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Abstract

:

The possibility of removing tetracycline (TRC) from water in an integrated advanced oxidation and membrane filtration process was investigated. Ozonation and UV/H2O2 photooxidation were applied for the destruction of TRC. Six oxidation products (OPs) retaining the structural core of TRC have been identified. One new TRC oxidation product, not reported so far in the literature, was identified—ethyl 4-ethoxybenzoate. All identified OPs were effectively retained on the membrane in the nanofiltration process. However, chemical oxygen demand (COD) measurements of the filtrates showed that in the case of UV/H2O2 oxidation, the OPs passed through the membrane into the filtrate. Various water matrices were used in the research, including the river water untreated and after ozone treatment. It has been shown that organic matter present in surface water can improve pharmaceutical retention, although it contributes to significant membrane fouling. Pre-ozonation of the river water reduced the membrane fouling. The XPS analysis was used to show ozone and H2O2 influence on the top polymer layer of the membrane. It was shown that the oxidants can damage the amide bond of the polyamide.
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1. Introduction


The main routes for pharmaceuticals entering the environment are wastewater streams due to their release into surface waters or through ground systems, when the treated wastewater is used for irrigation or when sewage sludge is applied as a fertilizer to improve soil properties on agricultural land [1]. Many reports show that conventional wastewater treatment plants that have been designed and optimized to remove suspensions and compounds responsible for eutrophication (e.g., biodegradable organic matter, nitrogen, and phosphorus) are not sufficient to remove many pharmaceuticals [1,2,3,4,5].



Tetracyclines (TRCs) are antibiotics well known for their broad spectrum of activity, spanning a wide range of Gram-positive and Gram-negative bacteria, spirochetes, obligate intracellular bacteria, as well as protozoan parasites. Therefore, TRCs are among the most frequently used antibiotics, not only for human and animal therapy but also as agricultural feed additives [6]. According to the estimates, the worldwide usage of veterinary antibiotics will increase by about 70% from 2010 to 2030 [7,8]. The group of TRCs includes tetracycline (TRC), chlorotetracycline, oxytetracycline, and doxycycline [6]. TRC is one of the pharmaceuticals commonly found in waters [6,9]. Its presence in the surface water (range of 1.1–110,000 ng/L), groundwater (range of 9.51–29,700 ng/L), drinking water (range of 11.2–632 ng/L), wastewater (range of 0.0019–12,000 µg/L), sediments (range of 0.1–156,000 ng/g), and sludge (range of 14.3–1620 µg/kg) has been documented [6]. TRCs inhibit the growth and development of many aquatic organisms [10,11,12,13,14]. On the other hand, exposure to TRC leads to the development of antibiotic resistance genes [15,16,17]. Therefore, studies are undertaken on the application of various TRC decomposition/removal methods from water and wastewaters [18,19,20,21,22,23,24,25,26,27].



In the case of pharmaceuticals, methods such as advanced oxidation processes (AOPs) and membrane filtration are highly effective in their removal [3,4]. These methods have been found to be suitable for the disposal of pharmaceuticals, especially when treated water is intended for reuse as a source of drinking water or to supplement the aquifer [1]. Combined membrane filtration and AOPs provides complementary effect. First, AOPs treatment assist in eliminating membrane fouling and remediation of organics in the concentrate via oxidation of the foulants, dissolve organic matters and organic compounds in the concentrate. Secondly, membrane filtration concentrates the pollutants to the level that can be efficiently treated by AOPs, and moreover confines/retains the toxic intermediates within the membrane to ensure prolonged contact with the oxidants [4]. Liu et al. applied the nanofiltration (NF) combined with ozone-based advanced oxidation processes to removal of four antibiotics: norfloxacin, ofloxacin, roxithromycin, and azithromycin from wastewater [3]. The treatment of NF concentrate by UV/O3 process leads to excellent removal efficiencies of antibiotics (>87%), a partial removal of dissolved organic carbon (DOC) (40%), an increase of five-day biochemical oxygen demand/chemical oxygen demand ratio (BOD5/COD) (4.6 times), and a reduction of acute toxicity (58%) [3].



