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Degradation of sulfapyridine antibiotics by
chlorination in a pilot-scale water distribution
system: kinetics, THMs, and DFT studies†

Jie Ji,a Changjie Shi,a Luo Xu,a Kai Zhang,a YunShu Zhang,a

Cong Li *a and Eric Lichtfouseb

Sulfonamides (SAs) have been proved to damage organisms if the contact time last over the long term.

Therefore, sulfapyridine (SPD), as typical one, was chosen as a target to be investigated. For the study, the

degradation kinetic of SPD in the chlorination stage of a pilot-scale water distribution system (WDS) was

studied. The result showed that the degradation of SPD simultaneously followed the first-order and pseudo

second-order kinetic model. In the beakers tests or WDS, the reaction rate reaches maximum value when

the pH is about 7. The degradation rate of SPD would be higher with the increase of water velocity in the

WDS. Different pipe materials were studied and the degradation effect of SPD was in the following order:

stainless-steel pipe > ductile iron pipe > polyethylene (PE) pipe. There was a significant increase in the

content of trihalomethanes (THMs) when chlorination of tap water containing SPD in both the WDS and

the beakers system were performed. The mechanism of this process was analyzed in combination with the

intermediate products degraded by SPD in the process. In addition, density functional theory (DFT)

calculations were performed to assist in the identification of 6 intermediates and possible degradation

pathways.

1 Introduction

Much attention has been paid to the occurrence of
antibiotics in the environment in the past decade.1 SAs refer
to one type of synthetic antimicrobial agents that contain the
sulfonamide group, including sulfamethoxazole,
sulfacetamide, sulfadiazine, sulfadoxine, sulfasalazine,
sulfamethizole, sulfisoxazole and sulfanilamide and so on.2

SAs, as effective antibiotics, have been frequently produced
and consumed all around the world. Therefore, they are one
of the typical pollutants in surface water, soils, and

wastewater.3–5 Klein et al. reported that the antibiotic
consumed globally reached 34.8 billion in 2015.6 There are
more than 20 000 tons of SAs brought into the environment
every year.7 Sulfonamide residues result in the spread of
antibiotic resistance genes with potential toxicity. SPD, as
one of the commonly used sulfonamide antibiotic, has been
widely applied as veterinary drugs and repeatedly detected in
aquatic environment.8 Many research results showed diverse
negative effects of SPD such as bio-toxicity and endocrine
disruption for both aquatic wildlife and mankind.9 Therefore,
it is necessary to establish an efficient chemical oxidation
process to remove SPD.

Recently, many researchers have concentrated on
photocatalytic degradation of SPD.10–12 However, the HOCl/
OCl-chlorination is currently the most popular disinfection
method due to its strong oxidizing ability and long-lasting
effect.13 There are many hazardous intermediates and
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as free chlorine 0.8 mg L−1, temperature 25 °C, flow rate 1.0 
m s−1 and pH 7 ± 0.2. Different experimental conditions were 
set as pH (6.6, 7.0, 7.4, 7.8, and 8.2), flow velocities (0.7, 1.0, 
1.3, and 1.5 m s−1) and pipe materials (ductile iron, PE, and 
stainless-steel). After reaction, 10 mL samples were taken at 
pre-designed time interval. Based on previous article,19 the 
samples should be quickly quenched in excess Na2S2O3

solution. The beakers tests were carried out in a brown glass 
bottle under dark conditions and the samples were taken at 
the same sampling time of the WDS. Before sampling, 0.2 
mL sodium thiosulfate (0.2 mol L−1) solution should be 
added into the sample bottle as the reaction quenching 
agent.

