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A B S T R A C T   

Chlorination disinfection has been widely used to kill the pathogenic microorganisms in wastewater sludge 
during the special Covid-19 period, but sludge chlorination might cause the generation of harmful disinfection 
byproducts (DBPs). In this work, the transformation of extracellular polymeric substance (EPS) and mechanisms 
of Cl-DBPs generation during sludge disinfection by sodium hypochlorite (NaClO) were investigated using 
multispectral analysis in combination with Fourier transform ion cyclotron resonance mass spectrometry (FTICR- 
MS). The microorganism Escherichia coli (E. coli) was effectively inactivated by active chlorine generated from 
NaClO. However, a high diversity of Cl-DBPs were produced with the addition of NaClO into sludge, causing the 
increase of acute toxicity on Q67 luminous bacteria of chlorinated EPS. A variety of N-containing molecular 
formulas were produced after chlorination, but N-containing DBPs were not detected, which might be the 
indicative of the dissociation of –NH2 groups after Cl-DBPs generated. Additionally, the release of N-containing 
compounds was increased in alkaline environment caused by NaClO addition, resulted in more Cl-DBPs gener-
ation via nucleophilic substitutions. Whereas, less N-compounds and Cl-DBPs were detected after EPS chlori-
nation under acidic environment, leading to lower cell cytotoxicity. Therefore, N-containing compounds of lignin 
derivatives in sludge were the major Cl-DBPs precursors, and acidic environment could control the release of N- 
compounds by eliminating the dissociation of functional groups in lignin derivatives, consequently reducing the 
generation and cytotoxicity of Cl-DBPs. This study highlights the importance to control the alkalinity of sludge to 
reduce Cl-DBPs generation prior to chlorination disinfection process, and ensure the safety of subsequential 
disposal for wastewater sludge.   

1. Introduction 

At the end of 2019, the COVID-19 respiratory pandemic caused more 
than 350 million confirmed cases in 216 countries (until January 20th, 
2022) with a fatality rate of 3.3% (WHO, 2020). Person-to-person 
transmission is the primary means of the spread for severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2), the agent causing COVID- 
19, which occurs via direct contact or indirect spread of droplets by an 
infected individual coughing or/ and sneezing (Rothan et al., 2020), or 
through microdroplets spread during loud conversations and breathing 

(Ningthoujam et al., 2020; Carrillo-Reyes et al., 2021). During this 
special period, the sludge produced from wastewater treatment plant 
(WWTP) contains plenty of extracellular polymeric substance (EPS) that 
provides suitable conditions to viral transmission like enteroviruses 
(Chen et al., 2014; Wang et al., 2020), hepatitis A virus (Prado et al., 
2012) and papillomavirus (Bibby et al., 2013) and such all. Thus, the 
COVID-19 viruses are also possible to infect humans via indirect contact 
during sludge management, transportation or land-application without 
proper pre-disinfection treatment. Thereinto, chlorination is one of the 
most commonly used disinfection in wastewater treatment processes 

* Corresponding author at: Hubei Key Laboratory of Yangtze Catchment Environmental Aquatic Science, School of Environmental Studies, China University of 
Geosciences, Wuhan 430074, Hubei, China. 

E-mail address: aij@cug.edu.cn (J. Ai).  

Contents lists available at ScienceDirect 

Environment International 

journal homepage: www.elsevier.com/locate/envint 

https://doi.org/10.1016/j.envint.2022.107389 
Received 5 June 2022; Received in revised form 28 June 2022; Accepted 30 June 2022   

mailto:aij@cug.edu.cn
www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2022.107389
https://doi.org/10.1016/j.envint.2022.107389
https://doi.org/10.1016/j.envint.2022.107389
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2022.107389&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Environment International 167 (2022) 107389

2

and simple way to kill various viruses (Chen et al., 2014; Lizasoain et al., 
2018; Ma et al., 2010). Thus, chlorination disinfection for killing the 
viruses in sludge attracted extensive attentions due to the rapid spread of 
Covid-19, especially for the medical wastewater sludge treatment in the 
emergency (Yu et al., 2013). However, some remaining negative impacts 
are also caused by chlorination disinfection to sludge, especially for the 
disinfection by-products (DBPs) generation, which pose great threats to 
the eco-environment (Emmanuel et al., 2004). It is of great engineering 
and scientific importance to investigate the generations and composi-
tions of DBPs during chlorination disinfection processes so as to estab-
lish a safe and effective sludge disinfection approach. 

The first U.S. Environmental Protection Agency (EPA) regulation 
pronounced that chloroform and other DBPs could cause adverse toxic 
impacts on the eco-environment in 1979, and regulations on DBPs were 
expanded after 1998 (EPA, 2006). During the last few decades, dissolved 
organic matter (DOM) was reported to be important DBPs precursors, 
and numerous studies focused on linking specific DBPs to DOM (Zhang 
et al., 2002). However, the wastewater sludge contained plenty of 
organic matters (especially EPS) that were also closely associated with 
the generation of DBPs during chlorination disinfection process (Xiao 
et al., 2018). The generated DBPs remained in sludge after disinfection 
could cause severe toxicity impacts on the eco-environment in the 
subsequential land application (Fytili et al. 2008), landfill (Gude et al., 
2015) and agricultural fertilizer (Praspaliauskas et al., 2017). Thereinto, 
concerns on public health spurred the identification of unknown DBPs 
and their precursors to optimize sludge chlorination disinfection pro-
cesses for minishing the exposure to toxic chemicals was lightened 
(Richardson et al., 2018). As primary precursor, EPS in sludge composed 
of extremely complex organic matters from microorganisms and 
possessed plentiful phenols or polyphenolics (e.g. lipids, lignin, tannins, 
etc.) (Liu et al., 2020; Zhao et al., 2017), which can react with chlorine 
to form toxic halophenols (Pan et al., 2013), halo-benzoquinones (Zhai 
et al., 2014), haloketones (Kristiana et al., 2009), trihalomethane 
(THMs) (Qin et al., 2010), and other halogenated analogues. Never-
theless, the diverse organic molecules in sludge might result in the 
generation of DBPs with great varieties under chlorination, but current 
knowledge is still limited due to the poor consciousness upon sludge 
chlorination disinfection process. 

