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Abstract

:

This study investigated the degradation kinetics and product generation of ofloxacin (OFL) in the pipe network under different pipe materials, flow rate, pH, free chlorine concentration and temperature. The experiments done in the beaker and pipe network were compared. The results showed that the reaction rate of OFL chlorination with free chlorine increased with the increase of the free chlorine concentration in the pipe network and deionized water, and the degradation efficiency of OFL in the pipe network was higher than that in the deionized water, satisfying the second-order dynamics model. The degradation rate under different pHs was: neutral > acidic > alkaline. The influence of the flow rate is not significant while the influence of the pipe materials and temperature is obvious. The degradation rate of OFL increased with the increase of the temperature, indicating that the OFL degradation was an endothermic process. A liquid chromatograph-mass spectrometer (LC-MS) was used to detect the chlorination intermediates, and the results showed that the piperazine ring was the main group involved in the chlorination reaction, and the main point involved in the chlorination reaction was the N4 atom on the piperazine ring. We also found that, as the reaction time increases, the concentrations of trihalomethanes (THMs) and haloacetic acids (HAAs) increase and THMs mainly exist in the form of trichloromethane (TCM) while HAAs mainly exist in the form of monochloroacetic acid (MCAA).
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1. Introduction


In recent years, antibiotics and fluoroquinolones have been widely used in the treatment of various infectious diseases due to their broad antibacterial spectrum and strong efficacy [1,2,3]. However, as the use of these antibiotics and fluoroquinolones increases, some of them have been detected in the environment. This will affect the growth and development of the plant, and some of the microorganisms in the environment will have an inhibitory effect and may even be killed [4]. Ofloxacin (OFL) was used as the third generation of the fluoronone and has also been constantly detected in drinking water. Chlorine disinfection is the common method used to reduce OFL while the disinfection by-products, such as trihalomethanes (THMs) and haloacetic acids (HAAs), which have carcinogenic, teratogenic and abrupt effects, have been detected as well [5,6,7,8,9]. There are more than 700 kinds of Chlorination disinfection by-products which have been detected in drinking water and that are harmful to the human body, including more than 20 kinds of carcinogens and 50 kinds of mutants which threatens the drinking water safety and the health of the people [10,11,12,13,14,15,16]. Therefore, the migration and transformation rules of OFL and disinfection by-products in the water environment and their harm to the environment have been of wide concern.



While the degradation of OFL has been investigated in previous research, they mainly focused on the simple reaction environment of the beaker deionized water [4,6,7]. The environment in the pipe networks is much more complex, and research of the degradation, migration and transformation process of OFL in the pipe network has not been reported [13,14,15,16]. Therefore, this study investigated the degradation kinetics, migration and transformation mechanism of the OFL in the pipe network and the deionized water under the action of the free chlorine to provide a reference for the effective control of OFL in the urban water system and the protection of the human and living body.




2. Materials and Methods


2.1. Test Materials and Instruments


A number of test reagents have been used in this study, including sodium hypochlorite, sodium hydroxide, sodium thiosulfate, ascorbic acid, phosphate, disodium hydrogen phosphate, sodium dihydrogen phosphate, boric acid, borax, concentrated hydrochloric acid, residual chlorine powder, methanol, acetonitrile, CNWBOND HC-18 SPE (500 mg/3 mL, CNW Technologies GmbH, Düsseldorf, Germany) extraction column, and methyl tert-butyl ether (MTBE). The test instruments that have been employed for the analysis include Agilent-2100 High Performance Liquid Chromatography (HPLC, Agilent Technologies, Santa Clara, CA, USA), an Agilent-6460 liquid phase triple quadrupole mass spectrometer (LC-MS, Agilent Technologies, Santa Clara, CA, USA), a DR 2800 UV spectrophotometer (Shimadzu, Kyoto, Japan), an NW Ultra-cure system Super pure water machine (Sigma Aldrich, Shanghai, China), a PHS-3C type pH meter (Sigma Aldrich, Shanghai, China), a liquid gun (Sigma Aldrich, Shanghai, China), a CNW-12 type 12-hole solid phase extraction device (Sigma Aldrich, Shanghai, China), an ND-200 type nitrogen sweeper (Sigma Aldrich, Shanghai, China), a magnetic electromagnetic agitator (Reagent Co., Ltd. Shanghai, China), an ultrasound (Reagent Co., Ltd. Shanghai, China), a dry box (Reagent Co., Ltd. Shanghai, China), EL204 electronic analysis scales (Reagent Co., Ltd. Shanghai, China), a storage of refrigerators, and a liquid extraction device (Sigma Aldrich, Shanghai, China). All of these experiments were undertaken in a water quality comprehensive simulation platform of a large pipe network, as illustrated in Figure 1.