2.3 Analytical procedures

The concentration of SPD was analyzed by a high-
performance liquid chromatography (HPLC) (Essentia LC15C, 
Shimadzu, Japan) equipped with an ultraviolet detector 
(G1314B, Agilent, Santa Clara, CA, USA). A Eclipse XDB-C18 
column (4.6 mm × 150 mm, 5 μm) was used in the 
investigation at 30 °C. Acetonitrile and 1% phosphoric acid 
solution with the ratio of 95 : 5 (v/v) was the mobile phase at 
a flow of 1.0 mL min−1.11

Solid phase extraction (SPE) was used to pretreat for the 
analysis of degradation intermediates. The solid phase was 
firstly activated by 15 mL methanol, then 15 mL pure water. 
300 mL samples were then loaded through cartridges (Oasis 
HLB) at 1–2 mL min−1. The final samples were eluted by 5 
mL dichloromethane and 5 mL MTBE respectively and 
concentrated to 1.0 mL through nitrogen purge. The 
degradation intermediates of SPD were detected by LC-MS 
(Agilent 6460) equipped with an Eclipse XDB-C18 column (4.6 
mm × 150 mm, 5 μm). A positive electrospray ionization 
mode (ESI†) was applied in the analysis. The working 
conditions of the column were as following: the wavelength 
was 253 nm, the mobile phase was a mixture of water and 
acetonitrile at a ratio of 80 : 20 (v/v), the flow rate was 0.3 mL 
min−1 and the column temperature was 30 °C. Other 
important operating conditions were as following: the carrier 
gas temperature was 325 °C, the carrier gas flow rate was 5 L 
min−1, the sprayer pressure was 45 psi, the protective gas 
temperature was 345 °C, the flow rate was 11 L min−1, the 
capillary voltage was 3000 V (+)/3500 V (−), the nozzle voltage 
was 0 V (+)/500 V (−), and the cracking voltage was 135 V.

THMs were detected by a gas chromatography with an 
electron capture detector (GC-ECD) (GC-450, Varian, Palo 
Alto, CA, USA) equipped with injection system for purge and 
trap pretreatment in Table S2† (Teledyne Tekmar™, Atomx). 
The GC column was a DB-5 capillary column (30 m × 0.25 
mm, 0.25 μm). The initial temperature of the oven was 60 °C, 
holding for 10 min and then increasing by 20 °C to 250 °C 
every minute. The temperatures of the injection port and 
detector were 150 °C and 300 °C, respectively.20

Chromatogram and standard curves of THMs were provided 
in Fig. S2 and Table S3.†

carcinogenic halogenated disinfection by-products (DBPs) 
produced during chlorination.14 The report showed that 
approximately 70% SPD was degraded about 60 min in the 
UV/chlorine process (pH = 5).15 In addition, He et al. studied 
the degradation of SPD in the Cu0.76Co2.24O4/SBA-15/PMS 
(CCSP) process and the SPD could be utterly degraded after 
90 min under the suitable reaction condition.8 Most previous 
studies on the degradation of SPD were taken in beakers 
tests. However, there are few studies on the degradation of 
SPD by chlorination in WDS.

The surplus micro-pollutants like SPD may react with the 
free chlorine in the WDS, generating by-products that 
threaten human health.16 Therefore, it is essential to study 
the DBPs of SPD in the WDS. Our research group has made 
efforts to investigate the elimination of pollutants in the 
WDS which contain the degradation kinetic, formation of 
intermediate products and final DBPs. Dong et al. 
investigated the kinetics and pathway of estriol chlorination 
in the WDS17 and that of sulfadiazine chlorination in the 
WDS.18 Nevertheless, intermediate products analysis and 
degradation pathways of SPD in the WDS has not been 
studied so far.

The main objectives of this study were to investigate the 
degradation process of SPD by chlorination in the WDS: (1) 
investigate the kinetic of SPD degradation by chlorination; (2) 
study the formation of THMs produced during SPD 
chlorination; (3) deduce the probable degradation pathway of 
SPD with the calculation result of DFT.

