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Abstract

:

The idea of using drugs from the benzimidazole group as potential antitumor agents is becoming increasingly popular and widespread in research. However, their use as antiparasitics and in cancer treatment will increase their already recorded occurrence in the aquatic environment. In this study, the removal of the anthelmintic mebendazole from aqueous solution was investigated using nanofiltration and reverse osmosis membranes, adsorption on granular activated carbon (GAC), and photolytic degradation. The dense NF90 and reverse osmosis XLE membranes showed almost complete removal (>97.7%), while the NF270 membrane showed a large dependence of removal on initial concentration from 41.9% to 96.6%. Adsorption in the column resulted in complete removal of mebendazole at the highest GAC height used (40 cm) from the solution with the lowest concentration (1 mg/L). Photolytic degradation by artificial light for 2 and 12 h resulted in photodegradation of mebendazole in the range of 23.5–61.4%, forming a new degradation or transformation compound with an m/z ratio of 311. Mebendazole is a photosensitive drug whose photodegradation follows first-order kinetics and depends on the drug concentration. Toxicity was studied with Vibrio fischeri before and after photolysis, and showed a decrease in inhibition after 12 h.
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1. Introduction


The problem of water scarcity as a result of increasing droughts, global industrial development, population growth, and pollution of available resources has attracted much attention. Conservation of limited drinking water resources is becoming one of the most important goals. As a result, there is growing interest in water recycling processes and in developing more efficient treatment processes. A major problem in conserving water resources and the overall balance of the ecosystem is pharmaceuticals, which cannot be adequately removed by conventional wastewater treatment processes.



Pharmaceuticals are no longer new pollutants, but due to their constant use, they represent a diffuse and pseudo-persistent environmental pollution whose interaction in the ecosystem is not yet fully explored. Their use to prevent or treat diseases and to improve the daily quality of life has led to a consumption that increases by 3% every year, so their release into the environment is also increasing [1,2].



Mebendazole is a synthetic derivative of benzimidazole and one of the best known broad-spectrum anthelmintics. It is used not only in human medicine but also in veterinary medicine, as more and more pets are infested with worms that can pose a health risk. There are a growing number of studies dealing with the use of drugs from the benzimidazole group as potential anticancer drugs for colon, ovarian, and lung cancers [3,4,5,6,7]. Studies have shown that mebendazole may be an attractive candidate for drug repositioning in metastatic colorectal cancer (mCRC) due to its efficacy in improving tumor response to chemotherapy, with studies conducted on colon cancer (CRC) patients [4]. In addition, mebendazole showed growth inhibitory effect on ovarian cancer cells [3]. Colon cancer is the third most common cancer and the second leading cause of cancer-related deaths in the world, and epithelial ovarian cancer is the deadliest gynecological cancer [3,4]. The main advantage of mebendazole as a cancer therapeutic agent is its destabilizing effect on microtubules and its safe effect compared with toxic conventional chemotherapy [3]. Although the official use of mebendazole and other benzoimidazoles in cancer therapy has not yet begun, the dissemination of information about their efficacy has led to their use as readily available nonprescription drugs [3].



Therefore, the use of mebendazole as an antiparasitic and uncontrolled use as a cancer therapy, but also according to the results of research, the undeniable future official use in the treatment of cancer, the path to an increasing presence in the environment, wastewater, natural streams and even drinking water is guaranteed. To prevent resistance to the aforementioned drug, its penetration into the environment and possible negative effects on the environment, it is necessary to develop and test methods to remove the drug from water to test its behavior under environmental conditions.



The metabolites and therapeutic effects of mebendazole have been the subject of numerous publications, while its general effects on environmental pollution and methods of its removal from the environment are poorly known. Unlike other pharmaceuticals, anthelmintics as veterinary drugs and their metabolites enter the environment directly via urine and animal faeces, through the application of contaminated manure during pasture processing and aquaculture activities [8]. Pharmaceuticals usually enter the environment through municipal, agricultural, and industrial wastewater. About 50% of anthelmintics used are discharged into public waters [9]. As a result of the massive use of anthelmintics for more than 20 years, there has been accumulation in the environment and pollution of water bodies [10]. A major problem is drug resistance, which has already been identified in nematodes for all groups of anthelmintics, and further increases in resistance are expected [11,12]. According to the World Health Organization (WHO), more than 676 million school-aged children in endemic countries were treated with anthelmintics in 2018 [13].



Membrane separation technology has become widely used in industry and wastewater treatment in recent years. Membrane treatment has been shown to reduce the incidence of contamination by antibiotic resistance genes (ARG) and other xenobiotics and to reduce the risk of their leaching into natural waters [14]. The membrane processes of reverse osmosis (RO) and nanofiltration (NF) showed excellent removal (>90%) of various pharmaceuticals [2,15]. One of the problems of RO and NF is the disposal of the retentate (concentrate), one of the output streams. The contaminants in the retentate of RO have higher concentrations than in the input stream [16,17]. It is necessary to adapt the retentate treatment technology to the source to better remove the contaminants present, which are a problem during disposal.



In this study, the removal of mebendazole by RO/NF membranes was investigated. Removal by photolysis and adsorption on granular activated carbon (GAC) was also investigated. The experiment was conducted with the aim of testing their independent application, but also as a possible treatment option for RO/NF retentate.



Adsorption is a method that is easier to use and requires fewer resources, while it has excellent efficiency in removing various xenobiotics from water. The selection of the right adsorbent and its affinity to the xenobiotics to be removed affect the working parameters and efficiency of the adsorption process. Adsorbents commonly used in water treatment include carbon materials, polymers, nanomaterials, zeolites, bioadsorbents, and waste products [18,19]. An increasing number of studies are investigating the properties and removal efficacy of xenobiotic using cheaper adsorbents such as green coffee residues, tea residues, volcanic ash, seed residues, agricultural residues, steel dust, and clays [20,21]. Although cheap adsorbents would reduce the cost of activated carbon synthesis, they have not yet been used on an industrial scale. Carbon materials are widely used in wastewater treatment to remove various contaminants. The large surface area and porous surface structure of GAC allow adsorption of organic compounds and non-polar xenobiotics, which have been shown to be effectively removed from drinking water and in the wastewater process itself [22].



