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Abstract: Sulfamethoxazole (SMX) is a veterinary drugs and feed additives, 63 

which has been frequently detected in surface waters in recent years. This paper 64 

investigated the kinetics, evolution of toxicity and antibiotic resistance genes (ARGs) 65 

of SMX in reactions with free chlorine (FC) to evaluate the fate of SMX in batch 66 

reactors and water distribution systems (WDS). In the range of investigated pH (6.3 – 67 

9.0), the SMX degradation had the fastest rate at close to neutral pH. The chlorination 68 

of SMX could be described by the first-order kinetics, with specific second-order rate 69 

constants in batch reactors of (2.23 ± 0.07) × 102 M− s and (5.04 ± 0.30) × 101 M− s− 70 

for HClO and ClO−, respectively. And in WDS of (1.76 ± 0.07) × 102 M− s− and (4.06 71 

± 0.62) × 101 M− s−, respectively. The SMX degradation rate was also affected by pipe 72 

material, and the rate followed the order: stainless-steel pipe (SS) > ductile iron pipe 73 

(DI) > polyethylene pipe (PE). The flow rate from 0.7 to 1.5 m/s led to an increase of 74 

SMX degradation rate in DI, but the increase was limited. In addition, SMX could 75 

increase the toxicity of water initially, yet the toxicity reduced to the level of tap water 76 

after 2 hours chlorination. The relative abundance of ARGs (sul1 and sul2) of tap water 77 

samples was significantly increased under different conditions including only use SMX, 78 

chlorination products of SMX, or pretreatment with SMX followed by chlorination. 79 

Key words: Sulfamethoxazole (SMX); Water distribution system (WDS); 80 

Chlorination; Kinetics; Toxicity; Antibiotic resistance genes (ARGs) 81 

 82 

1.Introduction 83 

Since penicillin by Alexander Fleming was discovered in 1928, antibiotics have 84 
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been widely used to prevent human and animal infectious diseases (Huang et al. 2020, 85 

Wang et al. 2020, Zhang et al. 2015a). However, 60 – 80% of antibiotics are not 86 

absorbed after entering human and animal bodies but directly discharged from the body 87 

through feces or urine (Chen et al. 2017), which has become the main source of 88 

antibiotic residues in the environment. In addition, aquaculture industry (Tian et al. 89 

2013), medical and pharmaceutical wastewater (Gobel et al. 2005, Lindberg et al. 2004) 90 

is also an important source of environmental antibiotic residue. Antibiotics are 91 

considered to be "pseudo persistent" pollutants because they continue to enter the 92 

ecosystem (Gulkowska et al. 2008), which has aroused great concern because of they 93 

may impose a potential risk to the non-target species (Chen et al. 2011). 94 

Sulfonamides (SAs) are one of the most widely used antibiotics in the world 95 

(Gaffney et al. 2016), with more than 20,000 tons of SAs (excluding drugs used as 96 

herbicides) are introduced into the biosphere each year (Qiu et al. 2016). As a kind of 97 

fairly water-soluble polar compounds, SAs are weakly degraded in the nature, thus they 98 

can easily enter surface runoff or be leached into the groundwater. Luo et al.(Luo et al. 99 

2011) reported that the concentration of trimethoprim, trimethoprim, sulfamethoxazole, 100 

sulfachloropyridazine in Haihe Rive was (1.2 ± 0.8) × 102 ng/L, (1.2 ± 0.8) × 102 ng/L, 101 

(1.7 ± 1.0) × 102 ng/L and (1.8 ± 1.4) × 102 ng/L, respectively. A survey (Jiang et al. 102 

2011) of the Huangpu River found that the concentration of trimethoprim, sulfadiazine, 103 

sulfamethoxazole, sulfachloropyridazine was 62.39 ng/L, 40.55 ng/L, 623.27 ng/L, 104 

58.29 ng/L, respectively. Li et al.(Li et al. 2017a) reported that the concentration of 105 

oxytetracycline reached 600 ng/L in tap water in Hong Kong. Therefore, the existence 106 
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of antibiotics is not only limited to the environmental water of nature, but also exists in 107 

the drinking water related to human beings. SAs concentrations in natural water are 108 

quite low, ranging from nanograms to micrograms per liter (ng/L – μg/L) (Zhang et al. 109 

