosorbent for the removal of five pharmaceuticals (dexamethasone, febantel, procaine, praziquantel, and tylosin) from water. Tomato waste was characterized chemically and microstructurally before and after simulated sorption. Sorption performance was interpreted as a function of the initial pharmaceuticals concentration, temperature, and physicochemical properties of the tomato waste. The linear, Freundlich, and Dubinin–Radushkevich (D-R) isotherms were used to describe the experimental results at different temperatures (298, 303, and 308 K). Thermodynamic parameters such as standard free energy (ΔG°), enthalpy change (ΔH°), and entropy change (ΔS°) were determined. Negative values of ΔG° in the temperature range of 298–308 K strongly indicate the spontaneous nature of the biosorption process. In addition, the values of ΔH° for the biosorption of dexamethasone, procaine, praziquantel, and tylosin on tomato waste were negative, indicating exothermic processes, while the positive value for febantel indicated an endothermic process. The kinetic data were analyzed using (i) kinetic models to determine the kinetic parameters (Lagergren’s pseudo-first order and Ho’s pseudo-second order) and (ii) adsorption–diffusion models to the describe transport mechanisms of pharmaceuticals from aqueous solution onto tomato waste as adsorbent (Weber–Morris intraparticle diffusion and Boyd film diffusion models).
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1. Introduction


In recent years, increasing attention has been paid to the entry, presence, and potential effects of pharmaceuticals in the environment. The amount of pharmacologically active substances used to treat and prevent diseases and to alleviate the stresses associated with modern life can be measured in thousands of tons per year [1]. Pharmaceuticals and their metabolites are widely distributed in surface waters from sewage treatment plant effluents [2]. Much research is currently being conducted to explore suitable methods for the elimination of pharmaceuticals from surface waters. Unfortunately, due to the physicochemical properties of these effluents, it is easy for them to pass through all natural filtration stages and reach groundwaters and drinking waters [3].



The adsorption process has emerged as a most promising option for the removal of non-biodegradable organic compounds from aqueous streams, with activated carbons being the most common adsorbent due to its effectiveness and versatility. However, activated carbon is not particularly advantageous for sorption due to its high cost. This motivated the search for cheap and efficient alternatives, where bagasse marrow, carbonized bark, peat, soil, eucalyptus bark, chitin, rice husks, wood, fly ash, and carbonized sewage sludge were investigated for the removal of organic compounds from aqueous streams [4]. From the pool of organic compounds, the majority of studies to date have focused on the removal of dyes [5,6,7], phenols [8,9], and pesticides [10], while a limited number of studies have investigated low-cost adsorbents for the removal of pharmaceuticals from aqueous systems, mainly anti-inflammatories and antibiotics [11].



Agricultural waste is a raw material that has attracted considerable attention as a candidate for water pollution control due to its low cost and availability. Large amounts of waste generated by the food industry pollute the environment. However, many of these residues can be recycled elsewhere [12], which is the main advantage of agro-waste sorbents. While a number of products have been tested for their ability to remove metal ions, such as cassava waste [13], coconut coir [14], fluted pumpkin [15], peanut skin [16], mango [17], banana peel [18,19], and peat moss [20], reports on the sorption of organics from wastewater are sparse. The potential biosorbent activity for dyes [21] and heavy metals [19] has been documented for several agricultural peels (potato, banana, grapefruit, and cucumber peels). It is important to note that plant leaves have been shown to be excellent, environmentally friendly, and cost-effective biosorbents in the removal of heavy metals, dyes, cations, and other chemical species from aqueous solutions [22].



Tomato (Lycopersicon esculentum L.) is a tasty vegetable grown in almost all parts of the world, with an annual production of 100 million tons in 144 countries [23]. Tomato processing produces very little by-product, 1% of peel and 2% of the seeds, but these materials are still considered as waste due to lack of commercial use. Tomato peel is mainly composed of carbohydrates, with an average value of 80% of the total dietary fiber [12]. Tomato seeds contain 22.2–29.6% crude fat, 15.5–21% crude fiber, 5.4–9.6% ash, and 22.9–33.9% crude protein [24]. All these compounds are rich in functional groups such as carboxyl and hydroxyl groups and therefore should have the ability to bind strongly to ionic species from aqueous solutions [25,26,27]. Mango peels were found to be a good adsorbent for the removal of toxic metals and organic substances from industrial wastewater [17], as well as banana peels [18,19], lemon peels [5], and tangerine peels [28,29]. In the case of tomato seeds and peels, there are few published data to date. All previous reports on their use as biosorbents refer to the sorption of heavy metals, which is also true for tomato leaves, for which there is evidence of good properties in the removal of Ni2+ ions from aqueous samples [30]. The only application of tomato waste as a biosorbent for the sorption of ciprofloxacin, a pharmaceutical belonging to the fluoroquinolones group, was published in our previous work [29]. This work is evidence that tomato waste has the potential to be used as a biosorbent for the removal of pharmaceuticals from water, and it was therefore chosen to extend the story to other pharmaceuticals.



In the present research, ground tomato peels and seeds from the domestic production of tomato sauce and juice were investigated for the first time as sorbents for selected model pharmaceuticals to evaluate the ability of tomato waste to remove pharmaceuticals from wastewater. Several adsorption isotherms were used to describe the experimental results as a function of drug concentrations and temperature. The thermodynamic and kinetic parameters of the adsorption of pharmaceuticals on tomato waste were determined and discussed. This information will contribute to the sorption database and help to protect natural waters in a more economical way.




2. Materials and Methods


2.1. Pharmaceutical Standards and Reagents


The pharmaceuticals studied were praziquantel (PRAZ), febantel (FEBA), procaine (PROC), dexamethasone (DEXA), and tylosin tartrate (TYL) (Table 1). The selected pharmaceuticals belong to different therapeutical classes: antibiotics (TYL), antihelmintics (PRAZ and FEBA), anestetic (PROC), and glucocorticoids (DEXA). These compounds were selected on the basis of their vast production and consumption worldwide, especially in veterinary practices.



