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• Copper corrosion products notably enhanced the formation of C-DBPs and NDBPs.
• The enhancement increased with increasing pH and decreased in the presence of Br−.
• EPS proteins as a precursor had a higher
enhancement than EPS polysaccharides.
• Tyrosine presented the highest enhancement of THMs formation.
• Histidine showed the highest enhancement of HAAs, HANs and HAcAms
formation.
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a b s t r a c t
Bioﬁlm formation is ubiquitous on the corroded inner surface of water distribution pipes. Extracellular polymeric
substances (EPS) secreted by bioﬁlm microorganisms are nonnegligible precursors of disinfection byproducts
(DBPs). The aim was to study the catalysis of copper corrosion products (CCPs, CuO and Cu2+) on the formation
of carbonaceous and nitrogenous DBPs (C-DBPs and N-DBPs) with EPS as a precursor. Results indicate that CCPs
had a remarkable enhancement on the formation of DBPs, especially N-DBPs. The enhancement by Cu2+ was
mainly via homogeneous catalysis initiating from its complexation with EPS, while that by CuO was primarily
through heterogeneous catalysis initiating from the polarization of Cl atom in HOCl/OCl−. The enhancement
was more evident as pH increased because an alkaline condition favored the electrostatic interactions of CCPs
with EPS and HOCl/OCl−. The presence of Br− weakened the enhancement, which may be attributed to that
HOBr/OBr− had a much higher reaction rate than HOCl/OCl− towards the low reactive moieties in EPS. Due to
more phenolic or unsaturated/conjugated groups, EPS proteins had a higher catalytic formation of DBPs than
EPS polysaccharides. Among the major amino acids in EPS proteins for DBPs formation, tyrosine had the highest
enhancement on the formation of trihalomethanes, while histidine had the highest catalytic formation of halogenated acetic acids, acetonitriles and acetamides. The study helps to understand the formation of DBPs by the joint
actions of EPS and CCPs in drinking water distribution systems.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction
High doses of residual chlorine are widely used to maintain the
microbial stability in drinking water distribution systems (DWDSs)
(LeChevallier et al., 1988). However, the microbial control by this
means may seriously deteriorate water quality due to the enhanced
formation of disinfection byproducts (DBPs) via a series of reactions
among precursors, chlorine and pipe corrosion products (PCPs). In
the previous studies with regard to the effects of PCPs on DBPs formation (Lin et al., 2008; Gallard et al., 2009; Liu and Croue, 2016),
the precursors were primarily focused on natural organic matter
(NOM), while bioﬁlm extracellular polymeric substances (EPS)
were largely ignored.
Bioﬁlm formation is ubiquitous in DWDSs because of the continuous feeding of unremoved NOM. The EPS secreted by bioﬁlm
makes up N80% of hydrated bioﬁlm, and composes of various biomolecules, such as proteins and polysaccharides (Wingender et al.,
1999). These biomolecules are usually rich in nitrogen and have a
smaller molecular weight than NOM, thus the rate and species of
DBPs formation are greatly different (Wang et al., 2013). It was frequently reported that the biomolecules derived from aquatic organisms has a great health risk because of a higher toxicity of
nitrogenous DBPs (N-DBPs) than carbonaceous DBPs (C-DBPs) (Lee
et al., 2007; Richardson et al., 2007; Hong et al., 2008; Fang et al.,
2010). Recently, Wang et al. (2012, 2013) investigated the impacts
of EPS and the components on the formation of C-DBPs and NDBPs, and proposed that bioﬁlm is a nonnegligible precursor of
DBPs and its elimination should be seriously considered. However,
no literature reported the DBPs formation with bioﬁlm EPS as precursors under the catalysis of PCPs.
Copper has been widely applied in water distribution pipes due to
the inactivation of copper ions on certain bacterial species (Feng et al.,
1996). The corrosion of copper pipes produces cupric oxide (CuO) on
the inner surface and releases cupric ions (Cu2+) into drinking water
(Li et al., 2007). It is well known that copper corrosion products
(CCPs) can signiﬁcantly catalyze the formation of DBPs (Zhang and
Andrews, 2012; Hu et al., 2016; Liu and Croue, 2016). Hu et al. (2016)
found that both Cu2+ and CuO accelerated the formation of brominated
DBPs (Br-DBPs) during the chlorination of Br−-containing waters, with
increasing ratios (IRs) of 50.1% and 7.1%, respectively. Liu and Croue
(2016) investigated the CuO-catalyzed formation of DBPs during the
chlorination of six organic isolates, and drew a conclusion that the enhancement was more likely to occur with the low-SUVA254 isolates, indicating that the precursors had an important impact on the catalysis of
CuO.
In this paper, bioﬁlm EPS was applied as a precursor to study the
catalysis of two CCPs (CuO and Cu2+) on the formation of DBPs (trihalomethanes, THMs; haloacetic acids, HAAs; haloacetonitriles,
HANs; haloacetamides, HAcAms) (Text S1). Despite previous ﬁndings, this research mainly focused on: 1) illustrating the enhancement on the formation of C– and N-DBPs from EPS; 2) clarifying
the contributions of two EPS components (EPS proteins and polysaccharides) to the catalytic formation of DBPs; 3) revealing the catalytic mechanism of C– and N-DBPs formation from major protein
monomers (amino acids). This study helps to comprehensively understand the DBPs formation under the joint actions of EPS and
CCPs, and develop the corresponding control strategies when bioﬁlm
outbreaks in DWDSs.
2. Materials and methods
2.1. Chemicals
CuO particles were prepared by the CTAB-assisted hydrothermal
method with a pHPZC (pH at the point of zero charge) and speciﬁc
surface area of 8.3 and 12.8 m 2 g −1 , respectively (Text S2) (Liu