2018b), but it still has ecotoxicity at this level (Fent et al. 2006). For example, SAs can 110 

damage the human immune system, pose skin allergic reactions (Choquet-Kastylevsky 111 

et al. 2002) and even carcinogen risk (Shao et al. 2005), inhibit the germination of plants 112 

(Migliore et al. 2003), and case ecological bioaccumulation in aquatic organisms (Peiris 113 

et al. 2017). Furthermore, they can promote the microbial genetic variation (Jeong et al. 114 

2010), which may lead to the emergence of ARGs and antibiotic-resistant bacteria 115 

(Zheng et al. 2017). Guo et al.(Guo et al. 2014) investigated the ARGs levels in the 116 

Yangtze River Delta of China and detected the existence of 10 ARGs in the source 117 

waters of the 7 water treatment plants, among which the relative abundance of ARGs 118 

sul1, sul2, tet (c) and tet (g) is the highest, total concentrations of ARGs were above 105 119 

copies / mL. The sul1 and sul2 were also the most frequently detected sulfonamide 120 

ARGs in surface waters in Germany and Australia (Stoll et al. 2012). ARGs and 121 

antibiotic-resistant bacteria could enhance the potential for both new and old diseases 122 

to emerge (Mulvey &Simor 2009). 123 

Various technologies were used to remove or degrade SAs in water, including 124 

biodegradation (Chen &Xie 2018, Yu et al. 2018), activated carbon and porous resin 125 

adsorption (Choi et al. 2008, Yang et al. 2011), membrane filtration (Rosman et al. 126 

2018), free chlorination (Gaffney et al. 2016) and advanced oxidation (Beltran et al. 127 

2008, Guo et al. 2015b). Among these methods, free chlorination is regarded as one of 128 
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the most effective technologies due to its low price, continuous disinfection, wide 129 

application scope and high oxidation efficiency for a variety of organic compounds 130 

(Dong et al. 2019, Dong et al. 2017). Nassar et al. (Nassar et al. 2018) have shown that 131 

FC can react with SAs in the first-order. Dodd et al. (Dodd &Huang 2004) established 132 

a degradation model of SMX by chlorine under different pH based on pseudo second-133 

order kinetics, and detected the chlorination products by using GC-MS and LC-MS 134 

derivatization methods and proposed the degradation pathway (Dodd &Huang 2004, 135 

Gaffney et al. 2016). However, most SAs chlorination studies were generally conducted 136 

under lab-scale static conditions (e.g., beakers with buffered water, or deionized). The 137 

SAs chlorination and the potential influence of chlorination on ARGs in dynamic water 138 

distribution system (WDS) has been scarcely studied. 139 

Sulfamethoxazole (SMX, CAS Number 723-46-6) is a typical SAs (Yao et al. 140 

2018), which is mainly used as veterinary drugs and feed additives and its selected 141 

chemical properties were showed in Fig. S1. This study mainly includes the following 142 

aspects: (1) Investigate the relationship between the SMX chlorination and the 143 

concentrations of FC, pH, flow rate and pipe materials in batch reactor and WDS; (2) 144 

Determine the kinetics of SMX chlorination by FC, and analyze the difference between 145 

its degradation in batch reactor and WDS; (3) Evaluate the evolution of toxicity during 146 

the SMX chlorination in WDS; (4) Investigate the production of antibiotic resistance 147 

genes of pipeline bacteria under the exiting condition of only use SMX, chlorination 148 

products of SMX, or pretreatment with SMX followed by chlorination. 149 

2. Materials and methods 150 
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2.1 Experimental Materials 151 

SMX (≥98%) was purchased from TCI (Shanghai, China), and FC stock solutions 152 

were prepared by dilution of commercial 5.5 – 6.5% sodium hypochlorite solution from 153 

Aladdin (Shanghai, China). N,N-diethyl-p-phenylenediamine (DPD) was purchased 154 

from Hach Company (Loveland, Colorado, USA) and it was used to measure chlorine 155 

concentration. HPLC-grade acetonitrile (ACN), methanol (MeOH) and phosphoric acid 156 