Photodegradation plays an important role in the transformation of pharmaceuticals in surface waters under the influence of sunlight, and the efficiency of the process itself depends on various parameters, such as the intensity and frequency of light, the structure of the pharmaceutical, the concentrations of individual water components, etc. [23,24]. These photolytic reactions are often complex and can lead to the formation of biologically active transformation products, that may be more toxic than the parent compound and thus pose a risk to aquatic ecosystems or human health [1,9,25]. While the pharmaceutical metabolites have usually been studied, the transformation and degradation products are unknown. Therefore, it is not only important to study the removal of pharmaceuticals by photolysis, but also to determine the toxicity after this process and the resulting photodegradation/transformation products.



To the authors’ knowledge, this is the first work to study the removal of mebendazole from an aqueous medium by RO and NF and its removal by adsorption on GAC. Moreover, for the first time, the toxicity of the studied drug in the aqueous system with Vibrio fischeri before and after photolytic degradation was investigated, taking into account possible transformation products that retain biological activity and reach a potentially higher toxicity than the initial component. Thus, the goals of this study were to: (i) remove mebendazole by RO and NF membranes and identify the removal mechanisms, (ii) remove mebendazole by adsorption and photolysis and investigate the influence of the initial concentration on the removal percentage, and (iii) determine the ecotoxicity of the pure mebendazole solution and the mebendazole mixture and the resulting degradation or transformation product after photolysis by Vibrio fischeri.




2. Materials and Methods


2.1. Chemicals


The standard of the pharmaceutical tested in this work was the anthelmintic mebendazole obtained from ACROS Organics. The purity of mebendazole was ≥97.5% according to the supplier. The chemical structure of mebendazole and its physico-chemical properties are shown in Table 1. Binary solutions of mebendazole were prepared in demineralized water. The initial concentrations of mebendazole solutions were 1 and 3 mg/L.



Yeast extract and peptone for bacterial use were purchased from Biolife (Milan, Italy), and agar for bacterial use was purchased from Liofilchem (Roseto degli Abruzzi, Italy). Other chemicals according to the standard required for toxicity testing (p.a. purities) were purchased from Lach-Ner (Neratovice, Czech Republic), Fischer Scientific (Loughborough, UK), and Thermo Scientific (Kandel, Germany).



HPLC grade acetonitrile from Fisher Scientific (Loughborough, UK) and ultrapure water (Milli-Q water) were used for liquid chromatography. Milli-Q water was prepared by the Millipore Simplicity UV-system (Millipore Corporation, MA, USA).




2.2. Membranes


The removal of mebendazole by nanofiltration membranes NF90 and NF270 and by reverse osmosis XLE (Dow/FilmTec, Midland MI, Michigan, USA) was investigated. The characteristics of the membranes tested have been described previously [27]. All membranes were stored in a cold, dark place until use.



The removal of mebendazole by the different membranes was performed in a laboratory set-up with six RO/NF cells connected in parallel and details have been previously published in Dolar et al. (2011) [28]. This apparatus was used to show the removal efficiency and removal mechanism of mebendazole with RO/NF membranes. Concentrating of mebendazole solutions with the membranes studied was tested in a laboratory set-up previously described by Racar et al. (2020) [29].



Prior to testing, the membranes were soaked and washed with approximately 5 L of demineralized water (without pressure) to wash out conserving agent. Then, the membranes were pretreated under a pressure of 12 bar to stabilize the permeate flux. After pretreatment, the flux was monitored at an operating pressure of 10 bar.



In the removal efficiency experiments, the pharmaceutical solution (1 and 3 mg/L) was treated at operating pressure for 2 h. Concentrating of the mebendazole solution was carried out at operating pressure using the test membranes. The volume of mebendazole feed solution was reduced from 5 to 1 L with retentate recirculation to study the dependence of retentate concentration on volume reduction factor (VRF) and to investigate the influence of feed solution concentration on permeate quality and possible membrane adsorption. Samples of permeate and retentate were taken at appropriate solution volumes in the tank. The VRF was calculated according to the following equation:


  V R F =   V  | 0 |    V  | R |    =   V  | 0 |    V  | 0 |  − V  | P |    ,  



(1)




where V|0| is initial volume, V|R| is retentate volume, and V|P| is permeate volume.



The concentrations of mebendazole in all samples were determined by high performance liquid chromatography with diode array detector (HPLC-DAD). After the process, the membranes were washed with approximately 30 L of demineralized water under working pressure.



After completion of the experiment, the membranes were removed from the apparatus and dried in an oven at 35 °C for 15 h. The dried membranes were used for further analysis with a Fourier transform infrared spectrophotometer (FTIR).




2.3. Adsorption


Column adsorption was tested on a laboratory scale using a glass column (L = 50 cm and d = 3 cm). The height of GAC poured into the column was 5, 10, 20, and 40 cm. The total volume of leaked mebendazole solution was monitored with a graduated vessel placed under the column opening. The flow rate was monitored by sampling and weighing on an analytical balance. It was necessary to ensure a continuous flow of the mebendazole solution through the column and to maintain a constant level of the solution in the column. Samples for analysis were taken before starting and effluent samples were taken at the exit of the column after 200, 400, 600, 1000, 1500, 2000, 2500, 3000, 3500, and 4000 mL of treated solution. The same procedure was repeated for each height of GAC at a given concentration of mebendazole solution. The effect of pH-values on pharmaceutical removal by adsorption on GAC was also investigated. The pH-values were adjusted with hydrochloric acid and sodium hydroxide.




2.4. Photolysis


Photolytic degradation of pharmaceutical in solution was studied using a Suntest CPS+ apparatus (Atlas, Linsengericht, Germany), the characteristics of which have been described in detail previously [30]. Adjustable parameters are temperature, radiation intensity, and exposure time of the radiation to the sample.



Solutions with a volume of 40 mL and concentrations of 1 and 3 mg/L were irradiated in quartz vials for 2 h, and samples were taken at appropriate time intervals and analyzed using HPLC-DAD. Solutions of 1 and 3 mg/L were also irradiated under the same conditions but for 12 h. The irradiation intensity was kept at 500 W/m2 and the temperature at 25 °C in both cases.