et al., 2012). HOCl, Br − and Cu 2+ were spiked in the forms of
NaOCl solution (N10%, w/w), KBr and Cu(NO3)2 (Sinopharm Chemical Reagent, Shanghai), respectively. To prepare stock solution,
humic acid (HA) solids (Aladdin, Shanghai) was dissolved into
Milli-Q water and ﬁltered through 0.45-μm membrane ﬁlters. Bioﬁlm was scraped carefully from the surface of corrosion scales in a
water distribution pipe used for 20 years (Hangzhou) and cultivated
with a Luria-Bertani medium after rapidly transporting into laboratory within 2 h. Cultures were harvested at the late exponential
phase, centrifuged at 2000 rpm for 20 min, and then rinsed with
phosphate buffer (1.0 mM, pH 7.0) for 3 times to remove excessive
media. EPS were extracted from the obtained cultures by the cation
exchange resin method (Frølund et al., 1996). EPS polysaccharides
and proteins were extracted by the modiﬁed ethanol and trichloroacetic acid precipitation method, respectively (Text S3) (Silva et al.,
2012; Zhang et al., 2015). Twenty amino acids (Sangon Biotech,
Shanghai, China) included alanine (Ala), arginine (Arg), asparagine
(Asn), aspartic acid (Asp), tryptophan (Trp) cysteine (Cys), glutamic
acid (Glu), glutamine (Gln), glycine (Gly), histidine (His), isoleucine
(Ile), leucine (Leu), lysine (Lys), methionine (Met), phenylalanine
(Phe), proline (Pro), serine (Ser), threonine (Thr), tyrosine (Tyr)
and valine (Val) (Table S1).

2.2. Analytical methods
THMs, HANs and HAcAms were extracted by the modiﬁed EPA
Method 551.1, and HAAs were extracted by the modiﬁed EPA Method
552.3 (USEPA, 1995, 2003). All the DBPs were analyzed by a gas chromatograph coupled with an electron capture detector (GC/ECD)
(Agilent 6890 N) and DB-5 m separation column (30 m × 0.25 mm,
0.25 μm). Various quality control (QC) measures were undertaken to
ensure analytical precision and accuracy. All the details were described
in Text S4.
Chlorine was quantiﬁed by the N, N-diethyl-p-phenylenediamine
method (Rice, 2012). Br− concentration was measured by an ion chromatograph (Dionex-ICS2000) equipped with an Ionpac AS19 column
(250 mm × 4.0 mm, 5.0 μm). KOH solution was used as an eluent at a
concentration and ﬂow rate of 20 mM and 1.0 mL min−1, respectively.
Total organic carbon (TOC) and total nitrogen (TN) was quantiﬁed by
a TOC–LCPH analyzer (Shimadzu). The speciﬁc surface area of CuO was
measured by a TriStar II 3020 surface area and porosity analyzer
(Micromeritics). The pHpzc of CuO particles was determined by a potentiometric titration (Liu et al., 2012).

