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microbial agent sulfacetamide
transformation during chlorination disinfection
process in aquaculture water†

Yaoguang Guo, a Zhiyuan Liu,ab Xiaoyi Lou,*b Changling Fang,b Pu Wang,a

Genying Wuc and Jie Guan*a

Antibiotic addition and chlorination are two common processes in fishery culture. Antibiotic residues not

only pollute aquaculture water, but are also one of the potential precursors of disinfection by-products

(DBPs) during chlorination. The degradation kinetics, products identification and reaction mechanism of

sulfacetamide (SFA), a new sulfonamides antibiotics, and potential formation of haloacetic acids (HAAs) in

chlorination were explored. The results showed that the degradation of SFA followed pseudo first-order

kinetic model, and chlorinating agent dose, pH of water, water temperature, NH4
+, HCO3

� and humic

acid (HA) had various effects on the degradation of SFA and the yields of HAAs. The presence of Br�

accelerated both the degradation rate of SFA and more formation of Br-DBPs. Through the identification

of intermediate products, we proposed the transformation pathway of SFA during the chlorination

disinfection process. Namely, in this NaClO disinfection system, the C–S bond between the sulfonyl

group and benzene ring, and S–N bond between sulfonyl and acylamino of SFA were broken, and then

the primary formed groups were further oxidized to produce intermediates, such as chloroanilines and

chlorophenols. And then chlorophenols were subsequently chlorinated to form toxic HAAs. The present

study might be of significance for the evaluation of effective degradation of SFA and potential

production of halogenate-DBPs (H-DBPs) during the chlorination disinfection process in aquaculture

water.
1. Introduction

Aquaculture is a very large and mature industry in the world,
and China is the largest producer and exporter of aquatic
products as well.1 Due to the occurrence of various aquatic
diseases in the development of aquaculture, antibiotics have
become one of the indispensable drugs in aquaculture.2 China
is the largest antibiotic user in the world in which animal
consumption accounts for half of the total.3 Nowadays, the most
widely used antibiotics in aquaculture are quinolones, sulfon-
amides, macrolides, b-lactams, tetracyclines, furans, etc.4 Anti-
biotics are added to the feed of aquatic animals in order to
assure the safety in aquaculture, but they cannot be completely
digested, therefore, the residual antibiotics would enter the
aquaculture water body. Aer human consumption of aquatic
ineering, Shanghai Polytechnic University,
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products contaminated by antibiotics, allergic symptoms and
chronic intoxication might be caused.5 For instance, sulfon-
amides and aureomycin may lead to fulminant liver necrosis,
agranulocytosis, aplastic anemia and other diseases.6,7 Cipro-
oxacin may result in interstitial nephritis, hepatitis, liver
necrosis, and furazolidone may cause hemolytic anemia and
multiple neuritis.8 Hence, more and more attention has been
paid to the residue, transportation and transformation of
antibiotics in aquaculture water, especially in the disinfection
process.

Chlorination is the most common process in aquaculture
water, with the disinfectants of chlorine compounds.9 Residual
antibiotics are degraded during the chlorination process;
however, studies have found that antibiotics undergo side
reactions with chlorine disinfectants to generate halogenated
disinfection by-products (H-DBPs) such as trihalomethanes
(THMs) and haloacetic acids (HAAs).10,11 These H-DBPs have
attracted extensive attention in the eld of scientic research
owing to the latent health risks.12 In seawater, hypobromous
acid (HOBr) can be generated by the chlorine oxidation to be
dominant oxidant species, leading to preferential formation of
various brominated by-products.13,14 Rong et al.15 reported that
noroxacin (NOR) in seawater was substituted with HOBr to
form two brominated DBPs (Br-DBPs) during chlorination, and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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the toxicity of Br-DBPs was far higher than that of chlorinated
DBPs (Cl-DBPs). Marsà et al.16 reported that bromoacetic acid
was 89.8 times higher than that of chloroacetic acid in human
urothelial cells. THMs exposure resulted in adverse effect for
upgrowth and signicant tail shortening in zebrash, and tri-
bromoacetic acid (TBAA) and dichloroacetic acid (DCAA) can
signicantly increase the deformity rate of zebrash
embryos.17,18 In brief, possible derivative H-DBPs from antibi-
otics during chlorination disinfection process in aquaculture
water might threaten health to aquatic animals, and subse-
quently intimidate the shery economy. Therefore, the trans-
formation fate of H-DBPs in aquaculture water during
disinfection is signicant for effective assessment of shery
health risk.

