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Abstract

:

New photocatalytic membranes based on polylactic acid (PLA)/TiO2 hybrid nanofibers deposited on fiberglass supports were prepared and tested for the removal of ampicillin from aqueous solutions. The electrospinning technique was used to obtain hybrid nanofibers that were deposited on three types of fiberglass with different structures, resulting in three distinct photocatalytic membranes namely fiberglass fabric plain woven-type membrane, fiberglass mat-type membrane, and fiberglass fabric one-fold edge-type membrane. The results of the photocatalytic tests showed that the highest efficiency of ampicillin removal from aqueous solution is obtained with the fiberglass fabric plain woven-type membrane. Although it has been shown that the rate of photocatalytic degradation of ampicillin is high, being practically eliminated within the first 30 min of photocatalysis, the degree of mineralization of the aqueous solution is low even after two hours of photocatalysis due to the degradation of PLA from the photocatalytic membrane. The instability of PLA in the reactive environment of the photocatalytic reactor, evidenced by morphological, mineralogical and spectroscopic analyzes as well as by kinetic studies, is closely related to the structure of the fiberglass membrane used as a support for PLA/TiO2 hybrid nanofibers.
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1. Introduction


The emergence of an increasing number of antibiotic resistant bacteria is one of the biggest challenges of current medicine. This phenomenon is associated with the significant decrease in the number of new types of antibiotics introduced in the last decades, as well as with the increasing consumption of conventional antibiotics in both human and animal medicine worldwide [1]. It is well known that many of these antibiotics, once arrived in municipal wastewater, cannot be completely removed in conventional wastewater treatment plants being an important source of contamination of natural water bodies [2,3]. These can affect indigenous microbial populations by disrupting the natural balance of that environment, and may even increase the resistance of certain species of bacteria to these antibiotics. This could be a serious risk to human health because it is known that the most antibiotic resistant bacteria come from the natural environment [4].



Therefore, considerable effort has been made in recent years to identify an optimal treatment method to remove antibiotics from wastewater. Thus, the possibility of removing the antibiotics through adsorption [5,6], advanced oxidation [7,8], and biological processes has been intensively studied [9,10,11]. Of all these methods, photocatalytic oxidation, and especially heterogeneous photocatalysis with TiO2, has received particular attention due to the advantages that this method offers [12]. Regarding the application of this method for treating wastewater contaminated with antibiotics, the main advantage is the possibility of simultaneous removal of antibiotics and antibiotic resistant bacteria [13,14,15].



Electrospinning is a versatile, cost-effective, and environmental friendly process currently used to produce continuous nanofibers for tissue engineering, sensors, water and air purification, etc. [16]. Also, electrospinning has been successfully used for synthesis of TiO2 nanofibers by using solutions that contained poly (vinyl pyrrolidone) (PVP) and Ti(IV)-isopropoxide [17,18], polyvinyl acetate (PVAc) and titanium tetraisopropoxide [19], polylactic acid (PLA), tetrabutyl titanate, and hexafluoroisopropanol [20]. The latter, PLA/TiO2 (anatase) nanofibers, have also been tested for photocatalytic degradation of methyl orange with excellent results. Also, hybrid PLA/TiO2 fibrous membrane containing up to 1.75 wt. % TiO2 nanoparticles (NPs) was tested for its photocatalytic and antibacterial activities. It was found that about 97% of methyl orange degrades within 150 min of irradiation, at room temperature [21]. Other studies on the photocatalytic degradation of rhodamine B in the presence of PLA/TiO2 (anatase) composite have shown that increasing the amount of TiO2 in the composite leads to an increase in PLA degradation with consequences on the stability and efficacy of the photocatalytic membrane [22]. However, more studies need to be conducted in different working conditions to prove the photocatalytic efficacy of this composite, and subsequently the opportunity to be used for the removing of refractory organic contaminants from different environments.



Therefore, the objective of this paper is to prepare, characterize and test new photocatalytic membranes based on PLA/TiO2 (anatase) hybrid nanofibers deposited on different types of fiberglass supports. Aqueous ampicillin solution is used to test the photocatalytic potential of the membranes obtained.