2.2. Experimental Methods


2.2.1. Decomposition of OFL in the Pipe Network


The experimental platform consists of loops with different materials, including the cement lining of ductile iron, polyethylene (PE) materials and stainless-steel materials. The diameter of all of the pipes is 150 mm. Before the experiment, the experimental loop and the drug pump were washed with fresh tap water for about 30 min, and the water was drained after cleaning. After that, the fresh tap water was injected again to start the experiment. The experimental parameters such as the flow rate and water temperature were adjusted to the set value through the central control system. In the experiment that needs to adjust the pH of the water body, the solution pH was adjusted by adding the appropriate sodium hypochlorite or NaOH solution to the pipe network using a drug pump according to the experimental conditions. When all of the experimental conditions reach the set value, a certain amount of sodium hypochlorite solution was added. After the residual chlorine reached the desired value, the formulated and fully dissolved OFL solution was added to make the concentration of OFL in the pipe network be 250 μg/L. After the solution was added to the pipe network, 250 mL brown glass bottles were used for sampling at different reaction times, and the appropriate amount of Na2S2O3 was added immediately to terminate the experiment. The concentration of OFL at different times was measured by HPLC at the end of the experiment. We note that while the real OFL concentration can be significantly lower than the concentration (250 μg/L) used in this study, the underlying mechanism/properties of the OFL revealed in this study can be used as guidance to control/manage the OFL in the real water supply system with low concentrations.




2.2.2. Degradation of OFL in Beaker Deionized Water


The appropriate amount of deionized water was added to the 250 mL conical bottle, and the appropriate amount of phosphoric acid or NaOH solution was added to adjust the pH. After that, the NaClO reserve liquid was added to reach the residual chlorine requirement. Finally, the OFL reserve liquid was added to start the reaction. At different reaction times, a 1 mL sample was added to a brown reagent flask, prior to which 2.0 mL Agilent with 0.1 mL Na2S2O3 was already added into the flask. The concentration of OFL was measured using HPLC.





2.3. Analytical Methods


2.3.1. The Analysis Method of Chlorine and OFL


A n,ndiethyl-1,4-phenylenediamine sulfate (DPD) spectrophotometry was used with the DR-2800 spectrophotometer (HACH, Loveland, CO, USA) to measure the concentration of chlorine at a detection wavelength of 530 nm. The concentration of OFL was monitored by an Agilent 1200 high performance liquid chromatography (HPLC) system (Agilent Technologies, Santa Clara, CA, USA) with a UV detector (Shimadzu, Kyoto, Japan) at 293 nm. The separate column was the Zorbax Eclipse XDB-C18 column (4.6 mm × 150 mm, 5 μm particle size) with a column temperature of 30 °C. A mixture of 0.1% formic acid/acetonitrile (75/25, v/v) was used as eluents at the flow rate of 1.0 mL/min and the injection volume of 50 μL.