(H3PO4) were purchased from Sigma Aldrich (Shanghai, China). Other reagents, 157 

including dibasic sodium phosphate (Na2HPO4, AR grade), sodium dihydrogen 158 

phosphate (NaH2SO4, AR grade) and sodium thiosulfate (Na2S2O3, CP grade) was 159 

purchased from Sinopharm Chemical Reagent (Shanghai, China). The bacteria and 160 

reactivation reagent were from Hamamatsu Photonics (Beijing, China) were used to 161 

evaluate toxicity. The purified water obtained from a Millipore Milli-Q apparatus and 162 

tap water obtained from Hangzhou City. 163 

2.2. Batch reactor and WDS 164 

The degradation experiments of SMX were conducted in a batch reactor and WDS 165 

with using sodium hypochlorite (NaClO) as a disinfectant. Batch experiments were 166 

conducted in 500 mL brown glass beakers to exclude the influence of potential light 167 

(Fig. S2 (a)). The WDS system had three separate loops (each loop is 150 mm in 168 

diameter and 80 m in length), made of polyethylene pipe (PE), ductile iron pipe (DI), 169 

and stainless-steel pipe (SS). Each loop was equipped with an online monitoring 170 

system, circulation pump (which can adjust the flow rate), chemical injection ports 171 

and sampling tap, and each loop could be operated independently (Fig. S2 (b), (c) and 172 
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(d)). 173 

2.3. Degradation experiments of SMX 174 

Using fresh tap water washed each WDS loop at speed of 1 m/s for 20 min before 175 

WDS experiments. In the WDS experiments, experimental water was the tap water 176 

and its characteristics are shown in Table S1. The initial concentration of SMX was 177 

200 μg/L, and experiments temperature was stabilized at 25 ℃ by an automatic control 178 

system. A 5% sodium hypochlorite solution was added in loops through chemical 179 

injection ports, until ultimately concentration of free chlorine reached the required 180 

values (0.4, 0.6. 0.8 and 1.0 mg/L). The pH levels (6.6, 7.0, 7.4, 7.8 and 8.2) and flow 181 

rates (0.7, 1.0, 1.3 and 1.5 m/s) were adjusted by phosphate buffer and circulation 182 

pump, respectively. In addition, the effects of pipe materials were examined by using 183 

three kinds of pipes (PE, DI, SS) due to they were commonly used in drinking water 184 

distribution system in China. In the batch reactors experiments, the pH levels were set 185 

as 6.3, 6.6, 6.9, 7.2, 7.5, 7.8, 8.1, 8.4, 8.7 and 9.0, and other conditions were consistent 186 

with WDS experiments. 10 mL samples were collected at 0, 5, 10, 15, 20, 25, 30, 35 187 

and 40 min respectively, and then 1 mL of 100 mg/L Na2S2O3 (as quenching agent) 188 

was immediately added to stop further reaction. 189 

2.4. Determination of antibiotic concentration 190 

The SMX in each sample was quantified by an Agilent 1200 Series HPLC, which 191 

equipped with a Zorbax Eclipse XDB-C18 column (4.6 mm × 150 mm, 5 μm) and a 192 

UV detector (G1314B, Agilent Technologies, Santa Clara, CA, U.S.). The column 193 

temperature was set at 30 ℃ and injection sample volume was 20 μL. The detection 194 
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wavelength was set at 270 nm. Pure acetonitrile and 1‰(v/v) phosphoric acid with the 195 

ratio of 80:20 was the mobile phase, and the flow was 0.8 mL/min. 196 

2.5 Toxicity assessment of SMX degradation 197 

Microtox method (the international procedure ISO 11348-3) (Buysse et al. 1989) 198 

was used to evaluate the toxic evolution of a SMX solution during chlorination in WDS 199 

(DI), which was based on the inhibition of the luminescence by V. fischeri (Barhoumi 200 

et al. 2016) marine bacteria with 15 min exposure. A multiscan spectrum M200 PRO 201 

(Tecan, Austria) was used. In order to prevent the inactivation of V. fischeri by FC, the 202 

FC in each water sample was quenched with 0.2 mol/L Na2S2O3 and Na2S2O3 itself did 203 

not inhibit V. fischeri (Wei et al. 2011). The calculation formula of the inhibition of 204 

light emissions was: inhibition = (I0 - I) / I0, where I and I0 was the luminescent 205 

intensity of samples at different times and the luminescent intensity of the blank 206 

solution, respectively. 207 

2.6. DNA extraction 208 

Four group experiments were set up in this section, which were carried out in 209 

