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ABSTRACT

Amides are common constituents in natural organic matter and synthetic chemicals. In this study, we investi-
gated kinetics and mechanisms of the reactions of chlorine with seven amides, including acetamide, N-meth-
ylformamide, N-methylacetamide, benzamide, N-methylbenzamide, N-propylbenzamide, and N-(benzoylglycyl)
glycine amide. Apparent second-order rate constants for the reactions of the amides with chlorine at pH 8 are in
the range of 5.8 x 1073 - 1.8 M~!s~! and activation energies in the range of 62-88 kJ/mol. The second-order rate
constants for the reactions of chlorine with different amides decrease with increasing electron donor character of
the substituents on the amide-N and N-carbonyl-C in the amide structures. Hypochlorite ("OCl) dominates the
reactions of chlorine with amides yielding N-chloramides with species-specific second-order rate constants in the
range of 7.3 x 1073 - 2.3 M~1sL. Kinetic model simulations suggest that N-chlorinated primary amides further
react with HOCI with second-order rate constants in the order of 10 M~ 's~!. The chlorination products of amides,
N-chloramides are reactive towards phenolic compounds, forming chlorinated phenols via electrophilic aromatic
substitution (phenol and resorcinol) and quinone via electron transfer (hydroquinone). Meanwhile, N-chlor-
amides were recycled to the parent amides. At neutral pH, apparent second-order rate constants for the reactions
between phenols and N-chloramides are in the order of 107*-0.1 M~'s™!, comparable to those with chloramine.
The findings of this study improve the understanding of the fate of amides and chlorine during chlorination

processes.

1. Introduction

Amide-type structures are ubiquitous in (i) natural systems, in some
amino acids (e.g., asparagine, glutamine) and in peptide bonds, and (ii)
synthetic organic materials (e.g., plastics) and chemicals (e.g., phar-
maceuticals, surfactants, pesticides) (Ghose et al., 1999; Hargreaves,
2003; Pico et al., 2004). Amides were also found enriched in dissolved
organic matter (Leenheer and Croue, 2003) and wastewater effluent
organic matter (Barber et al., 2001). Because amides are relatively stable
structures, amide-containing synthetic chemicals or metabolites can be
detected in surface water and groundwater (Berens et al., 2021; Bexfield
et al., 2021; Ferrer et al., 2000; Kolpin et al., 1996). In drinking water
treatment, acetamide and a range of haloacetamides can be formed and
have been identified as emerging disinfection byproducts (DBPs) (Plewa
et al.,, 2008). In general, nitrogenous DBPs including haloacetamides
have been shown to be far more genotoxic and cytotoxic than currently
regulated DBPs, such as trihalomethanes (Muellner et al., 2007; Stalter

et al., 2016). Therefore, it is crucial to understand the fate of amides in
water treatment, especially during application of chemical oxidants such
as the widely used chlorine.

To date, there is little information on the fate of amides during
chlorination mainly due to relatively slow kinetics of the reaction be-
tween chlorine and amides. The apparent second-order rate constants
for the reactions of chlorine with amides at pH 7 are more than two
orders of magnitude lower compared to neutral amines, reduced sulfur
compounds, and activated aromatic compounds (Deborde and von
Gunten, 2008). In contrast, owing to the slow kinetics, the presence of
amides could potentially control chlorine residual concentrations for
long contact times.

Similar to amines, chlorination of amides occurs at the nitrogen
(Morris, 1967). However, because of the electron-withdrawing effect of
the carbonyl moiety, the mechanisms are different from amines. An
attack by hypochlorite ("OCl) instead of hypochlorous acid (HOCI) is
proposed as the predominant mechanism. The formation of a hydrogen
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Scheme 1. Proposed mechanisms for the reactions of secondary (left) and primary (right) amides with chlorine and reactions of N-chloramides with phenolic
compounds (middle). Dashed red lines represent the positions of bond cleavage. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

bond between amido hydrogen and the oxygen in “OCl was proposed as
the initial step (Mauger and Soper, 1946; Thomm and Wayman, 1969),
which enables the nitrogen to attack the partially positively charged
chlorine, which leads to deprotonation and a release of hydroxide
(Mauger and Soper, 1946) (Scheme 1, left). Compared with HOCI, the
oxygen atom in “OCl has a greater tendency to form a hydrogen bond
because of its nucleophilic character. Another proposed mechanism
suggests that the amido hydrogen dissociates slowly and the anionic
structure of the amide resembling an enolate reacts with HOCl yielding a
N-chloramide (Morris, 1978). N-chloramides formed during chlorina-
tion of amides have been observed to be capable to oxidize both inor-
ganic and organic species, such as sulfite, thiosulfate, and organic sulfur
and amine moieties (Ding et al., 2018; Prutz, 1999; Yu and Reckhow,
2017). Therefore, amides may serve as potential reservoirs of residual
chlorine.