2.3.2. LC-MS Analysis Method of OFL Chlorination Products


The chlorination products of OFL were analyzed by the solid phase extraction-liquid chromatography-mass spectrometry (SPE-LC-MS) technique. Before the solid phase extraction, 1 L samples were filtered by an ultrafiltration membrane with an aperture of 0.45 μm to remove large particles. The hydrophilic lipophilic balanced (HLB) extraction cartridges were activated by adding 6 mL and 10 mL of pure water in an orderly way. Next, 1 L samples were loaded into activated cartridges at a flow rate of 5 mL/min. 6 mL methanol was used to elute OFL and its chlorination byproducts, and then the extracts were concentrated to a final volume of 0.1 mL with a gentle nitrogen stream. Finally, the OFL and its intermediates were analyzed by electrospray ionization/liquid chromatograph/mass spectrometry (ESI+/LC/MS) (Agilent 6460, Varian, Palo Alto, CA, USA). A Zorbax SB-18 capillary column with a particle size of 5 μm (2.4 mm × 150 mm, 5 μm) was used. The mobile phase at a flow rate of 0.3 mL/min with 0.2% formic acid (A) and acetonitrile (B) was used. The elution gradient was: 20% B for 5 min, then increased to 35% B over 10 min, followed by a change to 80% B over 5 min, before being finally increased to 100% B over 3 min. An ESI source in positive ion modes with the mass range of the total ion-current (TIC) from 50 to 500 was used in the mass spectrometer analysis. The carrier gas temperature of the ionization conditions of the source was 350 °C. The pressure was 25 psig, theragentor voltage was 110 eV, and the capillarity voltage was 4000 V.




2.3.3. The Analytical Method for THMs and HAAs


The liquid extraction was conducted for the pretreatment of the water sample before the analysis of THMs and HAAs. The sample was then placed in a 40 mL glass bottle, and 2 mL MTBE and 8 g anhydrous Na2S2O4 were added. The bottle was shocked to dissolve Na2S2O4 and was then set for 30 min. After that, 0.2 mL of the upper liquid was extracted into a brown chromatograph bottle for analysis.



Gas chromatography with an electron capture detector (GC-ECD) (GC-450, Varian, Palo Alto, CA, USA) was used to detect the concentration of THMs during the OFL chlorination. An Agilent DB-5 capillary column (30 m × 0.25 mm × 0.25 µm) (Agilent Technologies, Santa Clara, CA, USA) with a flow of 1 mL/min was used in the test. A splitless injection was used at 150 °C in the injectors. The temperature program of the ECD detector was 1 min at 50 °C, before being increased at 20 °C/min to 250 °C.



For the HAA detection, the samples were first derivatized with methyl tert-butyl ether (MTBE). GC (GC-450, Varian, Palo Alto, CA, USA) with an Agilent HP-5 capillary column (15 m × 0.25 mm × 0.25 µm, Agilent Technologies, Santa Clara, CA, USA) was used in the HAAs detection. A headspace injection with a temperature of 175 °C in the injectors was used. The temperature of the detector was 300 °C and the column flow was 1 mL/min. The temperature program was 5 min at 40 °C, increased by 10 °C/min to 140 °C, and then increased by 25 °C/min to 190 °C, and held for 3 min.






3. Results and Analysis


3.1. Kinetics of the Degradation of OFL by Free Chlorine


3.1.1. Degradation of OFL at Different Free Chlorine Concentrations


The test conditions were: the pH was 7.4, the reaction temperature was 20 °C, the pipe material was PE (PE pipe material has been widely used in China, especially for relatively small diameters, due to its low cost and great ability to prevent corrosion), the flow rate was 1 m/s, the initial concentration of OFL was 250 μg/L, and the initial concentrations of free chlorine were 0.3 mg/L, 0.7 mg/L, 1.0 mg/L and 1.3 mg/L, respectively.



As can be seen from Figure 2a,b, the concentration of OFL gradually decreases with the increase of the reaction time. One can see that the effect of the initial total free chlorine concentration on the degradation of OFL is significant both in the pipe network and deionized water. When the free chlorine concentration is 0.7 mg/L, 1.0 mg/L and 1.3 mg/L, the removal rate of OFL can reach more than 90% after 5 min in the pipe network, while the removal rate can only reach 80% at a free chlorine concentration of 0.3 mg/L. After a 10 min reaction time, when the initial total free chlorine concentration increased from 0.3 mg/L to 1.3 mg/L, the removal rates were 91.7%, 96.8%, 100%, and 100%. In the deionized water, the removal rate of OFL reaches 100% at 3 min when the concentration is 1.3 mg/L. When the initial total free chlorine concentration increased from 0.3 mg/L to 1.3 mg/L, the removal rate was 94.5%, 100%, 100%, and 100%. The comparison shows that the degradation rate of OFL in the deionized water is higher than that in the pipe network. The rationale behind this finding is that organic matter, pipe scale and biofilm in the pipe network consume part of the free chlorine, which reduces the proportion of total free chlorine used for the degradation of OFL in the pipe network.



