Water Research 232 (2023) 119691

Contents lists available at ScienceDirect

WATER
RESEARCH

Water Research

et \
ELSEVIER

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

l.)

Check for
updates

Permanganate preoxidation affects the formation of disinfection byproducts
from algal organic matter

Moshan Chen, Carter A. Rholl, Shane L. Persaud, Zixuan Wang, Zhen He, Kimberly M. Parker

Department of Energy, Environmental & Chemical Engineering, Washington University in St. Louis, St. Louis, MO 63130, United States

ARTICLE INFO ABSTRACT

Keywords:

Harmful algal blooms
Algal organic matter
Permanganate preoxidation
Disinfection byproducts

During harmful algal blooms (HABs), permanganate may be used as a preoxidant to improve drinking water
quality by removing algal cells and degrading algal toxins. However, permanganate also lyses algal cells,
releasing intracellular algal organic matter (AOM). AOM further reacts with permanganate to alter the abun-
dance of disinfection byproduct (DBP) precursors, which in turn affects DBP formation during disinfection. In
this study, we evaluated the impacts of preoxidation by permanganate applied at commonly used doses (i.e., 1-5
mg/L) on DBP generation during chlorination and chloramination of AOM. We found that permanganate pre-
oxidation increased trichloronitromethane (TCNM) formation by up to 3-fold and decreased dichloroacetonitrile
(DCAN) formation by up to 40% during chlorination, indicating that permanganate oxidized organic amines in
AOM to organic nitro compounds rather than organic nitrile compounds. To test this proposed mechanism, we
demonstrated that permanganate oxidized organic amines in known DBP precursors (i.e., tyrosine, tryptophan)
to favor the production of TCNM over DCAN during chlorination. Compared to the decreased formation of DCAN
during chlorination, permanganate increased DCAN formation by 30-50% during chloramination of AOM. This
difference likely arose from monochloramine’s ability to react with non-nitrogenous precursors (e.g., organic
aldehydes) that formed during permanganate preoxidation of AOM to generate nitrogen-containing in-
termediates that go on to form DCAN. Our results also showed that permanganate preoxidation favored the
formation of dichlorobromomethane (DCBM) over trichloromethane (TCM) during chlorination and chlorami-
nation. The increased formation of DBPs, especially nitrogenous DBPs that are more toxic than carbonaceous
DBPs, may increase the overall toxicity in finished drinking water when permanganate preoxidation is
implemented.

1. Introduction 2020b) and haloacetonitriles (HANs) by 50-70% (Hu et al., 2018; Rougé

et al., 2020a, 2020b) during subsequent chlorination.

Preoxidation is commonly used during drinking water treatment.
Among surface water treatment facilities that implemented preoxidation
in the U.S., permanganate was the second most commonly used preox-
idant (U.S. EPA, 1999). Permanganate is conventionally used to remove
iron and manganese and control the taste and odor of drinking water (U.
S. EPA, 1999). Due to its ability to degrade moieties in natural organic
matter (NOM) such as olefins, amines, and phenolic compounds (Las-
zakovits et al., 2020; Perez-Benito, 2009; Waldemer and Tratnyek,
2006), permanganate has also been investigated for its impact on the
formation of toxic disinfection byproducts (DBPs) during subsequent
disinfection. For example, prior studies reported that permanganate
decreased the formation of trihalomethanes (THMs) by 10-20% (He and
Ren, 2022; Hidayah and Yeh, 2018; Hu et al., 2018; Rougé et al., 2020a,
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Permanganate may also be used as a preoxidant during harmful algal
blooms (HABs), which threaten drinking water quality worldwide by
causing taste and odor problems and producing toxins (Hallegraeff et al.,
2021a, 2021b; Hudnell, 2010; Roberts et al., 2020). During HABs, per-
manganate preoxidation has been applied to induce aggregation of algal
cells for removal by coagulation-flocculation (Chen and Yeh, 2005;
Naceradska et al., 2017; Piezer et al., 2021; Qi et al., 2021; Xie et al.,
2016), lyse cells to prevent membrane fouling (Fan et al, 2013;
Greenstein et al., 2020; Novoa et al., 2021; Piezer et al., 2021; Xie et al.,
2013), and degrade certain algal toxins (e.g., microcystins, anatoxin-a)
(Rodriguez et al., 2007a, 2007b). However, algal cell lysis caused by
permanganate preoxidation also leads to the release of intracellular
algal organic matter (AOM) that is a precursor of DBPs (Dong et al.,
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2021; Fang et al., 2010a, 2010b). To date, information regarding the
impact of permanganate preoxidation on DBP formation during disin-
fection of intracellular AOM remains limited. When treating algal cell
suspensions, one study showed that permanganate decreased the
abundance of trichloromethane (TCM) precursors by up to 40% from
extracellular AOM (Shi et al., 2019), while another study found that
permanganate preoxidation did not alter DBP formation during subse-
quent chlorination (Xie et al., 2013). However, the permanganate dos-
ages applied in these studies were too low (<2 mg/L) to lyse algal cells
and release intracellular AOM (Fan et al., 2013). The impact of per-
manganate on intracellular AOM from lysed cells was only investigated
by one study, which found that permanganate dosed at 4 mg/L did not
alter DBP formation (e.g., TCM, dichloroacetonitrile (DCAN), tri-
chloronitromethane (TCNM)) during subsequent chlorination (Sheng
et al., 2022). However, this study reported the impact of permanganate
only under a single pair of preoxidant/disinfectant doses (Sheng et al.,
2022), which may be insufficient to account for preoxidant effects that
depend on the doses of preoxidant and disinfectant (Hua and Reckhow,
2008; Rougé et al., 2020a, 2020b).