Sulfonamides (SAs) are broad-spectrum antibiotics used in
aquaculture waters, and the most related researches focus on
the degradation kinetics during chlorination disinfection
process.19 In contrast, the transformation mechanism and the
potential generation of H-DBPs in the chlorination process still
need to be further studied to explore the threat to sheries
aquaculture. Consequently, in the present study, we selected
a new SA antibiotic (sulfacetamide, SFA) as the model substrate
(the detailed information was shown in Table S1 in the ESI†).
We studied the relationship between reaction kinetics of SFA in
chlorination and the parameters, such as available chlorine
concentration, pH, temperature, and other common compo-
nents (i.e.NH4

+, HCO3
� and HA) in aquaculture water. Based on

the above analysis, the potential formation of H-DBPs repre-
sented by HAAs and transformation mechanism of SFA in the
chlorination process were explored. The present research might
provide technical support for the effective removal of SFA and
the control of the production of HAAs during the chlorination
process in aquaculture water.

2. Materials and methods
2.1 Chemicals and reagents

All chemicals were analytical grade except as noted. Mixed
standard of 9 kinds of halogenated acetic acids (i.e. mono-
chloroacetic acid (MCAA), dichloroacetic acid (DCAA), tri-
chloroacetic acid (TCAA), monobromoacetic acid (MBAA),
dibromoacetic acid (DBAA), tribromoacetic acid (TBAA), bro-
mochloroacetic acid (BCAA), bromodichloroacetic acid
(BDCAA), and chlorodibromoacetic acid (CDBAA)) were ob-
tained from Accustandard (America). Humic acid (HA, BR) were
purchased from Yuanye Biological Technology (Shanghai,
China). Sodium hypochlorite solution (available chlorine,
HOCl/ClO�/Cl2O, �10% w/w) and ascorbic acid were purchased
from Aladdin Co., Ltd. (Shanghai, China) Need of special note is
the pH was maintained at 5 with 10 mM phosphate buffer
expect for the effect of pH in the examined experiments.
Therefore, [Cl2] was used to represent available chlorine species
in the full text. Methyl tert-butyl ether (MTBE) and acetonitrile
(HPLC grade) were obtained from Shanghai Anpu Co., Ltd.,
China. Sulfacetamide (SFA, 99.5%), concentrated sulfuric acid
(H2SO4, 98%), sodium bicarbonate (NaHCO3, AR), formic acid
(HCOOH, AR), potassium dihydrogen phosphate (KH2PO4, AR),
© 2021 The Author(s). Published by the Royal Society of Chemistry
dipotassium hydrogen phosphate (K2HPO4, AR), sodium
hydroxide (NaOH, AR), sodium chloride (NaCl, AR), and sodium
bromide (NaBr, AR) were all from Sinopharm Chemical Reagent
Co., Ltd., China. All solutions were prepared using ultra-pure
water (18.2 MU cm) produced by Hetai Co., Ltd. of Shanghai,
China.

2.2 Experimental procedure

For SFA oxidation by [Cl2], the experiments were conducted
using a 150 mL conical ask with 100 mL SFA solution of
1 mg L�1. The experiments were started by adding certain
volumes of the [Cl2] stock solution. At xed points in time, 1 mL
of samples was rapidly quenched with excessive ascorbic acid to
stop the reaction, and then transferred into a high performance
liquid chromatography (HPLC) instrument to perform analyses
of the data. The pH of all experiments was maintained with
10 mM phosphate buffer. The temperature of all experiments
was maintained by DF-101S constant temperature magnetic
stirrer. The effects of [Cl2] (50–125 mM), reaction pH (5–9),
reaction temperature (10–40 �C), NH4