WDS (DI). A group represented the tap water samples that were placed for 6 days, as 210 

blank control; B group represented the tap water samples that were added SMX for 6 211 

days; C group represented the tap water samples that were added the chlorinated 212 

products of SMX (obtained by solid phase extraction) for 6 days; D group represented 213 

the tap water samples that were pretreatment with SMX followed by chlorination for 6 214 

days. 215 

500 ml of above water samples were concentrated by 0.22 μm sterile filter 216 
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membranes until the membrane was clogged to capture bacteria. Then, the membranes 217 

were cut up with clean scissors and stored at −20 °C in 50 mL centrifuge tubes. The 218 

total DNAs were extracted using an EZNA Water DNA Kit (Omega Bio-tek, Georgia, 219 

USA) and the extraction steps followed the manufacturer’s instructions. The DNA 220 

concentration and purity were determined by 1.5% agarose gel electrophoresis and 221 

spectrophotometer analysis (NanoDrop ND-2000c, Thermo, USA), as previous 222 

reported by Chen (Chen &Zhang 2013). 223 

2.7. DNA quantification by real-time quantitative polymerase chain reaction (qPCR) 224 

Two sulfonamide resistance genes (sul1 and sul2), and an integron gene (intI1, 225 

used to reflect the transfer potential of horizontal gene) were selected for quantitative 226 

detection by StepOnePlus real-time PCR system (Applied Biosystems, CA, USA). In 227 

addition, 16S rRNA was also monitored to reflect relative abundance, and the 228 

calculation formula of RAs was: RAs = ARG copies / 16S rRNA copies. The detailed 229 

primer information and the procedure of qPCR is shown in Table S2. Following 230 

previous research (Chen &Zhang 2013, Li et al. 2017b), the plasmids containing target 231 

genes were obtained by molecular cloning, and plasmids carrying target genes (serially 232 

10-fold dilution) were used to generate standard curves (including 5 or 6 points). 233 

The qPCRs were conducted in 96-well plates with a final volume of 20 μL mixture, 234 

containing 10μL SYBR Premix Ex Taq (TaKaRa, Bio, Shiga, Japan), 7.2 μL DNA-free 235 

water, 2 μL template DNA and 0.2 μM forward and reverse primers. The temperature 236 

procedure was as the following: initial denaturation step for 180 s at 95 °C and then 35 237 

cycles of amplification containing denaturation for 30 s at 94 °C, annealing for 30 s at 238 
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55 °C and extension for 60 s at 72 °C, with a final extension step for 600 s at 72 °C. 239 

3. Results and discussion 240 

3.1. Kinetics of SMX degradation 241 

3.1.1. Effect of FC 242 

Fig. 1 (a) and 1 (c) showed the SMX degradation at different free chlorine (0.4 – 243 

1.0 mg/L), it can be seen that when FC ≥ 0.6 mg/L and reaction time was more than 30 244 

minutes, the SMX was almost completely degraded in both the batch and WDS tests. 245 

However, the degradation of SMX in the batch reactor was faster than that in WDS. At 246 

the concentration of 1.0 mg/L FC, it took about 15 min for the removal of SMX to reach 247 

100% in WDS, while only 10 minutes in batch test. In addition, the degradation rate of 248 

the two reaction systems increased monotonously with the initial FC concentration 249 

increased (Fig. 1 (b) and Fig. 1 (d)). At the concentration of 0.4, 0.6, 0.8, and 1.0 mg/L 250 

of FC, the removal ratio of SMX in batch reactor increased from 52.9%, to 75.3%, 100% 251 

and 100%, and in WDS increased from 56.5%, to 66.5%, 85.7% and 92.6% respectively 252 

in 10 min. 253 

[Fig. 1] 254 

In order to better describe the correlation between reaction times and 255 

ln([SMX]t/[SMX]0) at different FC concentration, the first-order model was used (Eq. 256 