Whereas preoxidants tend to decrease DBP formation from NOM,
preoxidants other than permanganate have been found to increase the
formation of DBPs from AOM. For example, preoxidation using chlorine
dioxide decreased the formation of TCM by 10% and DCAN by 60%
during chlorination of NOM (Yang et al., 2013), but increased the for-
mation of these DBPs during chlorination of intracellular AOM (i.e., by
60% for TCM, 50% for DCAN) (Sheng et al., 2022). Like chlorine diox-
ide, ozone typically decreased THM formation by 20-50% during
chlorination of NOM (Jiang et al., 2016, 2019; Rougé et al., 2020b), but
increased THM formation by 30-70% during chlorination of AOM
(Chien et al., 2018; Sheng et al., 2022; Zhou et al., 2015; Zhu et al.,
2015). The increased formation of DBPs from AOM may result from
specific changes made by the preoxidants to AOM properties (e.g.,
decreasing its molecular weight, aromaticity, or hydrophobicity) (Dong
et al., 2021; Sheng et al., 2022; Zhou et al., 2015). In addition, some
preoxidants react with specific moieties from AOM to generate DBPs.
For example, organic amines, which are more abundant in AOM than
NOM (Dong et al., 2021; Fang et al., 2010b), were oxidized by ozone to
generate precursors of TCNM (McCurry et al., 2016), which could
contribute to a greater extent of increase in the formation of TCNM by
preozonation observed from AOM (i.e., 5- to 100-fold) than NOM (i.e., 2-
to 8-fold) (Chien et al., 2018; Jiang et al., 2016, 2019; Sheng et al., 2022;
Zhou et al., 2015; Zhu et al., 2015).

In this study, we hypothesized that permanganate preoxidation in-
creases DBP formation during disinfection of AOM in contrast to NOM,
which was included as a control throughout the study. Using AOM
derived from cultivated Microcystis aeruginosa, we first tested the effects
of permanganate on DBP formation during chlorination of AOM and
linked some of these effects to the reaction of permanganate with spe-
cific moieties in AOM (i.e., organic amines). We next extended our work
to investigate the impact of permanganate on DBP formation during
chloramination of AOM, which we hypothesized would differ from
chlorination due to monochloramine acting as a weaker oxidant that can
also participate in unique reactions that generate new DBP precursors,
particularly for nitrogenous DBPs (Fang et al., 2010b; Pedersen et al.,
1999; Shah and Mitch, 2012). Finally, we evaluated the impact of per-
manganate preoxidation on calculated toxicity associated with DBP
formation (Szczuka et al., 2017; Wagner and Plewa, 2017; Zeng et al.,
2016). In contrast to prior findings under limited conditions (Sheng
et al., 2022), our work demonstrated that permanganate preoxidation
increased the formation of some DBPs specifically from AOM under
relevant doses of permanganate and disinfectant.
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2. Materials and methods
2.1. Chemicals and reagents