2. Materials and Methods


2.1. Materials


Polylactic acid, PLA (IngeoTM Biopolymer 2003D), of thermoplastic grade derived from 100% renewable resources was purchased from NatureWorks LLC. TiO2 nanoparticles (anatase crystalline form) were previously synthesizes by electrospinning of polyvinyl pyrrolidone (PVP)/Ti(IV) isopropoxide solution and calcination at 500 °C [23]. Three types of commercial fiberglass purchased from SC POLYDIS SRL, Romania, namely fabric plain woven-type (product code—EWR), mat-type (product code—EMC), and fabric one fold edge-type (product code—TEX) were used as supports for the deposition of PLA/TiO2 hybrid nanofibers. Acetone and dimethylformamide (DMF) (Scahrlau S.L.) with different boiling points namely 56 °C and 153 °C, were used as solvents for spinning solution. Ampicillin AtbTM 1000 mg of pharmaceutical grade was used to prepare the ampicillin aqueous solutions at a concentration of 130 mg ampicillin/L, which is equivalent to a chemical oxygen demand (COD) of 300 mg/L. This concentration was chosen to simulate a residual effluent derived from the pharmaceutical industry with a very high loading of ampicillin, which is twice as big comparative with the concentration of ampicillin in a residual effluent derived from the pharmaceutical industry that we have found in the literature [24]. Hydrogen peroxide solution of 30% from Sigma-Aldrich was used in the photocatalysis experiments. The photocatalyzed samples were treated with MnO2 (manganese dioxide) powder purchased from Sigma-Aldrich. The pH of aqueous solutions was adjusted to an optimal value of 3 by using 1N H2SO4 (sulfuric acid). Distilled water was used in all experiments.




2.2. Preparation of the PLA/TiO2 Solutions


PLA solution at a concentration of 10% (wt.) was prepared by dissolving PLA polymer in a mixture of acetone/DMF (at a volume ratio of 3:2) at temperature of 60 °C, under magnetic stirring at 600 rpm for 4 h until a homogeneous solution was obtained. Then, TiO2 nanoparticles (anatase crystalline form) was added to the PLA solution in order to prepare a PLA/TiO2 solution with a TiO2 concentration of 1% (wt.), and the mixing continued for 1 h. In order to remove the air bubbles, the ultrasonic treatment was applied to the PLA/TiO2 solution for 1 h by using a Digital Heated Ultrasonic Cleaner, HBM Machines, The Netherlands.




2.3. Pretreatment of Fiberglass Supports with Polylactic Acid (PLA) Solution


Before electrospinning process the surface of all materials was painted (covered) with PLA solution as prepared above. This technique will assure the better adhesion of electrospun nanofibers onto fiberglass surface. The Figure 1 shows the scanning electron microscopy (SEM) image of initial fiberglass membrane as alignments (right side) before to be covered with PLA solution (left side).




2.4. Electrospinning


The prepared PLA/TiO2 spinning solution was loaded into a syringe with a 21-gauge stainless steel needle and ejected at a controllable feed rate (3 mL/h) using a syringe pump; 6 mL of PLA/TiO2 solution were used for each fiberglass membrane (corresponding to a TiO2 content of 0.06 g per each fiberglass membrane) during 2 h of electrospinning. A high voltage (24.4 kV) was applied to the needle tip through a high-voltage supply (TL-Pro-BM Electrospinning, Tong Li Tech Co., Ltd., Bao An, Shenzhen, China) equipped with a syringe pump Tong Li Tech device (Figure S1, Supplementary Materials). The PLA/TiO2 hybrid nanofibers were deposited on a grounded metallic covered with the pretreated fiberglass supports under a rotating roller at 50 rpm, which was positioned 11 cm from the tip of the needle. The scanning rate was fixed at 10 mm/s. The environmental conditions were: temperature 22.2 ± 2.5 °C and humidity 23 ± 1%. The obtained membranes, ready for testing their photocatalytic potential, are presented in Figure S2, Supplementary Materials.




2.5. Photocatalytic Experiments


The photocatalytic experiments were conducted in a cylindrical ultraviolet (UV) photocatalytic reactor provided with a water cooling jacket and with an external centrifugal pump used for recirculation of the ampicillin working solution throughout irradiation period. The UV lamp and photocatalytic membrane (cylindrical shape 10 cm × 30 cm) were coaxially positioned in a reactor, the UV lamp being inside the photocatalytic membrane (Figure S3, Supplementary Materials). The experimental conditions are presented in Table 1. It is worth mentioning that the continuous recirculation of the working solution through the centrifugal pump involves its passage through a recirculating vessel which requires an additional volume of working solution. This is why the volume of the working solution is greater than the volume of the reactor (Figure S3, Supplementary Materials). The photocatalytic degradation process was studied by monitoring the changes in the organic content as a function of irradiation time. For this purpose, samples of approximately 10 mL were taken from the reactor at irradiation times of 5, 15, 30, 60, 90 and 120 min, and treated with MnO2 powder to quickly decompose the unreacted hydrogen peroxide initially added to the aqueous ampicillin solution as hydroxyl radicals precursor (MnO2 catalyzes the decomposition of hydrogen peroxide). The MnO2 powder was added to the photocatalysed aqueous solution until no more O2 bubble formation was observed. Next, the samples were filtered and subjected to COD analysis in order to determine the organic content according to the APHA 5220 D standard method (closed reflux, colorimetric method) [25], by using a Hach Lange LT 200 thermostat and Hach Lange DR 3800 spectrophotometer. Although the ampicillin solution was prepared so as to have an initial COD equivalent concentration of 300 mg/L, its concentration was verified by COD analysis after each preparation, and these obtained values were used in the calculations. The experiments were conducted under the optimal conditions previously established [26], namely a molar ratio of hydrogen peroxide/ampicillin of 1.5 and a pH 3 of the ampicillin working solution. The control sample was performed in the absence of ampicillin (only distilled water was used) in the presence of fiberglass fabric plain woven-type membrane, and in the same working conditions with that for ampicillin samples. Cycle I and cycle II refer to two consecutive experiments carried out under identical conditions for each photocatalytic membrane. Between the two photocatalytic experiments the membranes were dried and weighed to determine the mass loss. Each photocatalytic experiment was performed in triplicate.