AOPs include chemical oxidation processes using ozone or other oxidizing agents such as UV/H2O2, O3/H2O2, TiO2/UV, Fe2+/H2O2, which partially degrade or provide chemical modification of organic compounds. Due to the rapid development of instrumental analytical methods, knowledge about the mechanisms of oxidation reactions is still expanding and includes compounds, e.g., pharmaceuticals, that appear in wastewater at nanogram concentrations [18,19,28,29].



Ozone as an oxidizing agent is an unstable compound and decomposes by reacting with chemical compounds present in water or wastewater, producing highly reactive hydroxyl radicals (●OH). Interest in ozone as a strong oxidant continues to increase due to the progressive reduction of its production costs. This is evidenced by the constantly growing number of publications devoted to the use of ozone for the decomposition of various organic compounds, including pharmaceuticals [29,30,31,32,33,34,35,36].



Additionally, in the case of TRC, ozonation and AOPs ensure complete transformation of this molecule into intermediate products [5,21,22]. Although the AOPs allow complete degradation of TRC, they do not provide complete mineralization of oxidation products (OPs) [5,23,24]. In the case of antibiotics, total mineralization is very difficult, because the arrangement of aromatic rings in their structure tends to stabilize the oxidation by-products formed during photolysis [25]. The resulting low quantum efficiency values show that the use of UV radiation is inefficient in terms of removing TRC from water, because long exposure times are required to achieve 100% degradation. The use of indirect photolysis, radiolysis, and ozonation confirmed that TRCs can be effectively removed from water, obtaining the highest degree of degradation using ozone and ozone/H2O2 [26]. Studies have shown that the low degree of TRC mineralization is associated with the formation of more toxic OPs [26].



Membrane filtration is a technique that ensures effective removal of compounds from a solution [27,31,37,38,39]. This is a separation process based on the differences in physical and chemical properties of the separated substances, such as the particle size, partial vapor pressure, chemical affinity, electric charge, etc. These processes are widely used in many areas of life, in food and pharmaceutical industries, as well as in environmental protection [40,41,42,43]. The cost of these processes, however, is high and is associated, among other things, with the sensitivity of membranes to fouling [40,41,42,43].



An effective method of removing TRC is membrane filtration. However, as a result of the filtration process, a concentrate is received that needs to be utilized. TRC retention has been shown to be sufficient in reverse osmosis and nanofiltration (NF) tight membranes, and in most cases, it was observed to be over 80% [9].



AOPs and membrane techniques are now increasingly used in wastewater treatment and water recovery processes [4,44,45,46,47,48]. There are many reports on the phenomena occurring in integrated processes of chemical oxidation and membrane filtration (mainly ultrafiltration) of surface waters leading to the removal of humic compounds [49,50,51,52]. In the case of other organic compounds that may be present in water and wastewater as a result of human activity, the phenomena occurring on the surface of membranes, such as fouling reduction, change in membrane charge due to blockage of membrane active centers, adsorption, are poorly understood and described. This applies to, among others, the pharmaceuticals used to treat humans and animals. There are many literature reports concerning the oxidation of pharmaceuticals using ozone or AOPs treated as a unit process [18,19,20,21,23,24,25,27,29,30,31,32,33,34,35,36,53,54,55]. Such data are also available for the processes of NF or reverse osmosis [4,42,43]. Understanding the phenomena that occur during the combined use of chemical oxidation and membrane filtration will contribute to solving important problems associated with the removal of hazardous substances such as pharmaceuticals and will improve the efficiency and effectiveness of water recovery. The integration of membrane filtration and AOPs combines the advantages and eliminates the problems associated with these two purification approaches.



Surface waters (lakes and rivers) are the main resources of drinking water in many parts of the world. However, they contain a number of pollutants, including natural organic matter (NOM). NOM is a complex matrix of organic matter derived from the decomposition of living terrestrial and aquatic organisms and consists mainly of humic (HA) and fulvic (FA) and non-humic fractions, which are a mixture of carbohydrates, amino acids, and proteins. [19,20]. The presence of organic matter in an aqueous solution may cause severe membrane contamination, especially in the presence of calcium ions [30], which leads to a decrease in the filtrate flux [20] anreduced retention efficiency [32]. The experiments carried out for deionized water may give completely different results than those carried out on the real matrix, e.g., in post-flood water from a river.