All chemicals (Table S1) were used as received. Oxidant solutions
were prepared in Milli-Q water as described in Text S1. We obtained
AOM from Microcystis aeruginosa following the method described in Text
S2. For experiments, AOM was added to Milli-Q water at a concentration
of 5 mg-C/L, which is approximately equivalent to the concentration of
AOM that would be released by algal cells present at 10° cells/mL (Fang
et al., 2010a; Xie et al., 2013). We obtained NOM from natural water
samples that were collected from the Mississippi River at a location near
the Chain of Rocks Water Treatment Plant in St. Louis, Missouri, where
no HAB was reported at the time of collection. The water samples were
filtered through 0.7 um glass fiber filters (Fisher) that were pre-baked in
an oven at 450 °C for 4 h. These water samples were directly used for
experiments requiring NOM and contained total organic carbon (TOC)
measured to be 3 mg-C/L. Water quality parameters including TOC,
specific UV absorbance at 254 nm (SUVAgs4nm), and concentrations of
inorganic ions were measured for solutions containing AOM and NOM as
described in Text S3 and are shown in Table S2. All solutions containing
either AOM or NOM were stored at 4 °C.

2.2. Experimental procedure

Experiments were conducted to measure the concentrations of DBPs
generated during permanganate preoxidation and disinfection of AOM
and NOM. All solutions contained 5 mg-C/L AOM or 3 mg-C/L NOM, 10
mM phosphate buffer (pH 7), and permanganate at concentrations
commonly used during preoxidation (i.e., 1-5 mg/L as potassium per-
manganate, KMnO4) (Dong et al., 2021; Piezer et al., 2021; U.S. EPA,
1999). The solutions were prepared in 40 mL amber glass vials that were
headspace-free and reacted at room temperature in the dark for 3 d to
allow sufficient time for reactions between permanganate and moieties
in organic matter (Laszakovits et al., 2022). After 3 d, residual per-
manganate in solutions was measured. To terminate the reaction, a
quencher was applied at >10-fold molar excess relative to permanga-
nate concentrations in a 100 pL aliquot. Sodium thiosulfate was used to
quench permanganate in an early experiment (i.e., Fig. 1a-d), but was
replaced with ascorbic acid in all later experiments including Fig. 3a-d
that replicated identical experimental conditions to achieve the same
results after permanganate preoxidation alone. These quenched solu-
tions were extracted into methyl tert-butyl ether (MtBE) within 30 min
as described in Text S4. Then, DBP concentrations in the MtBE extracts
were analyzed to determine the amount generated during permanganate
preoxidation.

To a separate set of unquenched solutions after permanganate pre-
oxidation, small volumes (i.e., <100 pL) of disinfectant stock solutions
were added into each vial to achieve a targeted concentration (i.e., 15
mg/L chlorine or 4 mg/L monochloramine as chlorine, Cly) for disin-
fection carried out over 3 d. The disinfection time was selected to align
with other studies investigating DBP formation from AOM (Fang et al.,
2010a, 2010b; Shi et al., 2019; Xie et al., 2013), while oxidant con-
centrations were selected to maintain residuals after the disinfection
period (Figure S1). Subsequently, solutions were quenched with ascor-
bic acid, extracted, and analyzed for DBP concentrations generated
during disinfection.

For experiments investigating the impact of permanganate preox-
idation on DBP formation during chlorination of model organic amines
(i.e., tyrosine and tryptophan), 3.2 mg-C/L tyrosine or 4.0 mg-C/L
tryptophan (i.e., 30 uM) were treated with 1-50 mg/L permanganate (as
KMnOy, i.e., 6-320 uM) during preoxidation. These concentrations
spanned values above and below permanganate demand in these ex-
periments. After 3 d, solutions were measured for residual permanga-
nate concentrations or treated with chlorine as described above.
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Fig. 1. Formation of trichloromethane (TCM), dichlorobromomethane (DCBM), dichloroacetonitrile (DCAN), and trichloronitromethane (TCNM) during preox-
idation by permanganate (as KMnO,) for 3 d followed by chlorination of AOM (a-d) or NOM (e-h) for 3 d. All solutions were prepared in headspace-free amber vials
initially containing 5 mg-C/L AOM (a-d) or 3 mg-C/L NOM (e-h), permanganate at the indicated concentration, and 10 mM phosphate buffer (pH 7). After 3 d, 15
mg/L chlorine (as Cl,) was added as the disinfectant to all solutions. DBP yields after permanganate preoxidation without chlorination were below the method
detection limits (i.e., 0.1 pug/L: 0.02 ug/mg-C for AOM, 0.03 ug/mg-C for NOM). Error bars represent the standard deviation of triplicate experiments.