2 Materials and methods
2.1 Chemicals and reagents

Sulfapyridine (SPD, C10H10N4O2S, AR ≥95%) was purchased 
from Aladdin (Shanghai, China). The physicochemical 
properties of SPD were summarized in Table S1.† Sodium 
hypochlorite (NaClO, available chlorine 10%) was purchased 
from Aladdin (Shanghai, China). Sodium dihydrogen 
phosphate (NaH2PO4, AR grade), sodium thiosulfate (Na2S2-
O3, CP grade), sodium hydroxide (NaOH, AR grade), 
disodium hydrogen phosphate (Na2HPO4, AR grade), and 
ammonium acetate (CH3COONH4, AR grade) were purchased 
from Sinopharm Chemical Reagent (Shanghai, China). 
Methyl tert-butyl ether (MTBE), dichloromethane, methanol, 
phosphoric acid, acetonitrile, and N-hexane were obtained 
from Thermo Fisher (Shanghai, China) with chromatography 
grade. The pure water was obtained from a Milli-Q system.

2.2 Experimental procedures

SPD degradation experiments were performed both in 
beakers and WDS. Three separate loops made of ductile iron 
(loop A), PE (loop B), and stainless-steel (loop C) respectively, 
were used in the pilot scale WDS in Fig. S1.† With the 
popularity of ductile iron pipes in the world, ductile iron 
pipes were used as the main pipe material in this paper.

The original dosage of SPD was set at 200 μg L−1 in the 
WDS experiments. We set the basic experimental conditions



r ¼ d SPD½ �t
dt

¼ k1 SPD½ �t (1)

In the eqn (1), r is the reaction rate, [SPD]t is the
concentration of SPD at time t, k1 is the first order reaction
rate constant. Eqn (1) can be transformed into eqn (2):

ln
SPD½ �t
SPD½ �0

� �
¼ − k1tþ b (2)

b is a constant in the eqn (2).
Fig. 1b and d showed the results of the data fitted of the

degradation curves. The linear correlation coefficient R2 and
the first order kinetic constant k1 were shown in Table S4.†
When the residual chlorine concentrations were 0.6, 0.8, 1.0
and 1.2 mg L−1, the linear correlation coefficients R2 were
0.994, 0.985, 0.978 and 0.962 in the WDS and when the
residual chlorine concentrations were 0.2, 0.4, 0.6, 0.8, 1.0
and 1.2 mg L−1, R2 were 0.967, 0997, 0.998, 0.998, 0.997 and
0.995 in the beakers tests respectively, showing a good
correlation. Therefore, the reaction of free active chlorine
(FAC) with SPD in beakers tests is considered to be in
accordance with the first-order kinetic model. The study
found that the correlation coefficients of the beakers tests
were generally higher than that of the WDS. This may be due
to the influence of TOC and pipe wall in the WDS, but there
was still a good correlation (all >0.96 in WDS). Therefore, the
reaction between FAC and SPD in the WDS and beakers tests
basically fit to the first-order kinetic model (eqn (1)).

Some papers pointed out that the reaction of some
organic compounds with chlorine was a second order
reaction,23 and it was also investigated in this study. If the
reaction of FAC and SPD fits to the second order kinetic
model, then:

r ¼ d SPD½ �t
dt

¼ k2 FAC½ �t SPD½ �t (3)

In the eqn (3), k2 is the second-order reaction rate
constant, [FAC]t is the chlorine concentration at time t.
Because the molar concentration of residual chlorine was
more than 10 times that of the target, the change of FAC
during the reaction was negligible. Fig. S3† showed the linear
correlation coefficient R2 = 0.96 in the WDS and R2 = 0.97 in
the beakers tests which can verify that k1 has a proportional
relationship with [FAC]. Therefore, the SPD reaction fits to
the second-order reaction kinetic model. Table S5† showed
the second-order kinetic constants in WDS is also lower than
that in beakers tests. The reason can be explained as
following: compared with beakers tests, soluble organic
matter in WDS would consume part of FAC, which would
decrease the concentration of it. According to k1 = k2[FAC] +
b, the immediate reaction rate in WDS also decreases with
the reaction process, so the overall k1 decreases, which then
leads to the actual k2 of the pipe network also become lower
compared to the beakers tests.