This paper presents the results of research on the integrated process of AOPs and NF. The phenomena occurring during the NF of the oxidized TRC solution were analyzed. The work included issues typically omitted in the current literature on the AOP/NF hybrid processes. Previously published works were rather focused on process optimization, obtaining the highest removal efficiency of hazardous compounds and the reduction of fouling phenomenon. In literature, there is a lack of information about integrated AOP/membrane filtration processes from the point of view of OPs and their influence on the membrane filtration effectivity.




2. Materials and Methods


2.1. Materials


Tetracycline hydrochloride (TRC) was purchased from Sigma Aldrich (Poznań, Poland). Catalase (2000–5000 units/mg protein) used as hydrogen peroxide decomposition catalyst, hydrogen peroxide ≥30%, for trace analysis used to generate hydroxyl radical in UV/H2O2 system, as well as Na2SO3 p.a used as ozone destructor were purchased from Sigma Aldrich.



The chemical structure of TRC is presented in Figure 1. TRC stock solution at concentration 1000 mg/L was prepared. The target solution at concentration 75 mg/L used in the studies were obtain by dilution of stock solution.



The catalase solution was prepared by pouring 1 g of dry catalase with 25 mL of deionized water to achieved catalase concentration of about 40 g/L, which is about 80×103–200×103 units/L. Prepared solutions were kept in refrigerator. The catalase solution was added to each sample in an amount of 400–1000 units per mL of sample taken for analysis. Na2SO3 solution at concentration 24 mM was prepared. The solution was added to the samples after the ozonation process in amount 100 μL/5 mL of samples.



The catalase solution was prepared by pouring about 1 g of dry catalase with 25 mL of deionized water. After saturating the solution with catalase, it was filtered on a soft paper filter and the solution prepared in this way was kept in a refrigerator. To each sample containing unreacted hydrogen peroxide, 50 μL of catalase solution was added per 10 mL of the sample.



Natural water samples were collected in September 2020 from the mouth of the Dobrzynka River into the Ner River (RW) and stored at 6 °C. Table 1 presents the characteristic parameters of RW. The total organic carbon (TOC), chemical oxygen demand (COD), and selected ions were measured with using appropriate cuvette tests (HACH LANGE) and photometer DR 3900 (HACH LANGE).




2.2. Research Equipment


Oxidation with UV/H2O2 was carried out in a photoreactor with a capacity of 3.7 L equipped with two UV lamps (λ = 254 nm) with a total power of 22 W. The scheme of the reactor construction was presented in previous work [56]. A 30% solution of hydrogen peroxide was used in the oxidation with UV/H2O2. To 3700 mL of the solution, 1.2 mL of H2O2 was added (which constituted a molar concentration of 2.86×10−3 mol/L). Process of UV/H2O2 oxidation was performed in room temperature. The samples were taken after 5, 15, 30, and 60 min and analyzed in liquid chromatography and UPLC/MS. Then, 50 µL of catalase was added to each sample (10 mL) to remove residual H2O2. Catalase was added only to samples taken for chromatographic and COD, TOC analyzes. No catalase was added to the reaction mixture after the UV/H2O2 oxidation process, which was directed to the membrane module, as it could disturb the nanofiltration process. Hence, the mixture could contain some concentration of unreacted H2O2.



The ozonation processes were performed using carried out in a 20-L bubble column connected to the ozone generator (TOGC8X Degremont Technologies LTD, Dübendorf, Switzerland). The details of the ozonating system are given elsewhere [57]. The ozone dose was 60 mg O3/min/L of reaction solution. The O3 concentration in outlet flux was measured by ozone analyzer BTM 964 OG. The ozonation processes were performed in room temperature. The samples were taken after 5, 10, 20, 40, and 60 min and analyzed in liquid chromatography and UPLC/MS. Next, 100 μL of Na2SO3 was added to each sample (5 mL) to remove residual ozone. The mixtures after the ozonation process, which were then directed to the nanofiltration, were previously blown with oxygen for 30 min in order to remove residual ozone and left for 1 h at low temperature.



The process of NF was carried out using the cross-flow method at a constant liquid flow within the system being 2 L/min at 30 °C. The tests were carried out at a pressure of 1.0 MPa. The volume of solution was 3 L, the solution was concentrated to a volume of 1.5 L (1/2). The flat sheet NF membrane HL (GE Osmonics, USA) with an area of about 314 cm2 was selected for the tests.