High-purity (>99%) analytical standards of pharmaceuticals were obtained from the Veterina Animal Health Ltd. (Genera d.d., Croatia). Kemika (Zagreb, Croatia) supplied all chemicals used. Stock solutions of each pharmaceutical (75.0 mg/L) were prepared by dissolving exact amounts of the powdered standard separately in the appropriate solvent: deionized water for PROC and TYL and 12%, 20%, or 32% of acetonitrile in deionized water for DEXA, PRAZ, and FEBA. All solutions were stored protected from light at 4 °C. Working standard solutions were prepared from stock solutions by serial dilution.




2.2. Preparation and Characterization of Tomato Waste as Biosorbent


Tomato waste, TW (peel and seeds), was selected because it is one of the main crops in Croatia. Tomato was obtained from the local market in Zagreb, Croatia and TW was obtained from the domestic production of tomato sauce and juice. The collected TW were washed several times with water to remove dirt particles and water-soluble substances. Once in the laboratory, the samples were dried and crushed in an oven at 105 °C. Finally, this tomato sorbent was stored in glass bottles wrapped in foil to protect it from light.



Grounded TW was characterized, and Table 2 shows the experimentally determined physicochemical properties based on the procedure presented in the previous paper [33].



In addition, the as-prepared dry TW biosorbent was characterized by FTIR, SEM, and EDS analyses and by determining the pore size distribution and particle size distribution. A spectrometer (Vertex 70, Bruker, Karlruhe, Germany) in attenuated total reflectance (ATR) mode was used to obtain FTIR absorbance spectra in the 375–4000 cm−1 range, with a spectral resolution of 1 cm−1 as an average of 64 scans. Scanning electron microscope (SEM, Vega III Easyprobe, Tescan, Brno, Czechia) operating at 10 kV accelerating voltage was used to obtain micrographs, and the energy-dispersive spectroscopy (EDS) detector (XFlash 4010-M, Bruker, Karlsruhe, Germany) enabled a semi-quantitative elemental analysis of the samples (no standardization was used, and the Tescan software output was taken as given). Prior to examination, samples were sputter-coated with gold and palladium.



Surface area and pore volumes were determined from Brunauer–Emmett–Teller (BET) nitrogen adsorption–desorption isotherm, as measured by ASAP 2000 (Micromeritics, Norcross, GA, USA), using the Barret–Joyner–Halenda (BJH) model to estimate the pore size distribution. Particle size distribution (PSD) was determined in dry mode (with a pressure of 0.4 MPa) applying the laser diffraction method (SALD 3101, Shimadzu, Kyoto, Japan). Diffraction measurements were performed five times under identical process conditions. Averaged PSD is expressed on the basis of volume, with characteristic diameters d50, dmode, and diameter mean, d3,2, and reported via differential distribution function, dQ3(d).




2.3. Batch Adsorption Experiments


Each experiment was performed three times. The experiments were performed using a laboratory shaker (Innova 4080 Incubator Shaker, New Brunswick Scientific, USA) that ensured constant contact with the TW, and the solution containing one of the five selected pharmaceuticals. To avoid the photodegradation of selected pharmaceuticals, the experiments were performed in the dark, which was ensured by covering the shaker with a lightproof cloth.



The sorption capacity of the biosorbent was determined by contacting 1.0 g of TW with 10.0 mL of selected pharmaceutical solution of known concentration (5.0–75.0 mg L−1) in a 50 mL laboratory beaker. The stirring period of the mixture was 24 h at room temperature (25 °C), which was followed by centrifugation of the suspension at 5000 rpm for 10 min. Before analysis, the centrifugate was filtrated through 0.45 μm syringe filters.



Blank samples containing the same amount of TW in contact with 10 mL of deionized water at 25 °C were also included in the analysis. This served as a safety check during analysis to detect interfering compounds.



The effect of process temperature was also investigated. For this purpose, all experiments were repeated at two temperatures, 30 and 35 °C, with the entire procedure identical as described above. The studied pharmaceuticals (DEXA, FEBA, PROC, PRAZ, and TYL) in the filtrate samples obtained after the sorption studies were analyzed by HPLC-DAD according to the method previously described [33].




2.4. Adsorption Analysis and Calculations


The adsorption capacity of the studied investigated pharmaceuticals at equilibrium, qe (μg g−1), was determined from the following equation:


   q e  =    (   C 0  −  C e   )   m  × V  



(1)




where qe is the equilibrium sorption capacity in μg g−1; C0 and Ce are the initial and equilibrium concentrations of pharmaceuticals in μg mL−1, V is the volume of pharmaceutical solution in mL, and m is the total mass of TW in grams.



Different equations for the sorption isotherm were used to interpret the equilibrium characteristics of adsorption, and three isotherms (Table 3) were selected for this study: the linear [34], the classical Freundlich model [35], and Dubinin–Radushkevich (D-R) [36].



KD is the linear sorption constant and is defined as the ratio between the equilibrium concentration of a compound in the adsorbent and in solution.



The Freundlich isotherm is two parameters isotherm [35] whose empirical model can be applied to nonideal sorption on heterogeneous surfaces as well as multilayer sorption. KF is a constant indicative of the relative adsorption capacity of the adsorbent ((μg g−1)(mL μg−1)1/n), and n describes the isotherm curvature and gives an estimate of the adsorptive intensity. The Freundlich constants KF and n can be calculated from the intercept and slope of the linear plot of log qe versus log Ce.



The Dubinin–Radushkevich (D-R) isotherm as the two-parameter model was used to estimate the apparent free energy of sorption as well as differentiate between the physical and chemical sorption process [36], where qmax is the theoretical saturation capacity (μg g−1), β is the constant of the adsorption energy (mol2/kJ2), and ε is the Polanyi potential, which is described as:


  ε = R T l n  (  1 +  1   C e     )  .  