+ (0–5 mg L�1), HCO3
� (0–

100 mg L�1), HA (0–15 mg L�1) and Br� (0–65 mg L�1) on SFA
degradation were examined. In order to investigate the oxida-
tion of SFA and the formation of HAAs in different types of
aquaculture water during chlorination disinfection process, we
also prepared water samples with specic Cl� and Br�

concentrations at pH ¼ 5 as models of marine culture water
(containing 6.6 g L�1 of Cl� and 22 mg L�1 of Br�) and seawater
(containing 19 g L�1 of Cl� and 65 mg L�1 of Br�). All the
experiments were conducted at least duplicate, and the error
bars were provided in the gures.

To examine the potential formation of HAAs, 40 mL of
chlorinated water sample for 24 h was transferred to a 100 mL
centrifuge tube, and then 2 mL of concentrated sulfuric acid
was added to make the pH of the solution lower than 0.5, and
subsequently 9 g of baked sodium chloride was quickly added to
dissolve with shaking. The water samples were then extracted
twice with 4 mL MTBE, and each extraction was shaken for 5
min and le to stand for 5 min, ultimately the extracts were
combined. Aerwards, 3 mL of the extract was transferred into
a 50 mL centrifuge tube, and aer adding 3 mL of a newly
prepared 10% of sulfuric acid methanol solution, mixed well
and placed it into 50 �C water bath for 2 h for derivatization.
Aer the derivative water sample was cooled, 7 mL of 250 g L�1

sodium chloride solution was added, quickly followed shaken
up. Aer leaving the water sample quietly for 5 min, a pipette
was used to remove the water phase, and 1 mL of saturated
sodium bicarbonate solution was slowly added to the organic
layer to exhaust the gas. Finally, 1 mL of the upper organic
phase was placed in a 1.5 mL brown sample bottle for GC-ECD
analysis.

2.3 Analytical methods

A Shimadzu 20A HPLC equipped with a C18 column (4.6 mm �
150 mm, 5 mm) and a UV detector was used to determine the
concentration changes of SFA in the experiments. The mobile
phase used was 0.1% formic acid and acetonitrile (Va/Vb ¼ 70/
RSC Adv., 2021, 11, 14746–14754 | 14747
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30) at a ow rate of 1.0 mLmin�1. The detection wavelength was
set at 275 nm, the column temperature was 30 �C, and the
injection volume was 20 mL (see HPLC chromatogram of SFA in
Fig. S1†). The concentration change of HA was monitored by
UV-2600 spectrophotometer of Shimadzu company (Japan), and
the analytical wavelength was set at 254 nm.

The analytical method to determine HAAs refers to ‘water
quality-determination of haloacetic acids-gas chromatography’
(HJ 758-2015), a national environmental protection standard of
the People's Republic of China. An Agilent 7890A gas chroma-
tography spectrometer (GC) equipped with a DB-5 column (30m
� 0.32 mm�0.25 mm) and an electron capture detector (ECD)
was used to determine the concentrations of HAAs in NaClO
disinfection process. The injections were made in the splitless
mode using an injection temperature of 210 �C and the injec-
tion volume was 1 mL. Nitrogen was used as carrier gas and
make-up gas, the ow rate of carrier gas was 2.5 mL min�1. The
temperature of ECD detector was 260 �C. The GC column was
operated in a temperature programmed mode with an initial
temperature of 40 �C held for 5 min, ramp rst to 65 �C with
a 5 �C min�1 rate, then to 75 �C with 1 �C min�1 rate, then to
135 �C with 5 �C min�1 rate, and then to 280 �C with
20 �C min�1 rate and held at that temperature for 5 min. The
external standard method was used for quantitative analyses of
halogenated methyl acetate derivatives of the nine HAAs mixed
standards aer methyl esterication pretreatment. The organic
intermediates produced during the SFA degradation were
identied by gas chromatography-mass spectrometry (GC-MS,
Shimadzu GCMS-QP2010 plus) and the details are shown in
Text S1.†
3. Results and discussion
3.1 Chlorination kinetics of SFA

The chlorination of SFA is much complex in the actual disin-
fection of aquaculture water, but the main reaction process can
be roughly described as eqn (1):
Fig. 1 (a) Effect of [Cl2] dose on the degradation of SFA, and (b) the line
[SFA]0 ¼ 5 mM, pHini ¼ 5, T ¼ 20 �C.