The same volume of 1 and 3 mg/L solution was illuminated in the same way, but the quartz vials were protected with aluminum foil to avoid radiation exposure. This study was conducted to determine if the decrease in concentration was due to photolytic degradation rather than hydrolytic degradation.



The photolysis rate (r) was calculated according to equation:


  r =   (  c 0  −  c t  )    c 0    ⋅ 100 % ,  



(2)




where c0 is the initial concentration of mebendazole and ct is the residual concentration at time t [31]. By processing the data, the coefficients of mebendazole degradation rate (k) and half-life (t1/2) were calculated according to the following expressions:


  − ln    c 0     c t    = k ⋅ t  



(3)






   t  1 / 2   =   ln 2  k   



(4)








2.5. Toxicity


The toxicity test was performed according to standard bioluminescent method ISO 11348 with fresh Vibrio fischeri bacteria. Lyophilized bacteria were obtained from Hach Lange (Luminiscent bacteria test LCK 484, Düsseldorf, Germany), and a culture of the same fresh bacterium was prepared from the lyophilized bacteria on a microbial growth medium, which was then used for further measurements.



Bacterial luminescence measurements were performed using a LUMIStox 300 from Hach Lange instrument (Düsseldorf, Germany), which was used with a thermostatted LUMIStherm block to incubate the bacteria.



Luminescence was monitored initially and after 30 min as a parameter for indicating toxicity or inhibition. All measurements were performed at an instrument operating temperature of 15 ± 1 °C. The pH-value of the resuspension solution and the 2% NaCl solution was adjusted to 7.0 ± 0.2 to avoid a negative effect of pH-value on bacterial luminescence. Adjustment was made by adding sodium hydroxide or hydrochloric acid and measuring the pH-value with the S20 SevenEasy pH meter (Mettler Toledo, Greifensee, Switzerland). The geometric sequence with 2% NaCl solution was used to prepare the dilutions and measurements. The geometric sequence leads to dilution of the original sample (the last sample was diluted 128 times), which allows toxicity tests in a wide concentration range.




2.6. Chemical Analysis


Analysis and quantification of mebendazole in the samples was performed using a Varian ProStar 500 (Walnut Creek, CA, USA) high performance liquid chromatography system with a ProStar 330 diode array detector (DAD) (Walnut Creek, CA, USA) as previously described [32]. An InertSustain C18 250 mm × 4.6 mm column, 5 μm particle size (GL Sciences, Tokyo, Japan) was used for analysis. Chromatograms were recorded at wavelengths from 230 to 365 nm, with separation monitored at an absorbance wavelength of 254 nm.



The mobile phase used for chromatographic separation consisted of solvent A (0.01% formic acid in Milli-water) and eluent B (0.01% formic acid in acetonitrile) with gradient elution. Elution began with a 2.3-min linear gradient from 100% A to 8% B, followed by a 3.7-min linear gradient to 10% B, a 5-min linear gradient to 30% B, a 4-min linear gradient to 60% B, and finally a 3-min linear gradient to 95% B maintained for 10 min, and a 0.1-min linear gradient back to initial conditions. Each sample was injected three times, and the injection volume was 30 µL. The flow rate was 0.5 mL/min. The pressure in the system ranged from 20 to 25 atm and the temperature from 20 to 25 °C. The retention time of mebendazole was 22.907 min. The limit of detection (LOD) in demineralized water was 0.1 mg/L and the limit of quantification (LOQ) was 0.3 mg/L. The calibration curve was linear with R2 > 0.9906.



The photolytic test samples were also analyzed using Shimadzu LC-20ADXR high performance liquid chromatograph (Shimadzu, Kyoto, Japan) with SPD-20AV UV detector and LCMS 2020 mass spectrometer (Shimadzu, Kyoto, Japan). The analysis was performed under the same conditions as for HPLC-DAD.




2.7. Fourier Transformation Infrared Spectrometer—FTIR


Possible interactions between membranes and pharmaceutical were investigated using FTIR (Bruker Vertex 70, Ettlingen, Germany) equipped with a Platinum ATR single reflection diamond (n = 2.4) crystal-based module in the middle IR range (400–4000 L/cm). Prior to scans of the membrane surface samples (≈0.5 × 0.5 cm), the background spectrum (air) was recorded to avoid measurement errors. The scans were performed before and after pharmaceuticals tests.





3. Results and Discussion


3.1. Removal of Mebendazole with RO/NF Membranes


XLE, NF90, and NF270 were selected as typical RO, tight NF, and loose NF membranes, respectively, to determine the removal rate and removal mechanisms of mebendazole. The rejection factors of mebendazole in RO/NF treatment are shown in Table 2.



As can be seen, the highest removal was obtained with XLE and NF90 membranes, followed by NF270 membrane. The RO XLE and tight NF90 membranes showed almost complete removal for all investigated concentrations. From Table 2, it can be seen that these membranes have the best and quite similar retention factors of more than 97.7%. Considering the possibility of predicting the rejection factors based on molecular weight, a higher rejection factor is expected for XLE and NF90 membranes and a lower one for NF270. The MWCO for XLE membrane is 100 Da and for NF90 is 100–200 Da [32]. Therefore, the molecular weight of mebendazole (Table 1) is higher than the MWCO value. The MCWO value of 150–300 Da of NF270 membrane could explain the lower rejections [32].