(2)








2.5. Sorption Kinetics


To determine the controlling mechanism of adsorption of pharmaceuticals by TW, the kinetic data of adsorption were analyzed using Lagergren’s first-order, Ho’s pseudo-second-order, Weber–Morris intraparticle diffusion, and Boyd rate equations. In general, adsorption kinetics depend on the interactions between adsorbate and adsorbent and experimental conditions. The linear form of the Lagergren model pseudo-first order is described by the following equation [37]:


  ln  (   q e  −  q t   )  = ln  q e  −  k 1  t  



(3)




where qe and qt are the amounts of pharmaceutical (μg g−1) adsorbed on TW (adsorbent) at equilibrium and at time t, respectively; k1 (min−1) is the rate constant of the pseudo-first order adsorption.



The linear form of Ho’s pseudo-second order equation is represented as [38]:


   t   q t    =  1   k 2   q e 2    +  t   q e     



(4)




where qe and qt are the amounts of pharmaceutical (μg g−1) adsorbed on TW (adsorbent) at equilibrium and at time t, respectively; k2 is the rate constant of the pseudo-second order sorption (g μg−1 min−1).



The initial adsorption rate, h, (μg g−1 min−1) is expressed as [39]:


  h =  k 2     q e 2  .  



(5)







Lagergren’s first-order and Ho’s pseudo-second order kinetic models could not define the sorption mechanism as well as the rate-controlling steps of the sorption process. Therefore, Weber–Morris intraparticle diffusion [40] and Boyd [41] rate models were also used. The intraparticle diffusion equation is expressed as [41]:


   q t  =  k  p i    t  +  C i   



(6)




where kpi (μg g−1 min−1/2), the intraparticle diffusion rate parameter of stage i, is obtained from the slope of the straight line of qt versus t1/2. Ci, the intercept of stage i, gives an indication of the thickness of the boundary layer; i.e., the larger the intercept, the larger the boundary layer effect.





3. Results


3.1. Characterization of the TW Biosorbent


Dried TW represents a complex chemical environment, which was confirmed by the obtained FTIR spectrum (Figure 1).



The main features were assigned as follows [42,43,44]. In the higher frequency range, a broad band appears, extending from 3600 to 3000 cm−1, which is due to the O–H stretching, indicating a water residue as well as the –OH group in carbohydrates. Bands at 2920 and 2850 cm−1 occur as results of C–H stretching, i.e., asymmetric and symmetric CH2 and CH3 stretching in alkanes (aliphatic methyl and methylene groups). The bands observed in the range between 2360 and 2340 cm−1 are due to C≡N stretching in nitriles.



In the lower frequency range, a strong band was observed at 1740 cm−1 attributed to carbonyl –C=O stretching in lipid molecules. Amide-related bands were a consequence of C=O and N–H stretching and vibration in the range 1660–1610 cm−1 and 1560–1510 cm−1, respectively. Moreover, these bands may overlap with the alkene band of –C=C– stretching at 1650 cm−1 and aromatic C=C ring stretch at 1530 and 1460 cm−1. Additional alkane bands were observed due to the C–H stretching at 1460 cm−1.



The OH bending band was seen at 1380 cm−1, while C–O stretching and C–C stretching occurred at 1160 and 1100 cm−1, respectively. A phosphate related band was observed at about 1240 cm−1 and overlaps with the CH=CH stretching band.



Another carbohydrate related band was observed due to O–H stretching at 1035 cm−1. In addition, weak O–H stretching bands associated with carboxylic acid or ester are observed between 900 and 800 cm−1.



The observed spectrum is consistent with the characteristic components (lipid, phosphate, sugar, water, amide, etc.), i.e., with the chemical composition of the TW biosorbent.



TW was further characterized by nitrogen adsorption–desorption porosimetry. Parameters such as the pore size distribution, average pore diameter, and specific surface area were investigated to describe the morphology and correlate with the efficiency of TW as a biosorbent for pharmaceuticals. From Figure 2A, it can be seen that the potential adsorbent has a wide distribution of pore sizes (2–120 nm), with the highest pore radii centered in the low range.



This polydispersity of pore sizes was also evident from the low values of average pore diameter (d = 3.2 nm) and specific surface area (SSA = 2.59 m2 g−1). It is well known that the capacity of the sorbent strongly depends on the particle size and thus on the specific surface area [45,46]. Studies on the adsorption of lead and copper on KOH-activated wastewater sludge [47] showed that even materials with moderate specific surface area values can be efficient in removing heavy metal contaminants. Although this research focuses on pharmaceuticals and not heavy metals, this fact certainly justifies the investigation of TW for application as a biosorbent.



The sorbent studied can be considered as a mesoporous material according to the IUPAC classification (2 nm < d < 50 nm) [48]. It is well documented that the transfer channels composed of mesopores contribute significantly to the sorption efficiency of various ions and sorbate molecules.



Figure 2B shows the experimental particle size distribution for the adsorbent particulate system studied. The particle size distribution (PSD) of the adsorbent shows a very heterogeneous behavior.



From SEM images at low magnification (not shown), it could be seen that the tomato-based adsorbent has a wide particle size distribution. Particles as large as 425 μm and those smaller than 10 μm were observed, which correlates well with the distribution range from the PSD data (Figure 2B). The fact that the largest particles were not observed is due to the small size of the sample holder and sampling bias (smaller particles adhere to the sample holder more easily). Therefore, the SEM observation was not fully representative of the TW sample, and it was intended to give an overview on the particle shapes and surface morphology rather than the true particle size distribution. It should also be noted that the microscopy and laser diffraction methods rely on a very different measurement methodology and intrinsic parameters for detecting size distributions. The particle shape and morphology of TW is very diverse and mostly irregular, although some larger particles have a regular structure, which is probably due to the cell walls of tomato (Figure 3). The presence of large asymmetric pores on the surface in the range of 10–40 μm is visible, which may provide high internal surface area and rough structure on the surface of TW, which is favorable for the biosorption of pharmaceuticals from aqueous solution. Smaller pores as detected by N2 adsorption–desorption could not be resolved by the device. EDS analysis of the powder revealed the presence of potassium (1.1%) in addition to carbon and oxygen.