Fig. 1 Degradation of SPD at different chlorine concentrations. (a)
WDS. (b) First-order kinetic fitting in WDS. (c) Beakers. (d) First-order
kinetic fitting in beakers.

2.4 Computational modeling

All quantum chemical calculations presented in this paper 
were carried out using Gaussian09 (G09) program.21 Firstly, 
the hybrid B3LYP/6-31+G (d,p) was used to optimize the 
structure of SPD in water. Then, the HOMO orbital and NBO 
atomic charge distribution of SPD were calculated by using 
the natural bond orbital theory (NBO) method with the key 
words of pop = (npa, reg). The high value of the HOMO was 
the most possible place for electrophilic reactions.22

3 Results and discussion
3.1 Degradation kinetics of SPD by chlorination

This section mainly studied the influence of residual chlorine 
concentration on the degradation rate of SPD. Fig. 1a and c 
showed the degradation curves of SPD in the WDS and 
beakers tests under different chlorine concentrations 
respectively. In Fig. 1a, when the residual chlorine 
concentration was 0.8 mg L−1, more than 99% of SPD could 
be degraded at the beginning 30 minutes of the reaction, and 
the increase of residual chlorine concentration in the WDS 
had a remarkable promoting effect on the degradation of 
SPD. The first-order kinetic equation shown in eqn (1) was 
used to fit the degradation curves.

https://doi.org/10.1039/d2ew00198e


3.2 Effects of SPD degradation by chlorination

3.2.1 pH. In order to compare the reaction rates under
different pH conditions, the first-order kinetic model was
applied to fit the reaction process under different pH
conditions. Fig. 2 showed the reaction rate constant reach
the maximum values at the pH of about 7 in both the beakers
tests and WDS.

Text S2† showed the dissociation reaction of FAC and
SPD. Due to dissociation reaction, residual chlorine generally
has two forms as ClO− and HClO which is chemically active
and easily decomposes into HCl and O2 in aqueous solutions
(eqn (4) and S2†). SPD has three forms as SPD+, SPD and
SPD− (eqn (5) and S7 and S8†).

FAC½ � ¼ HClO½ � þ ClO−½ � ¼
X2
i¼1

αi FAC½ � (4)

SPD½ �tot ¼ SPDþ½ � þ SPD½ � þ SPD−½ � ¼
X3
j¼1

βj SPD½ �tot (5)

According to Fig. S4,† the FAC primarily exists in the form 
of HClO under acid to neutral conditions and ClO− under 
alkaline conditions. The standard electrode potential of 
HClO/Cl− pair and ClO−/Cl− pair is 1.482 and 0.89

E HClO=Cl−ð Þ ¼ E0 þ 0:0592
2

lg
Oxidation state½ � Hþ½ �

Reduced state½ � (6)

E ClO−=Cl −ð Þ ¼ E0 þ 0:0592
2

lg
Oxidation state½ �

Reduced state½ � OH −½ � (7)

In order to further quantify the influence of pH, this study
proposed an orthogonal reaction function model based on
the dissociation of SPD and FAC, revealing the relationship
between the second-order kinetic constant and pH ([H+]).
Eqn (8) and S14 and S15† were the relationship between the
total reaction and the orthogonal reaction of each
component.

d SPD½ �tot
dt

¼ − k2 FAC½ � SPD½ � ¼ −
X2
i¼1

X3
j¼1

kijαi FAC½ �βj SPD½ � (8)

kij is the second-order kinetic constant of the orthogonal
reaction between the two dissociation forms of FAC and the
three dissociation forms of SPD. Fig. S5† showed the fitting
results of k2-pH of SPD chlorination process in the WDS and
beakers tests. According to the R2 = 0.987, the model had a
good correlation with the reaction of SPD chlorination in the
WDS and beakers tests. Therefore, the model can predict the
rate of SPD chlorination when the pH changes.