In addition, it still remains uncertain that what kind of DBPs can be 
formed from EPS derived from sludge, and the characterization of un-
known DBPs in sludge is also a great challenge. The formation of 
uncharacterized DBPs is a public health concern, and even some DBPs in 
sludge are more toxic than the organic pollutants in the original waste 
sludge (Gao et al., 2020). However, the relationship between disinfec-
tants and toxic DBPs during sludge disinfection has not been explored. 
Recently, carbonyl DBPs have been paid extension attentions due to 
their cytotoxicity and carcinogenicity (Li et al., 2018; Prasse et al., 2018; 
Richardson et al., 1999), that made significant contributions to the DBPs 
associated toxicity on the eco-environment, in which carbonyl-EPS 
derived from sludge probably contributes significantly to the pre-
cursors that form known DBPs. Additionally, the formation of N-DBPs 
and N-free-DBPs arising from chlorination has been also reported and in 
particular the formation of organic chloramines (Zhang et al., 2016) in 
water environment. Aromatic structure in organics is easier to generate 
Cl-DBPs via electrophilic substitution or addition by halogens during 
chlorination disinfection (Tomlinson et al., 2016). The primary 
component EPS in sludge contains abundant carbonyl and aromatic 
structures, as well as N-containing compounds, that were all probably 
form harmful Cl-DBPs. Therefore, it is of great importance to develop 
more accurate method for DBPs characterization in waste sludge, and 
control the chlorination operating conditions for reducing DBPs gener-
ation during sludge disinfection processes. 

These few decades, the DBPs with more complex structures were 
detected due to rapid improvement of mass spectrometry (MS) with 
highly sensitivity and resolution. For instance, trihalo-HCDs (i.e., 2,2,4- 
trihalo-5-hydroxy-4-cyclopentene-1,3-diones) and its homologous 

compound of trihalo-HCD (i.e., 2,2,4-trichloro-5-methoxycyclopent-4- 
ene-1,3-dione) were observed during chlorination disinfection to 
drinking water (Zhai et al., 2014; Pan et al., 2016 or syringaldehyde 
(Gong et al., 2005). In addition, Gonsior (2019) also found lots of un-
known DBPs that generated from disinfection of dissolved organic 
matters (DOM) in lysed Microcystis aeruginosa cells, via negative mode 
electrospray ionization Fourier transform ion cyclotron resonance mass 
spectrometry (ESI FT-ICR-MS). This approach was reported to be 
capable of determining the exacted molecular formulas of DBPs (Gonsior 
et al. 2009/ 2014; Lavonen et al., 2013), which may be directly related 
to DOM sources in wastewater or drinking water. However, there were 
no studies have been reported related to the DBPs generation during 
sludge disinfections. The unknown DBPs can be also formed during 
sludge chlorination disinfection process, the composition and structural 
characterizations of formed-DBPs during chlorination disinfection pro-
cess is of great importance to elucidate the DBPs generation route, and 
prevent the DBPs generation to reduce their cytotoxicity. However, 
there is limited information upon the types and composition of DBPs 
during sludge chlorination disinfection, as well as their potential nega-
tive impacts on the eco-environment has not been concerned. 

To fill these knowledge gaps in the sludge chlorination disinfection 
process, the objectives of this study were to (i) optimize the sludge 
chlorination disinfection conditions by evaluating the microorganism 
Escherichia coli (E. coli) activities and their acute cytotoxicity on Q67 
luminous bacteria; (ii) investigate the structural compositions of EPS 
and Cl-DBPs in sludge using negative mode electrospray ionization 
Fourier transform ion cyclotron resonance mass spectrometry (FTICR- 
MS) in combination with ultrahigh resolution mass spectrometry (MS2); 
(iii) explore the relationships between EPS transformation and Cl-DBPs 
generation mechanisms during sludge chlorination disinfection process, 
and elucidate the major precursor compositions in EPS for Cl-DBPs 
generation. The results of the study could provide significance scienti-
fic guidance for Cl-DBPs generation control in sludge chlorination 
disinfection fields. 

2. Materials and methods 

2.1. Sludge properties 

Waste activated sludge (WAS) was collected from a municipal 
wastewater treatment plant (WWTP) located in Beijing, China. The ratio 
of volatile suspended solids to total suspended solids (VSS/TSS) in the 
sludge sample was 55.7%, that was determined according to procedure 
described by Cai (2018). Other detailed information for WAS was pro-
vided in Supporting Information (SI) Table S1. 

2.2. Chemicals and materials 

Details for chemicals and materials used in this study were described 
in SI Text S1. 

2.3. Procedure for sludge chlorination disinfection 

The batch experiments for chlorination disinfection of sludge were 
performed in flask beakers (1 L) under stirring by a hexagonal agitator 
(MY3000-6B). First, 300 mL of raw WAS was transferred into 1-L flask 
beakers, then disinfected by sodium hypochlorite (NaClO) through the 
following procedure: adding NaClO with 2 min of rapid mixing (250 
rmp), followed by slowing mixing (150 rmp). The doses of NaClO were 
set as 0, 25, 30, 32, 34, 36, 40 mg/g per total suspended solids (TSS), and 
the slowing mixing time is controlled by 360 min. In addition, the same 
mixing procedure was applied in the pH adjustment experiment. It 
should be noted that WAS was adjusted to pH = 2.5 using HCl (0.25 
mol/L) prior to NaClO disinfection. After the disinfection process, the 
sludge sample was withdrawn for pathogen (E. coli) concentration and 
acute toxicity determinations. 
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2.4. Escherichia coli activity and acute toxicity tests 

The Escherichia coli (E. coli) was chosen as the indicator of pathogen 
concentrations and measured by counting most probable number (MPN) 
via fermentation method, to evaluate the effectiveness of sludge disin-
fection by NaClO. Details for E. coli activity analysis was provided in SI 
Text S2. 