The pharmaceuticals TYL and PROC are amphoteric compounds with two relevant ionizable groups, while no pKa constants are available for the other pharmaceuticals studied. Due to the pH of TW and the fact that neutral species dominate between pKa1 and pKa2, the mentioned compounds are mostly present as neutral molecules (see pKa2 in Table 1) and not in ionized form; thus, the “salting out” effect of the tomato surface is also possible [49]. While neutral molecules adsorb to solid surfaces via the relatively weak van der Waals and electron donor–acceptor interactions, charged molecules can adsorb via stronger electrostatic mechanisms [50]. The cation exchange capacity supports the use of TW, since said sorbent has a higher cation exchange capacity than other natural sorbents like soil [51].



Overall, based on the determined physicochemical properties, the prepared TW is a suitable candidate for a cost-effective sorbent for the removal of pollutants from wastewaters.




3.2. Biosorption Isotherm


In order to determine a potential sorption capacity of TW for five different pharmaceuticals and thus to investigate its suitability for the removal of these pharmaceuticals from the wastewater of the pharmaceutical industry, we chose slightly higher concentrations of pharmaceuticals than can occur in the environment. The possible sorption of the studied pharmaceuticals on the surface of the test vessels as well as their stability in solution were evaluated. For this purpose, control samples with higher concentrations (50.0 μg mL−1) of all pharmaceuticals in water were used and analyzed by HPLC-DAD. The results showed that all the studied pharmaceuticals were stable in the medium during the studied time (24 h), and no sorption occurred on the vessels. Interferences were not observed on the chromatograms of the TW matrix, confirming the appropriate selectivity of the method. The selected concentration range (5.0–75.0 mgL−1) is consistent with the literature [7,10], although many authors use a much higher concentration range to determine the sorption coefficients (5.0–500 mgL−1) [7] depending on the available instrumentation for the analysis of the remaining pharmaceuticals after sorption. The sorption correlation with concentration is the same regardless of the concentration range, although unrealistically high concentrations should be avoided.



The characteristic chromatograms of the blank TW samples in water and 50.0 μg mL−1, solutions of DEXA in water are shown in Figure 4. From Figure 4, it can be seen that DEXA is not present in the chromatographic curve, which confirms that TW does not contain DEXA. Similarly, TW does not contain any other pharmaceuticals studied.



The amounts of the studied pharmaceuticals adsorbed on TW as a function of equilibrium concentration and temperature (25, 30, and 35 °C) are shown in Figure 5. The data show that the uptake increases with increasing initial concentration of the pharmaceutical with the increase in temperature for FEBA and TYL, while it decreases with the decrease in the temperature for DEXA, PRAZ, and PROC.



Linear, Freundlich, and Dubinin–Radushkevich parameters, obtained by linear fitting, are shown in Table 4. The relative standard deviations obtained were less than 10% based on three replicates.



Similar values of correlation coefficients were obtained for all mentioned models. For some pharmaceuticals, the highest values of correlation coefficients were calculated for the linear model, while for some of them, the highest R2 value was obtained for the D-R or Freundlich model. The high value (closer to 1) of the correlation coefficient (R2) means that the applied isotherm could fit well for the adsorption process. The low coefficient of the correlation coefficient (R2) indicates that the model is not representative of the data.



The parameters obtained from the different isotherm equations are used to obtain information about the sorption mechanisms as well as the surface properties and sorption affinities. The KD parameter from the linear sorption model is very important for estimating the potential for sorption of dissolved contaminants in contact with the sorbent used.



The Freundlich isotherm predicts no saturation of the solid surface by sorbate; KF is the relative sorption capacity. A larger value of KF indicates a higher sorption capacity [52]. From Table 4, it can be seen that the maximum KF value for PRAZ was obtained at all temperatures, which means that TW has the highest sorption potential from aqueous media to PRAZ according to the Freundlich model. The constant n is an empirical parameter related to the intensity of adsorption, which varies with the heterogeneity of the sorbent. According to Hamdaoui [7], Treybal [53], and Hao [54], values of n in the range 2–10 represent good, 1–2 represent moderately difficult, and less than 1 represent poor sorption properties. Thus, the obtained values of n for FEBA and PRAZ imply that TW has moderately difficult sorption affinity for the mentioned pharmaceuticals in water samples. The values of n for DEXA and TYL were less than 1, indicating poor adsorption properties of TW. However, at a temperature of 30 °C, n for DEXA almost reached 1, indicating that the sorption of DEXA on TW is a favorable [55] but temperature-dependent process. The values of n for PROC also changed in a similar manner; i.e., at lower temperatures, the values were less than 1, while at 35 °C, the n value increased above 1, making the sorption process on TW moderately difficult. The free energy of sorption E (0.099–0.329 kJ mol−1) calculated from the Dubinin–Radushkevich indicates the physisorption (E < 8 kJ mol−1) of the studied pharmaceuticals.




3.3. Adsorption Kinetic Studies


The kinetic parameters obtained by fitting Lagergren’s pseudo-first-order and Ho’s pseudo-second-order models to the experimental data of adsorption of pharmaceuticals on TW at different initial concentrations and temperatures are shown in Table 5.



The plots of Lagergren’s first-order model and Ho’s pseudo-secondary kinetics for the sorption of DEXA on TW are shown in Figure 6A,B, respectively.



From the results, it can be seen that the linear correlation coefficient (R2) of the first-order pseudo-model is smaller than the correlation coefficient (R2) of the second-order pseudo-kinetics for all pharmaceutical and for all initial concentrations and temperatures of the adsorption process. The high value (closer to 1) of the correlation coefficient (R2) means that the applied kinetic model could fit well for the kinetic process.