The size exclusion mechanism was also confirmed by comparing the pore sizes of the membranes and the dimensions of the components shown in Table 1. It was found that the pores of the membrane RO XLE membrane were centered at 0.33 nm, while for NF270 they were 0.42, 0.64, and 1.36 nm [33]. NF90 as tight nanofiltration membrane is very similar to RO membrane [28,34]. From the dipole moment and the structure of the molecule, it can be concluded that the methyl group enters the membrane structure at the end of the molecule, which means that the height and width are the dominant parameters. These are the reasons for the lower removal of mebendazole with the NF270 membrane and the almost complete removal with the XLE and NF90 membranes. From Table 2, it can be seen that the initial concentration of the compounds in the feed solution is an important factor affecting the rejection efficiency [35]. For the XLE and NF90 membranes, the rejection decreased between 1.6 and 2.3% for 5 and 10 mg/L solutions due to higher concentration polarization and probable adsorption. However, for the NF270 membrane, an increase in concentration resulted in an increase in the rejection factor from 41.9% to 96.6%. It can be assumed that adsorption and hydrophobic interactions lead to an increase in rejection. Adsorption on the membrane surface or inside the pores narrowed the pores and decreased the transport of pharmaceuticals through the membrane. The high adsorption of mebendazole on membranes is favored by its low water solubility (71.3 mg/L) and high logKO/W value (2.83). The adsorption of organic compounds increases with decreasing water solubility, and components with a logKO/W value above 2 are considered hydrophobic and are likely to adsorb on the RO/NF membranes [35,36]. Mebendazole may associate with the -CH3 functional group, which may increase the effect of size exclusion and adsorption of pharmaceuticals on the outer surface or in the pores of the membrane. FTIR analysis was performed to determine the possible adsorption of mebendazole on membranes. The results showed that there were no significant changes in the structure of the XLE membrane. As shown in Figure S1, a number of new peaks were observed for the NF90 and NF270 membranes. The new peaks for the NF90 membrane are visible at 769, 907, 977, 1640, 1732, and 3371 cm−1, and for NF270 at 772, 906, 1530, 1640, 1730, and 3371 cm−1. For the XLE membrane, only one new peak (Figure S1) is visible at 1732 cm−1, which represents a new carbonyl group [33]. Peaks in the range between 1750 and 1700 cm−1 are generally simple carbonyl compounds such as ketones, aldehydes, esters, or carboxyl [37]. The changes in NF90 and NF270 membranes are similar and can be explained by the pore size, due to which the possibility of mebendazole penetration into the membrane pores is higher, resulting in a significantly higher number of new peaks in the FTIR spectrum. Peaks at 3371 cm−1 were observed in NF270 membrane and NF90, and according to the literature, the absorption band in the range between 3650 and 3250 cm−1 indicates hydrogen bond [33,37]. The peak at wavenumber 1640 cm−1, reflecting functional groups of primary and secondary amides, could be due to H-bonding and vibrations of amide C=O bonds or alkenyl C=C stretching [33,37,38]. The region 800–1000 cm−1 showed the string bending of methyl (-CH3) group and at 772 cm−1 the bending of -CH2 [33].



From the rejection factors and FTIR results, it can be concluded that size exclusion prevails as a separation mechanism for RO and tight NF membranes, while physico-chemical interactions had the greatest influence for loose NF membranes.



In further work, the selected membranes were used in a larger apparatus (Sepa II) with better hydrodynamic conditions and a larger surface area to investigate the effect of volume reduction on mebendazole concentration in the retentate. The mebendazole concentration in the retentate compared to the VRF is shown in Figure 1.



As described earlier, adsorption on the membrane is expected due to the hydrophobicity, dimensions, dipole moment, and low solubility of the molecule. This effect is again most evident with the NF270 membrane. Due to reduction in volume during retentate recirculation, an increase in concentration in the feed solution is expected unless mebendazole is adsorbed on membranes or parts of the apparatus. However, for the XLE and NF90 membranes, there was an increase in the concentration in the feed solution, whereas for the NF270 membrane, the concentration in the feed began to decrease at VRF 1.66 and increased at VRF 5. The unexpected behavior of the curve for the NF270 membrane (Figure 1) can be related to the weaker removal, larger pores of the mentioned membrane, and the adsorption of mebendazole on the surface and in the pores of the membrane which is expected due to the size of the pores and the molecule and was also detected by FTIR. Greater adsorption at the surface and in the pores leads to a decrease in mebendazole concentration in the recirculating retentate stream, but also to weaker removal. As expected, a higher concentration of mebendazole on the membrane surface and in the pores leads to a higher penetration of mebendazole into the permeate. Using a solution with a concentration of 1 mg/L as a example, the initial removal was 79.5% for VRF 1 and then decreases to 40.8% for VRF 2.5. It is assumed that after this point there is desorption of mebendazole from the surface, but also weaker passage of mebendazole through the already partially filled pores of the membrane, leading to a jump in the concentration of mebendazole in the retentate for VRF 5, but also to better removal, which increases to 50.2%. Adsorption and desorption of mebendazole from parts of the device can lead to a decrease or increase in the concentration in the input solution.



In addition, adsorption on the membranes leads to a decrease in the flux, which was also observed during the treatment of mebendazole solution. Throughout the solution treatment process, the permeate flux decreases, eventually decreasing from 70 to 62 L/(m2 h) for the XLE membrane, from 70 to 63 L/(m2 h) for the NF90 membrane, and from 190 to 174 L/(m2 h) for the NF270 membrane. The decrease in flux is attributed to adsorption in the membrane pores, which is consistent with the assumptions made previously.



Mebendazole was successfully removed from the binary solution using the membrane procedure. However, the next step of our work addresses the issue of removal in real wastewater matrices where a large number of pharmaceuticals, active components, and other organic pollutants are present. According to the available literature, higher removal can be expected especially for NF membranes due to the occurrence of synergistic effects [32,39,40].




3.2. Adsorption


The influence of GAC height, flow rate, pH-value, and input concentration on the removal of the tested pharmaceutical was investigated by column adsorption. The input concentration is an important factor that can affect the height of GAC applied in the column, while the layer height mainly affects the adsorption efficiency [41]. The flow rate affects the contact time between the adsorbate and the adsorbent, which significantly affects the removal efficiency [41]. The efficiency of the adsorption process is represented by the breakthrough curve.



Preliminary column adsorption test was performed with a continuous flow of mebendazole solution (3 mg/L) at a height of 5 cm GAC and a flow rate of about 130 mL/min. Lin et al. and Rizzo et al. have shown that the pH-value of the solution is an important parameter for controlling the adsorption process. Therefore, tests were performed at pH-values of 4.12, 6.88 and 9.13 (Figure 2) [42,43].



Due to the high flow rate and the low height of the GAC (5 cm), i.e., due to the very short contact between the solution and the adsorbent, there was no significant decrease in the mebendazole concentration. The largest decrease in concentration was observed at neutral pH-value (18.0% ± 2.8). The breakthrough curves are shown in Figure 2, and it can be seen that the saturation of the activated carbon and a higher concentration of the effluent occur in the acidic pH range. This is probably due to the poorer adsorption and easier desorption in the indicated pH range as a result of the weak adsorption bonding energy [43].