2.3. Reaction system
Brown bottles for reaction (250 mL) were made chlorine demand
free before use. All experiments were conducted under magnetic agitation at ambient temperature (25 ± 2 °C). The reaction pH was buffered
with borate (1.0 mM) and adjusted by NaOH or HNO3 solution. To
clearly observe the catalysis of CCPs, the doses of chlorine and EPS
were increased accordingly to 5.0 mg C L−1 and 9.8 mg Cl2 L−1, respectively (Liu et al., 2017; Wang et al., 2013). For the same reason, the dose
of CuO and Cu2+ were chosen at relatively higher levels in the previous
studies on drinking water (Li et al., 2007; Zhang and Andrews, 2012; Hu
et al., 2016), namely, 2.0 g L−1 and 2.0 mg L−1, respectively. Water samples were withdrawn after preselected time intervals, rapidly ﬁltered
through 0.45-μm membrane ﬁlters, and then quickly spiked with an excess of ascorbic acid to quench the residual chlorine (N0.3 mg Cl2 L−1).
As shown in Fig. S1, DBPs were formed rapidly within 24 h and scarcely
after 48 h, thus the reaction time was set at 72 h to ensure a stable stage
of DBPs formation. All the experiments were performed in duplicate and
the mean values of data were used only if relative percent differences
(RPDs) were b20%.
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Fig. 1. Formation of carbonaceous and nitrogenous disinfection byproducts (C-DBPs and
N-DBPs) from humic acid (HA) and extracellular polymeric substances (EPS) in the
absence of copper corrosion products. Experimental conditions: [Cl2]0 = 9.8 mg L−1,
[HA]0 = [EPS]0 = 5.0 mg C L−1, pH = 7.6, reaction time = 72 h. Error bars represent
the relative percent differences (RPDs, n = 2).

3.1. Catalytic formation of DBPs from bioﬁlm EPS
Batch experiments were performed to elucidate the DBPs formation
with HA and EPS (5 mg C L−1) as precursors (Fig. 1). The ratios of carbon
to nitrogen (C/N) of HA and EPS were 9.4 and 2.6, respectively. Obviously, HA had a higher DBPs formation potential than EPS, with values
of 181.6 and 146.7 μg L−1, respectively. However, for N-DBPs, EPS
showed a higher formation potential than HA, which may be attributed
to the higher content of N. The N-DBPs formation potentials of EPS and
HA were 22.0 and 5.8 μg L−1, accounting for 3.2% and 15.0% of formed
DBPs, respectively. It was reported that HANs and HAcAms were nearly
100 times more cytotoxic and 10 times more genotoxic than HAAs in
the Chinese hamster ovary cell assays (Muellner et al., 2007; Plewa
et al., 2008). Therefore, the health risk posed by bioﬁlm EPS as a precursor cannot be neglected even though its amount is relatively lower than
that of NOM in bulk water.
As shown in Fig. 2, both Cu2+ and CuO had the enhancement on the
formation of DBPs from EPS. For an instance, the IRs of THMs by Cu2+
and CuO were 77.0% and 17.1%, respectively. Moreover, CCPs had a
higher enhancement on the formation of N-DBPs than C-DBPs. For example, the IRs by Cu2+ were 77.0%, 59.0%, 187.1% and 204.6% for
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THMs, HAAs, HANs and HAcAms formation, respectively. The result further demonstrates that EPS as a precursor deserves more attention in
DWDSs.
It has been reported that, with NOM as a precursor, the enhancement by Cu2+ was mainly to accelerate the ionization of carbonyl and
hydroxyl groups via homogeneous catalysis (Blatchley et al., 2003).
However, with EPS as a precursor, the catalysis by Cu2+ also occurred
though the spontaneous decarboxylation of the complexes (CuOX and
CuHOX+, X are carboxyl groups) because the protein components
accounted for the most of DBPs formation (Pedersen, 1952; Wang
et al., 2013). The heterogeneous catalysis by CuO was mainly initiated
from the polarization of Cl atom in HOCl/OCl−, which had two impacts
on the formation of DBPs. On the one hand, the CuO-induced polarization increased the electrophilicity of Cl atom and then accelerated the
chlorine substitution reaction, which induced the enhancement on
DBPs formation (Liu and Croue, 2016). On the other hand, the CuOinduced polarization greatly promoted the chlorine decay via disproportionation and oxygen generation (Eqs. (1) and (2)) (Liu et al., 2012):
CuO