(1)): 257 

t
t

d[SMX]
- = [SMX]

dt
1

k                                              (1) 258 

Where k1 was the first-order rate constants, and [SMX]t was the SMX 259 

concentration at different times. The k1 and goodness of fit (R2) of each initial FC 260 
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concentration in batch reactor was bigger than those in WDS (Table S3). The difference 261 

may have been caused by complex conditions of the WDS, where maybe occurred 262 

multiple reactions due to the presences of pipe contains scale (natural organic matter is 263 

its component (Lytle &Liggett 2016)) at the pipe wall (Fig S3), which consumed some 264 

FC (Dong et al. 2019). On the contrary, the conditions in the batch reactor were 265 

relatively stable, thus the linear correlation in backer tests was better than in WDS. 266 

However, the linear correlation in WDS was still satisfactory (all R2 ≥ 0.966), thus the 267 

SMX degradation by various initial FC concentrations in both the batch reactor and 268 

WDS were followed the first-order kinetics. 269 

Previous studies have found that the degradation of Sulfadiazine the pipe network 270 

follows a second-order kinetics (Dodd &Huang 2004, Dong et al. 2019), so this 271 

possibility was also studied. The second-order rate kinetics constants (k2) could be 272 

calculated by Eqs. (2) – (3): 273 

t
t

d[SMX]
- = [FC][SMX]

dt
2

k                                          (2) 274 

1=
[FC]

2

k
k                                                        (3) 275 

Where [FC] was the concentration of FC. Fig. S4 (a) and Fig. S4 (b) showed that 276 

the relationship between k2 and FC concentration was satisfactory linear correlation in 277 

both the batch reactor (R2 = 0.995) and WDS (R2 = 0.960). Therefore, the degradation 278 

of SMX in both the batch reactor and WDS also could be described by second-order 279 

model. 280 

3.1.2. Effect of pH 281 
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[Fig. 2] 282 

In the batch reactor (Fig. 2 (a)), after 40 min, the degradation amount of SMX by 283 

FC remained at 100% during pH 6.3 to pH 7.2 and decreased from 100% to 73.08% 284 

during pH 7.2 to pH 9.0. Fig. 2 (d) showed that the SMX degradation in the WDS and 285 

its results were similar to the batch tests, indicating that their highest efficiency of SMX 286 

degradation occurred at pH close to neutral (pH ≈ 7.0). The first-order rate constants (k) 287 

of reactions between SMX and FC were obviously dependent on the pH value, as shown 288 

in Fig. 2(b) and Fig. 2(e). As shown in Table S4, the k increased from 0.117 to 0.139 289 

min−1 in batch experiment and from 0.097 to 0.107 min−1 in WDS when the solution 290 

pH value increased from 6.3 to 7.0; Yet the k decreased from 0.139 to 0.027 min−1 in 291 

batch experiment and from 0.107 to 0.045 min−1 in WDS when the solution pH value 292 

increased from 7.0 to 9.0. Therefore, the fastest rate of SMX degradation also occurred 293 

at pH close to neutral. In addition, all R2 of batch experiment were bigger than that of 294 

WDS when the set pH value was similar, and the reason had been discussed in section 295 

3.1.1. 296 

In the range of investigated pH, the acid-base equilibrium (Eqs. (4) – (5)) of HClO 297 

and the SMX may be used to explain the pH dependence behavior in the reaction of FC 298 

and SMX. 299 

HClO H ClO ƒ                pKa = 7.54                        (4) 300 

+HSMX H SMX ƒ              pKa1 = 1.8                        (5) 301 

SMX H SMX ƒ                pKa2 = 5.6                        (6) 302 

The two species of FC (i.e., HClO and ClO−) and the three species of SMX (i.e., 303 
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HSMX+, SMX, and SMX−) could be considered to react with each other, thus the 304 

dependence of kapp on solution pH can be modeled by Eqs. (7) – (8): 305 

all
app all all ij i j all alli=1,2, j=1,2,3

t

d[SMX]
k [SMX] [FC] k [SMX] [FC]

d
            (7) 306 

app ij i ji=1,2, j=1,2,3
k k                                              (8) 307 

Where [FC]all = [HClO] + [ClO-]; [SMX]all = [HSMX+] + [SMX] + [SMX-]; ki,j is 308 

the species-specific second-order rate constants for reaction of [FC]all species i with 309 

[SMX]all species j. αi and βj represent the equilibrium distribution coefficients of [FC]all 310 

and [SMX]all species, respectively, and they can be calculated at different pH by the 311 

following equation (Eqs. (9)−(13)): 312 

7 54

1 all= l 10α     .[HC O] [FC] [H ] ([H ] )                               (9) 313 

7 54 7 54

2 = l 10 10α     . .