Experimental results are expressed in terms of the retention by the membrane of the compounds used in the present work. Retention is determined by employing the substance concentration in the permeate with reference to a representative value of substance concentration in the retentate solution, as follows:


   R =   1 −    C P     C R      · 100 % ,   



(1)




where CP and CR are the concentrations of a specific compound in the permeate and retentate, respectively.



The samples were collected for analysis at four fixed measuring points: at the beginning of the process (zero degree concentration), after obtaining 0.5 L of filtrate from 3 L of the initial bath (concentration degree 1/6), and analogously—after obtaining 1 L of filtrate (concentration degree 1/3) and 1.5 L of filtrate (concentration degree 1/2). This parameter was chosen to be more representative than the nanofiltration time, which depends on the membrane parameters and the filtered mixture properties.




2.3. Analytical Methods


The oxidation progress was monitored by determination of TRC concentration and was performed on the Agilent 1290 Infinity rapid resolution liquid chromatography system (RRLC) coupled to an Agilent 6460 triple quadruple mass spectrometer. The liquid chromatographic system was equipped with a binary pump, thermostated column compartment, auto-sampler, and ultraviolet diode-array detector. Chromatographic separation was achieved on a Poroshell 120 Stable Bond SB-C18 column (2.7 µm, 150 mm × 3 mm) (Agilent Technologies, Santa Clara, CA USA). The column temperature was maintained at 40 °C, and the injection volume was 20 µL. The mobile phase (delivered at 0.9 mL/min) consisted of solvent A, 0.1% (v/v) formic acid in water, and solvent B, methanol. The quantitative assessment was made using a nine-point calibration curve ranging from 1 to 250 μg/mL for each compound.



The products of TRC degradation were identified with the use of ultra-performance liquid chromatography system ACQUITY (Waters, Milford, MA, USA) coupled with high resolution mass spectrometer SYNAPT G2 (Waters, Milford, MA, USA). The electrospray ionization method (positive mode, ESI+) was used throughout the study. The UPLC BEH Shield RP18 column (2.1 mm × 100 mm × 1.7 μm) (Waters, Milford, MA, USA) was applied for chromatographic separation, which was conducted under isocratic conditions (85% water/15% acetonitrile; both eluents acidified with formic acid at the concentration of 0.1% v/v). Quantification of [M + H]+ peak areas was performed with the use of Target Lynx software (Waters, Milford, MA, USA).



An attempt to identify low-molecular products was made using an Agilent Technologies 7890A GC gas spectrometer with a 5975C mass detector (Agilent Technologies). The detailed parameters of this method are presented in the Supplementary Materials (Table S1). Before this analysis, the samples were subjected to solid phase extraction with the use of Strata ®SDBL columns (Phenomenex, Aschaffenburg, Germany).



Chemical oxygen demand (COD) and total organic carbon (TOC) were analyzed using the HACH LANGE cuvette tests. The cuvette tests were annealed at 100 or 148 °C in an LT 200 HACH LANGE oven (HACH LANGE Sp. z o.o., Wrocław, Poland). The measurement of COD and TOC concentration was based on the color change of the annealed samples using the DR 3900 HACH LANGE spectrophotometer (HACH LANGE Sp. z o.o., Wrocław, Poland).



The analyses of the surface composition of membranes were carried out with the use of the AXIS Ultra photoelectron spectrometer by Kratos Analytical Ltd. (Manchester, U.K.) The source of photoelectron emission from the sample surface (down to approx. 5 nm deep) was X radiation generated by the Al anode with monochromator (Kα line with an energy of 1486.6 eV). All XPS spectra were made using a charge neutralizer due to the insulating nature of the sample material. The analysis was performed on from 3 to 6 fields with an area of 700 × 300 µm each, on the surface of each sample.



The SEM microscopic examination was performed on a TESCAN VEGA3 scanning electron microscope (Brno – Kohoutovice, Czech Republic). A magnification of 20,000× was used to study the surface topography of membranes. The acute toxicity test was performed with Daphnia magna Straus. The neonates hatched from dormant eggs of D. magna Straus according to the International Standard Procedure ISO 6341. The D. magna neonates were cached between 72–76 h of ephippia incubation. The daphnia used for the toxicity test were younger than 24 h. The toxicity results of the samples have been read after 48 h of crustaceans exposure to the toxicant.