3.2.2 Velocity. Fig. 3 showed the k1 of chlorinated SPD
increased from 4.34 × 10−2 min−1 to 12.18 × 10−2 min−1 in the
flow rate range of 0.7–1.0 m s−1 and the degradation rate
increased obviously with the increase of flow rate. When the
flow rate changed from 1.0 m s−1 to 1.5 m s−1, the first-order
kinetic constants were 12.18 × 10−2, 13.97 × 10−2 and 13.15 ×
10−2 min−1 respectively. Thus, the change of SPD degradation
rate with the increase of flow rate was not obvious in the flow
rate range from 1.0 to 1.5 m s−1.

Fig. 2 Effect of initial pH on the degradation of SPD. (a) WDS. (b)
Beaker.

Fig. 3 Degradation of SPD at different flow velocity.

respectively, so the oxidation of HClO with the same 
concentration is stronger than that of ClO−.24 The results 
showed that SPD degraded faster under neutral condition. 
According to Nernst eqn (6) and (7), the higher the pH is, the 
lower the [H+] is. Moreover, the lower the electrode potential 
of the two pairs is, the lower the oxidation is.25

https://doi.org/10.1039/d2ew00198e


( Re ¼ ρνd
μ

, where ρ is the fluid density, ν is the flow velocity,

d is the pipe diameter, and μ is the viscosity). The higher the
mass transferring rate is, the faster the mixing of substances
and molecules in liquid phase is and the faster the reaction
rate is.26,27 After calculation, when the flow velocity in the
pipe is 0.7, 1.0, 1.3 and 1.5 m s−1, the Re are 103 600, 148 000,
177 600 and 222 000 respectively, and all Re >2300, which
proves that it is a turbulent state in the pipe. Therefore, when
the flow velocity increases from 0.7 to 1.0 m s−1, the value of
k1 increases significantly; when the flow velocity >1.0 m s−1,
the change of k1 value is not obvious, and 1.5 m s−1 is
equivalent to 1.0 m s−1 and 1.3 m s−1, because the mass
transfer effect reaches the limit when the flow velocity >1.0
m s−1 (i.e. Re >177 600).

3.2.3 Pipe materials. In order to investigate the effect of
different pipe materials on the chlorinated degradation of
SPD, PE pipe, stainless steel pipe and ductile iron pipe were
selected to investigate the chlorinated degradation
respectively. In Fig. 4, the degradation capability of SPD
chlorination was followed by stainless-steel pipe, ductile iron
pipe and PE pipe. The reason was that under the influence of
turbulence, the pipe scale on the pipe wall fell off and mixed
with the tap water in the WDS. The level of soluble iron was
different in the WDS of different materials. The iron ion
concentration of stainless-steel pipe was the highest (0.78 mg
L−1) and the iron ion concentration of ductile iron pipe was
(0.12 mg L−1) due to the lining of cement. Because soluble
iron can promote the reaction,28 the chlorination degradation
efficiency of SPD in stainless-steel pipe was higher than that
in ductile iron pipe and PE pipe.

3.3 The formation of THMs

Trihalomethanes (THMs) are the most typical DBPs in waters.
The DBPs of THMs in the chlorination process of SPD were
monitored. Some researchers reported that in the
disinfection process of water containing PPCPs, the number

Fig. 4 Degradation of SPD in different pipe materials.

Fig. 5 The increase of THMs at 2 h (a), 4 h (b) and 6 h (c).

Fig. 6 Structure optimized SPD molecule and its Homo orbital
analysis.

Generally, the reaction rate in liquid phase will be affected 
by mass transferring. In turbulent flow, the mass transferring 
rate will increase with the increase of Reynolds number
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of THMs and haloacetic acid-like DBPs of will increase.29,30 

Ding et al.31 discovered that the contact reaction of 
paracetamol with chlorine in pure water for 12 h will produce 
trichloromethane and HAAs with the same molar 
concentration as paracetamol. Dong et al.32 also found that 
the amount of THMs produced by chlorine disinfection 
increased in the tap water containing sulfamethazine in the 
WDS compared to the tap water without sulfamethazine. For 
the sake of investigating the causes of THMs, five groups of 
experiments (E1–E5) were set up for comparison.