The aims of this study were to investigate kinetics and mechanisms of
the reactions of chlorine with both primary and secondary amides and to

Table 1

elucidate the reactivity of chloramides with phenolic compounds. Ki-
netic experiments were conducted (i) in the pH range 7 to 10 to identify
predominant reactive chlorine species ("OCl vs. HOCI) and (ii) in the
temperature range 5 to 30 C to determine activation energies. During
chlorination of primary amides, the evolutions of chlorine and chlori-
nated products were monitored experimentally and modeled using ki-
netic simulations to elucidate reaction mechanisms. The influence of
bromide in the chlorination of amides was also theoretically assessed.
Lastly, kinetics and mechanisms of N-chloramide reactions with the
electron-rich moieties, phenol, catechol, resorcinol, and hydroquinone
were investigated at pH 7 and 23 C.

2. Materials and methods
Chemicals and reagents. All chemicals and suppliers are provided in

Table S1 (Supporting Information, SI). Table 1 lists the chemical struc-
tures of the seven selected amides, including acetamide (AA), N-

Chemical structures of selected amides and their apparent (pH 8) and species-specific ("OCl) second-order rate constants for the reactions

with chlorine.

Compound (abbreviation) Structure

Apparent second-order rate constant
at pH 8 (kapp, M~ 's ™)

Species-specific second-order rate
constant (k.oc;, M~ 's™1)

Acetamide (AA)

H3C NH,
N-methylformamide (N-MFA) 0
H™ N _CH3
H
N-methylacetamide (N-MAA) [e]
H3C)kN _CHy
H
Benzamide (BA) (o]
o
N-methylbenzamide (N-MBA) o
CH
N
H
N-propylbenzamide (N-PBA) (0]
C
n-Cat
H

N-(benzoylglycyl)glycine amide (N-BGGA)

0.048 0.047

0.090 0.13, 0.21%

0.0087 0.013; 0.018% 0.015"
0.23 0.25

0.036 0.046; 0.042¢

0.0058 0.0073

1.8 2.3

2 Thomm and Wayman (1969);
b Antelo et al. (1995);
¢ Hardy and Robson (1967), measured at 20°C.
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methylformamide (N-MFA), N-methylacetamide (N-MAA), benzamide
(BA), N-methylbenzamide (N-MBA), N-propylbenzamide (N-PBA), and
N-(benzoylglycyl)glycine amide (N-BGGA). AA and BA were recrystal-
lized (for recrystallization protocols see Text S1, SI) before use due to
observed interferences of impurities during kinetics measurements
(Figures S1 and S2, SI). Ultra-purified water (Millipore system (18.2
MQ)) was used to prepare all solutions. The concentration of sodium
hypochlorite stock solutions was standardized weekly using a Shimadzu
UV-1800 spectrophotometer (g.ocl, 292 nm = 350 M~ lem 1) (Johnson
and Melbourne, 1996; Wang et al., 1994).

Kinetic experiments for chlorination of amides. Kinetic experiments
were conducted under pseudo-first-order conditions, i.e., measuring
chlorine decrease in excess of amides, and/or measuring amides
decrease in excess of chlorine (Corbett, 1972). In the experiments with
excess amides, chlorine concentrations were measured via two different
methods, (i) by direct photometry at 292 nm (for AA, N-MFA, and
N-MAA), or (ii) by colorimetry with N,N-diethyl-p-phenylenediamine
(DPD, for AA, BA, N-MBA, and N-PBA) (Baird and Bridgewater, 2017).
In both cases, the experiments were conducted in cuvettes (Hellma
Analytics) with temperature control of the cuvette holder (see below for
details). For colorimetric measurements, samples were withdrawn and
transferred to a second cuvette for quantification. In the experiments
with excess chlorine, amide concentrations were measured using a
Thermo Scientific HPLC-UV (Ultimate 3000) (for details see Text S2). In
the experiments, no quenching reagent for chlorine was applied because
the quenching reagents (e.g., thiosulfate, resorcinol) reduce N-chlor-
amides back to the parent amides. Instead, reaction solutions were
directly prepared in a HPLC vial, and samples were periodically injected
into the HPLC system. The reaction time was calculated from the holding
time in the autosampler to the injection of the compound (after injec-
tion, chlorine is separated quickly from the amide).

The kinetics of chlorine reactions with amides were assessed at
different pH values (7, 8, 9, and 10) and different temperatures (5, 15,
23, and 30 °C). Phosphate (50 mM, pH 7 and 8) and borate (20 mM, pH 9
and 10) were applied to maintain the desired pH within +0.05 units
during the experiments. In experiments conducted in a cuvette, the
temperature was controlled using a thermal bath (Biichi, F-108) con-
nected to a cuvette holder in the spectrophotometer. In experiments
conducted in HPLC vials, the temperature was controlled by the auto-
sampler (Ultimate 3000). In experiments to measure chlorine decrease
photometrically at low temperatures (5 and 15 °C), dry air was supplied
continuously surrounding the cuvette to avoid water vapor condensa-
tion on the cuvette.