all[C O ] [FC] ([H ] )                             (10) 314 

2 2 1 8 1 8 5 6

1 = 10 10 10β           . . .

all[HSMX ] [SMX] ([H ]) (([H ]) [H ] )        (11) 315 

1 8 2 1 8 1 8 5 6

2 = 10 10 10 10β            . . . .

all[SMX] [SMX] ([H ] ) (([H ]) [H ] )      (12) 316 

1 8 5 6 2 1 8 1 8 5 6

3 = 10 10 10 10 10β             . . . . .

all[SMX ] [SMX] ( ) (([H ]) [H ] )   (13) 317 

The ki,j was calculated by L-M (Levenberg-Marquardt) regressions of 318 

experimental kapp according to the Eq. (8), using MATLAB. While there were six 319 

possible reactions from the Eq. (8), fitting of the experimental data of Fig. 2 (c) and Fig. 320 

2 (f) showed that only following two reactions (Eqs. (14) – (15)) could reasonably fit 321 

the experimental data (a solid line), R2 ≥ 0.974 and R2 ≥ 0.972 in batch reactor and 322 

WDS, respectively. The reason for this may be that [HSMX+] and [SMX] have little 323 

effect in the reaction system due to their extremely low mole fraction at pH 6.3 – 9.0 324 

(Fig. S5). In addition, contribution of the individual reactions to the rate constant (kapp) 325 
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is also shown in Fig. 2(c) and Fig. 2(f) (dashed lines). This result indicated that the 326 

HClO reacts faster with deprotonated SMX (SMX−) than HClO- (i.e., in batch reactor: 327 

k13 = (2.23 ± 0.07) × 102 > k23 = (5.04 ± 0.30) × 101 M− s−; in WDS: k13 = (1.76 ± 0.07) 328 

× 102 M > k23 = (4.06 ± 0.62) × 101 M− s−). At pH 6.3 – 8.2, reaction (14) mainly 329 

contributed to the kapp. In contrast, the kapp at pH from 8.2 to 9.0 could be attributed to 330 

reaction (15). At nearly neutral pH, the comprehensive effect of reaction (14) and 331 

reaction (15) is the best, the subsequent experiments can thus be carried out at a nearly 332 

neutral pH. 333 

[HClO] [S ] pr oducts                       (14) 334 

[ClO ] [S ] pr oducts                        (15) 335 

3.1.3. Effect of flow rate 336 

[Fig. 3] 337 

As shown in Fig. 3, the change of flow rate had little effect on the SMX 338 

degradation. The degradation rate constants for SMX were 0.129, 0.190, 0.211 and 339 

0.201 min-1 under the condition of 0.7, 1.0, 1.3 and 1.5 m/s, respectively (Table. S5). 340 

The possible reason for this difference is that flow rate could change the hydraulic 341 

conditions in WDS, thereby affecting mass transfer coefficient. The Reynolds number 342 

(Re) was used to evaluate this behavior, Re = d/ρν μ , where ρ, ν, d and µ represent the 343 

density, flow rate, pipe diameter and viscosity coefficient of fluid (0.895×10−3 Pa·s, 344 

25℃), respectively. All Re more than 4300 (Table. S5), indicating that turbulent flow 345 

conditions exist in WDS. Mass transfer coefficient increased with increasing Re under 346 

turbulent flow conditions, ultimately improves mixing and this may make the rate of 347 
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SMX degradation enhanced when the flow rate from 0.7 to 1.0 m/s. However, when the 348 

flow rate from 1.0 to 1.5 m/s, the degradation rate hardly increased because the effect 349 

of mass transfer on degradation has reached the limit. 350 

3.1.4. Effect of pipe materials 351 

[Fig. 4] 352 

As shown in Fig. 4, after 15min of reaction, the removal of SMX reached 100%, 353 

87.8% and 94.4% in the PE, DI and SS, respectively. Table S6 summarized the 354 

calculated first-order rate constants, these data showed that the order of degradation 355 

rate was SS (0.358 min-1) > DI (0.191 min-1) > PE (0.139 min-1). Metal ions and 356 

corroded metal might contribute to this phenomenon, DI were better protected because 357 

they have lined with a layer of cement, but SS is more prone to rust due to poor welding 358 