3. Results and Discussion


3.1. Ozonation and AOPs—Product Identification


The several previously described oxidation products (OPs) of TRC previously described in the literature [27,54,58] were identified. Based on the results of the samples taken after different times of ozonation and UV/H2O2 oxidation, the dynamics of individual OPs formation was established (Figure 2). The OPs of TRC identified during the ozonation and UV/H2O2 oxidation processes are presented in Table 2.



The identified TRC OPs can be found after both oxidation processes (ozonation and UV/H2O2 oxidation) (Figure 2A). It was observed that the peak areas of OPs marked as P1–P5 were relatively higher for the ozonation process (Figure 2B) compared to the values obtained for the oxidation with UV/H2O2 (Figure 2C). The P1 and P2 molecules represented the isomers of hydroxylated TRC, whereas P3 corresponded to one of the isomers resulting from double hydroxylation (Figure 3). The presence of P4 and P5 could be attributed to ring opening and dehydrogenation of hydroxylated TRC [27,54], as shown in Figure 3. The experimental mass spectra are presented in the Supplementary Materials (Figures S1–S6).



The tested TRC solutions were acidic (pH = 3.5). Based on our studies (which are not shown here), it was found that increasing the pH or adding H2O2 to the TRC solution did not accelerate the TRC decomposition. It is assumed that the ozonation process to a large extent proceeded through the direct ozonolysis mechanism, not excluding the radical mechanism.



On the basis of the obtained results, reaction mixtures (3 L) subjected to oxidation at different times were prepared and then subjected to nanofiltration. The nanofiltration process provided additional information on the reaction mechanism. Therefore, a further discussion is included in the section on nanofiltration.




3.2. Nanofiltration


Figure 4A,B shows the TRC retention coefficients for different concentration ratios (at the process beginning, after collecting 0.5, 1.0, and 1.5 L of filtrate). It was observed that the TRC solution oxidized with UV/H2O2 for 5–15 min showed a slightly lower retention coefficient compared to other results. There may be several reasons for this phenomenon: (1) the oxidation products may cause a decrease in the retention coefficients of unreacted starting compound in the reaction mixture [59]. Oxidation products may affect the change in the charge on the membrane surface and its hydrophilicity; (2) residual H2O2 can affect the surface properties of the membrane. Our research has shown that some oxidation products can compete with TRC for membrane active centers [59]. We also cannot exclude the influence of H2O2. It was not possible to remove residual H2O2 from the system without introducing a substance into the solution that could interfere with the nanofiltration process. Strong oxidants such as chlorine or ozone can destroy the structure of the polyamide, which is the top layer of the composite membrane [60]. Ozone is an unstable substance and it is easy to remove from the system without introducing additional substances into the system. Unfortunately, H2O2 is relatively stable and only the introduction of a strong reducer can break it down. The addition of catalase to the mixture could affect the filtration parameters. H2O2 is a weak oxidant, its concentration in the reaction mixture was low, hence the tests were performed in the presence of residual H2O2.



Figure 4C,D show the filtrate flux (J) for the TRC solution after different oxidation times. The oxidation process did not significantly affect the efficiency of the process, although it appears that the short oxidation time has a positive effect on the efficiency of the filtration process.



Appropriate studies were performed to verify the effects of H2O2 and ozone on the membranes stability. Several commercial membranes have been exposed to ozone (ozone-saturated water, exposure to ozone depletion) and H2O2 (24–48 h)—studies not shown in this article. Membranes conditioned in this way were used for nanofiltration of various pharmaceuticals. No significant differences were observed in the retention of these compounds.



Nevertheless, it has been shown that exposure to oxidizing agents has a destructive effect on the structure of polyamide. There was approximately 1% decrease in nitrogen relative content in the sample after contact of the membrane with hydrogen peroxide and ozone. The cause of polyamide degradation may be the cleavage of amide bonds followed by nitrogen flushing (e.g., in the form of NH4+ ammonium residues). The increase in the value of the O/N ratio as a result of exposure to ozone and H2O2 may indicate a decrease in the cross-linking of the surface layer of the membrane. It was found (Table 3) that the relative share of the component assigned to the C-N and C-O bonds decreased after exposure of the membrane to both oxidizing agents. This phenomenon may be confirmed by the previously stated fact of membrane degradation by breaking the C-N bonds and the connections between individual polyamide chains in the polymer network.