Identification of the formation of N-CI-BA. During chlorination of BA,
the formation of N-CI-BA was confirmed using an Orbitrap LC-MS
(Orbitrap Exploris 120, Thermo Fisher) by detecting the accurate mass
of the N-CI-BA cation (C;HcONCI+H™) and the isotope pattern of the
chlorine atom (C;H;ON3>Cl* and C;H,ON%Cl1™) at pH 7 and 10 (Text
S3, Fig. S4). Dichloro-BA was not detected.

Preparation and quantification of N-chloramides. N-Chloramides were
prepared by mixing chlorine with a 10-fold molar excess of amides and
used after >99.9% of chlorine was consumed. N-Chloroacetamide (N-CI-
AA), a primary chloramide, was prepared in 20 mM borate buffer at pH
10 to avoid further consumption of N-CI-AA by hypochlorous acid
(HOCI). N-Chlorinated secondary amides were prepared in 50 mM
phosphate buffer at pH 8. N-Chloramides were measured colorimetri-
cally using DPD in presence of iodide which was adapted from halamine
measurements (Baird and Bridgewater, 2017). Iodide doses in the range
of 0.02-0.2 mM were applied depending on the rate of color formation
(maximum absorbance was recorded at ~3 min).

N-CI-N-MBA was used as a standard to validate the colorimetric
method and to quantify other N-chloramides. First, N-CI-N-MBA was
converted to N-MBA with excess sodium thiosulfate and quantified using
HPLC-UV by comparing it with the authentic standard of N-MBA. Then,
the standardized N-Cl-N-MBA was used to generate a calibration curve
with DPD and iodide which agreed well with a calibration curve of
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monochloramine using the same colorimetric method (Fig. S5). To
quantify other N-chloramides, including N-CI-AA, N-CI-N-MFA, N-CI-N-
MAA, and N-CI-BA, the photometric calibration curve of N-Cl-N-MBA
was used by assuming the same absorbance response from different N-
chloramides with the same concentration.

To investigate the reaction mechanisms of the chlorination of pri-
mary amides (AA, BA) both free chlorine and chlorinated amides were
measured by the DPD method. First, chlorine was measured directly by
adding DPD. Thereafter, N-Cl-AA (or N-Cl-BA) was measured in the same
sample by addition of iodide and subtracting the absorbance induced by
chlorine.

Kinetics and mechanisms for the reactions of N-chloramides with phenolic
compounds. Phenol, catechol, resorcinol, and hydroquinone were
investigated for their reactivity with the three different N-chloramides,
N-CI-AA, N-CI-N-MAA, and N-CI-N-MBA. The N-chloramides were pre-
pared and standardized on a daily basis. Kinetics experiments for the
reactions between N-CI-AA (or N-CI-N-MAA) and phenolic compounds
were conducted with N-chloramides in excess by monitoring the
abatement of the phenolic compounds by HPLC-UV (for more details see
Text S2). The kinetics for the reactions between N-ClI-N-MBA and
phenolic compounds were measured with phenols in excess by moni-
toring the decrease of N-CI-N-MBA by HPLC-UV (Text S2). The kinetic
experiments for the reactions of N-chloramides with phenols were
conducted in a HPLC vial without applying a quenching agent. All ex-
periments were conducted in duplicates.

To understand mechanisms, products of the reaction of N-chlor-
oacetamide with phenolic compounds were detected using HPLC-UV
(Text S2). In this part of the study, N-Cl-AA was prepared with a chlo-
rine to acetamide molar ratio of 1:1.25 instead of 1:10 to minimize the
interference of excess acetamide on the detection of the phenolic reac-
tion products.

Kinetic model. To elucidate the reactions occurring during chlorina-
tion of primary amides, reaction kinetics were simulated by considering
the reactions listed in Table S2. The kinetic simulations were conducted
by solving kinetic equations (Text S4) using the stiff differential equa-
tions solver ODE15s in MATLAB (based on Gear’s method). To ensure
the quality of calculation, absolute error tolerance of each solution
component (i.e., species concentration) was set at least 4 orders of
magnitude below its respective value (e.g., tolerance for [~ OCl] was set
to 107'° M when ["OCI] > 107¢ M).