2.3. Analytical procedures

Concentrations of residual oxidants were measured as described in
Text S5. Residual chlorine and monochloramine concentrations were
measured after disinfection for 3 d without preoxidation (Figure S1).
Residual permanganate concentrations were measured after preox-
idation of AOM and NOM (Figure S2) and model amino acids
(Figure S3), each for 3 d.

Four THMs (i.e., TCM, dichlorobromomethane (DCBM), dibromo-
chloromethane (DBCM), tribromomethane (TBM)), three haloacetoni-
triles (i.e., DCAN, bromochloroacetonitrile (BCAN), dibromoacetonitrile
(DBAN)), and TCNM were measured on gas chromatography-mass
spectrometry (GC-MS, Text S4). In all of our experiments, we only
detected four of these DBPs above the levels of their method detection
limit: TCM (0.1 pg/L), DCBM (0.1 ug/L), DCAN (0.1 pg/L), and TCNM
(0.1 pg/L). All other measured DBPs never occurred at concentrations
above the levels of their detection limit: DBCM (0.1 pg/L), TBM (0.1 ng/
L), BCAN (0.2 pg/L), DBAN (0.1 pg/L).

The toxicity associated with detected DBPs was calculated by
dividing the molar concentration of each DBP by their corresponding
LCsg cytotoxicity values (i.e., the DBP concentration that results in 50%
reduction in growth of Chinese hamster ovary cells compared to the
untreated control), which facilitates quantitative comparison of DBP
toxicities determined using a common assay (Szczuka et al., 2017;
Wagner and Plewa, 2017; Zeng et al., 2016). The calculated toxicity
aggregates the contributions of several DBPs measured on a consistent
basis, though notably it does not account for toxicity contributed by
other DBPs occurring below method detect limits nor excluded from the
analytical method (McKenna et al., 2020).

2.4. Statistical analysis

All experiments were conducted in triplicate. Error bars represent
the standard deviations of the data obtained from triplicate experiments.
The significance of differences between DBP formation with and without
preoxidation was assessed by two-tail t-tests in GraphPad Prism with a
confidence level set to be <0.05.

3. Results and discussion
3.1. DBP formation from disinfection without preoxidation

Before investigating the impact of preoxidation on the abundance of
DBP precursors, we first measured the production of DBPs from AOM
during chlorination or chloramination in the absence of preoxidation as
a control. During chlorination and chloramination, we found that TCM,
DCBM, DCAN, and TCNM were generated from AOM, while other four
DBPs included in our method were below their detection limits
(Table S3). The yields of measurable DBPs (ug per mg-C) were compa-
rable to those reported in previous literature during chlorination of
AOM, indicating that our AOM behaved similarly to AOM used in other
studies (Table S4) (Fang et al., 2010a, 2010b; Gu et al., 2020; Hua et al.,
2017; Kralles et al., 2020; Li et al., 2012; Plummer and Edzwald, 2001;
Shi et al., 2019; Wert and Rosario-Ortiz, 2013; Xie et al., 2013; Yang
etal., 2011; Zhang et al., 2014, 2016; Zhou et al., 2015, 2014; Zhu et al.,
2015). Similarly, our results showed that the yields of TCM, DCAN, and
TCNM from chloramination of AOM were also comparable to the pre-
viously reported ranges from AOM (Table S5) (Fang et al., 2010b; Gu
et al., 2020; Yang et al., 2011; Zhu et al., 2015). Among the four DBPs
that formed at measurable quantities, we found that DCBM formed at
the lowest yield, which was 30- to 80-fold lower than the previously
reported yields (Table S5) obtained from AOM samples amended with
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bromide (i.e., 0.05-1 mg/L) (Gu et al., 2020).

To enable a comparison between AOM and NOM, we also measured
the production of DBPs from NOM during chlorination and chlorami-
nation. Similar to AOM, only four among eight DBPs (i.e., TCM, DCBM,
DCAN, TCNM) were detectable during disinfection of NOM. Similar to
the yields of DBPs from AOM, the yields of these four DBPs from NOM
were comparable to previously reported ranges during chlorination
(Table S4) (Fang et al., 2010a, 2010b; Gallard and Von Gunten, 2002;
Hua et al., 2015; Huang et al., 2017; Jiang et al., 2019; Liang and Singer,
2003; Lu et al., 2009; Rougé et al., 2020b; Xu et al., 2011; Yang et al.,
2013, 2011; Zhang et al., 2020) and chloramination (Table S5) (Fang
et al., 2010b; Hua et al., 2015; Huang et al., 2017; Jiang et al., 2019; Lu
et al., 2009; Yang et al., 2013). Compared to AOM, NOM yielded more
carbonaceous DBPs (C-DBPs) during chlorination (i.e., ~2-fold more
TCM and ~10-fold more DCBM, Table S4) and chloramination (i.e.,
~30-fold more DCBM, Table S5). The higher yields of C-DBPs, particu-
larly TCM, may be attributed to a higher content of aromatic organic
carbon from NOM than AOM (Fang et al., 2010b) that is correlated with
a higher value of SUVA254 nm (Reckhow et al., 1990) from NOM (i.e., 3.5
L/(mg-Cem)) than AOM (i.e., 1.0 L/(mg-Cem), Table S2). NOM also
yielded ~3-fold less DCAN and ~5-fold more TCNM than AOM during
chlorination (Table S4). The total N-DBP yield (dominated by DCAN)
from NOM was less than from AOM, likely because AOM has been re-
ported to have ~20-fold higher abundance of organic nitrogen relative
to organic carbon than NOM (Fang et al., 2010b).