Fig. 5a showed the increasing order of THMs in the WDS 
was trichloromethane > dichloromonobromomethane > 
monochlorodibromomethane > tribromomethane at 2 h. The 
amount of THMs produced by SPD chlorination in the WDS 
was more than that without SPD. However, the increase of 
THMs produced by chlorination of same concentration SPD 
in pure water was almost zero in E5. This showed the amount 
of THMs produced by chlorination of SPD itself was very low, 
but it had a significant promoting effect on THMs generation 
in the WDS. The tap water was taken out from the WDS and

the SPD chlorination experiments were carried out in the
beakers (E3). The increase of THMs was also higher than that
in E2 and E4, but lower than that in E1, which indicated that
the organic matter in the tap water was affected by SPD and
produced more DBPs. In addition, the organic compounds
attached to the pipe wall were released due to the effect of
SPD and react with FAC to produce THMs.

As shown in Fig. 5b and c, the amount of THMs in the
WDS increased further due to the cumulative effect from 4 h
to 6 h. When the WDS contains SPD, the total increase of
THMs is 38.22 μg L−1 at 6 h, while without SPD, the total
increase of THMs is only 8.85 μg L−1 at 6 h.

3.4 Possible degradation pathway and DFT calculation

The above results showed that SPD itself did not generate
THMs under chlorination. It will be converted into other
products under the chlorination. For the study, the HOMO
orbital and NBO atomic charge distribution of SPD molecule
were calculated by density functional theory (DFT), which

Fig. 7 NBO atomic charge distribution of SPD molecule.

Fig. 8 Reaction path of SPD chlorination.

https://doi.org/10.1039/d2ew00198e


chlorobenzenesulfonic acid with MW 176.
Chlorobenzenesulfonic acid formed
3,4-dichlorobenzenesulfonic acid through chlorine
substitution reaction. According to the mass spectrum 
analysis and the prediction of HOMO and atomic charge 
distribution, the reaction pathway was proposed in Fig. 8.

4 Conclusion
In this study, the chlorinated degradation of SPD in both 
WDS and beakers was investigated. The degradation of SPD 
in WDS fits to both the first-order and pseudo second-order 
kinetic model. The change of pH has obvious influence on 
the reaction rate and the optimal pH condition for SPD 
degradation is around 7. A model then can be fitted through 
the ratio of the individual components to predict the first-
order and pseudo second-order kinetic constants at different

pH values. The chlorination degradation rate of SPD
increases obviously with the flow rate increasing. When the
flow rate is above 1.0 m s−1, the influence of the flow rate can
be negligible. Due to the different iron ion concentration, the
chlorination degradation capability of SPD is following:
stainless-steel pipe > ductile iron pipe > PE pipe. Through
comparison experiments, it is found that the total increase of
THMs is 38.22 μg L−1 at 6 h when the WDS contains SPD.
The increase amount of THMs is only 8.85 μg L−1 at 6 h
without SPD, and the increase amount of THMs is almost
zero at 6 h in the beakers. 4-Amino-n-
methylbenzenesulfonamide, 4-amino-3-chloro-n-
methylbenzenesulfonamide, 3,4-dichlorobenzenesulfonic acid
and chlorobenzenesulfonic acid are four chlorination
products of SPD based on LC-MS analysis. The DFT analysis
revealed that the C atom on the ortho- and meta-positions of
the amino group on the benzene ring. The O atom on the
OSO functional group, and the 20C and 28 N atoms on
the pyridine ring of the SPD molecule are strongly
electronegative, which is easy react with the electrophilic
oxidant NaOCl/OCl−.
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ring opening product of pyridine with molecular weight 
(MW) of 186, was found by mass spectrometry. Moreover, 
according to the HOMO orbital analysis, the intermediate 
products with MW of 283 and MW of 268 can be predicted in 
the first step. The intermediate with molecular weight of 283 
can form 4-amino-3-chloro-n-methylbenzenesulfonamide with 
molecular weight of 220 through ring opening of pyridine 
and then the amino group of 4-amino-3-chloro-n-
methylbenzenesulfonamide was replaced by chlorine atom to 
form 3,4-dichlorobenzenesulfonic acid with molecular weight 
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Cl to form MW 268 intermediate and then the S–N bond in 
MW 268 intermediate product broke to form
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Text S1 The introduction of pilot-scale WDS.
The WDS has three loops. Each loop is approximately 80 m in length and 150 mm in 