3. Results and discussion
3.1. Kinetics of the reactions of chlorine with amides

Apparent (kapp) second-order rate constants for the reactions of
chlorine with 7 selected amides at pH 8 were determined in the range of
5.8 x 107> M Is7! to 1.8 M~ s~ ! under pseudo-first-order condition by
measuring chlorine decrease in excess of the amides (Tables 1 and S3).
Species-specific second-order rate constants (k.ocy) for the reactions of
the amides with “OCl were obtained at pH 10 (pKyoc; is 7.54 at 25 °C
(Morris 1966)) to be in the range of 7.3 x 103M s 023 M st
(Table 1). k.oci for N-MFA, N-MAA, and N-MBA, are similar to k.oc
values obtained in previous studies (Table 1). ko values for the
selected amides show that electron-donating groups (e.g., alkyl group)
at the amide-N and/or the N-carbonyl-C lower the second-order rate
constants for the reactions with "OCl, with k_oc,aa > k-oci,N-MAA, k-
0CLN-MFA > k-ocL,n-Maa, and k-ocya > k-oci,n-MBa > k-oci,n-pea (Figure
S6). As discussed above, “OCI reacts with amides as a nucleophile by
forming a hydrogen bond between the oxygen in “OCl and amido
hydrogen. Electron-donating groups at the amide-N and/or the N-car-
bonyl-C partially compensate for the electron-withdrawing effect of the
carbonyl group on the amide-N, yielding a stronger N-H bond with a
lower tendency to form a hydrogen bond with "OCl. N-BGGA (k-
OCI,N-BGGA = 2.3 M~ !s7!) with 3 amide groups was observed to have an
almost 10-fold higher species-specific second-order rate constant for the
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Fig. 1. Arrhenius plot for the determination of activation energies for the re-
actions of amides with chlorine. Logarithmic apparent second-order rate con-
stants for the reactions of amides with chlorine as functions of the inverse
temperatures at pH 8 (see equation 6 in the text). Lines are linear regressions.
Table S4 provides detailed experimental conditions and the experimental values
for this plot.

reaction with "OCl than BA (k_ociga = 0.25 M~!s™!) which can be
explained by an increased electron withdrawing effect of the amide
groups on neighboring amide-structures.

3.2. Activation energies for the reactions of amides with chlorine

To facilitate the implementation of second-order rate constants for
realistic treatment conditions with varying temperatures (few°C to 30
°C), temperature-dependent kinetics of the reactions of amides with
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chlorine were investigated under pseudo-first-order conditions at 5, 15,
23, and 30 °C and at pH 8 (Table S4). Activation energies for these re-
actions were calculated using the logarithmized form of Arrhenius Eq.
(6) (Arrhenius 1889; Logan 1982):

E(l

Ink,, = InA — 2

(6)

where A is the pre-exponential factor, E, is the activation energy, R is the
universal gas constant (8.314 J mol ! K’l), and T is the absolute tem-
perature (in K). E, was obtained by plotting In (kapp) as a function of -1/T
(Fig. 1). A comparison of activation energies for the chlorination of
various organic compounds is provided in Table 2. For the chlorination of
the tested amides, E, is in the range of 62-88 kJ/mol. Comparable E,
(61-69 kJ/mol) were reported for the chlorination of a,f-unsaturated
carbonyls, e.g., tiglic aldehyde, trans-2-hexenal (Marron et al., 2021). In
comparison, the chlorination of neutral amines and reduced sulfur moi-
eties is less sensitive to temperature variation with E, values from 14
kJ/mol for ametryn to 33 kJ/mol for cylindrospermopsin (Rodriguez
etal., 2007; Xu et al., 2009). The E, values for the chlorination of phenolic
compounds and (polycyclic) aromatic compounds vary in a wide range
from <2.5 kJ/mol for resorcinol to 58 kJ/mol for phenol and 59-62
kJ/mol for biphenyl (Lee and Morris, 1962; Rebenne et al., 1996; Snider
and Alley, 1979). Amides (refer to the sections below) and
a,f-unsaturated carbonyls (Marron et al., 2021) mainly react with ~OClL
with relatively low second-order rate constants. In contrast, neutral
amines/reduced sulfur and activated aromatic compounds (Deborde and
von Gunten, 2008) mainly react with HOCI with higher second-order rate
constants which potentially explain the observed E, variations among
different moieties. A weak correlation (R?=0.54) was observed when
plotting E, vs. In (kapp) which warrants further investigations (Fig. S7).