2.6. Photocatalytic Membranes Characterization


The morphology of the membranes obtained was examined by means of a scanning electron microscopy (SEM) coupled with energy-dispersive X-ray (EDX) using a QUANTA 450 FEG scanning electron microscope (FEI, Eindhoven, The Netherlands), equipped with a field emission gun and a 1.2 nm resolution X-ray energy dispersive spectrometer, with a resolution of 133 eV (Everhart-Thornley conventional detector (SED) for signal detection of secondary electrons (SE) and EDS detector with silicon drift technology (SDD)-EDAX Octane Plus). The specimens were gold sputtered prior to microscopy. In order to characterize the purity and size of crystallites of the studied powder materials, a Panalytical X’Pert PRO MPD X-ray diffractometer (PANalytical, Almelo, The Netherlands) (Goniometer: vertical theta-theta; Detector: proportional with a channel) with high-intensity Cu-Kα radiation (wavelength of 1.54065 Å) and 2θ range from 10° to 90° was used for obtaining the X-ray diffraction (XRD) patterns. The mid-infrared spectra of membranes were investigated by using an INTERSPEC 200-X spectrophotometer (Interspectrum, Tartumaa, Estonia) (Interferometer type: Michelson, 30 mm beam diameter, IR source: High-intensity ceramic source), with a device for attenuated total reflectance (ATR). All spectra collected in triplicate were obtained in the wavenumber range 2000 cm−1–700 cm−1, at a resolution of 2 cm−1. The ATR crystal was carefully cleaned with pure ethanol between measurements. SEM, EDX, XRD and Fourier transform infrared (FT–IR) analyses were performed before and after photocatalytic experiments.





3. Results and Discussion


3.1. Photocatalytic Degradation of Ampicillin


The evolution of the organic content of the aqueous solutions of ampicillin during the photocatalytic process is presented in Figure 2a–c. It can be observed that, regardless of the photocatalytic membranes used, after two hours of photocatalytic oxidation a complete mineralization of the aqueous solutions of ampicillin does not occur. Moreover, it seems that after a marked decrease of the organic content in the first 30 min of photocatalysis, its rate of degradation subsequently decreases significantly and tends to reach a plateau. This trend is specific to both photocatalytic cycles, with some differences regarding the degree of mineralization obtained after the two hours of irradiation. To explain this trend, the results obtained for the ampicillin solutions studied were plotted together with the results obtained for the control sample in which ampicillin was absent and fiberglass fabric plain woven-type membrane (EWR) was used (Figure 2a). It can be observed that the plateau, which tends to align the trend of the organic content of the photocatalyzed ampicillin samples after 30 min of irradiation, corresponds to the trend of the organic content of the control sample. It is also surprising that, in the absence of ampicillin, which theoretically represents the sole available source of organic material of the studied aqueous solutions, the organic content of the control sample is quite high even at low irradiation times. The organic content in the control sample most likely results from PLA degradation under the action of UV radiation. The similarity between the trend of the organic content of the ampicillin samples after 30 min of irradiation, with the trend of the organic content of the control sample, suggests that the mineralization of the ampicillin is almost completed after the first 30 min of irradiation, further slowly degrading the PLA from the photocatalytic membranes. If this is true, then the efficiency of removing the organic content due to ampicillin at the end of 30 min of irradiation should be much higher than that indicated by the obtained results. Figure 3 shows the removal efficiency of organic content for ampicillin samples calculated from the experimental results comparative with the removal efficiency of organic content for ampicillin samples from which the organic content attributed to PLA in the control sample was subtracted. It can be observed that the efficiency of removing the organic content after 30 min of irradiation for which the contribution of the PLA was taken into account is much higher than that for which it was not taken. For example, the efficiency of removing the organic content of the ampicillin samples after 30 min of irradiation in the presence of the fiberglass fabric plain woven-type membrane (EWR) is only about 52% (cycle I), while that for the ampicillin samples calculated taking into account the PLA contribution is about twice as big (Figure 3a). If the results obtained in the photocatalysis of the control sample in the presence of the fiberglass fabric plain woven-type membrane (EWR) are used to calculate the theoretical efficiency of removing of the organic content from the ampicillin samples photocatalized with the other two membranes, namely fiberglass mat-type membrane (EMC) (Figure 3b) and fiberglass fabric one fold edge-type membrane (TEX) (Figure 3c), approximately the same difference is recorded. A comparative analysis of removal efficiency of organic content of the ampicillin aqueous solution is shown in Table 2.