In Figure 5, SEM pictures of the pure HL membrane and after exposure to oxidants: ozone and H2O2 are presented. There were no significant differences between the membranes. In the case of ozone exposure, increased porosity and loosening of the membrane surface structure can be observed (Figure 5B), although the changes were slight.



In conclusion, we cannot exclude the influence of H2O2 on TRC retention, especially since the negative influence is visible at the beginning of filtration, when the H2O2 concentration is at its highest. Rather, the influence of membrane damage should be excluded, because H2O2 in this concentration is a very weak oxidant and damage to amide bonds is visible after long exposure. H2O2 has not been reported to have a similar effect on the retention rate of other tested compounds [61]. It should be emphasized that the changes are slight (decrease from 97.5% to 94%).



All identified Ops exhibited very high retention values (Figure 6). Furthermore, they retained the structural core of TRC. However, as shown in Figure 7, COD reduction in the obtained filtrates for the UV/H2O2 process was clearly lower than for ozonation. Therefore, it cannot be excluded that the lower COD reduction was caused by the presence of low molecular weight Ops. This suggests that the process of TRC oxidation with UV/H2O2 might have followed a different path than the ozonation process. The nanofiltration process was carried out for the reaction mixture after 15 min of UV/H2O2 oxidation and 40 min of ozonation. In the case of UV/H2O2, one main product was recorded, namely P1, with a retention factor similar to that of TRC. In the case of ozonation within 15 min, two dominant products, namely P1 and P5, appeared. P1 retention was observed to be nearly 100% for this mixture. Due to the complex water matrix, there can be many reasons for this phenomenon. One possible cause may be the formation of hydrogen bonds between P1 molecules and other Ops as a result of their concentration at the membrane surface. Such a phenomenon may result in improved retention of test compounds. At the same time, there was a slight decrease in the retention of the P3 product in relation to the P3 retention obtained for the UV/H2O2 mixture. This may be due to a number of reasons, e.g., increased competition from other Ops in greater concentration to the active sites of the membrane.




3.3. Identification of New TRC Oxidation Product


The filtrate obtained in the process of NF of the oxidized solution with UV/H2O2 (time 60 min) was analyzed by gas chromatography with mass spectrometry. Preliminary analysis showed that at least one product (P6) containing only one aromatic ring in its structure (based on the spectral libraries of gas chromatograph) passes into the filtrate. By means of the purchased standard, it was confirmed by GC/MS that the product detected in the filtrate was ethyl 4-ethoxybenzoate (MW = 194 g/mol) (Figure 8).



This is consistent with literature data. Liu [45] analyzed the change in the FTIR spectrum of TRC in the photoelectro-Fenton process. According to the data contained in this work, initially, the spectrum contained three bands (1450 cm−1 and 930 cm−1, 750–800 cm−1) corresponding to benzene ring vibrations and benzene ring plane vibrations, respectively. These peaks disappeared after 3 h of oxidation and a new band characteristic of a secondary amine appeared at 1110 cm−1. Meanwhile, the peaks of 750–800 cm−1 and 930 cm−1 corresponding to the vibrations of the benzene ring disappeared. These results indicate deamination and destruction of the TRC structure.



The studies did not confirm that the significant decrease in COD (Figure 7B) can be attributed only to the presence of the product P6 in the filtrate. As shown in Figure 9, its retention is approximately 90%. However, the rapid decrease of the retention during filtration suggests a significant influence of adsorption on the separation mechanism of this compound. P6 is a poorly soluble compound of a hydrophobic nature. These types of compounds often have the ability to adsorb to the membrane surface. Adsorption is the result of various interactions between the solute and the membrane. They include electrostatic, hydrophobic and some specific interactions (e.g., hydrogen bonds) [62,63,64].




3.4. Toxicity Tests


The toxicity tests of solutions were performed (Figure 9). Applying bioluminescence test for the inhibition of Vibrio fischeri was impossible due to the yellowish color of the TRC solution, therefore the acute toxicity test was performed with neonates hatched from dormant eggs of Daphnia magna Straus according to the International Standard Procedure ISO 6341. The 48 h EC50 for the TRC solution before the UV/H2O2 reaction was 30.15%.