According to the results obtained previously, the work was continued at neutral pH-value, lower flow rate (30 mL/min) to ensure better and longer contact between the adsorbent and the adsorbate, and at different height of the GAC column to ensure more adsorption sites. Compared with the previous adsorption at different pH-values (Figure 2), where the flow rate was about 130 mL/min, it can be concluded that the adsorbate has more time to diffuse into the pores at lower flow rate, resulting in higher adsorption, i.e., greater removal of mebendazole. To further reduce the flow due to a significant slowdown of the process, the tests were continued with different amounts of GAC, i.e., GAC height (Figure 3).



At higher GAC heights, a greater number of adsorption sites are available, ensuring greater efficiency in mebendazole removal, but also slower saturation of the GAC compared to lower heights. At the beginning of the adsorption process, the mebendazole concentration decreases sharply and the process continues with a moderate increase, which is visible on the breakthrough curve (Figure 3) by increasing the γ/γ0 ratio. Each adsorbent has a number of sites on its surface to which adsorbate molecules can bond. They fill quickly at first, but as occupancy increases, the probability of the adsorbate molecule coming into contact with the free binding site decreases. The greatest decrease in mebendazole concentration occurred with the adsorption column containing the highest amount of activated carbon.



To test the influence of concentration, adsorption was performed with a continuous flow of mebendazole solution (1 mg/L) at a height of 40 cm GAC and a flow rate of about 30 mL/min in the neutral pH range. The effluent concentrations in all samples collected were below the detection limit (results not shown), and it can be concluded that the removal of mebendazole from the 1 mg/L solution at a height of 40 cm GAC was complete, as shown in the chromatogram (Figure S2). It can be concluded that a higher concentration means a larger amount of adsorbate coming into contact with the adsorbent before the GAC is saturated, or more occupied adsorption sites, resulting in poorer removal at higher concentrations.




3.3. Photolysis and Toxicity


Direct photolytic degradation was tested in 1 and 3 mg/L mebendazole solution prepared in ultra-pure water. Photolysis was performed for 2 and 12 h. All 12 h photolysis experiments were performed in triplicate, and samples were analyzed using a HPLC-DAD device. Due to the chemical structure of mebendazole, photosensitivity is expected [44].



There was no decrease in concentration over time in the control samples protected with aluminum foil, indicating that photolysis during the test was mainly caused by radiation. The results of the photodegradation experiment of mebendazole showed that it was susceptible to degradation, with the highest photolytic degradation rate being 43% after a 1 mg/L solution was exposed to simulated solar radiation for 120 min. The photolysis rate was calculated using Equation (2). As shown in Figure 4, the photolytic degradation rate is lower (37%) in a solution with a 3-mg/L concentration.



There were no significant changes in the photolytic degradation rate during the 12 h photolysis (Figure 4).



In the experiments, linear regression ln(c0/ct) with respect to time (t) showed that photodegradation followed first-order kinetics with R2 > 0.93, as expected in the literature [44]. By processing the data, the coefficients of the rate of degradation of mebendazole (k) were calculated, i.e., the half-life was calculated using Equation (4) (t1/2), which is 12 h for a concentration of 1 mg/L and 28 h for a solution of 3 mg/L.



The photodegradation durations of 2 and 12 h were not sufficient to completely degrade mebendazole. However, in both experiments, a new component is formed during photolytic degradation of mebendazole, which is visible on the chromatogram in Figure S3. The new component appears at a retention time of 23.467 min and has a maximum at about 203, 253, 312 nm, while the retention time of mebendazole is 22.940 min and the maxima are at about 210, 246, 309 nm, as shown in Figure S4.



Analysis of the samples after photolysis on the LC-MS device confirmed that the mebendazole molecule is m/z 295 and the degradation or transformation product is m/z 311 (Figures S5 and S6). It is suggested that the entry of the OH group into the aromatic core of the ring (Figure 5) occurred under the influence of photolytic radiation in the aqueous medium.



In accordance with the subject of the work, the structure was not further investigated because it requires the synthesis of the newly formed compound and further analytical studies.



Toxicity analyses should be performed for the parent component, but also for the degradation/transformation products after photolysis, as other, more toxic products may be formed. Toxicity analyses using a luminescent bacterial test have shown that UV radiation reduces the toxicity of some pharmaceuticals to aquatic organisms by reducing their amount, but also increases the toxicity of other pharmaceuticals, producing toxic products [45]. For these reasons, a toxicity study of the parent component with Vibrio fischeri was performed, but also a test after 12 h of photolysis. Toxicity was also tested for samples after 4 h of photolysis, after a preliminary study showed that the highest concentration of the unknown component was present at this time.



Toxicity evaluation results for samples after photolytic degradation of mebendazole at initial concentrations of 1 mg/L and 3 mg/L are shown in Table 3.



The inhibition of bacterial growth after 30 min of exposure to the standard solution is at a very low percentage, indicating very low toxicity of the mebendazole solution. Inhibition increases more weakly when the concentration of the degradation or transformation product is highest, but this increase is not significant. After 12 h, inhibition no longer occurs, which can be explained by lower concentrations of mebendazole, but also of the degradation product in the sample. In addition to the ecotoxicity analysis, it is necessary to identify the resulting degradation or transformation product to better follow its fate and behavior in the environment.



The toxicity of mebendazole has been studied exclusively in dogs, sheep, rabbits, rats, and other rodents [46,47]. In these studies, fetal toxicity and teratogenicity in rats, anemia, and increased levels of alkaline phosphates, bilirubin, cholesterol, and total serum proteins as a result of a high-dose of mebendazole have been reported, and testicular damage was demonstrated. It is clear that the ecotoxicity, behavior, and fate of mebendazole in the environment have not been adequately studied.





4. Conclusions


The aim of this study was to investigate the behavior and removal of mebendazole from aqueous media by RO/NF membranes and its removal from retentate by adsorption and photolysis. The dense NF90 and RO XLE membranes showed almost complete removal (>97.7%), while in the case of the loose NF270 membrane (41.9–96.6%), the initial concentration had a high influence.