3.2. DBP formation from permanganate preoxidation followed by
chlorination

To investigate the effects of permanganate preoxidation on the
abundance of DBP precursors from AOM and NOM, we next added 1-5
mg/L permanganate before chlorination. Measured DBPs were never
detected after permanganate preoxidation of AOM (Fig. 1a-d) and NOM
(Fig. 1e-h) for 3 d. Therefore, the effects of permanganate on DBP for-
mation after chlorination were entirely attributable to the effects of
permanganate on precursors that subsequently reacted with chlorine
rather than DBP formed from permanganate itself.

When we used 1 mg/L initial permanganate during preoxidation, the
production of TCM during subsequent chlorination of AOM was com-
parable to the control (Fig. 1a). When the concentration of permanga-
nate was increased to 3 and 5 mg/L, the yield of TCM decreased by 20
+10% and 42+4%, respectively, relative to the control (Fig. 1a).
Compared to AOM, we found similar effects of permanganate preox-
idation on TCM yield from NOM (Fig. 1e). Our results showed margin-
ally greater decreases in TCM yield from AOM and NOM than the slight
decrease reported in a prior report (i.e., by <5%) during chlorination of
NOM under similar experimental conditions (Rougé et al., 2020b). The
decreased TCM formation indicates that permanganate degrades TCM
precursors from AOM and NOM.

In addition to TCM, DCBM was also detected after chlorination of
both AOM and NOM (Fig. 1b,f). Although we found low concentrations
of bromide in solutions containing AOM (i.e., <0.01 mg/L, below the
detection limit) and NOM (i.e., 0.02 mg/L) (Table S2), oxidation of trace
bromide may still have led to the formation of hypobromous acid (Heeb
etal., 2014; Kumar and Margerum, 1987) or other brominating oxidants
(Broadwater et al., 2018; Sivey et al., 2015, 2013) that react with
organic matter to generate brominated DBPs like DCBM. In contrast to
the decreased yield of TCM after permanganate preoxidation (Fig. 1a,e),
the yield of DCBM during chlorination was either unchanged or
increased upon preoxidation of NOM or AOM, respectively (Fig. 1b, f).
While the exact causes of the different effects of permanganate preox-
idation on DCBM formation relative to TCM are unknown, it is possible
that permanganate reacts differently with their respective precursors,
which are somewhat distinct. For example, DBPs with more brominated
substituents were found to be preferentially generated from more hy-
drophilic organic matter fractions relative to their chlorinated analogues
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(Hua and Reckhow, 2007; Liang and Singer, 2003), suggesting possible
differences in the precursors of TCM and DCBM alter the effects of
preoxidation on their eventual formation.

We next investigated the impact of permanganate preoxidation on
the formation of N-DBPs including DCAN. We found that preoxidation
by 1-5 mg/L permanganate decreased the yield of DCAN from AOM by
up to 40% relative to the control (Fig. 1c). Similarly, permanganate
decreased the yield of DCAN from NOM (Fig. 1g). The decrease in DCAN
yield from NOM was comparable to the previously reported decrease
during chlorination of NOM (i.e., by ~40%) under similar experimental
conditions (Rougé et al., 2020b). Our results indicate that, like its impact
on DCAN precursors from NOM, permanganate also degrades DCAN
precursors from AOM during preoxidation.