Table 2

Activation energies and apparent second-order rate constants for the chlorination of the investigated amides and other selected organic compounds.
Compound” Activation energy (kJ/mol) kapp at 20-25°C ™M s pH Reference
Amides
Acetamide 62 4.8x1072 8 This study
N-methylformamide 67 9.0x1072 8 This study
N-methylacetamide 63 8.7x107°2 8 This study
Benzamide 88 0.23 8 This study
N-methylbenzamide 70 3.6 x 1072 8 This study
N-propylbenzamide 73 5.8x107°3 8 This study
N-(benzoylglycyl)glycine amide 68 1.8 8 This study
Phenacetin 58 0.45 7 Acero et al. (2010)
Olefins
Microcystin-LR 20 72 7.2 Acero et al. (2005b)
Tiglic aldehyde 61 0.18 8 Marron et al. (2021)
Trans-2-hexenal 69 1.4 8 Marron et al. (2021)
Neutral amines and reduced sulfur moieties
Ametryn 14 7.2 x 10? 7 Xu et al. (2009)
Cylindrospermopsin 33 7.4 x 102 6.4 Rodriguez et al. (2007)
Nortriptyline 23 0.40 7 Acero et al. (2013)
Prometryn 32 8.3 x 10° 7 Hu et al. (2021)
Aromatic compounds
2-Benzyl-4-chlorophenol 32 28 7 Acero et al. (2013)
Bensulfuron-methyl 14 1.1 x10° 7 Hu et al. (2015)
Benzo(ghi)perylene 13 26 6.8 Harrison et al. (1976)
Biphenyl 59-62 N/A Snider and Alley (1979)
Chlorimuron-ethyl 22 9.4 7 Hu et al. (2018)
Diazinon 30-36 0.48 10, 11 Zhang and Pehkonen (1999)
Naproxen 14 3.4 7 Acero et al. (2010)
Phenol 58 N/A Lee and Morris (1962)
Pyrene 32 35 6.8 Harrison et al. (1976)
Resorcinol <25 1.8 x 10? 5 Rebenne et al. (1996)
Others
Humic acid” 37 7 Urano et al. (1983)

# Compounds are grouped by reactive moieties with chlorine.

b Activation energy for the reaction of trihalomethanes formation from humic acid. N/A: not available.
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3.3. Chlorination of secondary amides

Second-order rate constants for the reactions of chlorine with 4
secondary amides (N-MFA, N-MAA, N-MBA, N-PBA) were determined at
different pH values (Figure S8). The reactions of secondary amides with
chlorine exhibited pseudo-first-order kinetics with either chlorine or
amides in excess and measuring the other reaction partner (Table S3).
There are some differences (4-38%) in the apparent second-order rate
constants (kapp) for the two experimental conditions (Figures S9). Such
differences are small given the variation of reported second-order rate
constants in literature of up to a factor of 10. For all tested secondary
amides, k,pp, increased from pH 7 to 9, with no significant further in-
crease to pH 10 (Figs. 2a and S8). When plotting kap;, as a function of the
fraction of hypochlorite (a.oc) (only considering hypochlorous acid
(HOCI) and ~OClI here) for different pH values, good linearities were
observed for all tested secondary amides (Fig. 2b). This indicates an
~OCl-dominated chlorination of secondary amides. These findings sup-
port the proposed mechanism discussed in the introduction and shown
in Scheme 1 (left). The same trend of “OCl as a predominant chlorina-
tion species was also observed for N-BGGA, which contains 3 amide-N
(Figure S10).

3.4. Chlorination of primary amides

Benzamide (BA). The kinetics of chlorination of BA were investigated
at different pH values by measuring chlorine consumption in excess of
BA and BA consumption in excess of chlorine. Pseudo-first-order kinetics
were observed for both experimental conditions with good linearity for
BA decrease (R2 >0.99) and chlorine decrease (0.99> R? >0.97) (Table
§$3). Consistently higher k,p, (23-45%) were observed when measuring
chlorine decrease at different pH values (Figure S11a). When plotting
kapp as a function of aoc, a better linearity was observed when
measuring BA decrease (Figure S11b). Nevertheless, for the tested
conditions, ~OCl seems the predominant species for the reaction of BA
with chlorine. However, the lower linearity between k,,, and o.oc; when
measuring chlorine decrease in excess of benzamide indicates that be-
sides ~OCl other chlorine species might contribute to BA abatement. In
addition, different concentrations (1-9 mM) of chlorine were spiked to a
10 mM BA solution in the pH range 7-10. After complete chlorine con-
sumption, roughly half of the molar equivalent of BA was consumed
(Figure S12). The molar ratio of 2 to 1 for the reaction between chlorine
and BA suggests that the BA chlorination product (N-CI-BA) could
further react with chlorine.

The role of chlorine monoxide (Cl;0) and molecular chlorine (Cly)
for chlorination of BA was also investigated owing to their high second-
order rate constants for the reactions with different organic functional