(Dong et al. 2017). Consequently, compared with DI and PE, the SS has the most metal 359 

ions and corroded metal. As discussed in the section 3.1.3, when the flow rate was 1.0 360 

m/s, these experiments were conducted with turbulent flows (Re > 4300), consequently, 361 

the metal ions and corroded metal in solder joints were easily transferred to the water. 362 

The concentrations of total iron in the three pipes were detected, which was 0.8 mg/L 363 

in SS and less than 0.1mg/L in DI and PE. Fe2+ could be oxidized to Fe3+ by FC, and 364 

the process produced some free radicals that enhanced the SMX degradation (Dong et 365 

al. 2019, Perez-Moya et al. 2010). In addition, Fe3+ might be oxidized to higher valence 366 

iron in hypochlorite solution system, such as a way to prepare ferrate (Ⅵ) is to oxidize 367 

Fe3+ with sodium hypochlorite solution under alkaline condition (Li et al. 2005). The 368 
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higher valence iron has stronger oxidize ability and it could promote the degradation of 369 

SMX. 370 

3.2. Toxicity assessment of SMX degradation 371 

[Fig. 5] 372 

As shown in Fig. 5, compared with the inhibition of bioluminescence rate of tap 373 

water close to 0, the presence of SMX can significantly increase the toxicity of water. 374 

In the first 10 min of reaction, with the degradation of SMX, the toxicity showed a 375 

downward trend. Within 10 to 90 minutes of the reaction, the toxicity showed an 376 

upward trend, indicating that the intermediate products of the reaction were also toxic. 377 

However, within 90 to 120 minutes of the reaction, the toxicity showed a downward 378 

trend until it was the same as that of tap water, which indicated that SMX could be 379 

completely degraded by FC within 2 hours, and the toxicity of chlorinated products was 380 

low. 381 

3.3. Generation of ARGs in WDS 382 

[Fig. 6] 383 

The comparison of ARGs contents and relative abundance of water samples under 384 

different treatments are shown in Figure 6. In general, compared with group A, the 385 

number and relative abundance of sul1, sul2 and intI1 genes in group B, C and D were 386 

significantly increased. However, the number of 16S rRNA did not change significantly, 387 

indicates that the total number of bacteria changed little. Previous studies have shown 388 

that the variation of ARGs relative abundance is mainly caused by two aspects: one is 389 

the change of host bacteria abundance and the other is the horizontal transfer of ARGs 390 
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in bacteria (Jia et al. 2015, Su et al. 2015), and the increase of ARGs in drinking water 391 

was the result of two factors (Jia et al. 2015). Therefore, the following analysis mainly 392 

consider these two aspects. 393 

In group B, although the total number of bacteria decreased slightly, the number 394 

of sul1 and sul2 increased. This may have been caused SMX inhibited the growth of 395 

other bacteria and promoted the increase of antibiotic-resistant bacterial community. In 396 

addition, SMX as an environmental pressure, could promote the replication of sul1 and 397 

sul2, which was the main reason for the increase of sul1 and sul2. On the other hand, 398 

the increase of sul1 and sul2 was also caused by the transfer of ARGs (because the 399 

number of intI1 has increased). In group C, the increase of 16S rRNA genes number 400 

reflected the increase of total bacterial count, indicating that chlorination products had 401 

no inhibitory effect on total bacterial count. These results showed that even if SMX was 402 

chlorinated in water, its chlorination products would still lead to the production of 403 

resistance genes. The reason may be that chlorination cannot completely open the 404 

aromatic ring in SMX molecule, some products can only replace one H atom by the 405 

electrophilic reaction of chlorine to form Cl-SMX, which may also have the properties 406 

of sulfonamide antibiotics. 407 

High concentration of FC (> 10mg/L) can effectively degrade the concentration of 408 