It was observed that the solution with the products at the 15th minute of the reaction were more toxic than TRC itself. Extending the reaction time has contributed to reducing the toxicity effect. The use of NF caused the significant removal of toxic oxidation products. Nevertheless, the obtained filtrate after NF of the solution (1) showed a toxic effect at a higher concentration. Due to the fact that the products marked in Table 2, were retained on the membrane, it can be assumed that low molecular weight oxidation products which can be toxic, have entered the filtrate.



López-Peñalver et al. [25] studied the toxicity of three TRCs and their products using a standardized bioluminescence test (DIN/EN/ISO 11348-2) for the inhibition of V. fischeri (NRRL B-11177). It was observed that toxicity initially increased and then decreased after 60 min. According to the authors, this was due to the fact that TRC photolysis produces many very stable degradation products that have higher toxicity than that of the parent compound.




3.5. River Water Tests


The tests were carried out in a natural water matrix, water taken from the river and compared with the results obtained for deionized water. In our previous work, the characteristic of natural water collected from the Sulejow Reservoir, situated in central Poland in the middle course of the Pilica River, was presented [65]. The values of main parameters of water from Sulejow Reservoir were similar to the water taken from Dobrzynka River (Table 1). In our opinion, relatively higher COD and TOC may be linked to presence in the river water NOM including mainly HA and FA. The river water was pre-ozonized for 15 and 30 min before the standard TRC was dissolved therein. Figure 10 shows the nanofiltration parameters of TRC and its oxidation product—P6, for a different water matrix.



The studies confirmed that the presence of natural organic matter (NOM) reduces the nanofiltration process efficiency, which is consistent with the available literature [56,60] (Figure 10A). Taking into account the tendency of increasing TRC retention with a simultaneous decrease in filtrate flux, it can be assumed that the separation mechanism proceeds by spatial blockade. TRC particles get stuck in the pores of the membrane during the filtration process. The presence of additional organic matter from natural river water increases the blockage of the internal spaces of the membrane. At the same time, the presence of an additional space block in the form of NOM contributes to better retention of pharmaceuticals (Figure 10B) and their Ops on the membrane surface (Figure 10C).



Initial ozonation of the river water contributed to the improvement of filtration parameters. There was a flux increase with a slight increase of the retention ratio. This may be due to the fact that ozonation contributes to the formation of more hydrophilic oxidation products. This may be evidenced by a decrease of the membrane contact angle.





4. Conclusions


Five oxidation products (OPs) have been identified that have retained the structural core of TRC. All identified OPs were effectively retained on the membrane in the nanofiltration process. Process of TRC oxidation with UV/H2O2 might follow a different path than the ozonation process. All identified OPs and TRC itself exhibited very high retention values during the NF process. Nevertheless, the lower COD reduction was observed during NF of solution oxidized by UV/H2O2. This may be evidence of the formation of low molecular weight OPs that passed through the membrane, which was confirmed by gas chromatography with mass spectrometry. There is possibility to formation of hydrogen bonds between P1 molecules and other OPs as a result of their concentration at the membrane surface. Which may be the reason for the retention improvement during filtration.



One new TRC oxidation product, not reported so far in the literature, was identified—ethyl 4-ethoxybenzoate. The degradation of the stable tetracyclic structure of the TRC is indicated by the presence of a product with one aromatic ring (P6). This proves the possibility of the formation of other low molecular weight degradation products. The confirmation of this may be the low COD reduction during nanofiltration of solutions after H2O2/UV oxidation.



The influence of ozone and H2O2 on the structure of the HL membrane was investigated. It has been found that H2O2 and ozone can damage the membrane surface. Although the changes in the surface components of membrane HL after ozone or H2O2 exposition, (based on the XPS spectroscopy) were slight (over 1%). Microscopic analysis did not show any significant differences between the virgin membrane and the one exposed to oxidants. The membrane, under the influence of ozone, was more loosened and rougher. Ozone showed more aggressive oxidizing properties than H2O2, although the advantage of this oxidant is its instability. In practice, solutions without residual ozone were directed to the nanofiltration process. Unfortunately, H2O2 is difficult to remove from solution without introducing additional chemicals into the system. Its presence may have an impact on the observed phenomena occurring on the membrane surface in the nanofitration process. Although no such impact has been demonstrated in this study.