The luminescent bacteria (Vibrio qinghaiensis Q67) were used to test 
the microorganism toxicity of disinfection by-products (DBPs) following 
the Q67 kit instructions. Specifically, the lyophilized Vibrio qinghaiensis 
Q67 powder was pre-equilibrated for 15 min at 25 ◦C. Then, 0.52 mL of 
recovery buffer (0.85% NaCl) was added into Q67 kit solution and 
incubated for 10 min. It should be noted that the pH of each sample was 
balanced following the Q67 kit instructions. For samples testing, 0.05 
mL Q67 resuscitation solution was added into a clean test tube con-
taining 2.0 mL samples, and incubated for 15 min before sending to 
BHP9514 type drinking water safety fast detector (HAMAMATSU, 
China) for Q67 luminescence intensity measurement. Meanwhile, the 
luminescence intensity of Q67 in recovery buffer was used as the 
negative control blank (100% luminescence). The Q67 luminescence 
inhibition rate (LIR) represented the degree of toxicity which was 
calculated according to the following formula:  

2.5. Fourier-transform infrared spectroscopy combined with 2D-COS 
analysis of EPS under chlorination disinfection process 

To investigate the role of EPS in the Cl-DBPs generation during 
sludge chlorination process, the interaction between purely extracted 
extracellular polymeric substance (EPS) with NaClO was conducted. 
Meanwhile, the EPS extraction and analysis procedure was provided in 
SI Text S3. To determine the covariances of major groups in EPS during 
NaClO treatment, the dosage of NaClO to EPS samples was controlled by 
0.2 g/L to 12 g/L TSS. The Fourier-transform infrared spectroscopy 
(FTIR) of the freeze-dried EPS samples before and after NaClO treat-
ments mixed with KBr (mass ratio of 1:100) was conducted on a Thermo 
Scientific Nicolet 6700 spectrometer. It should be noted that the dosage 
of freeze-dried EPS to KBr was controlled in consistency to quantita-
tively analyze the covariances of major groups in intensity. The FTIR 
spectra were recorded in range of 400–4000 cm− 1. To determine the 
order of predominant functionals groups transformation in EPS during 
sludge chlorination disinfection process, the two-dimensional correla-
tion analysis (2D-FTIR) was used to assign the FTIR bands and examine 
their covariation (Noda and Ozaki, 2004). 

2.6. Solid phase extraction of DBPs formed in sludge chlorination 

Before the examination of the mass spectrometry, all samples 
collected in sludge are needed to be desalted and treated by an estab-
lished solid-phase extraction (SPE) procedure (Liu et al., 2020) using the 
proprietary polymeric Agilent Bond Elut PPL resin. Details for organics 
and generated Cl-DBPs extraction procedures were described in SI Text 
S4. It should be noted that the highly polar Cl-DBPs are lost during solid 
phase extraction, thus the presented results are only addressing the 
extractable and ionizable component of EPS and formed Cl-DBPs in 
sludge (Gonsior et al., 2019). 

2.7. Ultrahigh resolution mass spectrometry analysis of EPS and DBPs 

The ultrahigh resolution mass spectrometry and Bruker Solarix 15 T 
Fourier transform ion cyclotron resonance mass spectrometer (FTICR- 
MS) were used to examine EPS and the probable generated Cl-DBPs 
upon chlorination disinfection process. Ionization was realized using 
the negative ion mode electrospray ionization (ESI-), and the spray 
voltage was set into − 4.0 kV. Moreover, the methanolic EPS samples 
were diluted with pure methanol (Sigma Aldrich Chromasolv) into at 
ratio of 1:20 to avoid oversaturation and possible space charge effects 
during the ion cyclotron resonance trap. The flow rate was set constantly 
at 120 μL/h, and 300 scans were averaged. Meanwhile, molecular 
weight was collected at range of 100 ~ 1600 Da. Besides, the auto-
sampler routine was programmed to wash with 10 mmol/L formic acid 
between each run to lower the risk of carryover. Mass accuracy was 
lower than 1.0 part-per-million (ppm) and the molecular formula as-
signments were based on the following atomic numbers:12C1-50, 1H1-50, 
16O0-50, 14N0-5, 32S0-3 and 35Cl0-5 and 37Cl0-5 isotopologues. Van Krevelen 
(1950) or elemental diagrams and a modified Kendrick plot were used to 
visualize FTICR-MS data (Fu et al., 2022). Additionally, the double-bond 
equivalent (DBE) parameter was used to visualize the saturation stages 
of presumed chlorinated products, which is essentially a proxy for the 
degree of saturated of each annotated molecular formula. The Kendrick 
mass defect (KMD) (CH2)-number of carbon plots were further applied 

to visualize the homologous series of detected Cl-DBPs (Yuan et al., 
2017) in sludge. In addition, MS2 spectra was further applied for mo-
lecular confirmation of each identified Cl-DBPs, which were monitored 
using an ultimate 3000 UHPLC-Q Exactive orbitrap MS (Thermo Sci-
entific, US) to achieve relatively pure and abundant fragment ions. 

2.8. Other analysis 

The organic concentration in sludge supernatant was analyzed using 
a total organic carbon analyzer (TOC, Teledyne Tekmar). The molecular 
weight distribution of EPS was determined using high performance size 
exclusion chromatograph (HPSEC), details for HPSEC analysis was 
provided in SI Text S5. The full spectrum of UV for sludge supernatant 
was examined by a UV–vis spectrophotometer (Shimadzu UV-1900, 
Japan) to quantify the aromaticity of EPS in sludge, and spectra of UV 
were recorded in the range of 200–900 nm. In addition, the fluorescence 
excitation emission matrix (EEM) spectroscopy was used to investigate 
the major component changes of EPS during sludge chlorination disin-
fection process. Meanwhile, the parallel factor (PARAFAC) analysis was 
employed to separate the major component from the EEM fluorescence 
spectra (Hall et al., 2005) data, in which the EEM data was analyzed 
with the software Mat Lab 8.6 (MathWorks Inc., USA). It should be noted 
that all samples were filtrated through 0.45 μm cellulose acetate fiber 
membrane prior to TOC, UV and EEM measurements. 