ARGs in the water environment (Zhang et al. 2015b), but the results of group D under 409 

the experimental conditions of low concentration of FC are opposite, and the same 410 

results were observed in the study of Jia (Jia et al. 2015) and Shi (Shi et al. 2013). The 411 

reason is that under the condition of high FC value, FC can directly kill bacteria, while 412 
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under the condition of low FC value, the growth of non-chlorine resistant bacteria is 413 

inhibited, and chlorine resistant bacteria can not only survive, but also increase the copy 414 

number and relative abundance of ARGs through gene replication. Our team has found 415 

that Pseudomonas and Mycobacterium are the main bacterium in the WDS (Zhang et 416 

al. 2018a), which has the function of chlorine resistance. Pseudomonas is the host 417 

bacteria of the trans ARGs (Zhang et al. 2019), and its growth and replication will lead 418 

to the change of its relative abundance and quantity, which will lead to the increase of 419 

the relative abundance and copy number of sul1 and sul2. In addition, under the external 420 

pressure of active chlorine, the permeability of bacterial cell membrane changes, and 421 

the frequency of intI1 binding and transferring ARGs increases. However, the 422 

probability of binding and transferring ARGs is small when the bacteria in pipe network 423 

are less than 10000 CFU/ml (Guo et al. 2015a), so the number and relative abundance 424 

of ARGs are also affected by the external pressure of active chlorine, but its contribution 425 

rate is low. ARGs in group C increased more than that in other groups, this suggests 426 

that the chlorinated products of SMX can promote the production of ARGs in WDS 427 

(DI), but what chlorination products caused the increase needs to be further studied. 428 

4. Conclusion 429 

(1) The degradation rate of SMX in batch reactor was faster than that in WDS, and 430 

the rate was positive correlation with the initial concentration of FC. 431 

(2) Whether in batch reactor or WDS, the SMX chlorination could be described by 432 

the first or the second-order kinetics.  433 
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(3) When the pH value was from 6.3 to 9.0, the degradation efficiency of SMX 434 

first increased and then decreased, and the efficiency reached a maximum at nearly 435 

neutral pH. In addition, the fastest rate of SMX degradation also occurred at pH close 436 

to neutral, and the relationship between the second-order rate constants and pH values 437 

were explained by using the species-specific rate constants of FC with SMX. 438 

(4) Under different pipe materials conditions, the SMX degradation rate followed 439 

the order: SS > DI > PE, and high flow rate led to the rate increased in DI, but the 440 

increase was limited. 441 

(5) SMX could increase the toxicity of water initially, but the toxicity reduced 442 

after 2 hours chlorination. 443 

(6) The chlorination products of SMX can significantly promote the production of 444 

ARGs in WDS (DI), but which chlorination products lead to the increase remains to be 445 

further studied. 446 

 447 

  448 
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Figures

Figure 1

Degradation of SMX at different chlorine concentration in batch reactor (a) and WDS (c), and the �rst-
order kinetics plot of SMX degradation in batch reactor (b) and WDS (d). Experimental conditions: ductile
iron pipe, 25 , pH = 7.0 ± 0.2, �ow rate = 1.0 m/s, initial SMX = 200 μg/L.



Figure 2

Degradation of SMX at different pH in batch reactor (a) and WDS (d), and the �rst-order kinetics plot of
SMX degradation in batch reactor (b) and WDS (e), and the second-order rate constants (kapp, M−1s−1)
as a function of pH for the SMX chlorination by FC in batch reactor(c) and WDS(f). Experimental
conditions: ductile iron pipe, 25 , �ow rate = 1.0 m/s, initial free chlorine = 0.8 mg/L, initial SMX = 200
μg/L.



Figure 3

Degradation of SMX at different �ow rates in WDS. Experimental conditions: ductile iron pipe, 25 , pH =
7.0 ± 0.2, initial free chlorine = 0.8 mg/L, initial SMX = 200 μg/L.



Figure 4

Degradation of SMX in different pipe materials (Polyethylene (PE), ductile iron (DI) and stainless-steel
(SS)). Experimental conditions: 25 , pH = 7.0 ± 0.2, �ow rate = 1.0 m/s, initial free chlorine = 0.8 mg/L,
initial SMX = 200 μg/L.



Figure 5

Evolution of toxicity of SMX chlorination. Experimental conditions: ductile iron pipe, 25 , pH = 7.0 ± 0.2,
�ow rate = 1.0 m/s, initial free chlorine = 0.8 mg/L, initial SMX = 200 μg/L.



Figure 6

Gene copy numbers and relative abundance of antibiotic resistance genes in different treatment
conditions.
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