Although permanganate preoxidation decreased the formation of
DCAN, it increased the formation of the other detected N-DBP, TCNM,
from both AOM and NOM. Specifically, permanganate at 1 and 3 mg/L
increased the yield of TCNM from AOM by ~3-fold relative to the
control (Fig. 1d). A moderate decrease in TCNM yield was observed
when permanganate was increased to 5 mg/L (Fig. 1d), possibly due to
further oxidation of TCNM precursors similar to TCM precursors
(Fig. 1a). Compared to the large increase in TCNM yield from AOM,
permanganate preoxidation only slightly increased the yield from NOM
by ~20% relative to the control (Fig. 1h). The greater increase in TCNM
yield from AOM than NOM may be explained by the higher amount of
organic nitrogen in AOM than NOM (Fang et al., 2010b), which makes
AOM more susceptible to react with permanganate to form TCNM
precursors.

The different effects of permanganate on the formation of DCAN and
TCNM from AOM in our experiments might result from the fact that they
were both proposed to be generated from organic amine precursors (e.g.,
amino acids, proteins) during the chlorination of AOM (Fang et al.,
2010b). One key difference in their formation mechanisms is the
transformation from organic amines to organic nitrile compounds (i.e.,
R-C=N) or organic nitro compounds (i.e., R-NO5), which leads to the
formation of DCAN or TCNM, respectively (Fang et al., 2010b; Lasza-
kovits et al., 2022; Shah and Mitch, 2012). We hypothesized that per-
manganate oxidizes organic amines from AOM to form organic nitro
compounds (Scheme 1, step 1) (Laszakovits et al., 2022; Li et al., 2021;
Wei, 1965), which contributes to the increased formation of TCNM
during subsequent chlorination (step 2) (Fang et al., 2010b; Shah and
Mitch, 2012). However, oxidation of amines to nitro groups may reduce
the abundance of precursors that go on to form organic nitrile com-
pounds (step 3) and subsequently DCAN (step 4) during chlorination
(Fang et al., 2010b; Shah and Mitch, 2012).

To test our hypothesis regarding the effect of permanganate preox-
idation on N-DBP precursors from organic amines, we measured the
formation of both DCAN and TCNM from two known amine-containing
precursors, namely, the amino acids tyrosine and tryptophan (Jia et al.,
2016; Yang et al., 2012). Notably, even though the carbon-based con-
centration of 30 uM solutions of tyrosine and tryptophan were similar to
AOM and NOM (i.e., 3-4 mg-C/L relative to 3-5 mg-C/L, respectively),
the permanganate demands of the model compounds were much higher
(Figure S3), likely due to a greater abundance of reactive sites present
relative to carbon mass. Consequently, for this mechanistic experiment,
permanganate was applied at both a lower concentration range (1-5
mg/L) — corresponding to that used for AOM and NOM experiments —
and a higher concentration range (10-50 mg/L) - spanning the
measured permanganate demand of 3.2 mg-C/L tyrosine (i.e., 27.6 £
0.7 mg/L) and 4.0 mg-C/L tryptophan (i.e., 41.2 + 0.4 mg/L)
(Figure S3). The greater permanganate demand by tryptophan than
tyrosine likely resulted from permanganate selectively reacting with the
indoleamine in tryptophan (Fig. 2) (Laszakovits et al., 2022), though
tyrosine and tryptophan exert similar demands for other common pre-
oxidants (e.g., chlorine, ozone) (Hureki et al., 1998; R. Wang et al.,
2020).

The effect of permanganate preoxidation on DCAN and TCNM
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formation during chlorination of tyrosine and tryptophan differed when
permanganate was below or above the permanganate demand of the
amino acid precursors. In all cases where permanganate was applied
below the permanganate demand of the amino acids (i.e., 20 mg/L or
lower), DCAN yield tended to increase with increasing permanganate
doses (Fig. 2a,b). Notably, whereas DCAN yield from tryptophan
increased continuously as the permanganate dose was increased from 1
to 20 mg/L (Fig. 2b), the DCAN yield from tyrosine plateaued when
permanganate dose was increased from 5 to 20 mg/L (Fig. 2a), which
may be related to tryptophan’s greater permanganate demand relative
to tyrosine (Figure S3). When permanganate dose was applied in excess
of the demand (i.e., when permanganate dose was increased from 20 to
50 mg/L), DCAN yield from both tyrosine and tryptophan decreased. In
contrast to the dose-dependent effect of permanganate on DCAN yield,
TCNM increased consistently with increasing permanganate doses above
3 mg/L (Fig. 2c,d). The greatest increase in TCNM occurred when per-
manganate dose approached or exceeded the demand of the two amino
acids.