diameter. The pipe materials of three loops are ductile iron pipe, stainless steel and 

polyethylene plastic pipes (PE pipes). This system had the velocity controller and 

temperature controller. The flow rates could be adjusted from 0.2-1.8 m/s, and the 

temperature could be adjusted from 0 ℃ to 40 ℃. In addition, this system was also 

equipped with an automatic detector, including free residual chlorine (FAC), turbidity, 

pH and so on. The ductile iron pipe was mostly used in this research, although stainless 

steel and PE pipes were tested. Experimental water circulated in the loop came from 

the municipal drinking water network in Hangzhou City.

Text S2 Dissociation reaction

(a) FAC

In aqueous solutions, due to dissociation reaction, residual chlorine generally has two

forms of ClO- and HClO as Equation (S1) .

 (S1) [𝐹𝐴𝐶] = [𝐻𝐶𝑙𝑂] + [𝐶𝑙𝑂 ‒ ]

Dissociation： pKa=7.54 Decomposition：  (S2)         𝐻𝐶𝑙𝑂⇔𝐶𝑙𝑂 ‒ + 𝐻 +   𝐻𝐶𝑙𝑂→𝐻𝐶𝑙 + 𝑂2

Where, pKa is the dissociation constant of HClO, and there is pKa=lgKa. Then the Ka 

can be described as Equation (S3)

(S3) 
𝐾𝑎 =

[𝐶𝑙𝑂 ‒ ][𝐻 + ]
[𝐻𝐶𝑙𝑂]

The proportions of HClO and ClO- in aqueous solutions α1 and α2 can be determined as 

Equations (S4-S5).

 (S4)
𝛼1 =

[𝐻 + ]

[𝐻 + ] + 𝑘𝐻𝐶𝑙𝑂
𝑎

                      (S5)
𝛼2 =

𝑘𝐻𝐶𝑙𝑂
𝑎

[𝐻 + ] + 𝑘𝐻𝐶𝑙𝑂
𝑎

Where [H+]can be determined by the pH of the reaction system.

(b) SPD

SPD also dissociates in aqueous solutions, and the dissociation is described as



Equations (S7-S8).

 [𝑆𝑃𝐷]𝑡𝑜𝑡 = [𝑆𝑃𝐷 + ] + [𝑆𝑃𝐷] + [𝑆𝑃𝐷 ‒ ]

  (S7)𝑆𝑃𝐷 + = 𝑆𝑃𝐷 + 𝐻 + 𝑝𝑘𝑆𝑃𝐷
𝑎1 = 2.74

  (S8)𝑆𝑃𝐷 = 𝑆𝑃𝐷 ‒ + 𝐻 + 𝑝𝑘𝑆𝑃𝐷
𝑎2 = 8.29

pka1 and pka2 are the first-order and second-order dissociation constants of SPD 

respectively and pka1 = pka2, pka1 and pka2 are calculated as Equations (S9-S10).

(S9)
𝑘𝑆𝑃𝐷

𝑎1 =
[𝑆𝑃𝐷][𝐻 + ]

[𝑆𝑃𝐷 + ]

(S10)
𝑘𝑆𝑃𝐷

𝑎2 =
[𝑆𝑃𝐷 ‒ ][𝐻 + ]

[𝑆𝑃𝐷]

Then the proportions of the three components of SPD can be described as Equations 

(S11-S13).