The experimental results indicate that there is a significant difference between the photocatalytic oxidation potentials of the membranes used (demonstrated by statistical analysis in the following). Thus, the efficiency of removing the organic content after 30 min of irradiation in the presence of fiberglass fabric plain woven-type membrane (EWR) is 1.42 (cycle I) and 1.29 (cycle II) times higher than that in the presence of fiberglass mat-type membrane (EMC), and 1.37 (cycle I) and 1.57 (cycle II) times higher than that in the presence of fiberglass fabric one fold edge-type membrane (TEX) (Table 2). The different network of the fiberglass support may have a significant influence on the structure of the PLA layer initially deposited on its surface with subsequent repercussions on the adhesion of the PLA/TiO2 hybrid nanofibers to the pretreated membranes. The lower the adhesion, the smaller the amount of TiO2 on the membrane surface available for the photocatalytic process. Moreover, it is expected that the addition of TiO2 nanoparticles to PLA polymeric matrix will improve its stability under UV radiation action which would lead to a decrease in its degree of degradation [27]. Therefore, a weak adhesion of the PLA/TiO2 hybrid nanofibers to the pretreated surface of the fiberglass substrate leads to an increase in the PLA unprotected surface, which is much more vulnerable to UV radiation. The proposed mechanism for degradation of PLA into lactic acid indicates the further oxidation of monomer to generate the hydroperoxides, the global process being self-catalytic [28]. The oxidation induction times caused by the scissions of C–O bonds decreased as adhesion of the PLA/TiO2 hybrid nanofibers is weaker.



The loss of mass specific to each type of membrane after the first cycle of use (1.05% for fiberglass fabric plain woven-type membrane (EWR), 2.03% for fiberglass mat-type membrane (EMC), and 7.45% for fiberglass fabric one fold edge-type membrane (TEX), respectively) could be associated with both the stability of the polymer matrix on the fiberglass support and the PLA degradation depending on the degree of protection offered by the PLA/TiO2 hybrid nanofibers deposited on the surface of the pretreated membrane.



Regarding the efficiency of removal of the organic content in cycle II by using of photocatalytic membranes, it can be observed that this is slightly higher compared to cycle I in the case of fiberglass fabric plain woven-type membrane (EWR) (1.03 times higher) and fiberglass mat-type membrane (EMC) (1.14 times higher), and lower for fiberglass fabric one fold edge-type membrane (TEX) (0.9 times lower) (Table 2). In the case of the two membranes with higher values of the removal efficiency of the organic content in cycle II than in cycle I it can be assumed that the photocatalytic potential of these two membranes increased as a result of the activation of TiO2 in the first two hours of irradiation in cycle I. Although this explanation should be valid in the case of fiberglass fabric one fold edge-type membrane (TEX), the weak adhesion of the polymeric matrix to the surface of the glass fiber substrate led to the release of a significant amount of PLA/TiO2 composite from it (7.45% mass loss) and, therefore, to the decrease of the photocatalytic potential of the membrane.




3.2. Degradation Kinetics


Pseudo-first order kinetic model was used to describe the photocatalytic degradation rate of ampicillin by plotting ln(C0/C) versus irradiation time for each photocatalytic membrane used [29]. The pseudo-first order kinetic model and its linearized form are presented in Equations (1) and (2):


  r = −   dC   dt   =  k  obs   × t  



(1)






  ln  (     C 0   C   )  =  k  obs   × t  



(2)




where C0 is the initial concentration of organic material (ampicillin) in the aqueous solution (mg/L), C is the residual concentration of the organic material after irradiation at time t (mg/L), kobs is the observed pseudo-first order rate constant (related to the total reaction) (min−1), and t is the irradiation time (min). kobs is determined from the slope of the straight line of the plots (Figure 4). The kinetic parameters are presented in Table 3. The plots highlight the fact that a straight line cannot be obtained throughout the data set, these being divided into two distinct slope intervals (0–30 min and 30–120 min). This evolution suggests at first sight the existence at the beginning of the photocatalytic process of two distinct organic compounds that subsequently degrade with different degradation rates. Considering that after 5 min of irradiation of the control sample an organic content of 110 mg O2/L is recorded, it is assumed that the slope interval corresponding to a lower degradation rate describes the degradation of the PLA deposited on the fiberglass support. If, by contrast, this does not happen and the organic content recorded in the control sample derives from a possible contamination of it with ampicillin accidentally left in the recirculation pump and on the feed hoses of the photocatalytic reactor, and if it is also assumed that the degradation is described by a pseudo zero order kinetic, the initial rate of degradation of ampicillin should be approximately the same for any initial concentration of it. Therefore, to test this hypothesis, the initial rate of the photocatalytic degradation process is calculated by assuming for the two distinct slope intervals a pseudo-zero order kinetic [30].