In addition, the spatial distribution of EPS (including proteins, 
polysaccharides and nucleic acid) in sludge flocs under the different 
chlorination conditions was characterized using a confocal laser scan-
ning microscopy (CLSM; Zeiss LSM 510) instrument. Details procedure 
for sludge sample preparation and analysis was provided in SI Text S3. 

LIR(%) =
luminrscent value of the recovery buffer − luminescent value of the samples

luminescent vale of the recovery buffer
× 100   
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3. Results and discussions 

3.1. Effects of NaClO concentration on the E. Coli inactivation 

Batch experiments were preformed to evaluate the pathogen 
microorganism inactivation by NaClO at different pH conditions. As 
illustrated in Fig. 1A, the pathogen (E. coli) was inactivated completely 
with NaClO dose of 30 mg/g per total suspended solids (mg/g-TSS) of 
sludge (pH = 8.0) and 15 mg/g-TSS (pH = 2.5), respectively. Besides, 
when NaClO dosage was 15 mg/g-TSS, the most probable number 
(MPN) of pathogen (E. coli) was lower than 120 at pH＜5.0, and the 
pathogen (E. coli) in sludge was almost inactivated in acidic condition 
(pH = 2.5) with 15 mg/g-TSS of NaClO. However, 30 mg/g-TSS of 
NaClO was required to inactivate pathogen (E. coli) in sludge when pH 
＞5.0. These results indicated that the acidic environment significantly 
enhanced the oxidative ability of NaClO and improve the pathogen 
inactivation efficiency at lower NaClO dosage. 

To get more insights into the role of extracellular polymeric sub-
stance (EPS) in the pathogen (E. coli) inactivation, the pathogen (E. coli) 
inactivation in purely extracted EPS solution of sludge was also evalu-
ated. The pathogen (E. coli) inactivation efficiency in purely extracted 
EPS solution was consistent with that in sludge environment as shown in 
Fig. 1B, 300 mg/L (pristine-EPS) and 160 mg/L (EPS pH = 2.5) of NaClO 
were needed to inactivate the pathogen (E. coli). In addition, the cyto-
toxicity of disinfected by-products (DBPs) on Q67 lumines bacteria was 
also tested during different sludge chlorination disinfection conditions. 

As depicted in Fig. 1C, the relative inhibition efficiency of Q67 lumines 
bacteria by DBPs increased with NaClO dosage, and the relative inhi-
bition efficiency of Q67 lumines bacteria achieved 100% at 240 mg/L, 
while 75% at 160 mg/L, indicating the higher cytotoxicity caused at 
higher dose of NaClO. More specifically, from Fig. 1D, the relative 
luminescence inhibition efficiency of Q67 bacteria was lower in acidic 
conditions (pH = 2.5) than that of neutral conditions after EPS was 
treated by NaClO, suggesting lower acute toxicity of DBPs produced at 
pH = 2.5 compared to that at pH greater than 5 during sludge chlori-
nation process. Moreover, from Figures S1, nucleic acid distribution 
was also darker after disinfection with NaClO, indicating that the E. coli. 
was effectively inactivated. It should be noted, although the nucleic acid 
showed higher intensity in pH = 2.5 than that of raw sludge due to the 
acidolysis, the signal and intensity of nucleic acid was significantly re- 
reduced after NaClO treatment. These observations indicated that the 
acidic environment had both advantages for enhancing NaClO oxidation 
ability and favoring the releasing of nucleic acid from EPS, leading to 
higher pathogen inactivation efficiency. The Cl-DBPs formed by NaClO 
treatment under pH = 2.5 exhibited lower toxicity on Q67 luminous 
bacteria possibly due to less generation of Cl-DBPs. Therefore, the 
optimal conditions for sludge chlorination disinfection should be 15 mg/ 
g-TSS at pH of 2.5. 
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Fig. 1. E. coli activities and acute toxicity on Q67 luminous bacteria. (A-B) Effects of NaClO dosage on MPN changes of microorganism E. coli in sludge during 
different chlorination disinfection conditions; (C-D) Effects of NaClO dosage on the relative inhibition efficiency of disinfected EPS on Q67 luminous bacteria. 
Conditions: NaClO dosage was 15 mg/g-TSS of sludge in (B). 
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3.2. Interaction mechanisms between active chlorine and EPS 

3.2.1. EPS transformation during chlorination disinfection process 
To investigate the predominant precursor groups of EPS that con-

nected to Cl-DBPs generation and their cytotoxicity during sludge disin-
fection by NaClO, the three-dimensional excitation-emission matrix (3D- 
EEM) fluorescence spectroscopy was employed to study the changes of 
key fluorescence components in EPS by NaClO disinfection in both 
neutrality and acidic conditions. From Figure S2, there was mainly two 
fluorescence peaks (Ex/Em = 230/320 nm) and (Ex/Em = 260/370 nm) 
were isolated according to the PARAFAC analysis, associating to trypto-
phan proteins (TPN) and tyrosine protein-like (TP) components (Chen 
et al., 2015), respectively. As depicted in Figure S2, the two fluorescent 
intensities decreased significantly after NaClO treatment, indicating the 
Cl-DBPs generation was mostly associated to these two primary compo-
nents. Besides, the HPSEC characterization was also applied to examine 
the average molecular weight (AMW) changes of EPS before and after 
NaClO treatment. As illustrated in Figure S3B, the molecular of 10,580 Da 
was occurred after NaClO treatment, while there was no 10,580 Da 
compounds existed after NaClO treatment under acidic (pH = 2.5) con-
dition. There was also no obvious changes in the MW ranged from 600 to 
2000 Da in EPS after NaClO treatment at neutral conditions (Figures S3A 
and 3C). However, at acidic conditions (pH = 2.5), the MW of 1232 was 
degraded into three MWs of 815, 1010, 1020 Da, respectively. The mo-
lecular weight loss of these three MWs compounds re-affirmed the 

enhanced oxidation ability of NaClO towards EPS in acidic disinfection 
conditions. Therefore, the distinguishing change features of these com-
pounds were regarded as the possible reasons for different Cl-DBPs gen-
eration route under neutrality and acidic chlorination conditions, and 
TPN/ TP in freely dissolved EPS played a crucial role in Cl-DBPs genera-
tion during sludge chlorination disinfection process. 