Overall, our results collected using amino acids suggest that the ef-
fects of permanganate on DCAN and TCNM formation from organic
amine precursors depends on the amount of permanganate applied
relative to the demand exerted by the precursors. We found that higher
doses of permanganate decreased DCAN formation and increased
TCNM, but only under the condition where permanganate was applied
in excess of the precursor’s demand. Notably, this condition was met
during our experiments using AOM, wherein all permanganate doses
(1-5 mg/L) exceeded the demand (i.e., <1 mg/L, Figure S2). At lower
permanganate doses, DCAN formation from amino acids increased,
which suggests that partially oxidized intermediates generated from the
reaction of the amino acids with permanganate serve as better pre-
cursors for DCAN than the parent molecules. This finding is in stark
contrast to a prior study that reported preoxidation of amino acids by

[permanganate] (mg/L)

permanganate at doses ranging from 1 to 5 mg/L resulted in decreased
formation of both DCAN and TCNM (Wang et al., 2020). A possible cause
for this difference is the elevated chlorine dose (i.e., 213 mg/L as Cly)
employed by the prior study (Wang et al., 2020), which may have suf-
ficiently oxidized the amino acids in the absence of permanganate to
mask the effect of preoxidation on N-DBP precursors detectable under
the more relevant conditions applied in our experiments using AOM.
Together, results from both our study and the prior study point to
important effects of both preoxidant and disinfectant concentrations in
determining the overall effect of preoxidation on DBP formation.

3.3. DBP formation from permanganate preoxidation followed by
chloramination

We next investigated the impact of permanganate on the abundance
of DBP precursors from AOM when monochloramine was applied during
disinfection. We hypothesized that DBP formation during chloramina-
tion is more sensitive to permanganate preoxidation because mono-
chloramine is a weaker oxidant than chlorine and therefore reacts with a
smaller pool of precursors. The ability of monochloramine to react with
fewer DBP precursors in both AOM and NOM relative to chlorine was
further evidenced by both lower DBP yields (i.e., Fig. 3 vs. Fig. 1) and
disinfectant demand (Figure S4). This difference between the re-
activities of monochloramine and chlorine therefore may translate to
differences in the effect of permanganate preoxidation on ultimate DBP
formation.

Whereas TCM formation during chlorination decreased after preox-
idation by higher levels of permanganate (Fig. 1a), the impact of per-
manganate on TCM formation during chloramination of AOM varied
depending on permanganate concentration (Fig. 3a). Surprisingly, at the
lowest dose of permanganate (i.e., 1 mg/L), TCM yield increased by 70%
(Fig. 3a), which suggests that permanganate at a relatively low
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Fig. 3. Formation of trichloromethane (TCM), dichlorobromomethane (DCBM), dichloroacetonitrile (DCAN), and trichloronitromethane (TCNM) during preox-
idation by permanganate (as KMnO,) for 3 d followed by chloramination of AOM (a-d) or NOM (e-h) for 3 d. All solutions were prepared in headspace-free amber
vials initially containing 5 mg-C/L AOM (a-d) or 3 mg-C/L NOM (e-h), permanganate at the indicated concentration, and 10 mM phosphate buffer (pH 7). After 3 d, 4
mg/L monochloramine (as Cl,) was added as the disinfectant to all solutions. DBP yields after permanganate preoxidation without chloramination were below the
method detection limits (i.e., 0.1 ug/L: 0.02 pg/mg-C for AOM, 0.03 pg/mg-C for NOM), except TCM that was yielded at 0.029+0.007 and 0.04+0.01 ug/mg-C after
preoxidation of AOM by 1 and 3 mg/L permanganate, respectively. The asterisk (*) in (e) indicates TCM occurred at concentrations below its method detection limit.

Error bars represent the standard deviation of triplicate experiments.

concentration reacts with AOM to form TCM precursors that more
readily react with monochloramine but not chlorine. However, at higher
permanganate doses (i.e., 3 and 5 mg/L), TCM yield decreased down to
50% of the control (Fig. 3a), in closer alignment to decreasing yields
observed from NOM upon permanganate preoxidation (Fig. 3e).
Notably, TCM yield during chloramination of NOM was highly sensitive
to permanganate preoxidation, decreasing to below the method detec-
tion limit when permanganate was applied at its highest dose (Fig. 3e).
Consequently, permanganate preoxidation appears capable of dramati-
cally eliminating the relatively small pool of TCM precursors from NOM
that react with monochloramine, but is less effective at degrading TCM
precursors from AOM.