   r 0  =  k  obs   ×  C 0  =  k 0   



(3)




where r0 is the initial rate of degradation of the organic material, (mg/L·min) kobs is the observed pseudo-first order rate constant (determined from the pseudo-first order kinetic model) (min−1), and k0 is the pseudo-zero order rate constant (min−1). The calculated initial rates are presented in Table 3.



As can be seen, the initial rate calculated for the interval 0–30 min is, in all cases, with an order of magnitude greater than that calculated for the interval 30–120 min. Moreover, the observed pseudo-first order kinetic constant determined from the slope of the interval 30–120 min is in all cases approximately the same with observed pseudo-first order kinetic constant determined from the slope of entire interval (5–120 min) corresponding to the control sample (kobs = 0.0023 min−1). The kinetic parameters of photocatalytic degradation are presented in Table 3. The data were statistically analyzed with one-way analysis of variance (one-way ANOVA) at a significance level of α = 0.05 by using OriginPro 8 software. In order to establish which groups of data differ from each other, the means of the pseudo-first order kinetic constants were compared between them by conducting a Tukey post hoc test. The results obtained (Figure 5) highlight that for the interval 0–30 min the differences between the means of the pseudo-first order kinetic constants corresponding to the three types of photocatalytic membranes are statistically significant (p < 0.05), while for the interval 30–120 min the differences are not statistically significant (p > 0.05). It is worth noting that for the irradiation interval 30–120 the statistical analysis also included the data regarding the control test. Tukey post hoc test results confirm these findings. As an example, in Table 4 are presented the results obtained for data collected from experiments carried out in Cycle I. In this regard, it seems that there is a statistically significant difference in terms of means of the pseudo-first order kinetic constants for irradiation interval 0–30 min only between fiberglass fabric plain woven-type membrane (EWR) and fiberglass fabric one fold edge-type membrane (TEX), and also between fiberglass fabric plain woven-type membrane (EWR) and fiberglass mat-type membrane (EMC). Similar results were also obtained for data collected from experiments carried out in Cycle II (data not shown). These results are in agreement with the differences recorded between the photocatalytic membranes used in terms of the efficiency of organic material degradation (Figure 3 and Table 2). It should also be mentioned that the results of the statistical analysis confirm the hypothesis that at the beginning of the photocatalytic process, there are two available sources of organic material, namely ampicillin and the PLA deposited by the fiberglass support. Therefore, it is obvious that in the first 30 min of irradiation, ampicillin is almost completely degraded, further slowly degrading the PLA from the fiberglass support.



Regarding the rate of degradation of the organic material depending on the photocatalytic membrane used (evaluated on the interval 0–30 min), the highest rate of degradation of the organic material is obtained in the presence of fiberglass fabric plain woven-type membrane (EWR) which exhibits a reaction rate of 1.69 (cycle I) and 1.42 (cycle II) times higher than that obtained in the presence of fiberglass mat-type membrane (EMC), and 1.59 (cycle I) and 1.93 (cycle II) times higher in the presence of fiberglass fabric one fold edge-type membrane (TEX).



In order to highlight the photocatalytic performance of the membranes used in this work for the photocatalytic degradation of ampicillin in terms of both removal efficiency and degradation rate, a comparative study with other photocatalytic systems used for the ampicillin degradation reported in the literature is presented in Table 5.




3.3. Characterization of Photocatalytic Membranes


3.3.1. Scanning Electron Microscopy–Energy-Dispersive X-ray (SEM–EDX) Results


Figure 6 shows the SEM images of fiberglass membranes before (Figure 6a–c) and after photocatalysis (Figure 6d–f). Major changes in the structure of the membranes can be clearly observed after they have been used in the photocatalytic process. If initially the three membranes have a dense nanoporous structure due to PLA/TiO2 hybrid nanofibers deposited on their surface, after exposure to UV radiation in the reactive environment in which the photocatalytic process takes place, this structure practically disappears. What appears as parallel oriented linear fibers represents the fiberglass structure left uncoated with PLA/TiO2 hybrid nanofibers. This significant change in morphology can be attributed to PLA degradation during the photocatalytic process.