0.8 1.0

ol

groups (Deborde and von Gunten, 2008; Li et al., 2020; Sivey et al.,
2010). Cly0 and Cly are usually present at very low concentrations
compared to HOCI and ~OCl. Based on the measured chloride concen-
tration in the reaction solutions and known equilibria for the different
chlorine species, their concentrations were calculated as a function of
pH (Text S5). The highest concentrations of ClyO and Cl, were calcu-
lated at pH 7 and gradually decreasing up to pH 10 (Fig. S13). To assess
the role of Cl5O, the reaction order in chlorine was determined under
pseudo-first-order conditions with varying chlorine concentrations (Text
S6). When Cl,0 is a predominant chlorine species, the reaction rate is
proportional to [chlorine]z, and therefore, second-order kinetics relative
to the chlorine concentration should be observed (Li et al., 2020; Sivey
etal., 2010). As shown in Figure S14, first-order with respect to chlorine
concentration was observed in the chlorination of BA at pH 7 (slope ~1)
which indicates a minor role of Cl50. The role of Cl; for the chlorination
of BA was assessed by spiking additional 10-100 mM Cl~ to 3 mM
chlorine (containing already 6.3 mM CI~ as background) which gener-
ated 8.7 x 10™°-5.7 x 10™8 M Cl, (Text S7). Accordingly, the observed
pseudo-first-order rate constants (kgps) for benzamide increased from
1.3x 10 *t01.5x 107 457! (Fig. S15a). Plotting kops as a function of Cly
concentration, kgizga was calculated to be 433 M 1! (Fig. S15b).
However, considering the low concentrations of Cl, (<3.4 x 107°° M)
under the tested conditions, Cly plays a negligible role in the chlorina-
tion of BA. Under typical drinking water chlorination conditions (e.g.,
[chlorine] = 2 mg/L as Cly, [Cl"] = 8 mg/L) (Li et al., 2020), Cl, has a
concentration of less than 1072 M at neutral pH and its role in the
chlorination of amides can be neglected.

To further elucidate the mechanism of BA chlorination (Scheme 1,
right), the formation of N-CI-BA was first confirmed using high-
resolution mass spectrometry (Figure S4) and then, the evolution of N-
CI-BA during chlorination of BA at different pH values was monitored
with DPD and iodide (Fig. 3). N-Cl-BA was formed, and went through a
maximum, followed by a decrease, due to a further reaction with chlo-
rine (Mauger and Soper, 1946). In addition, it was observed that
N-CI-BA is unstable under the selected experimental conditions (Fig.
S16). To better understand the reactions occurring during chlorination
of BA (Scheme 1, right), a kinetic simulation of chlorine and N-Cl-BA
evolution was performed by considering reactions (1) to (5) (Fig. 3):
RCONH; + ~“OCl - RCONHCI + "OH  kocipa =025 M7's™1 (1)
RCONH, + HOCI - RCONHCI + H0  kgociga = 0.04 M~ 1571 (2)
RCONHCI 4+ ~OCl - RCONCl, + "OH  kociyclea = 1 M s™1 (3)
krociv-ciea = 10M™'s™' (4)

kn.cLpa = 2.4 - 4.2 s~ at pH 7-10 (5)

RCONHCI + HOCI - RCONCI, + H,O

RCONHCI — product
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Fig. 3. Reaction of benzamide with chlorine at different pH values at 23 °C: Experimental data and modeling results. (a) Normalized chlorine residual concentration
and (b) N-Cl-benzamide evolution. Lines represent model predictions (see text) and symbols are measured data. [Chlorine]lp = 90 pM, [benzamide]o = 8 mM.

Among the rate constants, k.ocga Was obtained from the measured
chlorine decrease in excess BA at pH 10 (Table S3). kn.c1.sa was deter-
mined experimentally by measuring the N-CI-BA decrease at different
pH values after chlorine was completely consumed (Fig. S16, averaged
values of slopes were taken from duplicate experiments at each pH).
k.oc1,n-c1-8a Was obtained by fitting to the formation of N-CI-BA at pH 10
using k.ocin-cl-Ba as a fitting parameter (Fig. S17). When fitting for
k-OCl,N-Cl-BA at pH 10, kHOCl,BA and kHOCl,N-Cl-BA are irrelevant for
the chlorine and N-CI-BA evolution. Lastly, with the determined values
for k.ociBa, kocin-ciBa, and kn.ciea, knociea and kuocin-crea were
obtained by fitting the decrease of chlorine and the formation of N-CI-BA
at pH 7 simultaneously (Fig. S18). As shown in Figs. S17 and S18,
different scenarios were tested to find the optimal values for the rate
constants and the fit was selected by visual inspection. Applying the rate
constants for reactions (1)-(5) (Table S2) for different pH conditions, the
experimental and modeled chlorine and N-CI-BA evolution were in good
agreement up to a chlorine consumption of 70% (Fig. 3). The deviation
in the later part of curves could be caused by additional reactions which
were not considered in this study. To be noted, “OCl dominates the re-
action with BA, however, chlorine addition to BA makes the amide-N

more acidic and therefore, a partial deprotonation may occur leading to
anegative charge. This enables an electrophilic attack by HOCI (reaction
4). In analogy, a significant depression of the pKa values of several or-
ders of magnitude has been calculated for chloramines relative to their
amine precursors (Heeb et al., 2017).