As shown in Table 5, the theoretical qe, cal values of the pseudo-second-order kinetic model were closer to the experimental qe, exp values for all pharmaceuticals for all initial concentrations and temperatures of the adsorption process. These results, together with the high correlation coefficients for the pseudo-second-order kinetic model, suggest that the sorption capacity is directly proportional to the number of available active sites on the TW and that the overall sorption processes of all studied pharmaceuticals on the TW could be controlled by a second-order model mechanism.



Intraparticle diffusion often plays a major role in porous sorbents such as TW, especially when the sample is strongly stirred during sorption. To determine the rate-controlling step for adsorption, all kinetic data were analyzed using diffusion and models (Webber–Morris’s intraparticle diffusion and Boyd film diffusion) (Figure 6C–E). The graph of Webber–Morris’s intraparticle diffusion model (Figure 6C) shows that the diffusion process is multilinear, suggesting that sorption occurs in three stages. The first sorption phase (the one with the largest slope in the graph) is the transfer of the pharmaceutical under study (DEXA) from the solution to the outer surface of TW. This stage is referred to as external diffusion (or boundary layer diffusion). The second sorption stage refers to the degree of gradual adsorption corresponding to the diffusion of pharmaceutical under study (DEXA) from the outer surface into the pores of TW. This is referred to as intraparticle diffusion or internal diffusion. The third step with the lowest slope indicates the final stage of equilibrium: this step is considered to be very fast and therefore cannot be treated as the rate-determining step.



It can be seen from Figure 6C that the rate-controlling step of pharmaceutical adsorption on TW involves complex processes, including external diffusion (film diffusion) and intraparticle diffusion. The model parameters obtained from the three steps of the plots are listed in Table 6.



Figure 6D shows a Boyd plot for the adsorption of DEXA at an initial concentration of 75.0 mg L−1 and at different temperatures. The Boyd plot (Figure 6E) is linear with a non-zero intercept. These results indicate that the rate-determining step for adsorption gradually shifts from film diffusion at the beginning of the process to intraparticle diffusion at the later stage.




3.4. Adsorption Thermodynamics


Good environmental engineering practice must consider both energy and entropy factors to evaluate the feasibility of the adsorption process and determine how spontaneous the processes are. In order to obtain thermodynamic parameters, sorption experiments were performed in the temperature range of 25–35 °C (Figure 5). The most important indicator of spontaneity is the Gibbs free energy change, ΔG°. For a spontaneous adsorption process, ΔG° has a negative value [7]. The thermodynamic parameters (ΔG°, ΔH°, ΔS°) are given by these equations:


ΔG° = −RTln KD



(7)






  log  K D  = −   Δ H °     2.303   R T   +   Δ S °   2.303   R    



(8)




where T is the temperature in K, R is the ideal gas constant (8.314 J mol−1 K−1), and KD is the linear adsorption constant. Enthalpy (ΔH°) and entropy change (ΔS°) were determined from the slope and intercept of the plot log KD versus 1/T (figure not shown here). The calculated values of thermodynamic parameters are shown in Table 7.



All negative values of ΔG° in the range of 298–308 K confirm the favorability of the process as well as the spontaneous nature of sorption in the studied temperature range. All the studied pharmaceutical compounds adsorb preferentially on TW. The increase in ΔG° with increasing temperature suggests that lower temperatures facilitate adsorption. A negative value of ΔS° (for the sorption of DEXA, PROC, PRAZ, and TYL on TW) indicates a lower randomness at the solid/liquid interface during the sorption process and suggests that the process is controlled by enthalpy. Only for the adsorption of FEBA, the ΔS° value is positive, indicating an opposite (increased) randomness at the solid/liquid interface and a good affinity of the TW toward the FEBA. Normally, an ordered arrangement of gas molecules on a solid surface lowers the entropy when gases are sorbed. However, the same may not be true for the more complicated system of sorption from solution onto the TW.



The obtained negative value of ΔH° indicates an exothermic biosorption process for all studied pharmaceutical, except for FEBA, for which it is endothermic.



Therefore, spontaneous and exothermic sorption processes were detected for the biosorption of DEXA, PRAZ, PROC, and TYL (except for FEBA). The obtained results are in agreement with those reported for the system of nonylphenol on wastewater-irrigated soil [56], 4-chlorophenol on XAD-4 resin [57], malachite green on neem sawdust [58], methylene blue on Brazil nut shell [59], and Congo red on bulrush root [60]. This ensures that TW is a potentially good sorbent for the removal of the tested pharmaceuticals from water.




3.5. Tomato Waste Biosorption Activity and Efficiency


In this study, information on the maximum biosorption capacity of TW was obtained using the Dubinin–Radushkevich isotherm. The results show that 1.0 g of TW can sorb 449 µg of PRAZ, 461 µg of DEXA, 524 µg of FEBA, 677 µg of TYL, and 1230 µg of PROC (all at 25 °C except FEBA at 35 °C). Although the knowledge of these values would allow a discussion on the sustainability of the use of TW as biosorbent, it is very difficult to compare the results obtained for the studied drugs with some other experimental results. Indeed, to the best of our knowledge, the potential of TW as a biosorbent for organic pollutants has not been studied so far. There are a handful of studies [42,61,62] investigating the sorption potential of TW, but mostly only for heavy metals (the maximum sorption capacity of TW for Cu(II) is 22.37 mg g−1 [42]; for Pb(II), it is 152 mg g−1 [61]). The exception is the application of TW for CIPRO sorption published in our previous paper [29]. Comparing the capacity of TW after CIPRO with the capacity after the pharmaceuticals tested in this paper, TW after CIPRO proved to be a better sorbent than after the pharmaceuticals tested, which is probably related to the physicochemical properties, since it is generally known that fluoroquinolones are strongly sorbed on all sorbents tested so far [33,63,64,65]. On the other hand, if we compare the results obtained for the tested pharmaceuticals with those obtained when eggshells were used as biosorbents [33], we can see that the potential of TW is much greater than that of eggshells (for some, the capacity is ten times greater).