GAC successfully removed mebendazole from the retentate, and the flow rate, the height of the carbon layer, and the initial concentration of the solution had a great influence on the efficiency.



Photolysis is also a suitable method to remove mebendazole from retentate, and it can be concluded that mebendazole is a photosensitive pharmaceutical. However, a negative aspect of photolysis was the formation of photodegradation product.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/membranes12090888/s1, Figure S1: FTIR spectra of RO/NF membranes before and after the treatment of mebendazole solution; Figure S2: Chromatogram of 1 mg/L mebendazole solution: (a) initial solution before column adsorption and (b) after column adsorption at h(GAC) = 40 cm; Figure S3: Chromatogram of 3 mg/L mebendazole solution and unknown component after photolysis; Figure S4: Absorption spectrum of mebendazole and unknown component; Figure S5: Mass spectrum of mebendazole; Figure S6: Mass spectrum of the degradation or transformation product





Author Contributions


Investigation, writing original draft, formal analysis, validation—B.B.; Formal toxicity analysis—D.A. (Darko Andrić); Writing review & editing—A.F.; Analysis of degradation/transformation product—D.V.; Investigation (analytical part), validation, writing review & editing—D.A. (Danijela Ašperger); Conceptualization, investigation, writing original draft, writing review & editing—D.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


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




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Charuaud, L.; Jarde, E.; Jaffrezic, A.; Thomas, M.F.; Le Bot, B. Veterinary pharmaceutical residues from natural water to tap water: Sales, occurrence and fate. J. Hazard. Mater. 2019, 361, 169–186. [Google Scholar] [CrossRef] [PubMed]

	



Kwarciak-Kozlowska, A. Removal of pharmaceuticals and personal care products by ozonation, advance oxidation processes, and membrane separation. In Pharmaceuticals and Personal Care Products: Waste Management and Treatment Technology: Emerging Contaminants and Micro Pollutants, 1st ed.; Prasad, M.N.V., Vithanage, M., Kapley, A., Eds.; Butterworth-Heinemann Elseviere: Oxford, UK, 2019; Volume 3, pp. 151–171. [Google Scholar] [CrossRef]

	



Elayapillai, S.; Ramraj, S.; Benbrook, D.M.; Bieniasz, M.; Wang, L.; Pathuri, G.; Isingizwe, Z.R.; Kennedy, A.L.; Zhao, Y.D.; Lightfoot, S.; et al. Potential and mechanism of mebendazole for treatment and maintenance of ovarian cancer. Gynecol. Oncol. 2021, 160, 302–311. [Google Scholar] [CrossRef]

	



Hegazy, S.K.; El-Azab, G.A.; Zakaria, F.; Mostafa, M.F.; El-Ghoneimy, R.A. Mebendazole; from an anti-parasitic drug to a promising candidate for drug repurposing in colorectal cancer. Life Sci. 2022, 299, 120536. [Google Scholar] [CrossRef]

	



Son, D.S.; Lee, E.S.; Adunyah, S.E. The antitumor potentials of benzimidazole anthelmintics as repurposing drugs. Immune Netw. 2020, 20, e29. [Google Scholar] [CrossRef] [PubMed]

	



Ghasemi, F.; Black, M.; Vizeacoumar, F.; Pinto, N.; Ruicci, K.M.; Le, C.; Lowerison, M.R.; Leong, H.S.; Yoo, J.; Fung, K.; et al. Repurposing Albendazole: New potential as a chemotherapeutic agent with preferential activity against HPV-negative head and neck squamous cell cancer. Oncotarget 2017, 8, 71512–71519. [Google Scholar] [CrossRef] [PubMed]

	



Hou, Z.J.; Luo, X.; Zhang, W.; Peng, F.; Cui, B.; Wu, S.J.; Zheng, F.M.; Xu, J.; Xu, L.Z.; Long, Z.J.; et al. Flubendazole, FDA-approved anthelmintic, targets breast cancer stem-like cells. Oncotarget 2015, 6, 6326–6340. [Google Scholar] [CrossRef]

	



Li, Y.; Gan, Z.; Liu, Y.; Chen, S.; Su, S.; Ding, S.; Tran, N.H.; Chen, X.; Long, Z. Determination of 19 anthelmintics in environmental water and sediment using an optimized PLE and SPE method coupled with UHPLC-MS/MS. Sci. Total Environ. 2020, 719, 137516. [Google Scholar] [CrossRef]

	



Sim, W.J.; Kim, H.Y.; Choi, S.D.; Kwon, J.H.; Oh, J.E. Evaluation of pharmaceuticals and personal care products with emphasis on anthelmintics in human sanitary waste, sewage, hospital wastewater, livestock wastewater and receiving water. J. Hazard. Mater. 2013, 248, 219–227. [Google Scholar] [CrossRef]

	



Lian, Z.; Liang, Z.; Wang, J. Selective extraction and concentration of mebendazole in seawater samples using molecularly imprinted polymer as sorbent. Mar. Pollut. Bull. 2015, 91, 96–101. [Google Scholar] [CrossRef]

	



Zajíčková, M.; Nguyen, L.T.; Skálová, L.; Raisová Stuchlíková, L.; Matoušková, P. Anthelmintics in the future: Current trends in the discovery and development of new drugs against gastrointestinal nematodes. Drug Discov. Today 2020, 25, 430–437. [Google Scholar] [CrossRef]

	



Nixon, S.A.; Welz, C.; Woods, D.J.; Costa-Junior, L.; Zamanian, M.; Martin, R.J. Where are all the anthelmintics? Challenges and opportunities on the path to new anthelmintics. Int. J. Parasitol. Drugs Drug Resist. 2020, 14, 8–16. [Google Scholar] [CrossRef]

	



Soil-Transmitted Helminth Infections. Available online: https://www.who.int/news-room/fact-sheets/detail/soil-transmitted-helminth-infections (accessed on 26 January 2021).