The EPS treated by NaClO was further analyzed using UV spectros-
copy to investigate the predominant sites in the aromatic structure of 
TPN/ TP in Cl-DBPs generation. As depicted in Fig. 2A, zero-order 
absorbance spectra of EPS exhibited no easily discernible changes 
caused by the presence of varying concentrations of NaClO. To enhance 
the spectral resolution, the normalized differential spectra, log- 
transformed of normalized differential spectra and differential log- 
transformed spectra were applied to the zero-order absorbance spectra 
of EPS with various addition of NaClO (Fig. 2B-D), respectively. As 
discussed in SI Text S6, all the intensities of the major types of chro-
mophores with peaks at 275, 340 and 395 nm increased consistently 
with NaClO addition, in which the former one at 275 nm showed greater 
extent compared to that at 340 nm and 395 nm. In addition, the log- 
transformed of normalized spectra showed a linear decline with the 
wavelength, and more regions (e.g., 202–245 nm, 275 nm,＞350 nm) 
with different slopes were observed, implying there was a heteroge-
neous distributions of active sites or functional groups on EPS during 
chlorination disinfection. Moreover, the intensity of the bands/peaks at 
223 nm was also enhanced as presented in the derived differential log- 

Fig. 2. Changes of zero-absorbance spectra (A), normalized differential spectra (B), normalized log-transformed spectra (C), and differential log-transformed spectra 
(D) of chlorinated-EPS samples with increasing dose of NaClO. Note: the initial EPS concentration is 247.31 mg/L (TOC). Conditions: the dose of NaClO was 
controlled by 0.2 g/L to 12 g/L TSS. 
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transformed spectra of chlorinated-EPS. These results concluded that the 
addition of NaClO to sludge could induce a slight intensity enhancement 
for bands/peaks at 223 nm, 275 nm and 300–350 nm, implying the 
sensitive heterogeneity of these chromophores in EPS were contributed 
to possible Cl-DBPs generation during chlorination disinfection process. 

3.2.2. The contribution of predominant groups in EPS onto DBPs generation 
To further characterize the predominant groups transformation in 

EPS during sludge chlorination, X-ray photoelectron spectroscopy (XPS) 
investigation was used to analyze the chemical characteristics of the C, N 
and Cl elements in EPS, and elucidate the contributions of EPS into Cl- 
DBPs generation during chlorination disinfection. As depicted in 

Fig. 3. XPS of EPS in sludge with/without NaClO treatment; (A-C) the C, N and Cl elements spectra of the pristine EPS in sludge; (D-F) the C, N and Cl elements 
spectra of EPS by NaClO treatment. 
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Fig. 3A and 3D, the C 1 s signal was resolved into three major compo-
nent peaks at 284.79, 286.26 and 287.99 eV corresponded to the C-(C, 
H), C-(O, N) and C = O/O-C-O, respectively, that were commonly found 
in carboxylic esters, carbonyls, amides or acetals (Ding et al., 2018; He 
et al., 2020). In the spectra of Cl 1 s (Fig. 3B and 3F), the signal of Cl 
intensity was divided into Cl 2p3/2 and 2p1/2, whose intensities were 
increased significantly, indicating the Cl-compounds generation during 
the sludge chlorination disinfection process (Hua et al., 2021). In 
addition, the N 1 s peak appeared at 399.8 eV was correlated to nitrogen 
in amines or amides (Fig. 3B and 3E), which were related to pyrrolic-N, 
pyridinic-N and protein-N, respectively (Zhu et al., 2016). After 6 hrs of 
treatment by NaClO, these evidences were completely destroyed, in 
which the intensities of pyrrolic-N and pyridinic-N decreased from 6800 
and 7600 to 4625 and 5500, respectively, indicating that they might be 
related to fluorescent signatures that were likely to be Cl-DBPs pre-
cursors. Besides, the functional groups of EPS structural composition 
was also characterized using FTIR spectroscopy. An evident increase in 
peaks at 1490 cm− 1 assigned to aromatic skeletal C = C vibrations was 
observed after NaClO treatment, and the intensities of aromatic skeletal 
C = C vibration increased with dosage of NaClO ranged from 0.04 to 12 
g/L-TSS (Figure S4). These results revealed that pyrrolic-N, pyridinic-N, 
protein-N and aromatic compounds in EPS were contributed to Cl-DBPs 
generation during sludge chlorination. 

Although the above results revealed that the pyrrolic-N, pyridinic-N, 
protein-N and aromatic compounds in EPS were the major Cl-DBPs 
precursors, but the predominant groups in these compounds contrib-
uted to Cl-DBPs generation has not been fully understood. To get more 
insights of critical groups transformation in EPS during NaClO 

disinfection process, the two-dimensional correlation calculation was 
applied to assign the bands of FTIR spectra (2D-FTIR) and study their 
covariations. As illustrated in Fig. 4A-B, there were two auto-peaks at 
1050 and 1460 cm-1presented in the synchronous map of the 2D-FTIR 
spectra for chlorinated-EPS under neutrality disinfection condition, 
whereas five predominant auto-peaks at 1760 cm− 1, 1640 cm− 1 (C = O 
of protein in amid I region), 1480 cm− 1 (C-O/ COO– of amino acid), 
1100 cm− 1, 1000 cm− 1 (C-OH/ C-O-C of polysaccharides) (Wang et al., 
2018; Yin et al., 2015; Xie et al., 2020) were presented in the synchro-
nous map for the chlorinated-EPS under acidic environment (Fig. 4C-D), 
respectively. From the results of Text S7, the changes of key components 
of EPS followed the sequence: C = O of protein in amide I region＞C-O/ 
COO– of amino acid＞C-OH of polysaccharide under neutrality chlori-
nation condition. Whereas, the changes sequence of functional groups 
followed: C-OH of polysaccharide＞C-O/ COO– of amino acid＞C = O of 
protein in amide I region under acidic environment, which was contrary 
to that at neutrality condition. It can be concluded the C = O of protein 
in amide I region showed the fastest transformation under chlorination 
at neutrality condition that was related to Cl-DBPs generation, while the 
C-OH of polysaccharide in EPS was more likely to be Cl-DBPs precursors 
in acidic condition (pH = 2.5). These indicated that the functional 
groups of both protein C = O and polysaccharide C-OH in EPS played the 
leading role in the generation of harmful Cl-DBPs. 