In practice, activated carbon is the most used sorbent material with pretty good results, but its price is quite high. So, this is one of the reasons why alternative sorbents are sought. Alternative sorbents would, on the one hand, solve the problem of waste and thus have an economic aspect. The cost of sorbent material is known to be influenced by several factors, including its availability (whether natural, as industrial/agricultural/household waste, or as a by-product of synthesized by-products), processing required, and reusability. TW is available as industrial and household waste, and its purchase price is extremely low compared to activated carbon [11,12,66]. The sorbent capacity of TW according to the tested drugs cannot be compared with that of activated carbon because no data are available in the literature. However, if we consider the data for the drugs naproxen and ketoprofen [67], we see that the sorption capacity determined on activated charcoal is extremely high (517.55 and 400.92 mg g−1, respectively) compared to the sorption capacity on TW. In addition, in the review paper [11], different types of agricultural wastes (except TW) were investigated. The potentials of the tested biosorbents for the pharmaceutical group range from 2.18 to 455.33 mg g−1, which is far higher than the capacity values determined in this paper. However, it should be noted that not all biowastes mentioned in this review were available in their raw form. In particular, some researchers have processed agricultural wastes with different activators to improve their sorption properties. For this reason, the results obtained in this paper demonstrate the potential of TW as a ubiquitous and cost-effective biosorbent for the removal of pharmaceuticals from water or organic pollutants in general. It is possible to increase the sorption capacity of the tested pharmaceuticals and organic pollutants in general by modifications to the existing TW. However, it should be borne in mind that any modification to existing TW will increase the cost of the sorbent itself.





4. Conclusions


Dried tomato waste was used as a novel sorbent candidate for the removal of selected pharmaceuticals in this case study investigation.



TW represents a complex chemical environment (consistent with the characteristic lipid, phosphate, sugar, water, amide, etc. components) as confirmed by FTIR and EDS and morphology (polydisperse porous) as confirmed by the SEM and nitrogen adsorption–desorption porosimetry. In order to determine a potential sorption capacity of TW, five different pharmaceuticals were selected at slightly higher concentrations of pharmaceuticals than can occur in the environment (50.0 μg mL−1) and analyzed by HPLC-DAD one by one. Tomato waste was chemically and microstructurally characterized before and after simulated sorption, pointing to the stability of the sorbent.



To describe the sorption experiment, we used the linear, Freundlich, and Dubinin–Radushkevich (D-R) isotherms at different temperatures (298, 303, and 308 K). Results point out the spontaneous and physical nature of the biosorption. The negative enthalpy change values for the biosorption of dexamethasone, procaine, praziquantel, and tylosin on TW indicate exothermic processes, while the positive value for febantel indicates an endothermic process.



The kinetic data were analyzed using (i) kinetic models to determine the kinetic parameters (Lagergren’s pseudo-first order and Ho’s pseudo-second order) and (ii) adsorption–diffusion models to the describe transport mechanisms of pharmaceuticals from aqueous solution onto tomato waste as adsorbent (Weber–Morris intraparticle diffusion and Boyd film diffusion models).



The kinetic data of the studied pharmaceutical sorption on the TW biosorbent were best fitted to the pseudo-second order kinetic model. The applied Weber–Morris intraparticle diffusion and Boyd film diffusion models showed that the mechanism of pharmaceutical sorption on the TW biosorbent is under the combined control of intraparticle diffusion (Weber–Morris) and film diffusion (Boyd).



This case study points out that TW must be considered as an effective biosorbent for the removal of pharmaceuticals. Still, it is necessary to continue investigating its performance with respect to potentially harmful intermediate decomposition products as well as its influence on the presence of the elements critical for aquatic systems, such as P and N.
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Figure 1. FTIR spectra of the TW. 
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Figure 2. (A) Pore size distribution of TW, (B) particle size distribution of TW. 






Figure 2. (A) Pore size distribution of TW, (B) particle size distribution of TW.



[image: Sustainability 13 11560 g002a][image: Sustainability 13 11560 g002b]







[image: Sustainability 13 11560 g003 550] 





Figure 3. SEM images of dried tomato-based adsorbent at 1000× magnification. 
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Figure 4. Chromatogram of investigated TW matrices and DEXA standard solution with corresponding and characteristic absorption spectra. 
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Figure 5. The DEXA, FEBA, PRAZ, PROC, and TYL adsorption on TW at different temperatures. 
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Figure 6. (A) Lagergren’s first-order model, (B) Ho’s pseudo-second-order kinetics, (C) Webber–Morris’s intraparticle diffusion model and (D,E) Boyd plots for sorption of dexamethasone (DEXA) on a TW (c(DEXA) = 75.0 mg L−1, T = 25 °C, 30 °C, and 35 °C). 
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Table 1. Selected pharmaceuticals, their structures, and their physicochemical properties.
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	Chemical Structure
	CAS No.
	Mw
	pKa [31]
	log Kow [32]





	PRAZ
	 [image: Sustainability 13 11560 i001]
	55268-74-1
	312.4
	n.a.
	2.42



	TYL
	 [image: Sustainability 13 11560 i002]
	74610-55-2
	1066.2
	3.31; 7.50
	1.63



	PROC
	 [image: Sustainability 13 11560 i003]
	59-46-1
	236.3
	2.24; 8.84
	2.14



	DEXA
	 [image: Sustainability 13 11560 i004]
	50-02-2
	392.5
	n.a.
	1.94



	FEBA
	 [image: Sustainability 13 11560 i005]
	58306-30-2
	446.5
	n.a.
	1.53
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Table 2. Physicochemical characterization of TW.