Acetamide. The reaction mechanisms of the chlorination of AA were
investigated analogously by measuring the chlorine decrease and N-CI-
AA evolution at different pH values (Fig. 4). Similarly, k.oci,aa (0.047
M~!s™) was obtained from the chlorine decrease in excess of AA at pH
10 (Table S3). At pH 10, the sum of chlorine and N-CI-AA concentrations
was constant during 60 min and equal to the initial chlorine concen-
tration (Fig. S19). This suggests that N-Cl-AA is stable in presence of
~OCl, and therefore k.oci,n-cl-aa is negligible. In addition, in contrast to
N-CI-BA, a self-decay of N-CI-AA (ky.c1-aa) Was not observed in the tested
pH range 7-10 (Fig. S19). Lastly, knoci,aa and kuoci,n-cl-aa Were deter-
mined by simultaneously fitting to chlorine decrease and N-CI-AA evo-
lution at pH 7 by using kxoci,aa and kuoci,v-cl-aa as fitting parameters. As
shown in Figure S20, the scenario analyses suggest optimal values of
0.008 M 's™' and 9 M~ s for kiroci,aa and kuoci,n-cl-aa, Tespectively.
Applying the obtained rate constants (Table S2), the chlorine decrease
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Fig. 4. Reaction of acetamide with chlorine at different pH values at 23 °C: Experimental data and modeling results. (a) Normalized chlorine residual concentration
and (b) N-Cl-acetamide evolution. Lines represent model predictions (see text) and symbols are measured data. [Chlorine]o = 90 pM, [acetamide]p, = 40 mM.
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Fig. 5. Apparent second-order rate constants at pH 7 for reactions of different phenolic compounds (phenol, catechol, resorcinol, hydroquinone) with N-Cl-acet-
amide, N-Cl-N-methylacetamide, and N-Cl-N-methylbenzamide in comparison with chloramines (Heeb et al. 2017). Table S5 provides detailed experimental con-

ditions and values for the second-order rate constants.

and N-Cl-AA evolution were well estimated for different pH values
(Fig. 4.

3.5. Influence of bromide on the chlorination of amides

Under oxidative water treatment processes, bromide can play a
critical role because bromide is converted to reactive bromine species
(e.g., hypobromous acid/hypobromite, HOBr/ OBr) which react fast
with many inorganic and organic compounds (Heeb et al., 2014). HOBr
reacts with amides with apparent second-order rate constants on the
order of 1-3 M s ! at pH 7.2-7.5 (Pattison and Davies, 2004). The in-
fluence of bromide on the chlorination of amides was assessed under
typical water treatment conditions with 1 mg/L chlorine (as Cly) and
varying bromide concentrations (10, 100, and 500 pg/L) by comparing
the formation yield of chloramide and bromamide (Text S8). As shown
in Table S5, when HOBr is in excess of amide, ~ 40% of amide was
estimated to transform to bromamide other than chloramide in the
presence of 10 pg/L bromide and > 87% of amide yielded bromamide
with bromide concentration higher than 100 pg/L. The formation of
chloramide becomes gradually more important for chlorine concentra-
tions > 1 mg/L and dominant when the amide concentration is higher
than the bromide concentration (Table S5). This suggests that the role of
bromide has to be assessed during chlorination of amides for practical
water treatment conditions.

3.6. Kinetics and mechanisms of the reactions of N-chloramides with
phenolic compounds

N-CI-AA, N-CI-N-MAA, and N-CI-N-MBA were selected to investigate
the kinetics of their reactions with phenolic compounds (phenol, cate-
chol, resorcinol, and hydroquinone) under pseudo-first-order conditions
(Table S6). Apparent second-order rate constants at pH 7 for the re-
actions of phenols with N-chloramides range from 9.7 x 10~° to 9.8 x
102 M !s~! which are 1-2 orders of magnitude lower than the reactions
with chloramines (Heeb et al., 2017) (Fig. 5). Comparing among
different phenols, the k,pp-values for the reactions of N-chloramides
with different phenols increase in the order of phenol < hydroquinone ~
catechol < resorcinol which is the same for chloramines (Heeb et al.,
2017). As expected, resorcinol has the highest reactivity with two hy-
droxyl groups in meta position and phenol has the lowest reactivity with
only one hydroxyl group (Criquet et al., 2015; Heeb et al., 2017). Similar

kapp-values were obtained for both phenol and catechol when reacting
with the three tested N-chloramides. A lower k,p,p-value (30-38 fold) was
observed for resorcinol when reacting with N-CI-AA in comparison with
N-CI-N-MAA and N-CI-N-MBA, and a higher kap,-value (8 fold) was
observed for hydroquinone when reacting with N-CI-N-MAA in com-
parison with N-CI-AA and N-CI-N-MBA (Table S6). These observed dif-
ferences in the kapp-values warrant further investigations.