 (S11)
𝛽1 =

[𝐻 + ]2

[𝐻 + ]2 + [𝐻 + ]𝑘𝑆𝑃𝐷
𝑎1 + 𝑘𝑆𝑃𝐷

𝑎1 𝑘𝑆𝑃𝐷
𝑎2

 (S12)
𝛽2 =

[𝐻 + ]𝑘𝑆𝑃𝐷
𝑎1

[𝐻 + ]2 + [𝐻 + ]𝑘𝑆𝑃𝐷
𝑎1 + 𝑘𝑆𝑃𝐷

𝑎1 𝑘𝑆𝑃𝐷
𝑎2

             (S13)
𝛽3 =

𝑘𝑆𝑃𝐷
𝑎1 𝑘𝑆𝑃𝐷

𝑎2

[𝐻 + ]2 + [𝐻 + ]𝑘𝑆𝑃𝐷
𝑎1 + 𝑘𝑆𝑃𝐷

𝑎1 𝑘𝑆𝑃𝐷
𝑎2

The relationship between the total reaction and the orthogonal reaction of each 

component in the Equations (S14-S15).
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Fig. S1 Schematic representation of WDS. (a): The control system for the WDS. (b): 

The illustration of WDS model. (c): The pilot-scale WDS in experiments.

Fig. S2 GC-ECD chromatogram of trihalomethane.
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Fig. S3 (a) Second order dynamic fitting in WDS; (b) Second order dynamics fitting 

in beaker tests;

Fig.S4 Distribution coefficient of each component at different pH



Fig. S5 k2 and pH model of SPD chloride in WDS and beaker tests.
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Fig S6 LC-MS scans in positive ion mode (ESI+): (a) (b) (c) 10 min, 20 min and 30 

min reaction samples, respectively
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Fig. S7 Mass spectrum with different retention times. （a）3.19-3.59 min，m/z 
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Table S1 Physiochemical characteristics of SPD

Chemical structure Melocular 

formula

Boiling point Melting 

point 

Solubility in 

water

C10H10N4O2S 473.5±51.0 °C 191-193°C ＜0.1 g/100 

mL at 22 ºC

Table. S2 Parameter of injection system for purge and trap pretreatment.

Parameter name Parameter value Parameter name Parameter value

Purge temperature 30 Analytical 

temperature

210

Purge time 15 Analysis time 3

Purge air flow

Dry purge time

Dry purge flow

40

1.5

100

Baking temperature

baking time

Injection volume of 

water sample

250

5

30

Table. S3 THMs standard curve.

Target analyte Peak time linear equation R2 Linear 

range

detection 

limit

Chloroform 6.90 Y=2067.2x+1542.3 0.9964 0~20 0.01

Dichloromethane 9.23 Y=20145x+1638 0.9985 0~20 0.01

Chlorodibromomethane 11.52 Y=21023x-1569.7 0.9923 0~20 0.01

Tribromomethane 13.72 Y=6457.3x+364.1 0.9945 0~20 0.01

Table. S4 The first order kinetic constant of the chlorination SPD reaction
k1（min-1） R2Residual 

chlorine 

concentration WDS Beaker tests WDS
Beaker 

tests



（mg/L）

0.2 / (3.68 ± 0.24) 10-2 0.967

0.4 / (8.51 ± 0.16) 10-2 0.967

0.6 (8.07± 0.22)10-2 (11.35 ± 0.18) 10-2 0.994 0.998

0.8 (11.14 ± 0.61)10-2 (12.65 ± 0.26) 10-2 0.985 0.998

1.0 (14.74 ± 0.98)10-2 (16.13 ± 0.40) 10-2 0.978 0.997

1.2 (15.46 ± 1.25)10-2 (17.98 ± 0.57) 10-2 0.962 0.995

Table. S5 The second order kinetic constants of chlorination SPD reaction (k2)

condition WDS Beaker tests

k2（L∙mg-1∙min-1） (12.89 ± 2.22)10-2 (13.67 ± 1.18)10-2

Table S6 Molecular structures corresponding to different ionic fragment mass-to-

charge ratios.

Retention 

time
（m/z） Possible molecular formula molecular weight

3.3 min 199 176

4.3 min 187 186

9.5 min 249 210

27.6 min 221 220
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