14748 | RSC Adv., 2021, 11, 14746–14754
[Cl2] + SFA / products (1)

The rate equation of reaction (1) should be:

�d½SFA�
dt

¼ k$½SFA�m$½Cl2�n (2)

where k is the reaction rate constant and m, n represent the
reaction order with respect to the corresponding substrate.20

The degradation of SFA at a concentration of 5 mM was
examined at initial [Cl2] concentrations of 50, 75, 100, and 125
mM. Fig. S2† and 1 show that the degradation effect of SFA
increased with the increase of the concentration of [Cl2], and
the degradation of SFA satised the pseudo rst-order kinetics
with R2 > 0.998 (Fig. 1a). In the actual disinfection of aquacul-
ture water, the concentration of disinfectant is usually much
more than that of antibiotic.21 In the present study, the initial
mole ratio of SFA to [Cl2] was set at lower than 1 : 10. Therefore,
the concentration of [Cl2] was far excessive and can be approx-
imated as constant compared to SFA in the whole chlorination
process. Therefore, the reaction kinetics between disinfectants
[Cl2] and antibiotics SFA are recognized as pseudo rst-order
model. As such, eqn (2) can be simplied to eqn (3).22

�d½SFA�
dt

¼ kobs$½SFA� (3)

where kobs is the pseudo rst-order reaction rate constant, kobs
¼ k$[Cl2].

We can also observe that at pH 5 and temperature of 20 �C, as
the concentration of chlorine disinfectant increased, the reac-
tion rate constant kobs were 0.01044, 0.02298, 0.03783, and
0.05596 s�1, respectively, and there was a linear relationship
between kobs and [Cl2] dose (R2 ¼ 0.993) (Fig. 1b). Hence, it can
be noted that the concentration of [Cl2] was an important factor
for accelerating reaction kinetics.

The degradation of SFA in NaClO disinfection system at pH
5–9 was presented in Fig. S3† and 2, and the results of the
experiment showed that the reaction rate of SFA was the fastest
under neutral condition, and slowed down under weak acid or
ar relationship between kobs and [Cl2] dose. Experimental conditions:

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Oxidation of SFA by [Cl2], and (b) the variation of kobs at different pH values. Experimental conditions: [SFA]0¼ 5 mM, [Cl2]0¼ 50 mM, T¼
20 �C.

Fig. 3 (a) Effect of temperature, and (b) Arrhenius plot. Experimental conditions: [SFA]0 ¼ 5 mM, [Cl2]0 ¼ 50 mM, pHini ¼ 5.
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weak base condition. The observed pseudo rst-order kinetic
constants of SFA degradation rst increased from 0.01044 to
0.03003 s�1 with the pH extended from 5 to 7, and then
decreased to 0.00273 s�1 when pH further reached to 9. The
macroscopic Ka1 and Ka2 constants of SFA (Fig. S4†) are related
to amino and amide groups, respectively. The pKa1 and pKa2 of
SFA were 1.76 and 5.22 (Table S1†),23 and the pKa of HOCl was
7.54,24 indicating both SFA and some available chlorine species
existed in molecular state (i.e. SFA and HOCl) at pH 5, respec-
tively. Although HOCl had strong oxidizability under acidic
conditions, the molecular state of SFA had relatively weaker
ability to provide electrons for molecular HOCl. When the pH
value was in the range from 5.22 to 7.49, SFA was in the form of
deprotonated state, and HOCl existed in the molecular state,
thus, the deprotonated amide group of SFA can provide elec-
trons more easily to HOCl with higher oxidizability. Further-
more, trace Cl2O, potent chlorinating agent at pH ( 8
dependent on the existence of HOCl (eqn (4)), is more potent
electrophiles than HOCl/ClO�.25 As such, the electrophilic
action to SFA by slight Cl2O can explain the effective removal of
SFA and the increased reaction rate under neutral conditions.
© 2021 The Author(s). Published by the Royal Society of Chemistry
In alkaline conditions (pH > 7.49), SFA existed in deprotonic
state and the available chlorine species mainly existed in the
form of ClO�, however, the oxidative capbility and ele-
trophilicity of ClO� was much weaker than that of HOCl and
Cl2O,24,25 which led to the slower degradation of SFA.