EDX analysis (Figure 7a–c) highlights that TiO2 nanoparticles were initially distributed randomly on the surface of the fibers (yellow color), due to the agglomeration of TiO2 nanoparticles onto the surface of hybrid PLA/TiO2 fiberglass membranes. After photocatalysis it is observed that all EDX spectra do not contain titanium (Ti), which may be a new evidence that shows the degradation of PLA during the photocatalytic process. If the PLA degrades during the photocatalytic process, then the TiO2 deposited on its nanofibers reaches the aqueous solution of ampicillin subjected to photocatalysis, forming a suspension whose concentration is likely to gradually decrease during the continuous recirculation of the working solution in the photocatalytic reactor. Also, the significant decrease in the carbon weight ratio (i.e., Figure 7d) may indicate the degradation of PLA.




3.3.2. X-ray Diffraction (XRD) Results


The XRD patterns of fiberglass membranes before and after photocatalysis are shown in Figure 8. The patterns of the membranes before use (Figure 8a) show a strong peak at 16.81° 2θ and one of a lower intensity at 19.23° 2θ, both being attributed to the α PLA crystals. Also, a very low intensity peak appears at 25.35° 2θ, which is attributed to TiO2 in anatase form [22]. The patterns of the membranes after photocatalysis (Figure 8b) indicate a marked decrease in the intensity of the peaks attributed to α PLA crystals (even their disappearance in the case of the fiberglass mat-type membrane) and the absence of TiO2 in anatase form. These results are consistent with those obtained from SEM–EDX and indicate the degradation of PLA during photocatalysis with the loss of TiO2 photocatalyst.




3.3.3. Attenuated Total Reflectance (ATR) Fourier Transform Infrared (FT–IR) Results


The FT–IR spectra for prepared membranes show the characteristic adsorption bands reported for PLA (Figure 9a) namely υC = O stretching vibration position of the COOR group at 1755 cm−1, –CH3 antisymmetric bending vibration at 1452 cm−1, –C–O–C stretching vibration at 1041–1181 cm−1, the amorphous and crystalline phases of PLA at 866 cm−1 and 755 cm−1, respectively [36,37].



After photocatalytic experiments (Figure 9b) all FT–IR spectra of membranes recorded a decrease of intensity of all FT–IR adsorption bands. In addition, after photocatalytic tests, the adsorption peak from 1755 cm−1 is shifted to 1748 cm−1, demonstrating that many ester groups from membranes were destroyed and some oligomers resulted.






4. Conclusions


The purpose of the present paper was to prepare, characterize and test new photocatalytic membranes based on PLA/TiO2 hybrid nanofibers deposited on different types of fiberglass structures. The membranes obtained were tested for the removal of ampicillin from aqueous solutions by photocatalytic oxidation under predetermined working conditions. The experimental results highlighted the following:




	
The kinetic results showed that after 30 min of photocatalysis almost all ampicillin is removed from the aqueous solution, the best results being recorded for fiberglass fabric plain woven-type membrane.



	
PLA/TiO2 hybrid nanofibers exhibit reduced stability under the reactive conditions of the photocatalytic reactor, their instability being closely related to the type of fiberglass used as a support.



	
The tendency of PLA degradation during photocatalysis, evidenced both by SEM-EDX, XRD, FT–IR and kinetic studies, has a direct effect on the photocatalytic oxidation potential of the membranes used.



	
The main limitations of using PLA/TiO2 photocatalyst are the degradation of PLA under the photocatalytic conditions used (UV radiation, pH 3, hydrogen peroxide/ampicillin molar ratio of 1.5) and the need to work at low pH values compared to the pH value of the natural waters in order to obtain high degradation efficiency of the ampicillin (as previous photocatalytic studies have demonstrated the decrease of the efficiency of degradation of the organic material with the increase of the pH value of the aqueous system subjected to treatment).
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Figure 1. Scanning electron microscopy (SEM) image of fiberglass (right side) and painted (covered) with polylactic acid (PLA) solution (left side). 
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[image: Water 12 00176 g001]







[image: Water 12 00176 g002 550] 