Table 2. Physicochemical characterization of TW.





	pH
	EC, μS cm−1
	CEC, mmol kg−1





	4.58
	1003
	100.63
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Table 3. Linear, Freundlich, and Dubinin–Radushkevich isotherm.
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	Isotherm
	Linear Form





	Linear
	    q e  =  K D  ×  C e    



	Freundlich
	   log  q e  = log  K F  +  1 n  log  C e    



	Dubinin–Radushkevich
	   ln  q e  = ln  q  m a x   − β  ε 2    
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Table 4. The Linear, Freundlich, and Dubinin–Radushkevich sorption isotherm parameters obtained using the linear method (KD (mL g−1), KF ((μg g−1)(L μg−1)1/n)), β (mol2 kJ−2), qm (μg g−1), E (kJ mol−1)).
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Pharmaceutical

	
Isotherm




	
T, K

	
Linear

	
Freundlich

	
Dubinin–Radushkevich




	
KD

	
R2

	
n

	
KF

	
R2

	
β

	
qm

	
E

	
R2






	
DEXA

	
298

	
45.4

	
0.9965

	
0.61

	
8.75

	
0.9791

	
5.6 × 10−6

	
461

	
0.299

	
0.9757




	
303

	
7.2

	
0.9964

	
0.98

	
5.49

	
0.9718

	
2.84 × 10−5

	
244

	
0.132

	
0.9657




	
308

	
6.8

	
0.9912

	
0.44

	
24.5

	
0.992

	
5.11 × 10−5

	
215

	
0.099

	
0.9946




	
FEBA

	
298

	
5.3

	
0.9929

	
1.74

	
10.51

	
0.9972

	
3.87 × 10−5

	
281

	
0.144

	
0.9649




	
303

	
8.5

	
0.9957

	
1.45

	
31.75

	
0.9999

	
1.48 × 10−5

	
370

	
0.184

	
0.9421




	
308

	
21.7

	
0.9934

	
1.29

	
50.61

	
0.9987

	
5.9 × 10−6

	
524

	
0.291

	
0.9514




	
PRAZ

	
298

	
12.7

	
0.8679

	
1.18

	
53.23

	
0.9046

	
4.62 ×10−6

	
449

	
0.329

	
0.9939




	
303

	
9.6

	
0.8729

	
1.73

	
63.96

	
0.9193

	
8.1 × 10−6

	
443

	
0.248

	
0.9948




	
308

	
8.3

	
0.8945

	
1.74

	
60.17

	
0.8809

	
9.0 × 10−6

	
437

	
0.236

	
0.9999




	
PROC

	
298

	
17.8

	
0.9848

	
0.35

	
3.79

	
0.9965

	
5.4 × 10−6

	
1230

	
0.304

	
0.9853




	
303

	
3.8

	
0.9851

	
0.50

	
1.27

	
0.9600

	
3.78 × 10−5

	
980

	
0.115

	
0.9993




	
308

	
0.7

	
0.9980

	
1.10

	
10.50

	
0.9993

	
3.31 × 10−5

	
322

	
0.122

	
0.9572




	
TYL

	
298

	
28.6

	
0.9963

	
0.57

	
1.87

	
0.9998

	
3.83 × 10−5

	
677

	
0.114

	
0.9774




	
303

	
27.0

	
0.9999

	
0.69

	
5.23

	
0.9987

	
2.54 × 10−5

	
628

	
0.140

	
0.9769




	
308

	
25.1

	
0.9998

	
0.83

	
12.33

	
0.9986

	
1.66 × 10−5

	
581

	
0.173

	
0.9705
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Table 5. Lagergren’s pseudo-first-order and Ho’s pseudo-second-order kinetic parameters of adsorption pharmaceuticals by TW.
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T, °C

	
C0, mg L−1

	
qe, exp

(µg g−1)

	
Kinetic Model




	
Lagergren Pseudo-First Order

	
Ho’s Pseudo-Second Order




	
k1

(min−1) × 10−3

	
qe, cal

(µg g−1)

	
R2

	
k2

(g µg−1 min−1) × 10−5

	
qe, cal

(µg g−1)

	
h

(µg g−1 min−1)