2HOCl5Cl2OþH2O (4)

The temperature had a great inuence on the degradation
rate of SFA, and the degradation of SFA at high temperature was
faster than that at low temperature (Fig. S5†). Fig. 3a shows the
pseudo rst order kinetic constants of SFA increased from
0.00507 to 0.01994 s�1 with the temperature elevated from 10 to
40 �C. The effect of temperature on chemical reaction rate can
also be expressed by Arrhenius equation (eqn (5)).26

ln kobs ¼ ln A� Ea

RT
(5)

where A is the Arrhenius constant, s�1; R is the molar gas
constant, 8.314 � 10�3 kJ (mol K)�1; T is the absolute temper-
ature, K; Ea is the reactive activation energy, kJ mol�1.
RSC Adv., 2021, 11, 14746–14754 | 14749
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Fig. 4 Effects of concentrations of (a) NH4
+, (b) HCO3

�, and (c) HA on
the oxidation of SFA by [Cl2]. Experimental conditions: [SFA]0 ¼ 5 mM,
[Cl2]0 ¼ 50 mM, pHini ¼ 5, T ¼ 20 �C.
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According to Fig. 3b, the calculated observed activation
energy was 35.14 kJ mol�1. Zhang et al.15 reported that the
observed activation energies of the reactions of NOR and
14750 | RSC Adv., 2021, 11, 14746–14754
roxithromycin (ROX) with [Cl2] were 105.00 and 79.34 kJ mol�1,
respectively. In contrast, the obtained observed activation
energy of [Cl2] to oxidize SFA is much lower, indicating the
reaction rate is faster under the same experimental conditions,
and the reaction between SFA and [Cl2] is easier to occur from
the perspective of activation energy as well.

NH4
+ and HCO3

� are common cation and anion in aqua-
culture water.27 The presence of NH4

+ can inhibit the oxidation
of SFA by [Cl2] (Fig. S6a† and 4a). With the concentration of
NH4

+ increased from 0 to 5 mg L�1, the kobs decreased from
0.01044 to 0.00076 s�1. When the concentration of NH4

+

reached 5 mg L�1, only less than 40% of SFA was degraded
within 10 min (Fig. S6a†). These phenomena might be attrib-
uted that HOCl could react with NH4

+ to form NH2Cl, NHCl2
and NCl3 (eqn (6)–(9)),28,29 whose oxidation abilities were weaker
than that of HOCl,30 leading to the decreased oxidation of SFA
(Fig. S6a†).

NH4
+ + H2O / NH3 + H3O

+ (6)

HOCl + NH3 / NH2Cl + H2O (7)

HOCl + NH2Cl / NHCl2 + H2O (8)

HOCl + NHCl2 / NCl3 + H2O (9)

Fig. S6b† and 4b showed the HCO3
� had little effect on SFA

degradation. With the concentration of HCO3
� increased from

0 to 100 mg L�1, kobs varied much more slightly and negligibly,
i.e. only from 0.01044 to 0.01403 s�1. This phenomenon indi-
cated that HCO3

� had neglected inuence on the trans-
formation of SFA.

Humic acid (HA) is the main component of natural organic
matter, which accounts for 50–90%.31,32 HA is commonly found
in natural water bodies, and the concentration in water bodies
ranges from 0 to 30 mg L�1.33 Therefore, the effects of HA on the
degradation of SFA by [Cl2] were also evaluated. Fig. S6c† and 4c
showed the negligible effect of altered concentrations of HA on
the oxidation of SFA by [Cl2]. When the concentration of HA
increased from 0 to 15 mg L�1, the changes of kobs were ignor-
able (Fig. 4c). At the same time, we measured the concentration
changes of HA during the reaction. The results showed that HA
hardly degraded in 420 s. [Cl2] with relatively low redox potential
(e.g. EHOCl ¼ 740 mV), has limited oxidation capacity to degrade
HA in the examined 420 s.34
3.2 Inuence of different water bodies