Figure 2. Photocatalytic degradation of ampicillin: (a) fiberglass fabric plain woven-type membrane (EWR); (b) fiberglass mat-type membrane (EMC); (c) fiberglass fabric one fold edge-type membrane (TEX). Error bars represent the calculated standard deviation for the experimental data. Cycle I—green error bars; Cycle II—orange error bars; Control—purple error bars. 
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Figure 3. Removal efficiency of organic content: (a) fiberglass fabric plain woven-type membrane (EWR); (b) fiberglass mat-type membrane (EMC); (c) fiberglass fabric one fold edge-type membrane (TEX). 
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Figure 4. Pseudo-first-order kinetic model for photocatalytic degradation of ampicillin: (a) fiberglass fabric plain woven-type membrane (EWR); (b) fiberglass mat-type membrane (EMC); (c) fiberglass fabric one fold edge-type membrane (TEX). 
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Figure 5. One-way analysis of variance (ANOVA) test results (significance level: α = 0.05): (a) irradiation interval 0–30 min (Cycle I); (b) irradiation interval 0–30 min (Cycle II); (c) irradiation interval 30–120 min (Cycle I); (d) irradiation interval 30–120 min (Cycle II). 
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Figure 6. SEM images for fiberglass covered with PLA/TiO2 hybrid nanofibers: (a) fabric plain woven-type (EWR)—initial (2000× magnification); (b) fabric mat-type (EMC)—initial (5000× magnification); (c) fabric one fold edge-type (TEX)—initial (2000× magnification); (d) fabric plain woven-type (EWR)—after photocatalysis (2000× magnification); (e) fabric mat-type (EMC)—after photocatalysis (2000× magnification); (f) fabric one fold edge-type (TEX)—after photocatalysis (2000× magnification). 






Figure 6. SEM images for fiberglass covered with PLA/TiO2 hybrid nanofibers: (a) fabric plain woven-type (EWR)—initial (2000× magnification); (b) fabric mat-type (EMC)—initial (5000× magnification); (c) fabric one fold edge-type (TEX)—initial (2000× magnification); (d) fabric plain woven-type (EWR)—after photocatalysis (2000× magnification); (e) fabric mat-type (EMC)—after photocatalysis (2000× magnification); (f) fabric one fold edge-type (TEX)—after photocatalysis (2000× magnification).
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Figure 7. Energy-dispersive X-ray (EDX) patterns for fibersglass covered with PLA/TiO2 hybrid nanofibers: (a) fabric plain woven-type (EWR); (b) fabric mat-type (EMC); (c) fabric one fold edge-type (TEX); (d) fabric plain woven-type (EWR)—after photocatalysis; (e) fabric mat-type (EMC)—after photocatalysis; (f) fabric one fold edge-type (TEX)—after photocatalysis. 
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Figure 8. X-ray diffraction (XRD) patterns of membranes: (a) before photocatalysis; (b) after photocatalysis. 






Figure 8. X-ray diffraction (XRD) patterns of membranes: (a) before photocatalysis; (b) after photocatalysis.



[image: Water 12 00176 g008]







[image: Water 12 00176 g009 550] 





Figure 9. Fourier transform infrared (FT–IR) spectra of membranes: (a) before photocatalysis; (b) after photocatalysis. 
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Table 1. Photocatalytic experimental conditions.
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Reactor Volume, L

	
1.5




	
Ampicillin working solution volume, L

	
2




	
Recirculation flow rate, L/min

	
1




	
Power or the UV lamp, W

	
120




	
Ampicillin solution pH

	
3




	
Hydrogen peroxide/ampicillin molar ratio

	
1.5




	
Membranes

	
Fiberglass fabric plain woven-type (EWR; E-glass)




	
Fiberglass mat-type (EMC; E-glass)




	
Fiberglass fabric one fold edge-type (TEX, E-glass)
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Table 2. Comparison of the photocatalytic degradation efficiency after 30 min of irradiation.






Table 2. Comparison of the photocatalytic degradation efficiency after 30 min of irradiation.





	
Membrane

	
Cycle I

	
Cycle II




	
Experimental, %

	
Theoretic *, %

	
Experimental, %

	
Theoretic *, %






	
Fiberglass fabric plain woven-type membrane (EWR)

	
52.2

	
93.1

	
54.0

	
95.2




	
Fiberglass mat-type membrane (EMC)

	
36.8

	
77.7

	
41.9

	
83.0




	
Fiberglass fabric one fold edge-type membrane (TEX)

	
38.1

	
79.7

	
34.3

	
75.9








* Calculated by subtracting the organic load due to the degradation of the PLA (chemical oxygen demand (COD) corresponding to the Control sample) from the organic load experimentally determined at the irradiation time t (CODt), or in short: without Control.
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Table 3. Kinetic parameters of photocatalytic degradation.






Table 3. Kinetic parameters of photocatalytic degradation.