Fig. 4. Synchronous 2D-FTIR-COS (A, C) and asynchronous 2D-FTIR-COS (B, D) of 1800–900 cm− 1 maps of chlorination disinfected EPS in pH = 6.8 and pH = 2.5, 
respectively. Red represents positive correlation, and bule represents negative correlation. Higher color intensity indicates a stronger positive or negative correlation. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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3.3. Molecular composition of Cl-DBPs during chlorination disinfection 
process 

3.3.1. The molecular characteristics of original organic compounds in EPS 
To unravel the mechanisms involved in Cl-DBPs generation during 

sludge chlorination disinfection, the number and composition of mole-
cules before and after NaClO treatment was further characterized using 
FTICR-MS. Carbonyl and N-containing compounds in EPS were both 
important precursors of Cl-DBPs. Here, the Van Krevelen diagram was 
employed to visualize molecular diversities of EPS component in sludge, 
and the distribution of detected compounds were further classified by 
the constructions of H/C and O/C ratio in molecular formulas. In 
addition, the amount of the possible homologous carbonyl compounds 
were also presented by the number of points on the horizontal line in 
KMD (–CH2) diagram. From Figure 5A, a large number of molecules 
with construction of 0.1 ≤ O/C＜0.67 and 0.67＜H/C ≤ 1.5 were 
observed, that was probably referred to be carbonyl derivates of lignin 
or carboxylic-rich alicyclic molecule (CRAM) structures (Liu et al., 
2020). It should be noted there was significant difference regarding the 
molecular characteristics between carbonyl derivates of lignin and 
CRAM structures, in which the CRAM compounds were mainly regarded 
as aliphatic aldehydes/ketones, but the carbonyl derivates of lignin 
compounds were more likely to be aromatic aldehydes/ketones struc-
tures (Baluha et al., 2013). Besides, amino/carboxyl groups of proteins 

and –OH/aldehydes/carbonyl groups of polysaccharide were reported 
to be abundant as per EPS reference standard, and aromatic aldehydes/ 
ketones could be formed via the interaction by these functional groups, 
that could also explain the obvious changes in UV absorption at 
260–330 nm in EPS by NaClO treatment (seen in Fig. 2). Moreover, a 
high content of CHOS compounds was also observed, and distributed in 
lignin and lipid assignment fractions. These S elements were most 
probably to be present in the form of -SH groups in proteins instead of 
-SO3 groups in surfactant, as evidenced by no -SO3 losing signal detected 
in CHOS compounds from the results of the ion collision experiments via 
MS/MS detection (Figures S5, S6 and S7). However, as depicted in 
Fig. 6, the distribution of the S-contained molecules before and after the 
NaClO treatment was not significantly different, indicating that the 
CHOS compounds in EPS were not the major factor in DBPs cytotoxicity. 

Thereinto, detailed composition for carbonyl-CHO compounds was 
visualized by the oxygen number, and the molecular abundant in 
numbers was further distinguished by DBE values. As depicted in 
Figure 5B-C, a majority of CHO compounds was distributed in O8-11 
species with more than 30 molecules, and the O10 species possessed the 
maximum abundant number of 64 molecules. Meanwhile, large amount 
of O8-11 species exhibited high DBE values in the range of 8–13, for 
instance, both of the molecule series with DBE = 8 for O8 and O11 and 
DBE = 9 for O9-10 species contained the maximum number of molecules. 
These identified CHO molecules in EPS were most probably to be 

Fig. 5. Molecular characteristics of Cl-DBPs after purely extracted EPS treated by NaClO. (A) Van Krevelen diagrams are based on neutral molecular formula as-
signments before chlorination disinfection. (B) Composition of chemical formulas contained by the oxygen number; (C) composition of formula compounds in O8-11 
(EPS) species by DBE values (D) KMD (CH2)-number of carbon plots of formula homologous (S-free) with the proposed structures in pristine-EPS. 
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carbonyl derivates of lipid or lignin compounds with aromatic alde-
hydes/ketones groups (Sun et al., 2018). Specifically, the preliminary 
proposed molecules of homologous series with DBE = 8 for O8 was 
propyl-hydroxyl alkyl ketones structures, and those with DBE = 9 for O9- 

10 were propyl-hydroxyl alkyl ketones and 1-phenyl-1, 3-propanediol 
dihydroxyphenyl (Fig. 5D) structures, respectively. Moreover, there was 
also an identified fraction of CHO compounds distributed in the range of 
0.67 ≤ O/C＜1.2 and 0.5＜H/C ≤ 1.5, that were generally corresponded 
to tannins-derived compounds from EPS, that were rich in phenolic 
hydroxyl and carbonyl groups. Therefore, the lignin, lipids or tannins 
derived CHO compounds in EPS were probably the important precursors 
for Cl-DBPs generation during sludge chlorination disinfection process. 

3.3.2. Molecular characteristic alteration of EPS and formation of Cl-DBPs 
The investigation on the alterations of molecular characteristics of 

compounds in EPS would help to get insights into the plausible reaction 
mechanisms between carbonyl derivatives of EPS and NaClO. From 
Fig. 6C-D, there were no obvious differences in the distributions of 
CHOS compounds by NaClO treatment in neutrality or acidic conditions. 
These distributions were still corresponded to lipid or lignin assigned 
fractions in sludge, implying CHOS compounds were not the main factor 
for the discrepancy in Cl-DBPs cytotoxicity during neutrality or acidic 
disinfection conditions. However, as depicted in Figure S6, lignin- 