According to the characteristics of water quality, there are not
only freshwater aquaculture models, but also mariculture
models. The intricacy of chemical characteristics and features
of chlorination in seawater greatly differ from those of fresh-
water, as a result of the oxidation of bromide (�65 mg L�1)
present in seawater, thereby resulting in HOBr as the dominant
oxidant species, unlike HOCl in freshwater.35 Fig. S7a† and 5a
showed the effects of different water bodies on the degradation
of SFA by [Cl2]. Most of SFA was degraded in 100 s in marine
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effects of (a) different water bodies and (b) Br� concentration on SFA degradation. Experimental conditions: [SFA]0¼ 5 mM, [Cl2]0¼ 50 mM,
pHini ¼ 5, T ¼ 20 �C.
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culture water and seawater. However, in freshwater, it took
about 550 s to be degraded completely. The degradation rate of
SFA in various media was decreased in the order of seawater >
Fig. 6 Effects of (a) the concentration of [Cl2], (b) pH, (c) temperatur
conditions: [SFA]0 ¼ 5 mM, [Cl2]0 ¼ 50 mM (except for a), pHini ¼ 5 (expec
6.6 g L�1 of Cl� and 22 mg L�1 of Br� and seawater contained 19 g L�1

© 2021 The Author(s). Published by the Royal Society of Chemistry
marine culture water > freshwater, i.e. the kobs of them were in
the sequence of 0.02854 s�1 > 0.01762 s�1 > 0.01044 s�1 through
the tting of the rst-order kinetic model (eqn (3)). Considering
e and (d) various water bodies on the yields of HAAs. Experimental
t for b), T ¼ 20 �C (except for c). Note: marine culture water contained
of Cl� and 65 mg L�1 of Br�.
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Table 1 Degradation products information of SFA

Number
Characteristic
ions m/z (auxiliary ions m/z) Structure Number

Characteristic ions
m/z (auxiliary ions m/z) Structure

p1 49 p6 161(163)

p2 109(80) p7 143(80)

p3 128(65) p8 162(64)

p4 109(80) p9 97(132)

p5 65(92) p10 232(131)
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that the reaction rate constant is likely to depend on the change
of the concentration of Br�, therefore, the concentration of Cl�

was xed at 6.6 g L�1, and the Br� concentration effect was
examined. The results in Fig. S7b† and 5b illustrated that the
degradation of SFA increased with the Br� concentration
amplied from 0 to 65 mg L�1, and the reaction rate constant
increased from 0.04027 to 0.11078 s�1. This phenomenon
indicated that the presence of Br� accelerated the reaction rate.
The oxidation rate of Br� by HOCl to form HOBr was much
higher than that of organic compounds with HOCl, thus
generating a large amount of HOBr with the characteristic of
higher electrophilicity, and subsequently, the amino and other
electron donating groups in SFA react more easily and rapidly
with HOBr, leading to promoted degradation of SFA (eqn (10)
and (11)).36–38

HOCl + Br� / HOBr + Cl� (10)

HOBr + SFA / products (11)
3.3 Potential formation of HAAs

The formation potential of HAAs during the chlorination of SFA
in the simulated aquaculture water was examined. It was found
that two main kinds of HAAs, i.e. DCAA and TCAA, were
produced in the chlorination of SFA in the fresh aquaculture
water (Fig. 6), which bore a resemblance to the chlorination in
drinking water.39 With the increase of chlorine disinfectant, the
generation of DCAA and TCAA gradually increased, and the total
concentration of HAAs increased from 5.11 to 31.33 mg L�1

(Fig. 6a), indicating that the dosage of chlorine disinfectants
14752 | RSC Adv., 2021, 11, 14746–14754
was a key parameter affecting Cl-DBPs production. When the
dosage of [Cl2] is insufficient, the organic pollutants and some
bacteria cannot be completely eliminated, further inuencing
the ideal disinfection effect. When the chlorine disinfectants
dosage is immoderate, the yields of Cl-DBPs will increase, which
in turn poses threatening risk for shery. Therefore, in the
actual disinfection process, the chlorine ratio should be strictly
controlled to ensure the disinfection effect and the safety of
aquaculture water.21