−

CuO

−

3HOCl → 2Cl þ ClO3

−

þ 3Hþ ; kClO

2HOCl → 2Cl þ O2 þ 2Hþ ; kClP

3. Results and discussion
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Fig. 2. Catalytic formation of DBPs from EPS. Experimental conditions: [Cl2]0 = 9.8 mg L−1,
[EPS]0 = 5.0 mg C L−1, [CuO] = 2.0 g L−1, [Cu2+] = 2.0 mg L−1, pH = 7.6, reaction time =
72 h. Error bars represent the RPDs (n = 2).

ð1Þ
ð2Þ

The CuO-catalyzed chlorine decay rate (kCl, the sum of kClO and kClP)
achieved 10.8, 9.5 and 2.7 M−1 s−1 at pHs 6.6, 7.6 and 8.6, respectively.
Generally, the reaction rates of HOCl/OCl− with NOM are lower than
102 M−1 s−1 (Gallard and von Gunten, 2002; Westerhoff et al., 2004).
Therefore, the CuO-catalyzed chlorine decay may retard the reaction between HOCl/OCl− and EPS, reducing the formation of DBPs. Additionally, the organic moieties in EPS were also absorbed on the positively
charged CuO surface, which increased their reactivity towards HOCl/
OCl− (Zhang and Andrews, 2012). The net effect came out to be that
the presence of CuO facilitated the formation of DBPs.
3.2. Inﬂuence factors
3.2.1. pH
The catalytic formation of DBPs from EPS was investigated in the pH
range of 6.6–9.6. As shown in Fig. 3, in the absence of CCPs, the formation of THMs, HAAs and HANs decreased with increasing pH, while
that of HAcAms maximized at pH 7.6. The speciﬁcity of HAcAms was ascribed to a larger difference between the hydrolysis rates of HANs and
HAcAms at pH 7.0–8.0 than at other pH levels (Chu et al., 2012). Notably, the catalysis of CCPs was dependent on pH, and the enhancement
became more apparent at a higher pH. For an instance, the IR of HAcAms
by CuO increased from 28.4% to 72.2% as pH increased from 6.6 to 9.6.
On the one hand, a higher pH facilitated the ionization of carboxyl, carbonyl and hydroxyl groups in EPS (Fig. S2) (Pedersen, 1952; Zhang and
Andrews, 2012). One the other hand, Cu2+ was gradually converted
into Cu(OH)+ and Cu(OH)2 as pH increased from 6.6 to 9.6, which induced a weaker positive charge (Plyasunova et al., 1997). The net effect
came out to be that a higher pH facilitated the electrostatic interactions
between Cu2+ and EPS. pH could also impact the catalysis of CuO in the
same way that it affected the catalysis of Cu2+. But beyond that, an alkaline pH promoted the deprotonation of HOCl and enhanced the electrostatic interaction between OCl− and the positively charged CuO surface
to form CuO-OCl− complex, which may facilitate the catalysis of CuO
(Liu et al., 2012).
3.2.2. Br−
Bromine utilization factor (BUF) and bromine incorporation factor
(BIF) were applied to investigate the impact of Br− on the catalytic formation of DBPs from EPS. BUF refers to the percentage of Br− utilized in
forming Br-DBPs, while BIF refers to the proportion of Br-DBPs partially
or totally substituted by Br (Text S5) (Chu et al., 2013). In the absence of
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example, the BUF and BIF of THMs with Cu2+ increased from 0.11 to
0.15 and 1.59 to 2.02, respectively. The result indicates that CCPs shifted
the formed DBPs from chlorinated to multiple brominated species.
However, the enhancement by CCPs in the presence of Br− was much
weaker than that in the absence of Br−. For an instance, the IRs of
HAcAms by CuO were 25.7% and 61.1% with and without Br−, respectively (Figs. 1 and 4). The catalysis of CCPs was achieved by the acceleration of the reactions between oxidants and the low reactive moieties
(Liu and Croue, 2016). The consumption oxidant involves two-stage reaction kinetics (rapid initial and slow continuous stages). During the
slow stage, the second-order rate constants of HOBr/OBr− were approximately 20–30 times those of HOCl/OCl− towards the low reactive moieties, with values of 15–167 and 0.7–5 M−1 s−1, respectively
(Westerhoff et al., 2004). Moreover, at pH 7.6, the fraction of OCl− in
HOCl/OCl− (ca. 50%) is higher than that of OBr− in HOBr/OBr− (ca.
10%). Therefore, without CCPs, the DBPs formation in the presence of
Br− was much higher than that in the absence of Br−. The decreased
IRs may be attributed to that, after the addition of Br−, the enhanced
DBPs formation by CCPs did not increase accordingly with the increasing DBPs formation without CCPs due to the limitation of precursor
dose. In a word, it was more likely for CCPs to achieve a higher enhancement by accelerating the reactions of HOCl/OCl− with the low reactive
moieties in EPS.
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Fig. 3. Effect of pH on the catalytic formation of DBPs from EPS. Experimental conditions:
[Cl2]0 = 9.8 mg L−1, [EPS]0 = 5.0 mg C L−1, [CuO] = 2.0 g L−1, [Cu2+] = 2.0 mg L−1,
reaction time = 72 h. Error bars represent the RPDs (n = 2).