The experimental data obtained from the degradation of OFL in deionized water at different free chlorine concentrations were fitted with the pseudo first-order reaction Kinetics equation, with results shown in Figure 3. One can see that the linear relationship between ln[C/C0] and the reaction time is strong. This indicates that the reaction of the OFL chlorination by free chlorine (OOFC) is a first-order reaction. Figure 4 shows that a strong linear relationship can be observed between the pseudo first-order reaction rate constant (kobs) and the free chlorine concentration, indicating that the reaction between the free chlorine concentration and OFL conforms to the second-order kinetic model. kobs is the slope obtained by the linear fitting ln[C/C0] and the reaction time T, and a larger kobs value indicates a faster reaction rate.




3.1.2. Degradation of OFL at Different pH Conditions


Test conditions: the initial free chlorine concentration was 0.3 mg/L, the initial pipe network concentration of OFL was 250 μg/L, the pipe material was PE, the pipe flow rate was 1 m/s, the temperature was 20 °C, and the degradation of OFL in both the beaker deionized water and in the PE pipe were investigated.



Figure 5a,b shows that the degradation rate of OFL is the fastest under neutral conditions, and that the relative removal efficiency is relatively low under acidic conditions, followed by the lowest rate under alkaline conditions. In the pipe network, after the reaction of 5 min, the removal rates of OFL are 89%, 92.7%, 86.5% and 83.6% at pHs of 6.5, 7.4, 8.0, and 9.0, respectively. In the deionized water, the removal rates of OFL were 80%, 85.7%, 37.7%, and 6.9% at pHs of 6.5, 7.4, 8.0, and 9.0, respectively. One can see that the pH value has a significant effect on the OOFC, and that the degradation rate of OFL in the pipe network is faster than in the deionized water. This may be due to some substances in the water and pipe scale that can promote the degradation of the OFL chlorination. When pH ≤ 7.4, both the degradation rate of OFL in the pipe network and in the deionized water are faster. When pH = 7.4, the removal efficiency of OFL is the highest, while at pH = 9.0 the removal efficiency of OFL is the lowest. This is because the pH has a combined effect on the presence of sodium hypochlorite and the presence of OFL. The OFL is an amphoteric compound, and the OFL has a different dissociation in water in different pH conditions. The OFL mainly exists in the form of OFL+ under acidic conditions, in the form of OFL0 under neutral conditions, and in the form of OFL− under alkaline conditions. When the pH is 6.5 and 7.4, the chlorination reaction rate is mainly determined by hypochlorous acid (HOCl) and OFL. When the pH is higher than 7.4 and the concentration of HOCl decreases, the main participation in the reaction is ClO−. As the ClO− chlorination is weaker than HOCl [17], the reaction rate is reduced.



As shown in Figure 6, in the pipe network, when the pH is 7.4, the pseudo first-order rate constant is the highest, with a kobs = 0.0084 s−1, and when the pH is 9.0 the pseudo first-order rate constant is the lowest, with a kobs = 0.0061 s−1. In the deionized water, when the pH is 7.4 the pseudo first-order rate constant is the highest, at kobs = 0.0048 s−1, and when the pH is 9.0 the pseudo first-order rate constant is the lowest, at kobs = 0.0002 s−1. One can see that there is a significant difference in the degradation rate of OFL chlorination under different pH conditions in the pipe network and deionized water, and the difference in degradation is even greater under alkaline conditions. This is because as the increase of pH, substances in water and pipe scale can promote the degradation of OFL.




3.1.3. Degradation of OFL under Different Pipe Conditions


Test conditions: the initial free chlorine concentration was 0.3 mg/L, the initial OFL concentration in the pipe network was 250 μg/L, the pipe flow rate was 1 m/s, the temperature was 20 °C, the pH was 7.4, and the pipe types included ductile iron pipes, stainless steel pipes and PE pipes. The results are shown in Figure 7.