As can be seen from Fig. 6b, the formation of DCAA and
TCAA increased with the pH rise, the reason for which might be
alkaline pH promoted the reaction equilibrium movement
towards the direction for formation of chloroacetic salts, further
improving the generation of HAAs. In addition, the temperature
also has a positive inuence on the yield of HAAs (Fig. 6c).
During the chlorination process, the concentrations of DCAA
and TCAA gradually increased, and the total concentration of
HAAs enlarged from 4.63 to 18.92 mg L�1, as the temperature
increased from 10 to 40 �C. The degradation kinetics of SFA
indicated the obtained lower observed activation energy
encouraged the easily occurred reaction between SFA and [Cl2],
possibly supporting the susceptive formation of HAAs.

Fig. 6d showed the effect of different types of aquaculture
waters on the generation potential of HAAs. The production of
DCAA and TCAA in marine culture water and seawater were
much more than that in freshwater. Furthermore, the Br-HAAs,
such as BCAA, BDCAA, DBAA, CDBAA and TBAA, can be detec-
ted in both marine culture water and seawater (Fig. 6d and S8†),
which might attribute to high concentration Br� participating
in the generation of higher oxidative HOBr (eqn (9)), further
accelerating the formation of Br-HAAs (Fig. S8†).40
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Possible reaction pathway of SFA during chlorination process in fresh aquaculture water.
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3.4 Proposed reaction pathway of SFA during the
chlorination process

In addition to the maternal SFA and the nal two DBPs (DCAA,
TCAA), we also detected the intermediate products of SFA in
NaClO disinfection system by GC-MS. Based on the mass
spectrum data, several main transformation products were
detected, and listed in Table 1, Fig. S9–S20.† Based on the
reasonable analysis of the experimental results,20,41–44 the
degradation route of SFA and potential formation pathway of
HAAs were proposed in Fig. 7.

The transformation process of SFA in NaClO disinfection
system can be divided into three steps: (1) with the oxidation of
[Cl2], the C–S bond between sulfonyl group and benzene ring
and S–N bond between sulfonyl and acylamino groups of SFA
were scissored, and then the intermediate sulfonyl group
formed p1(chloromethanesulfonyl chloride), and the rest
intermediate aminobenzene were oxidized to produce p2 (4-
hydroxyaniline), p3 (4-chlorophenol) and p4 (2-hydroxyani-
line).20,43 (2) Due to the chlorination mechanism in NaClO
system, the intermediate products p2 and p4 were substituted
by chlorine to produce p5 (4-chloroaniline), p6 (2,4-dichlor-
oaniline) and p7 (2-amino-4-chlorophenol). The intermediate
product p3 was substituted by chlorine to form poly-
chlorophenols (p8–p10).44 (3) The chlorophenols could be
cleaved under the action of [Cl2], and then fully combined with
Cl in the subsequent chlorination process to produce HAAs and
other products.12,41,42
4. Conclusions

This study demonstrated that the reaction of SFA with [Cl2]
followed pseudo rst-order kinetic model. The results showed
that chlorine disinfectant dosage and temperature had positive
effects on the degradation of SFA and Cl-HAAs formation; and
neutral pH favored the degradation of SFA, but alkaline pH was
more benecial to generate Cl-HAAs. The common NH4

+ cation
© 2021 The Author(s). Published by the Royal Society of Chemistry
addition inhibited removal of SFA; in comparison, HCO3
� and

HA had a negligible effect on the degradation of SFA. The
presence of Br� not only accelerated the degradation rate of
SFA, but also led to the production of Br-HAAs. In the case of
excess [Cl2] ([Cl2]/[SFA] > 10), C–S and S–N bonds around
sulfonyl group of SFA were scissored, and then the primary
formed groups were further oxidized to produce intermediate
products, such as chloroanilines and chlorophenols. Then the
chlorophenols were further chlorinated to form HAAs with
toxicity.
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