derived carbonyl molecules (CHO, 0.1 ≤ O/C < 0.67, 0.67 < H/C ≤
1.5) with significant change in that numbers decreased from 2107/1932 
to 927/1807 after NaClO treatments at neutrality/ acidic conditions, 
individually. Meanwhile, NaClO treatment in neutrality environment 
exhibited higher reaction activity with lipid and lignin-derived com-
pounds in EPS compared to that at acidic environment, which could be 
attributed to the fact that phenols and alkoxy aromatic rings were easier 
exposed under alkaline environment caused by hydrolysis of NaClO, and 
reacted to active chlorine. However, there was an obvious change upon 
highly oxygenated compounds classes (0.67 ≤ O/C ≤ 1.2, 0.6 < H/C ≤
1.5) by NaClO treatment under acidic environment, which were 
considered as tannin-derived molecules in EPS with abundant phenolic 
hydroxyl and carboxyl groups (Li et al., 2018; Antony et al., 2014). As 
depicted in Figure S8, the number of carbonyl molecule in tannin 
compounds reduced from 241 to 129 after chlorination at neutrality 
condition, but increased from 229 to 395 after NaClO treatment in acidic 
environment. It should be noted there were extremely significant 
changes in the molecular number of N-containing compounds (CHNO), 
and the number of CHNO molecules increased from 369/387 to 445/394 
after NaClO treatment under neutrality/ acidic conditions, respectively. 
Specifically, CHNO compounds in lipid and lignin assignment fractions 
increased significantly under neutrality disinfection conditions, whereas 
the CHO compounds were the major molecules in lignin and tannin 

Fig. 6. Chemo-diversity of EPS by FTICR-MS characterization. Circle area corresponds to the relative intensity of each m/z ion with CHNO in red and, CHO in blue 
and CHOS in green. Distribution of molecular formulas of (A) pristine EPS, (B) EPS (pH = 2.5), (C) EPS treated by NaClO and (D) EPS treated by NaClO at pH = 2.5 
via Van Krevelen diagrams assignments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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assigned fractions under acidic disinfection conditions. These observa-
tions suggested that the lipid, lignin and tannin derived compounds in 
EPS were transformed into N-containing molecules prior to the Cl-DBPs 
generation under neutrality disinfection condition. However, the acidic 
environment could more likely induce the generation of highly 
oxygenated CHO compounds instead of N-containing compounds during 
sludge chlorination disinfection, leading to lower Cl-DBPs generation. 

To verify the above statement, the alteration of molecular charac-
teristic of the carbonyl and N-containing compounds in the CHO and 
CHON after NaClO treatment were further analyzed. As illustrated in 
Fig. 6A and 6C, for the newly produced molecules, lipid and lignin 
compounds were transformed into N-containing compounds after NaClO 
treatment in neutrality condition, but they were converted into tannins 
after NaClO treatment under acidic environment (Fig. 6B and 6D), 
implying that more N-containing compounds were produced in 
neutrality chlorination environment. Previous studies reported that N- 
containing compounds produced from lipid/ lignin were generally rich 
in phenolic hydroxyl groups and amidogen groups (Qian et al., 2022), 
which was easily to be replaced by halogens under alkaline condition. 
During NaClO treatment, it was likely that NaClO addition increased the 
pH level of sludge system via hydrolysis, and more OH– was produced to 
facilitate the releasing of N-containing compounds in lignin and lipid 
fractions. Subsequentially, the generation of Cl-DBPs was increased via 
nucleophilic substitution between N-compounds and halogens (Cl) 
under alkaline environment. Therefore, after NaClO treatment, the 
majority of conversion products of N-compound molecules were 

distributed in lignin and lipid assignment fractions in a neutral envi-
ronment, while CHO molecules of lignin and tannin compounds were 
still the major conversion products in acidic environment. 

A more comprehensive comparison of chlorinated compounds 
showed more molecules were formed in alkaline (n = 37) than that of 
acidic (n = 19) environment (Fig. 7A-B), and more C27-DBPs was formed 
in neutrality system, while 2 of 4-Cl-DBPs molecules formed in acidic 
system. From Fig. 7C-D, plenty identification of Cl-S-DBPs mainly 
distributed in lignin assigned fractions under both neutrality and acidic 
disinfection conditions, that was the result of substitution and addition 
reactions of Cl atoms during NaClO treatment (Figure S9). These re- 
affirmed that CHO compounds were the main cause of the discrepancy 
in toxicity of Cl-DBPs instead of CHOS compounds. More specifically, at 
neutral disinfection condition, the detected Cl-DBPs were assigned to a 
C13, C14, C27 and C5 backbones that contained between 1 and 3 chlorine 
atoms, in which C27-DBPs that contains 2 chlorine atoms. However, 
under acidic condition (pH = 2.5), the detected Cl-DBPs were assigned 
to a C5, C7, C8 and C14 backbones and contained between 1 and 4 
chlorine atoms, in which Cl-C8-DBPs contained 4 chlorine atoms. It 
should be noted that Cl-C5-DBPs contained 3 chlorine atoms was 
generated in both of alkaline and acidic systems, its formula was 
C5HO3Cl3. Besides, the unsaturated of Cl-DBPs in neutral chlorination 
condition was mainly located in H/C (0.5–1.3) and O/C (0.1–0.6) with 
only correspondence to the lignin derivatives instead of lipid derivatives 
(Fig. 7A). However, at acidic environment, Cl-DBPs was mainly located 
in H/C (0.5–1.3) and O/C (0.5–1.1) that corresponded to tannin 

Fig. 7. Cl-DBPs produced during chlorination of EPS and analyzed by FTICR-MS, S-free (A-B) and S-containing (C-D) Cl-DBPs. Molecular formula assignments are 
based on CHOCl and CHOSCl atoms. Panel A/C and B/D represent Van Krevelen diagrams of produced Cl-DBPs under NaClO treatment at neutrality and acidic 
conditions, respectively, according to numbers of Cl atom in each assigned formula. 
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derivatives (Fig. 7B). Combined with the above spectra evidences that 
the pyrrolic-N, pyridinic-N and protein-N in EPS were the predominant 
precursors for DBPs generation, and more Cl-DBPs and N-containing 
compounds produced under neutrality chlorination condition, implying 
carbonyl-CHO and N-containing compounds representing lignin de-
rivatives mainly contributed to the generation of Cl-DBPs. 