It cannot be ruled out that these low molecular weight products are toxic and that the low COD reduction is connected with residual H2O2.



The research results indicate the need to pay attention to the transport of oxidation products in the further process of wastewater treatment. Combining different treatment modules requires a broader analysis not only in terms of process optimization, cost reduction, but also the safety of the society. Further research on integrated processes of advanced oxidation and membrane filtration is recommended in terms of transporting the decomposition products of micropollutants, which may pose a serious threat to the environment.
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Figure 1. Chemical structure of tetracycline hydrochloride (TRC). 
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Figure 2. (A) Dependence of TRC conversion on oxidation time (for ozone and UV/H2O2); (B) Peak area of the identified products during ozonation; (C) Peak area of the identified products during UV/H2O2 treatment. 
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Figure 3. Suggested TRC degradation pathway [27,54,58] including the products identified in the current study. 
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Figure 4. (A) TRC retention for different reaction time of ozonation; (B) TRC retention for different reaction time of UV/H2O2; (C) filtrate flux (J) for nanofiltration of ozonated TRC solution; (D) filtrate flux for nanofiltration of UV/H2O2—oxidized TRC solution; membrane HL; pressure 1.0 MPa; temp. 30 °C. 
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Figure 5. SEM pictures of the HL membrane: (A) virgin HL; (B) HL after ozone exposure; (C) HL after H2O2 exposure. 
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Figure 6. Ops retention (A) for 40 min of ozonation; (B) for 15 min of UV/H2O2 oxidation; membrane HL. 
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Figure 7. Chemical oxygen demand COD reduction during NF of oxidized TRC solution: (A) after ozonation; (B) after UV/H2O2. 
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Figure 8. Chemical structure of ethyl 4-ethoxybenzoate (P6). 
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Figure 9. Toxicity tests of solution tetracycline hydrochloride (TRC) and its oxidation products (Ops) during oxidation by UV/H2O2 exposition time 48 h. 
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Figure 10. (A) The filtrate flux for a different water matrix with dissolved TRC; (B) TRC retention for different water matrix; (C) P6 retention for different water matrix. 
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Table 1. Characteristic parameters of natural river water (RW).
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	Parameter
	Value
	Standard Deviation





	pH
	8.06
	0.007



	Conductivity, µS/cm
	570
	0.71



	COD, mg/L
	30.7
	0.07



	TOC, mg/L
	10.2
	0.14



	K+, mg/L
	4.66
	0.25



	PO43−, mg/L
	0.148
	0.01



	SO42−, mg/L
	43
	1.56



	NO3−, mg/L
	1.73
	0.08



	Cl−, mg/L
	31.3
	1.77



	CO2, mg/L
	162
	2.12
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Table 2. Formulae, retention times and m/z values of tetracycline hydrochloride (TRC) and its oxidation products (OPs).
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Molecule

	
Retention Time, min

	
Formula

	
Experimental m/z, [M + H]+

	
Theoretical m/z, [M + H]+

	
Error (Δm/z)






	
TRC

	
2.3

	
C22H24N2O8

	
445.1609

	
445.1605

	
+0.0004




	
P1

	
1.9

	
C22H24N2O9

	
461.1540

	
461.1555

	
−0.0015




	
P2

	
3.6




	
P3

	
1.6

	
C22H24N2O10

	
477.1526

	
477.1504

	
+0.0022




	
P4

	
2.9

	
C22H24N2O12

	
509.1401

	
509.1402

	
−0.0001




	
P5

	
2.6

	
C22H22N2O9

	
459.1394

	
459.1398

	
−0.0004
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Table 3. Quantitative analysis of membrane components of the new membrane HL (GE Osmionics) and after ozone or H2O2 exposition, based on the XPS spectroscopy.
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	O (% at.)
	N (% at.)
	C (% at.)
	O/N
	C-C/C-H
	C-O/C-N
	C=O





	Virgin membrane
	16.00
	11.29
	72.71
	1.42
	47.8
	36.6
	15.6



	Membrane after O3 exposition
	19.02
	10.37
	70.60
	1.83
	51.1
	32.2
	16.7



	Membrane after H2O2 exposition
	16.29
	10.09
	73.61
	1.61
	54.2
	32.1
	13.7
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