CCPs, the BUFs and BIFs of C-DBPs were higher than those of N-DBPs,
implying that a large fraction of Br was incorporated into the precursors
of C-DBPs (Fig. 4). As expected, in the presence of CCPs, both BUF and
BIF values presented an upward trend, especially for C-DBPs. For
EPS

EPS/CuO

Proteins and polysaccharides were reported as the major components (ca. 80%) of EPS (Comte et al., 2006), thus the two biomolecules
were extracted and employed as precursors to further elucidate the catalysis of CCPs. Without CCPs, polysaccharides presented a lower formation potential of DBPs than proteins due to the higher content of
saturated carbon ring structures (Fig. 5). Wang et al. (2013) reported
that the major precursors of DBPs were the compounds with unsaturated/conjugated carbon bonds or phenolic structures. The polysaccharide monomers in EPS mainly consist of galactose, glucosamine, glucose,
glucuronic acid, rhamnose and mannose, but only glucosamine contains
organic nitrogen, which resulted in little formation of N-DBPs
(b2.0 μg L−1) (Wingender et al., 1999). The catalytic formation of
DBPs from polysaccharides was also much lower than that from proteins. For an instance, the IRs of THMs by Cu2+ from proteins and polysaccharides were 97.3% and 20.8%, respectively. The phenolic or
unsaturated/conjugated structures in proteins were more capable for
withdrawing electrons from α-carbons than the saturated carbon ring
structures in polysaccharides. As a result, a higher electron density
was beneﬁcial to the complexation of proteins with Cu2+ and the positively charged CuO surface. However, Liu and Croue (2016) found that
the enhancement by CuO from low reactive NOM isolates (with fulvic
2+
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Fig. 4. Effect of Br− on the catalytic formation of DBPs from EPS. Experimental conditions: [Cl2]0 = 9.8 mg L−1, [EPS]0 = 5.0 mg C L−1, [CuO] = 2.0 g L−1, [Cu2+] = 2.0 mg L−1, [Br−]0 =
1.0 mg L−1, pH = 7.6, reaction time = 72 h. Error bars represent the RPDs (n = 2).
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Fig. 5. Catalytic formation of DBPs from EPS proteins (a) and polysaccharides (b).
Experimental conditions: [Cl2]0 = 9.8 mg L−1, [Proteins]0 = [Polysaccharides]0 =
5.0 mg C L−1, [CuO] = 2.0 g L−1, [Cu2+] = 2.0 mg L−1, pH = 7.6, reaction time = 72 h.
Error bars represent the RPDs (n = 2).