	
R2






	
DEXA

	
25

	
25

	
190

	
4.6

	
87

	
0.9688

	
18.29

	
192

	
6.74

	
0.9997




	
75

	
393

	
4.9

	
231

	
0.9838

	
5.97

	
404

	
9.74

	
0.9997




	
30

	
25

	
99

	
3.7

	
40

	
0.9933

	
25.06

	
100

	
2.51

	
0.9998




	
75

	
260

	
4.3

	
128

	
0.9715

	
7.35

	
265

	
5.16

	
0.9993




	
35

	
25

	
74

	
3.8

	
33

	
0.9744

	
43.82

	
75

	
2.46

	
0.9997




	
75

	
163

	
3.7

	
73

	
0.9942

	
19.93

	
166

	
5.49

	
0.9997




	
FEBA

	
25

	
25

	
103

	
3.6

	
51

	
0.9940

	
14.94

	
107

	
1.71

	
0.9997




	
75

	
276

	
4.6

	
139

	
0.9969

	
5.33

	
280

	
4.18

	
0.9999




	
30

	
25

	
153

	
4.4

	
82

	
0.9927

	
17.06

	
153

	
3.99

	
0.9996




	
75

	
383

	
5.0

	
207

	
0.9942

	
7.35

	
386

	
10.95

	
0.9996




	
35

	
25

	
193

	
3.4

	
67

	
0.9939

	
49.12

	
196

	
18.87

	
0.9995




	
75

	
536

	
5.9

	
265

	
0.9442

	
9.03

	
540

	
26.33

	
0.9994




	
PRAZ

	
25

	
25

	
197

	
4.3

	
67

	
0.9675

	
26.05

	
199

	
10.32

	
0.9999




	
75

	
454

	
4.6

	
176

	
0.9619

	
9.42

	
456

	
19.59

	
0.9999




	
30

	
25

	
180

	
3.6

	
59

	
0.9450

	
24.43

	
182

	
8.09

	
0.9999




	
75

	
438

	
5.1

	
192

	
0.9813

	
9.03

	
440

	
17.48

	
0.9998




	
35

	
25

	
174

	
3.8

	
64

	
0.9620

	
20.32

	
178

	
6.44

	
0.9998




	
75

	
414

	
4.5

	
192

	
0.9769

	
8.13

	
420

	
14.34

	
0.9998




	
PROC

	
25

	
25

	
207

	
3.6

	
74

	
0.9383

	
21.18

	
208

	
9.16

	
0.9998




	
75

	
687

	
5.0

	
219

	
0.9675

	
8.21

	
690

	
39.09

	
0.9999




	
30

	
25

	
141

	
3.5

	
70

	
0.9698

	
20.80

	
144

	
4.31

	
0.9996




	
75

	
538

	
4.2

	
224

	
0.9520

	
6.78

	
555

	
20.88

	
0.9996




	
35

	
25

	
112

	
3.5

	
45

	
0.9647

	
19.05

	
115

	
2.52

	
0.9997




	
75

	
317

	
3.9

	
134

	
0.9637

	
6.35

	
320

	
6.50

	
0.9996




	
TYL

	
25

	
25

	
135

	
3.3

	
58

	
0.9421

	
0.76

	
138

	
0.14

	
0.9967




	
75

	
506

	
5.2

	
201

	
0.9689

	
0.56

	
510

	
1.46

	
0.9986




	
30

	
25

	
150

	
4.0

	
59

	
0.9572

	
0.53

	
149

	
0.03

	
0.9982




	
75

	
515

	
5.2

	
212

	
0.9830

	
0.46

	
513

	
1.21

	
0.9997




	
35

	
25

	
163

	
3.5

	
59

	
0.9522

	
0.37

	
165

	
0.10

	
0.9999




	
75

	
518

	
4.2

	
184

	
0.9577

	
0.45

	
520

	
1.22

	
0.9999
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Table 6. Intraparticle diffusion model constants and correlation coefficients for the adsorption of pharmaceuticals on TW, at initial concentration of 75 mg L−1 and different temperature (T = 25 °C, 30 °C, and 35 °C). (kp1, kp2, kp3 µg g−1 min−1/2).






Table 6. Intraparticle diffusion model constants and correlation coefficients for the adsorption of pharmaceuticals on TW, at initial concentration of 75 mg L−1 and different temperature (T = 25 °C, 30 °C, and 35 °C). (kp1, kp2, kp3 µg g−1 min−1/2).





	

	
T, °C

	
Webber’s Intraparticle Diffusion




	
First Stage of Sorption

	
Second Stage of Sorption

	
Third Stage of Sorption




	
kp1

	
C1

	
R2

	
kp2

	
C2

	
R2

	
kp3

	
C3

	
R2






	
DEXA

	
25

	
32.83

	
6.78

	
0.9939

	
9.84

	
171.4

	
0.9253

	
3.05

	
284.89

	
0.9875




	
30

	
17.78

	
38.62

	
0.9390

	
5.10

	
140.5

	
0.9087

	
2.04

	
188.12

	
0.9590




	
35

	
9.18

	
41.85

	
0.9829

	
2.95

	
90.92

	
0.9216

	
1.26

	
118.99

	
0.9314




	
FEBA

	
25

	
29.19

	
−75.31

	
0.9936

	
10.79

	
66.35

	
0.9655

	
1.88

	
209.17

	
0.8853




	
30

	
8.76

	
−23.26

	
0.9797

	
8.30

	
196.15

	
0.9063

	
2.80

	
282.98

	
0.9322




	
35

	
41.56

	
69.92

	
0.9996

	
9.98

	
313.1

	
0.8592

	
3.21

	
422.09

	
0.9140




	
PRAZ

	
25

	
34.64

	
73.59

	
0.9935

	
9.18

	
270.19

	
0.9089

	
1.99

	
388.44

	
0.9795




	
30

	
8.76

	
−23.26

	
0.9797

	
8.42

	
251.11

	
0.9114

	
0.59

	
10.13

	
0.9240




	
35

	
15.17

	
−50.74

	
0.9753

	
7.57

	
228.56

	
0.9187

	
3.03

	
306.89

	
0.9034




	
PROC

	
25

	
42.94

	
216.84

	
0.9952

	
11.47

	
455.51

	
0.9407

	
2.27

	
606.01

	
0.8134




	
30

	
33.46

	
118.46

	
0.9637

	
11.79

	
291.97

	
0.9326

	
2.89

	
435.58

	
0.9084




	
35

	
26.13

	
−21.28

	
0.9562

	
9.10

	
120.65

	
0.8744

	
2.51

	
228.67

	
0.8587




	
TYL

	
25

	
2.36

	
−10.18

	
0.9520

	
9.55

	
308.68

	
0.8872

	
0.73

	
30.40

	
0.9428




	
30

	
8.76

	
−23.26

	
0.9797

	
10.10

	
312.01

	
0.9324

	
0.59

	
10.13

	
0.9420




	
35

	
15.17

	
−50.74

	
0.9753

	
10.04

	
298.46

	
0.9361

	
0.14

	
6.53

	
0.9077
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Table 7. Thermodynamic parameters for the adsorption of pharmaceuticals by TW.
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Pharmaceutical

	
KD (mL g−1)

	
ΔG° (kJ mol−1)

	
ΔH°

(kJ mol−1)

	
ΔS°

(kJ mol−1)




	
298 K

	
303 K

	
308 K

	
298 K

	
303 K

	
308 K






	
DEXA

	
15.4

	
8.9

	
6.8

	
−6.77

	
−5.51

	
−4.91

	
−62.5

	
−0.19




	
FEBA

	
5.3

	
8.5

	
21.7

	
−4.13

	
−5.39

	
−7.88

	
107.4

	
0.37




	
PRAZ

	
12.7

	
9.6

	
8.3

	
−6.30

	
−5.70

	
−5.42

	
−32.5

	
−0.09




	
PROC

	
7.8

	
3.8

	
1.1

	
−5.09

	
−3.36

	
−0.24

	
−149.3

	
−0.48




	
TYL

	
29.6

	
27

	
25.1

	
−8.39

	
−8.30

	
−8.25

	
−12.6

	
−0.02
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