Figure 7 shows that after the reaction of 3 min, the removal rates of OFL in the ductile iron pipes, PE and stainless-steel pipes were 62.9%, 83.9%, and 85.1%, respectively. After the reaction of 20 min, the removal rates of OFL in the ductile iron pipes, PE and stainless-steel pipes were 92.7%, 93.2% and 94.6%, respectively. The pseudo first-order rate constants of OFL in the ductile iron pipes, PE and stainless-steel pipes are kobs = 0.0048 s−1, 0.0075 s−1 and 0.0076 s−1, respectively. One can see that the degradation rate of OFL in the ductile iron pipes is the slowest, while the rate of degradation in the PE pipes is similar to that in the stainless-steel pipes. By observing the visual pipe segment within the pipe network (i.e., the transparent segment of each pipe), the pipe scale in the stainless-steel pipe network is the highest, followed by the PE pipe, and the ductile iron pipe is the lowest. The analysis of the water in the three pipe networks shows that there is a small amount of iron ions in the water of the stainless-steel pipe network. According to the previous study [18], Fe2+ could react with free chlorine to produce Fe3+, and the chlorination process produces some free radicals [19]. This might be one reason that results in a faster degradation of OFL in the stainless-steel pipe compared to the one in the other two pipes. By considering the effect of iron ions and the pipe scale, the degradation rate of OFL in the PE pipes is approximately equal to that in the stainless-steel pipes, while that in the ductile cast iron pipe network is the slowest.




3.1.4. Degradation of OFL at Different Flow Rates


Since the effect of different flow rates on the degradation of OFL is only present in the pipe network, the PE pipes were chosen and the degradation in the deionized water is not considered. Therefore, in order to study the effect of different flow rates on the degradation of OFL, the initial free chlorine concentration was 0.3 mg/L, the concentration of OFL in the initial pipe network was 250 μg/L, the temperature was 20 °C, the pH of the pipe network was 7.4, and the flow rates were 0.5 m/s, 1.0 m/s, and 1.5 m/s.



Figure 8 indicates that the degradation rate of OFL in the pipe network with the flow rate of 1.0 m/s is the fastest, while that in the pipe network with the flow rate of 1.5 m/s is the slowest. The removal rate of OFL was 90.8%, 89.0% and 87.8% at the flow rates of 1.0 m/s, 1.5 m/s and 1.0 m/s, respectively. The effect of the increase in the flow rate on the reaction rate is not obvious. According to hydraulics knowledge, when the speed is 0.5 m/s, the Reynolds number is higher than 2300 and the water is already in turbulent state. When the flow rate increases from 0.5 m/s to 1.5 m/s, the material exchange is sufficient, and hence the effect of the increase of the flow rate on the degradation rate of OFL is insignificant.




3.1.5. Degradation of OFL at Different Temperatures


Test conditions: the initial free chlorine concentration was 0.3 mg/L, the initial pipe network concentration of OFL was 250 μg/L, the pipe material was PE, the pipe flow rate was 1 m/s, the pH of the water in the pipe network was 7.4, and the temperatures were 15 °C, 20 °C and 25 °C. The results are shown in Figure 9.



Figure 9 shows that the temperature has a significant effect on the degradation of OFL both in the pipe network and in the deionized water. The degradation rate continues to rise as the temperature increases from 15 °C to 20 °C. After 90 s, the removal rates of OFL in the pipe network were 48.6%, 57.2%, and 63.9%, and those in the deionized water were 54.2%, 64.4%, and 74.6%. As shown in Figure 10, as the temperature increases, the degradation rate in both conditions increases. This is because, when the temperature rises, the average kinetic energy and activation molecular weight of the molecule in the reaction system will increase, resulting in an increase in the number of effective collisions of molecules during the reaction process, as a result of which the chlorination reaction rate will be accelerated. However, we also note that at the same temperature, the degradation rate of OFL in the pipe network is slightly lower than that in the deionized water. In the pipe network, when the reaction temperature rises from 15 °C to 25 °C, the degradation rate of OFL increases from 0.0057 s−1 to 0.0085 s−1, while it rises from 0.0059 s−1 to 0.0099 s−1 in the deionized water. This is due to the water organic matter, pipe scale, and pipe wall microorganisms, which consume a certain amount of free chlorine and reduce the free chlorine for the OFL chlorination.