	



Liang, C.; Wei, D.; Zhang, S.; Ren, Q.; Shi, J.; Liu, L. Removal of antibiotic resistance genes from swine wastewater by membrane filtration treatment. Ecotoxicol. Environ. Saf. 2021, 210, 111885. [Google Scholar] [CrossRef] [PubMed]

	



Deegan, A.M.; Shaik, B.; Nolan, K.; Urell, K.; Oelgemöller, M.; Tobin, J.; Morrissey, A. Treatment options for wastewater effluents from pharmaceutical companies. Int. J. Environ. Sci. Technol. 2011, 8, 649–666. [Google Scholar] [CrossRef]

	



Benner, J.; Salhi, E.; Ternes, T.; von Gunten, U. Ozonation of reverse osmosis concentrate: Kinetics and efficiency of beta blocker oxidation. Water Res. 2008, 42, 3003–3012. [Google Scholar] [CrossRef]

	



Joo, S.H.; Tansel, B. Novel technologies for reverse osmosis concentrate treatment: A review. J. Environ. Manag. 2015, 150, 322–335. [Google Scholar] [CrossRef] [PubMed]

	



Saood Manzar, M.; Ahmad, T.; Ullah, N.; Velayudhaperumal Chellam, P.; John, J.; Zubair, M.; Brandão, R.J.; Meili, L.; Alagha, O.; Çevik, E. Comparative adsorption of Eriochrome Black T and Tetracycline by NaOH-modified steel dust: Kinetic and process modeling. Sep. Purif. Technol. 2022, 287, 120559. [Google Scholar] [CrossRef]

	



Albatrni, H.; Qiblawey, H.; El-Naas, M.H. Comparative study between adsorption and membrane technologies for the removal of mercury. Sep. Purif. Technol. 2021, 257, 117833. [Google Scholar] [CrossRef]

	



Saood Manzar, M.; Alshabib, M.; Alam, U.; Nawaz, M.; Zubair, M.; Ferreira Silva, A.; Dalhat Mu’azu, N.; Meili, L.; Çevik, E.; Alqahtani, H.A. Comparative adsorption of Eriochrome black T onto recyclable steel dust wastes: Isotherm, kinetics and thermodynamic studies. Colloids Surf. A Physicochem. Eng. Asp. 2022, 645, 128828. [Google Scholar] [CrossRef]

	



Manzar, M.S.; Khan, G.; dos Santos Lins, P.V.; Zubair, M.; Khan, S.U.; Selvasembian, R.; Meili, L.; Blaisi, N.I.; Nawaz, M.; Abdul Aziz, H.; et al. RSM-CCD optimiza-tion approach for the adsorptive removal of Eriochrome Black T from aqueous system using steel slag-based adsorbent: Characterization, Isotherm, Kinetic modeling and thermodynamic analysis. J. Mol. Liq. 2021, 339, 116714. [Google Scholar] [CrossRef]

	



Xu, L.; Campos, L.C.; Li, J.; Karu, K.; Ciric, L. Removal of antibiotics in sand, GAC, GAC sandwich and anthracite/sand biofiltration systems. Chemosphere 2021, 275, 130004. [Google Scholar] [CrossRef]

	



Mompelat, S.; Le Bot, B.; Thomas, O. Occurrence and fate of pharmaceutical products and by-products, from resource to drinking water. Environ. Int. 2009, 35, 803–814. [Google Scholar] [CrossRef] [PubMed]

	



Prabhakaran, D.; Sukul, P.; Lamshöft, M.; Maheswari, M.A.; Zühlke, S.; Spiteller, M. Photolysis of difloxacin and sarafloxacin in aqueous systems. Chemosphere 2009, 77, 739–746. [Google Scholar] [CrossRef]

	



Dolar, D.; Pelko, S.; Košutić, K.; Horvat, A.J.M. Removal of anthelmintic drugs and their photodegradation products from water with RO/NF membranes. Process Saf. Environ. Prot. 2012, 90, 147–152. [Google Scholar] [CrossRef]

	



Monteiro, N.K.V.; Firme, C.L. Teaching Thermodynamic, Geometric and Electronic Aspects of Diels-Alder Cycloadditions by Using Computational Chemistry-An Undergraduate Experiment. World J. Chem. Educ. 2015, 3, 141–149. [Google Scholar] [CrossRef]

	



Racar, M.; Dolar, D.; Špehar, A.; Košutić, K. Application of UF/NF/RO membranes for treatment and reuse of rendering plant wastewater. Process Saf. Environ. Prot. 2017, 105, 386–392. [Google Scholar] [CrossRef]

	



Dolar, D.; Vuković, A.; Ašperger, D.; Košutić, K. Effect of water matrices on removal of veterinary pharmaceuticals by nanofiltration and reverse osmosis membranes. J. Environ. Sci. 2011, 23, 1299–1307. [Google Scholar] [CrossRef]

	



Racar, M.; Obajdin, K.; Dolar, D.; Košutić, K. Pretreatment for the reclamation of rendering plant secondary effluent with NF/RO: UF flat sheet versus UF hollow fiber membranes. Clean Technol. Environ. Policy 2020, 22, 399–408. [Google Scholar] [CrossRef]

	



Dabić, D.; Babić, S.; Škorić, I. The role of photodegradation in the environmental fate of hydroxychloroquine. Chemosphere 2019, 230, 268–277. [Google Scholar] [CrossRef]

	



Li, H.; Duan, L.; Wang, H.; Chen, Y.; Wang, F.; Zhang, S. Photolysis of sulfadiazine under UV radiation: Effects of the initial sulfadiazine concentration, pH, NO3− and Cd2+. Chem. Phys. Lett. 2020, 739, 136949. [Google Scholar] [CrossRef]

	



Dolar, D.; Vukovic, A.; Asperger, D.; Kosutic, K. Efficiency of RO/NF membranes at the removai of veterinary antibiotics. Water Sci. Technol. 2012, 65, 317–323. [Google Scholar] [CrossRef]

	



Dolar, D.; Drašinac, N.; Košutić, K.; Škorić, I.; Ašperger, D. Adsorption of hydrophilic and hydrophobic pharmaceuticals on RO/NF membranes: Identification of interactions using FTIR. J. Appl. Polym. Sci. 2017, 134, 17–21. [Google Scholar] [CrossRef]

	