To obtain mechanistic information on the reactions between N-
chloramides and phenolic compounds, transformation products from the
reaction of N-Cl-AA with phenol, resorcinol, and hydroquinone were
analyzed by HPLC-UV (Text S2 for analytical method). In the reaction of
N-CI-AA with phenol and resorcinol, ring-chlorinated products were
detected which suggests an electrophilic aromatic substitution. From the
reaction of phenol with N-Cl-AA, 4-chlorophenol, and 2-chlorophenol
were gradually formed as major reaction products, followed by forma-
tion of 2,4-dichlorophenol and 2,6-dichlorophenol for longer reaction
times (>10 h) (Figure S21). For the reaction of resorcinol with N-CI-AA,
4-chlororesorcinol and 2-chlororesorcinol were detected with 4-chloror-
esorcinol as the predominant reaction intermediate. During chlorination
of resorcinol, a ratio of 3:1 was observed for the formation rate of 4-
chlororesorcinol relative to 2-chlororesorcinol (Heasley et al., 1989;
Rebenne et al., 1996). Further reaction of chlorinated resorcinol with
N-CI-AA leads to the formation of 4,6-dichlororesorcinol and 2,
4-dichlororesorcinol (Fig. S22). Overall, the detected chlorinated phe-
nols and chlorinated resorcinols only account for the partial loss of
phenol and resorcinol, for instance, when 40% (~16 pM) of phenol and
resorcinol were abated, 2-8 pM chlorinated phenolic products were
detected. Therefore, significant fractions of other transformation prod-
ucts, including ring cleavage products, must be formed, which were not
identified in this study (Acero et al., 2005a; Arnold et al., 2008).

In the reaction of N-CI-AA with hydroquinone, chlorinated hydro-
quinones were not detected. Instead, p-benzoquinone was detected as
the only major reaction product which suggests an electron transfer
reaction mechanism (Fig. S23). The reaction between N-Cl-AA and
catechol was monitored spectrophotometrically and no obvious o-
quinone peak was observed (Apax at 390 nm, Criquet et al., (2015))
which is potentially due to relatively slow reaction between N-Cl-AA and
catechol and the instability of o-quinone. Overall, similar to free chlo-
rine and chloramines (Criquet et al., 2015; Heeb et al., 2017), phenol
and resorcinol react with N-chloramides mainly via electrophilic aro-
matic substitution, and hydroquinone reacts mainly via electron
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transfer.

Besides phenolic transformation products, the fate of the N-chlor-
amides was also monitored in the reaction of N-Cl-N-MBA with phenols.
N-CI-N-MBA was chosen in this case because N-CI-N-MBA and N-MBA
can be monitored by HPLC-UV. N-CI-N-MBA was observed to be fully
transformed to N-MBA after reacting with different phenolic compounds
with an excellent mass balance (Fig. S24, Scheme 1). Therefore, Cl-
amides can serve as a temporary reservoir for active chlorine.

4. Conclusions

The kinetics and mechanisms of the chlorination of amides and the
reactions of N-chloramides with phenolic compounds have been inves-
tigated. The main outcomes of this study are:

e Chlorination of amides is dominated by ~OCl via forming a hydrogen
bond between amido hydrogen and the oxygen in ~OCl with species-
specific second-order rate constants (k.ocp) in the range of 7.3 x 1073
—2.3M 157!, An electron-donating group at the amide-N and/or the
N-carbonyl-C partially compensate the electron-withdrawing effect
of the carbonyl group on the amide-N enhancing the strength of the
N-H bond. This leads to a lower tendency to form a hydrogen bond
with lower second-order rate constant for the reaction with “OCI, e.
g., k-ocyBa > k-oci,n-MBA > k-ocLN-PBA-

Chlorination of both primary and secondary amides forms N-chlor-
amides. N-Chlorinated primary amides undergo further chlorination,
mainly by reacting with HOCl with higher second-order rate con-
stants (~10 M~ 's™1) than the first chlorination step. This is due to a
weakening of the N-H bond and an enhanced reactivity with the
electrophilic HOCL. In the presence of bromide, the formation of
bromamides in addition of chloramides can be significant due to a
higher reactivity of HOBr with amides.

Activation energies for the chlorination of amides are in the range of
62-88 kJ/mol similar to the chlorination of a,f-unsaturated car-
bonyls. The chlorination of both compound classes is dominated by
reaction with "OCl. In contrast lower activation energies are ob-
tained for moieties such as neutral amines, reduced sulfur and acti-
vated aromatic compounds, for which the reactions occur mainly
with HOCL.

N-Chloramides react with phenol and resorcinol via electrophilic
aromatic substitution and with hydroquinone via electron transfer.
The amides are recycled after reacting with phenols. Apparent
second-order rate constant for the reactions of phenolic compounds
with N-chloramides are in the order of 1074-0.1 M~1s™?, slightly
lower than for chloramines (6 x 10™* — 0.16 M~!'s™) and 3-5
orders of magnitude lower than for chlorine (18 - 4 x 10° Mflsfl)
(Criquet et al. 2015, Heeb et al. 2017).
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