	
Kinetic Parameter

	
Fiberglass Fabric Plain Woven-Type Membrane (EWR)

	
Fiberglass Mat-Type Membrane (EMC)

	
Fiberglass Fabric One Fold Edge-Type Membrane (TEX)




	
0–30 min




	
Cycle I

	
Cycle II

	
Cycle I

	
Cycle II

	
Cycle I

	
Cycle II






	
kobs, min−1

	
0.027

	
0.027

	
0.016

	
0.019

	
0.017

	
0.014




	
R2

	
0.9379

	
0.9379

	
0.9888

	
0.9847

	
0.9515

	
0.989




	
r0, mg/L·min

	
7.857

	
7.803

	
4.656

	
5.491

	
4.862

	
4.004




	

	
30–120 min




	
kobs, min−1

	
0.0024

	
0.0024

	
0.0023

	
0.0026

	
0.0026

	
0.0025




	
R2

	
0.9998

	
0.9973

	
0.951

	
0.9892

	
0.9316

	
0.9867




	
r0, mg/L·min

	
0.264

	
0.264

	
0.253

	
0.286

	
0.286

	
0.275
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Table 4. Tukey test results for data collected from experiments carried out in Cycle I.
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Cycle I, Irradiation Interval 0–30 min




	

	
MeanDiff

	
SEM

	
q Value

	
Prob

	
Alpha

	
Sig

	
LCL

	
UCL




	
TEX—EWR

	
−0.01090

	
0.00178

	
8.65031

	
0.00211

	
0.05

	
1

	
−0.01637

	
−0.00543




	
EMC—EWR

	
−0.00963

	
0.00178

	
7.64507

	
0.00399

	
0.05

	
1

	
−0.01510

	
−0.00417




	
EMC—TEX

	
0.00127

	
0.00178

	
1.00523

	
0.7664

	
0.05

	
0

	
−0.00420

	
0.00673




	
Cycle I, Irradiation Interval 30–120 min




	
TEX—EWR

	
2.00 × 10−4

	
4.03 × 10−4

	
0.70105

	
0.95782

	
0.05

	
0

	
−0.00109

	
0.00149




	
EMC—EWR

	
−6.67 × 10−5

	
4.03 × 10−4

	
0.23368

	
0.99826

	
0.05

	
0

	
−0.00136

	
0.00123




	
EMC—TEX

	
−2.67 × 10−4

	
4.03 × 10−4

	
0.93473

	
0.90877

	
0.05

	
0

	
−0.00156

	
0.00103




	
C (EWR)—EWR

	
−3.33 × 10−5

	
4.03 × 10−4

	
0.11684

	
0.99978

	
0.05

	
0

	
−0.00133

	
0.00126




	
C (EWR)—TEX

	
−2.33 × 10−4

	
4.03 × 10−4

	
0.81789

	
0.93584

	
0.05

	
0

	
−0.00153

	
0.00106




	
C (EWR)—EMC

	
3.33 × 10−5

	
4.03 × 10−4

	
0.11684

	
0.99978

	
0.05

	
0

	
−0.00126

	
0.00133








MeanDiff—Mean Difference; SEM—Standard Error of the Mean; q Value—studentized range statistic; Prob—p Value; Alpha—significance level set; Sig—significance; LCL—Lower Confidence Limit; UCL—Upper Confidence Limit.
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Table 5. Performance of different photocatalytic systems for ampicillin removal from aqueous solutions. The data presented correspond to the best operating conditions of the photocatalytic reactors.
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Photocatalytic System

	
kobs, min−1

	
Removal Efficiency, %

	
Reference






	
Ultraviolet (UV)/H2O2/TiO2 (suspension); TiO2: 1 g/L; Time: 30 min

	
0.003

	
100

	
[31]




	
UV/ZnO (suspension); ZnO: 0.5 g/L, Time: 180 min

	
0.015

	
100

	
[32]




	
Sunlight/TiO2 (suspension); TiO2: 0.6 mg/L, Time: 180 min

	
0.011

	
89

	
[33]




	
Sunlight/TiO2/AC (activated carbon) (suspension); TiO2: 0.4 mg/L, Time: 180 min

	
0.022

	
100




	
Sunlight/La/Cu/Zr TNPs (trimetallics nanoparticles) (suspension); 100 mg/reactor load;

	
0.00627

	
86

	
[34]




	
Sunlight/Bi2WO6/Fe3O4/GSC (grapheme sand composite) (suspension); 0.5 g/L; Time: 60 min

	
0.0037

	
95

	
[35]




	
Sunlight/Bi2WO6/Fe3O4 (suspension); 0.5 g/L; Time: 60 min

	
0.002

	
74




	
UV/TiO2/PLA/Fiberglass fabric plain woven-type membrane (EWR) (deposited TiO2); 0.06 g TiO2/membrane; Time: 30 min

	
0.027

	
95.2

	
This work




	
UV/TiO2/PLA/Fiberglass mat-type membrane (EMC) (deposited TiO2); 0.06 g TiO2/membrane; Time: 30 min

	
0.019

	
83




	
UV/TiO2/PLA/Fiberglass fabric one fold edge-type membrane (TEX) (deposited TiO2); 0.06 g TiO2/membrane; Time: 30 min

	
0.017

	
79.7












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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