Košutić, K.; Dolar, D.; Kunst, B. On experimental parameters characterizing the reverse osmosis and nanofiltration membranes’ active layer. J. Membr. Sci. 2006, 282, 109–114. [Google Scholar] [CrossRef]

	



Kimura, K.; Amy, G.; Drewes, J.E.; Heberer, T.; Kim, T.U.; Watanabe, Y. Rejection of organic micropollutants (disinfection by-products, endocrine disrupting compounds, and pharmaceutically active compounds) by NF/RO membranes. J. Membr. Sci. 2003, 227, 113–121. [Google Scholar] [CrossRef]

	



Comerton, A.M.; Andrews, R.C.; Bagley, D.M.; Hao, C. The rejection of endocrine disrupting and pharmaceutically active compounds by NF and RO membranes as a function of compound and water matrix properties. J. Membr. Sci. 2008, 313, 323–335. [Google Scholar] [CrossRef]

	



Nandiyanto, A.B.D.; Oktiani, R.; Ragadhita, R. How to read and interpret ftir spectroscope of organic material. Indones. J. Sci. Technol. 2019, 4, 97–118. [Google Scholar] [CrossRef]

	



Jarusutthirak, C.; Amy, G.; Croué, J.P. Fouling characteristics of wastewater effluent organic matter (EfOM) isolates on NF and UF membranes. Desalination 2002, 145, 247–255. [Google Scholar] [CrossRef]

	



Kimura, K.; Iwase, T.; Kita, S.; Watanabe, Y. Influence of residual organic macromolecules produced in biological wastewater treatment processes on removal of pharmaceuticals by NF/RO membranes. Water Res. 2009, 43, 3751–3758. [Google Scholar] [CrossRef]

	



Li, C.; Yang, Y.; Liu, Y.; Hou, L. Removal of PhACs and their impacts on membrane fouling in NF/RO membrane filtration of various matrices. J. Membr. Sci. 2018, 548, 439–448. [Google Scholar] [CrossRef]

	



ELAbadsa, M.; Varga, M.; Mihucz, V.G. Removal of selected pharmaceuticals from aqueous matrices with activated carbon under flow conditions. Microchem. J. 2019, 150, 104079. [Google Scholar] [CrossRef]

	



Rizzo, L.; Malato, S.; Antakyali, D.; Beretsou, V.G.; Đolić, M.B.; Gernjak, W.; Heath, E.; Ivancev-Tumbas, I.; Karaolia, P.; Ribeiro, A.R.L.; et al. Consolidated vs new advanced treatment methods for the removal of contaminants of emerging concern from urban wastewater. Sci. Total Environ. 2019, 655, 986–1008. [Google Scholar] [CrossRef]

	



Lin, L.; Jiang, W.; Xu, P. Comparative study on pharmaceuticals adsorption in reclaimed water desalination concentrate using biochar: Impact of salts and organic matter. Sci. Total Environ. 2017, 601, 857–864. [Google Scholar] [CrossRef] [PubMed]

	



Karim, E.F.I.A.; Ahmed, M.H.; Salama, R.B. Studies on the thermal and photochemical decomposition of mebendazole. Int. J. Pharm. 1996, 142, 251–255. [Google Scholar] [CrossRef]

	



Kawabata, K.; Sugihara, K.; Sanoh, S.; Kitamura, S.; Ohta, S. Photodegradation of pharmaceuticals in the aquatic environment by sunlight and UV-A, -B and -C irradiation. J. Toxicol. Sci. 2013, 38, 215–223. [Google Scholar] [CrossRef] [PubMed]

	



Dayan, A.D. Albendazole, mebendazole and praziquantel. Review of non-clinical toxicity and pharmacokinetics. Acta Trop. 2003, 86, 141–159. [Google Scholar] [CrossRef]

	



Marsboom, R. Toxicologic studies on mebendazole. Toxicol. Appl. Pharmacol. 1973, 24, 371–377. [Google Scholar] [CrossRef]








[image: Membranes 12 00888 g001 550] 





Figure 1. Dependence of mebendazole concentration in retentate on VRF value. 
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Figure 2. Breakthrough curves for mebendazole solutions at different pH-values. 
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Figure 3. Breakthrough curves at different GAC column heights. 
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Figure 4. Removal rate of mebendazole during 2 h and 12 h of photolysis. Error bars represent the standard deviations (n = 3). 
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Figure 5. Proposed structure of the newly formed compound. 
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Table 1. Physico-chemical and general properties of mebendazole.
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	IUPAC Name
	Methyl N-(6-benzoyl-1H-benzimidazol-2-yl)carbamate





	CAS number
	31431-39-7



	Mw (g/mol)
	295.293



	Molecular structures
	 [image: Membranes 12 00888 i001]



	width (nm) b
	0.511 b



	height (nm) b
	0.418 b



	length (nm) b
	1.572 b



	logKow
	2.83 a



	tt (°C)
	223.41 a



	tv (°C)
	523.14 a



	S (mg/L)
	71.3 at 25 °C a



	Dipole moment, µ (D)
	6.318 c







a—EPISuite; b—calculated using the HyperChem program; c—Dipole moment calculated by Gaussian [26].













[image: Table] 





Table 2. Mebendazole concentrations in permeate and rejection factors for NF270, NF90, and XLE membranes.
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XLE

	
NF90

	
NF270






	

	
1 mg/L




	
γ/(mg/L)

	
<LOD

	
<LOD

	
0.60




	
R/%

	
>99.9

	
>99.9

	
41.9




	

	
3 mg/L




	
γ/(mg/L)

	
<LOD

	
<LOD

	
1.29




	
R/%

	
>99.9

	
>99.9

	
57.0




	

	
5 mg/L




	
γ/(mg/L)

	
0.11

	
0.10

	
0.33




	
R/%

	
97.7

	
97.9

	
93.2




	

	
10 mg/L




	
γ/(mg/L)

	
0.17

	
0.17

	
0.36




	
R/%

	
98.4

	
98.4

	
96.6
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Table 3. Inhibition of samples before and after photolysis.
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1 mg/L




	
t/h

	
0

	
4

	
12




	
INH/%

	
4.01

	
10.25

	
0




	

	
3 mg/L




	
t/h

	
0

	
4

	
12




	
INH/%

	
6.66

	
9.71

	
0
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