acid structures incorporating abundant polysaccharide moieties) was
much higher than that from active ones (with more aromatic/phenolic
structures and carboxyl groups) during chlorination of Br−-containing
waters. The difference may be owed to the generation of HOBr/OBr−,
which reacts with NOM at a rate of 10 times faster than HOCl/OCl−
(Westerhoff et al., 2004). In this study, the presence of Br− signiﬁcantly
weakened the enhancement because of the higher reaction rate of
HOBr/OBr− with the low reactive moieties in EPS (possibly
polysaccharides).
3.4. Catalytic formation of DBPs from amino acids
CCPs mainly catalyzed EPS proteins to form DBPs, thus the species
and contents of amino acids were analyzed. Twenty amino acids were
identiﬁed, which accounted for 99% of EPS proteins (Table S1). To
study the effect of their chemical structure on the catalysis of CCPs,
the identiﬁed amino acids were added separately as precursors at a concentration (3.0 mg C L−1). Without CCPs, Trp and Tyr had a quite high
THMs formation potential with values of 314.8 and 150.5 μg L−1, respectively, while Asn, Asp, His, Trp and Tyr had a quite high HAAs formation
potential with values of 80.2, 187.1, 102.2, 261.9 and 254.2 μg L−1, respectively (Table 1). Considering the contents of amino acids in EPS proteins, Tyr and Asp primarily contributed to the formation of THMs and
HAAs, respectively. The major precursors of HANs and HAcAms were
similar, namely Ala, Asn, Asp, His, Trp and Tyr. Thereinto, Ala had a
high formation potential of N-DBPs in the absence of CCPs, which was
only slightly lower than Asn. Furthermore, Ala accounted for the largest
fraction (12.0%) of EPS proteins, thus Ala was considered as the most
important precursor of N-DBPs. The results consist with previous studies concerning the DBPs formation from amino acids despite of different
reaction conditions (Ueno et al., 1996; Hong et al., 2009; Chu et al.,
2010a; Yang et al., 2012). Based on the above, the impact of chemical
structure on catalysis was focused on the ﬁve major DBP precursors,
namely, Asn, Asp, His, Trp and Tyr. The proposed mechanism of enhancement is shown in Fig. 6.

5

For THMs formation, the enhancement from Tyr was higher than
that from Trp. For example, the IRs of THMs by Cu2+ from Tyr and Trp
were 61.9% and 12.9%, respectively. It was reported that the decarboxylation and chlorine substitution of Tyr successively generated 4hydroxyl-benzyl-cyanide (4-HBC) and 2,4,6-trichlorophenol (2,4,6TCP). The opening of benzene ring in 2,4,6-TCP was a main pathway of
THMs formation (Chu et al., 2012). As the atomic potential map of Trp
shown in Fig. S3, the ruptures of C2-C3 and C4-C7 bonds (decarboxylation and chlorine substitution) were easier to occur, forming 2(indol-3-yl)-cyanide (2-IAN) and 2-indole-chloride (2-IC), respectively.
The subsequent break of the C7_C8 bond in the penta-heterocycle was a
pivotal step for THMs formation (Li et al., 2019). CCPs may have different capacities to promote the cleavage of the benzene ring in 2,4,6-TCP
and the penta-heterocycle in 2-IC. First, the N atom in 2-IC has fewer
lone pairs of electrons than the O atom in 2,4,6-TCP (Devi and
Krishnaiah, 1999; Wendt et al., 2010). Second, the N atom in the
penta-heterocycle can donate its lone-pair electrons to form p–π conjugation with the π electrons of C7_C8 bond except the adjacent benzene
ring (Shaji et al., 2004). The relatively lower electron density around N
atom was not beneﬁcial to its complexation with CCPs, thus weakening
the catalysis of CCPs.
For HAAs formation, His showed the highest enhancement among
the ﬁve amino acids under the catalysis of CCPs. For an instance, the
IRs of HAAs by Cu2+ from His, Asn, Asp, Trp and Tyr were 39.5%,
27.7%, 18.8%, 22.3% and 21.6%, respectively. It was reported that HAAs
formed mainly via decarboxylation, chlorine substitution and the elimination of variable (R′) group (Hureiki et al., 1994; Hong et al., 2009; Li
et al., 2017). Similar to THMs formation, the capacities of CCPs to promote the elimination of R′ group played a vital role in the enhancement
on HAAs formation. The electrons in R′ group were shifted by CCPs on
account of complexation, which promoted the break of C\\R′ bond.
Two active sites were available for complexation (\\N_ and \\N\\)
in the imidazole penta-heterocycle of His, whereas only one active site
is available in the R′ group of each of other four amino acids (\\COOH,
\\CONH2,\\OH or\\NH\\) (Fig. S4). The more active sites in imidazole
penta-heterocycle were conducive to the promotion of its removal.
For N-DBPs formation, His also showed the highest enhancement
among the ﬁve amino acids under the catalysis of CCPs. For example,
the IRs of HAcAms by Cu2+ from His, Asn, Asp, Trp and Tyr were
214.2%, 134.1%, 116.7%, 151.0% and 149.5%, respectively. The consistent
results for the enhanced formation of HAAs, HANs and HAcAms from
the ﬁve amino acids were mainly ascribed to the associated formation
pathway. The elimination of R′ group after decarboxylation and chlorine
substitution resulted in the formation of HANs, which was further hydrolyzed to form HAcAms and HAAs successively (Hong et al., 2009;
Chu et al., 2010b; Shah and Mitch, 2012). Thereby, the promoted elimination of the imidazole penta-heterocycle in His by CCPs also enhanced
the formation of N-DBPs.