To find out the effect of the temperature on the reaction, lnk and 1/T were fitted according to the Arrhenius equation, and the results are shown in Figure 11. According to the Arrhenius equation:


lnk=−EaRT+lnA



(1)




where A is the frequency factor, Ea is the reaction activation energy, R is the gas general constant with a value of 8.314, and T is the thermodynamic temperature. According to the equation and the slope of the fitting line, the reaction activation energy of the OOFC in the pipe network is 37.04 kJ/mol, while it is 28.63 kJ/mol in the deionized water. This means that the degradation of OFL in the deionized water is more likely to occur.





3.2. Analysis of the Production Law of Intermediary Products.


During the intermediate product analysis, the experimental conditions are as follows: the pipe material was PE, the flow rate was 1.0 m/s, the temperature was 20 °C, the pH was 7.4, the initial free chlorine concentration was 0.3 mg/L, and the initial OFL concentration was 250 μg/L. At 0 h, 15 min, 1 h, 3 h, 6 h and 24 h after the experiment started, a 1 L sample was added to the glass bottle respectively and 2 g of Na2S2O4 were added immediately to terminate the experiment. The results of the chromatogram at reaction times of 0 h and 24 h are shown in Figure 12, and the mass spectrogram of the products is given in Figure 13. Based on the information presented in Figure 13, the mass-charge ratio and molecular weight of the main products are derived as shown in Table 1. The potential degradation path is derived as given in Figure 14, with a detailed analysis given below.



By comparing with the 0 h water sample, one can see that the reaction has a relatively obvious fragmention peak at 16.45 min, 18.67 min, and 30.42 min. By comparison, one can see that the fragment ion can be found at 15 min, 1 h, 3 h, 6 h and 24 h and that the molecular weight is 261.1. At the beginning of the reaction (Figure 14), the fragment ions attack the hydroxyl group on the piperazine ring, seize the hydrogen and lose one H2O molecule to form the chlorination product M-18 (the charge-to-charge ratio is 345.2), also losing a CO2 molecule to form the chlorination product M-44 (mass ratio is 318).



After further analysis of its chlorination products, it is found that the piperazine ring is one of the main groups involved in the reaction, and the main point involved in the chlorination reaction is the N4 atom on the piperazine ring. It loses one-CH3 to form the chlorination product M-61(the mass ratio is 301), continues to act on the N4 atom on the piperazine ring, and removes C3H7N to form the chlorination product M-101 (the mass ratio is 261.1). The chlorination product M-139 is formed by the ring opening of oxazine (the charge ratio is 223.1). The N2 atom on the quinolone ring is replaced by Cl to form the chlorination product M-108 (the charge-to-charge ratio is 254.1).




3.3. Analysis of the Formation Law of THMs and HAAs


The experimental conditions are as follows: the pipe material was PE, the flow rate was 1.0 m/s, the temperature was 20 °C, the pH was 7.4, the initial free chlorine concentration was 0.3 mg/L, and the initial OFL concentration was 250 μg/L. At 0 h, 15 min, 1 h, 3 h, 6 h, and 24 h, a 200 mL sample was taken into the glass bottle respectively, and 1 g of Na2S2O4 was immediately added to terminate the experiment. Then, a liquid extraction was used to preprocess the water sample, before a 30 mL sample were placed in a 40 mL glass bottle. After that, 2 mL of MTBE and 8 g of anhydrous Na2S2O4 was added, shaking to dissolve Na2S2O4, and the bottle was left for 30 min. Finally, 0.2 mL of the upper liquid was extracted to a brown chromatograph bottle for the analysis.



The formation curves of three kinds of THMs detected in the experiment are shown in Figure 15, which are trichloromethane (TCM), monobromodichloride (DCBM) and dibromodichloride (DBCM). It can be seen that THMs in the raw water mainly exist in the form of TCM. The concentration of three THMs increases significantly with the increase of the reaction time in the first 6 h. After 6 h, the concentration of DCBM and DBCM increases slowly while the concentration of TCM still increases significantly. After 24 h, the concentrations of TCM, DCBM and DBCM are 36.61 μg/L, 27.23 μg/L, and 5.808 μg/L, respectively.