3.3.3. Identification of Cl-carbonyl-DBPs 
As discussed above, a class of carbonyl Cl-DBPs derived from EPS 

played the leading role in the sludge cytotoxicity after the NaClO 
disinfection process. With regard to the carbonyl Cl-DBPs generated 
during NaClO treatment to EPS, the Van Krevelen and the so-called DBE 
diagram using oxygen atoms classifying was further applied to separate 
carbonyl Cl-DBPs compounds and visualize the possible carbonyl Cl- 
DBPs structure. As illustrated in Fig. 8A, after NaClO treatment, a ma-
jority of carbonyl compounds was distributed in O6-8 series with more 
than 60 molecules in each species, among which the O7 species 
possessed the maximum number of 111 molecules, in which the O atom 
number decreased from O10 to O7. This result indicated the significant 
degradation of lignin or tannin compounds into smaller molecules upon 
NaClO treatment. Moreover, most of O6-8 species had high DBE values in 
the range of 8–22 after NaClO treatment, the DBE values of carbonyl Cl- 
DBPs increased from 13 to 22 compared to that original molecule in EPS, 
implying the degree of unsaturation was also increased by chlorination 
treatment. Besides, more unsaturated carbonyl Cl-DBPs (DBE＞10) with 
O atom numbers in range of 6–8 were formed after chlorination at 

neutrality condition than that at acidic condition (pH 2.5) (Fig. 8A-B), 
which was easily to be taken by cells and showed higher cytotoxicity, 
evidenced by former results of higher acute toxicity on Q67 lumines 
bacteria. 

In addition, Cl-DBPs molecules with DBE = 8, DBE = 6 and DBE = 7 
in O6, O7, and O8 species exhibited the most abundant after NaClO 
treatment, which was also visualized by the KMD (CH2)-number of 
carbon plots with proposed chemical structures in Fig. 8C. For instance, 
the O7 analogues with DBE = 8 and 9 (i.e., C15H15O7Cl and C15H13O7Cl) 
were presented in neutrality condition, but not occurred at acidic 
environment, indicating that the acidic environment can prevent gen-
eration of some Cl-DBPs, especially ones with O ≥ 7 species. Moreover, a 
analogical skeleton structure of hydroxycyclopentenedione (C5H4O3) 
was observed in sludge treated by NaClO, that has been identified to be 
trihalo-HCDs (Gong et al., 2005; Pan et al., 2016) during chlorine 
disinfection system of drinking water. Specifically, the O3 analogues 
with DBE = 4 (C5HO3Cl3) was formed after NaClO treatment in both 
neutrality and acidic environments (Fig. 8C). This was probably due to 
the Cl atom replacement of the -H in the C5H4O3 molecule, which was 
also supported by the observation of [C5HO3Cl3]+ in the MS2 spectra 
(Figure S10) of the O3 species. Besides, major amounts of compounds 
were found for Cl-DBPs with higher carbon numbers ≥ 15 at alkaline 
environment (pH = 8.0), whereas, there was mainly Cl-DBPs with less 
carbon numbers of < 10 (pH = 2.5) under acidic environment. These 
results may be indicative for the degradation of larger tannin or lignin 
compounds into smaller molecules due to the enhancement in oxidation 

Fig. 8. Molecular characterization of Cl-DBPs after NaClO treatment of EPS solution. (a) distribution of CHO compounds after NaClO treatment by oxygen number; 
(b) number of Cl-DBP molecules in O6-8 species by DBE values; (c) KMD (CH2)-number of carbon plots of Cl-DBP homologous series and the proposed molecular 
structures of Cl-DBP. 
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properties of NaClO at acidic environment. In addition, Cl-DBPs with 
less carbon numbers was reported hard to form multi-halogenated an-
alogues (Liu et al., 2020), implying the acidic environment can also 
prevent the formation of multi-halogenated analogues. 

Accordingly, the mechanisms of generation of Cl-DBPs can be sum-
marized as follows: lignin, lipids and tannin were released into the 
sludge bulk solution by NaClO hydrolysis, and created plenty of N- 
containing compounds via oxidation process by activated chlorine, 
subsequently the Cl atom reacted with the N-containing compounds to 
form Cl-DBPs. Meanwhile, it should be noted that N-compounds pro-
duced from lignin derivatives contributed to more Cl-DBPs, and alkaline 
conditions promoted the release and production of N-compounds of 
lignin derivatives in EPS. However, the acidic environment produced 
fewer N-compounds neither in lignin nor in tannin derivates in EPS. That 
is to say, during acidic disinfection conditions, lower toxic Cl-DBPs were 
generated. 

4. Conclusions 

In this study, the microorganism E. Coli in sludge was found to be 
effectively inactivated by chlorination disinfection, but a large amount 
of Cl-DBPs was generated with the addition NaClO to sludge. To control 
the generation of harmful Cl-DBPs, the mechanisms of EPS trans-
formation and Cl-DBPs generation during sludge chlorination disinfec-
tion process were investigated by multispectral analysis in combination 
with FTICR-MS characterization. As results, concentrations of Cl-DBPs 
and associated cytotoxicity on Q67 luminous bacterial increased with 
NaClO dose. During sludge disinfection process, plenty of lignin with 
–OCH3 groups and N-containing compounds were released due to the 
alkaline environment caused by NaClO hydrolysis, and a diversity 
amount of Cl-DBPs with higher DBE values and carbon numbers was 
formed. These implied that lignin and N-containing compounds in EPS 
were the major precursors for Cl-DBPs generation. However, under 
acidic environment, more tannins with –OH groups were released and 
produced less N-containing compounds, and there was mainly Cl-DBPs 
with less carbon numbers of < 10 (pH 2.5), causing less multi- 
halogenated analogues formed. Overall, controlling lignin and N-con-
taining compounds releasing or/ and production was essential to reduce 
the generation of Cl-DBPs, and acidic environment can prevent the 
releasing of these compounds, resulted in the reduction of acute toxicity 
on Q67 luminous bacteria. Therefore, acidification pretreatment was 
recommended prior to sludge chlorination disinfection in the emer-
gency, and ensure the safety of subsequential disposal for sludge. 
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