4. Conclusions
This study investigated the catalysis of CCPs (CuO and Cu2+) on the
formation of C-DBPs and N-DBPs with bioﬁlm EPS and their components (polysaccharides and proteins) as precursors. The following conclusions are drawn:
• CCPs had a remarkable enhancement on the DBP formation, especially
N-DBPs.
• The catalytic formation of both C-DBPs and N-DBPs was highly pHdependent. The enhancement became more obvious under an alkaline condition.
• CCPs increased the BUF and BIF of DBPs, while the presence of Br−
weakened the enhancement by CCPs.
• The catalytic formation of DBPs from proteins was much higher than
that from polysaccharides. Tyr showed the highest enhancement of

6

J. Hu et al. / Science of the Total Environment 723 (2020) 138160

Table 1
Catalytic formation of carbonaceous and nitrogenous disinfection byproducts from twenty amino acids after 72 h reaction.a
Amino
acidsb

THMs (μg L−1)

HAAs (μg L−1)

HANs (μg L−1)

HAcAms (μg L−1)

Control

CuO

Cu2+

Control

CuO

Cu2+

Control

CuO

Cu2+

Control

CuO

Cu2+

Ala

11.4 ± 0.3

19.2 ± 3.0

37.6 ± 0.2

1.9 ± 0.1

2.8 ± 0.5

4.1 ± 0.7

44.1 ± 3.5

52.6 ± 2.5

57.2 ± 4.1

Arg
Asn

8.3 ± 0.6
11.0 ± 0.5

13.4 ± 2.1
12.7 ± 0.2

20.2 ± 2.3
19.3 ± 2.4

20.8 ± 3.5
80.2 ± 2.0

30.4 ± 2.8
89.2 ± 3.7

45.4 ± 1.7
102.4 ± 5.3

0.5 ± 0.0
46.0 ± 9.1

Asp

21.3 ± 1.8

27.7 ± 0.4

39.2 ± 4.6

197.8 ± 4.3

222.2 ± 8.4

10.1 ± 0.8

3.6 ± 0.3
110.4
± 12.4
39.3 ± 4.1

12.9
± 0.9
/
17.2
± 2.5
7.0 ± 0.6

Cys
Gln
Glu
Gly
His

0.3 ± 0.0
4.8 ± 0.2
16.5 ± 0.0
1.2 ± 0.0
15.9 ± 1.8

1.1 ± 0.1
6.2 ± 2.0
26.0 ± 6.5
1.7 ± 0.1
18.5 ± 1.5

1.3 ± 0.2
8.7 ± 0.4
40.6 ± 2.8
2.2 ± 0.3
20.0 ± 2.7

10.0 ± 0.6
5.3 ± 1.0
14.6 ± 0.6
0.3 ± 0.1
118.9 ± 4.2

/
/
/
/
8.7 ± 1.3

44.7
11.4
18.2
19.5
10.7
22.0
1.60

6.3 ± 0.2
5.3 ± 0.3
22.8 ± 2.1
9.7 ± 0.9
38.8 ± 1.4
50.9 ± 3.5
1.6 ± 0.1

5.5
3.6
0.4
6.3
/
5.1
/

/
/
/
/
/
/
/

/
/
/
/
13.9
± 2.1
/
/
/
/
/
/
/

16.7
± 0.4
/
24.3
± 4.2
11.2
± 0.8
/
/
/
/
27.8
± 2.5
/
/
/
/
/
/
/

Thr
Trp

/
42.6 ± 1.6

/
4.3 ± 1.0

/
7.8 ± 0.6

23.8 ± 0.2

46.3 ± 0.7

4.2 ± 1.3

6.7 ± 0.7

12.6 ± 3.0

3.0 ± 0.5