As can be seen from Figure 16, HAAs in water bodies mainly exist in the form of monochloroacetic acid (MCAA). After the reaction begins, the concentration of free chlorine in the pipe network is relatively high, the free chlorine components used for the reaction with OFL are sufficient and the concentration of three HAAs gradually increases with the increase of the reaction time. The increase of MCAA is particularly obvious, and the increase of monobromoacetic acid (MBAA) and dichloroacetic acid (DCAA) are subsequently stable. The rate of the production of MCAA is the fastest in the first 6 h, and due to the continuous consumption of free chlorine the rate of production decreases later. After 24 h, the concentrations of MCAA, MBAA and DCAA are 1.32 μg/L, 0.23 μg/L, and 0.08 μg/L, respectively.





4. Conclusion


	
The reaction rate of OFL in the pipe networks and deionized water increases with the increase of the free chlorine concentration and temperature. The degradation rate of OFL under the neutral conditions is the fastest. The removal efficiency is lower under acidic conditions, and the removal efficiency is the lowest under alkaline conditions.



	
The degradation of OFL in the pipe network does not change significantly with the different flow rates, while it is affected by different pipe materials. Under the combined effect of the iron ions and pipe scale, the degradation rate of OFL in the stainless-steel pipe is similar to that in the PE pipe, but both are greater than the ductile cast iron pipe.



	
As the reaction time increases, the concentrations of THMs and HAAs will gradually increase. THMs mainly exist in the form of TCM, and HAAs mainly exist in the form of MCAA.



	
Further analysis of the intermediate chlorination product shows that the piperazine ring is one of the main groups involved in the reaction, and that the main point involved in the chlorination reaction is the N4 atom on the piperazine ring, which is mainly responsible for dealkylation and hydroxylation, and which produces intermediate chlorination products.
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Figure 1. Experimental device for the water distribution system. 
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Figure 2. Degradation of Ofloxacin (OFL) under different free chlorine concentrations in (a) the water distribution system and in (b) deionized water. [C] represents the concentration of OFL at different reaction times, and [C0] represents the initial OFL concentration. 
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Figure 3. Dynamic fitting curves of OFL under different free chlorine concentrations in deionized water. 






Figure 3. Dynamic fitting curves of OFL under different free chlorine concentrations in deionized water.



[image: Water 11 00817 g003]







[image: Water 11 00817 g004 550]





Figure 4. The relation curve between the effective free chlorine concentration and kobs. 
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Figure 5. Degradation of OFL under different pH in (a) water distribution system; (b) deionized water. 
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Figure 6. Dynamic fitting curves of OFL under different pHs in (a) the water distribution system, and in (b) the deionized water. 
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Figure 7. Degradation of OFL under different pipe materials in the water distribution system. 
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Figure 8. Degradation of OFL under different flow rates in the water distribution system. 
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Figure 9. Degradation of OFL under different temperatures in (a) the water distribution system, and in (b) the deionized water. 
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Figure 10. Dynamic fitting curves of OFL under different temperatures in (a) the water distribution system, and in (b) the deionized water. 
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Figure 11. Arrhenius fitting of OFL chlorination by free chlorine (OOFC) in (a) the water distribution system, and in (b) the deionized water. 
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Figure 12. The chromatogram of the water sample at reaction times of: (a) 0 h and (b) 24 h. 
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Figure 13. Mass spectrogram of the products (for details see Table 1). 
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Figure 14. Degradation path of OFL. 
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Figure 15. The formation curve of trihalomethanes (THMs) in the process of OOFC. 
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Figure 16. The formation curve of haloacetic acids (HAAs) in the process of OOFC. 
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Table 1. Mass–charge ratio and molecular weight of the main products.
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	Name Abbreviations
	Mass–Charge Ratio
	Molecular Weight
	Production Structure





	1. M-139
	223.1
	223.1
	 [image: Water 11 00817 i001]



	2. M-108
	254.1
	254.1
	 [image: Water 11 00817 i002]



	3. M-101
	261.1
	261.1
	 [image: Water 11 00817 i003]



	4. M-61
	301.1
	301.1
	 [image: Water 11 00817 i004]



	5. M-17
	345.2
	345.2
	 [image: Water 11 00817 i005]



	6. M-12
	348.1
	348.1
	 [image: Water 11 00817 i006]



	7. M+14
	386.1
	386.1
	 [image: Water 11 00817 i007]
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