320.3
± 12.2
309.2
± 13.4
27.2 ± 3.5

/
18.3
± 3.28
17.2 ± 2.1

Val

2.2 ± 0.4
298.3
± 12.3
276.8
± 13.0
20.1 ± 2.2

/
27.9 ± 8.1

Tyr

3.4 ± 0.4
314.8
± 22.0
150.5 ± 7.6

30.2 ± 1.6
9.7 ± 1.5
13.6 ± 3.3
9.6 ± 0.2
6.5 ± 0.1
14.3 ± 0.4
1.33
± 0.39
4.1 ± 0.5
338.5
± 9.9
181.2
± 6.5
20.5 ± 0.1

1.1 ± 0.1
6.3 ± 0.3
3.1 ± 0.1
/
54.7
± 13.2
4.1 ± 0.1
2.1 ± 0.1
0.2 ± 0.0
4.8 ± 0.2
/
3.6 ± 0.3
/

2.1 ± 0.2
10.2 ± 0.8
3.1 ± 0.1
/
91.2 ± 7.6

18.9 ± 5.5
8.7 ± 3.0
10.6 ± 1.7
5.4 ± 0.9
5.3 ± 0.6
10.5 ± 2.7
1.32 ± 0.04

14.6 ± 1.2
8.1 ± 0.4
18.9 ± 1.4
0.4 ± 0.1
142.6
± 10.1
10.6 ± 1.5
6.1 ± 0.2
28.1 ± 1.9
14.9 ± 0.8
55.2 ± 4.9
81.6 ± 6.2
2.1 ± 0.1

0.5 ± 0.0
3.6 ± 0.1
1.5 ± 0.0
/c
35.0 ± 5.1

Ile
Leu
Lys
Met
Phe
Pro
Ser

187.1
± 10.9
7.1 ± 0.6
3.9 ± 0.4
10.0 ± 0.5
0.2 ± 0.0
102.2
± 10.5
4.3 ± 0.6
4.7 ± 0.6
17.1 ± 2.4
6.8 ± 0.5
27.1 ± 2.1
40.2 ± 2.5
1.4 ± 0.1

2.1 ± 0.1
71.4
± 12.5
15.7 ± 1.6

10.3
± 1.3
/
10.4
± 1.3
2.9 ± 0.4

/

/

/

/

/

±
±
±
±
±
±
±

3.2
0.8
0.4
1.6
1.6
2.4
0.21

5.7 ± 0.5
355.3
± 17.9
243.8
± 25.9
24.8 ± 5.1

1.1 ± 0.1
261.9 ± 5.0
254.2
± 15.1
12.5 ± 4.1

2.6 ± 0.1
/
/
2.7 ± 0.2
/
2.7 ± 0.1
/

±
±
±
±

0.2
0.2
0.0
0.5

± 0.2

/
10.5
± 1.3
10.6
± 1.2
/

Experimental conditions: [Cl2]0 = 9.8 mg L−1, [Amino acids]0 = 3.0 mg C L−1, [CuO] = 2.0 g L−1, [Cu2+] = 2.0 mg L−1, pH = 7.6.
b
Abbreviations: alanine (Ala), arginine (Arg), asparagine (Asn), aspartic acid (Asp), cysteine (Cys), glutamine (Gln), glutamic acid (Glu), glycine (Gly), histidine (His), isoleucine (Ile),
leucine (Leu), lysine (Lys), methionine (Met), phenylalanine (Phe), proline (Pro), serine (Ser), threonine (Thr), tryptophan (Trp), tyrosine (Tyr), valine (Val).
c
Not detected.
a

Fig. 6. Proposed mechanism of the catalytic formation of DBPs from amino acids. Experimental conditions: [Cl2]0 = 9.8 mg L−1, [Amino acids]0 = 3.0 mg C L−1, [CuO] = 2.0 g L−1, [Cu2+] =
2.0 mg L−1, pH = 7.6.
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THMs formation, while His exhibited the highest enhancement of
HAAs, HANs and HAcAms formation.
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