In contrast to TCM, the effects of permanganate preoxidation on the
formation of DCBM during chloramination of both AOM (Fig. 3b) and
NOM (Fig. 3f) were more similar to the effect observed during chlori-
nation (Fig. 1b,f). We again observed that permanganate preoxidation
increased the yield of DCBM during chloramination of AOM, in this case
by up to ~3-fold (Fig. 3b), while the yield of DCAN during chlorami-
nation of NOM remained unchanged or slightly decreased (Fig. 3f). As
observed for TCM, the greatest increase in DCBM yield from AOM was
found at the lowest permanganate dose (i.e., 1 mg/L); however, DCBM
yields remained above the control even at higher permanganate doses.
Together, our results from both chlorination and chloramination suggest
that AOM, but not NOM, specifically reacts with permanganate to
generate DCBM precursors.

Another key difference between chlorination and chloramination
was observed when comparing the impact of permanganate on DCAN
formation. Unlike the decreased yield of DCAN during chlorination of
both AOM and NOM (Fig. 1c,g), the impact of permanganate preox-
idation on DCAN yield during chloramination differed between AOM

and NOM (Fig. 3c,g). While we still found a decreased yield of DCAN
during chloramination of NOM (i.e., up to 50%, Fig. 3g), permanganate
preoxidation surprisingly increased the yield of DCAN during chlor-
amination of AOM (i.e., by 30-50%, Fig. 3c). When considering DCAN
formation during chlorination, we proposed that permanganate preox-
idation shifts N-DBP formation from organic amines towards TCNM
instead of DCAN (Fig. 2), possibly due to oxidation of amines to nitro
compounds (Scheme 1). While permanganate may still convert organic
amines to organic nitro compounds over organic nitrile compounds
before chloramination, monochloramine serves as an additional source
of nitrogen for DCAN formation (Fang et al., 2010b; Pedersen et al.,
1999; Shah and Mitch, 2012). In this case, permanganate may have
reacted with AOM to form other DCAN precursors such as organic al-
dehydes (Li et al., 2021; Rawalay and Shechter, 1967; Shaabani et al.,
2005; Shechter and Rawalay, 1964; Wei, 1965). The nucleophilic attack
of monochloramine on the aldehyde leads to the formation of organic
nitrile compounds (Fang et al., 2010b; Pedersen et al., 1999; Shah and
Mitch, 2012), which in turn increase the formation of DCAN during
chloramination (Scheme 2).

Similar to DCAN, the impact of permanganate preoxidation on the
formation of TCNM also differed between chlorination and chlorami-
nation of AOM. While permanganate increased the yield of TCNM dur-
ing chlorination (Fig. 1d), the yield of TCNM was comparable to the
control except when we used 3 mg/L permanganate (i.e., the yield
increased by 170+30% relative to the control, Fig. 3d). Our results
indicate that permanganate at an intermediate concentration (i.e., 3
mg/L) oxidizes organic amines to organic nitro compounds that are
reactive with monochloramine. However, these precursors may also
contain other organic moieties (e.g., aromatic groups) that further react
with permanganate (Laszakovits et al., 2020). Therefore, a higher
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permanganate concentration (i.e., 5 mg/L) may also oxidize these TCNM
precursors to become less reactive with monochloramine. Compared to
AOM, the yield of TCNM during chloramination of NOM was either
unchanged or slightly decreased (Fig. 3h). The increased formation of
TCNM from only AOM suggests that organic amines from AOM are more
susceptible than NOM to react with permanganate to produce organic
nitro compounds that go on to generate TCNM.

3.4. Impact of preoxidation on the toxicity of treated water

Because permanganate preoxidation had different effects on the
formation of each DBP, we next calculated the summed toxicity asso-
ciated with detected DBPs (Szczuka et al., 2017; Wagner and Plewa,
2017; Zeng et al., 2016) to estimate the overall impact of preoxidation
on the toxicity of treated water. After permanganate preoxidation, we
found that subsequent chlorination led to weighted toxicity that was an
order of magnitude higher than subsequent chloramination, which was
attributed to the orders of magnitude higher concentrations of DBPs
generated by chlorination (Fig. 1) than chloramination (Fig. 3). In
addition, although DCAN occurred at 1-2 orders of magnitude lower
concentrations than the most abundant DBP TCM, it contributed to
~60-100% of the overall toxicity in all solutions (Fig. 4). This obser-
vation was consistent with previous studies that identified hal-
oacetonitriles as the primary contributors to the toxicity of treated AOM
and NOM among DBPs considered across these studies (Kralles et al.,
2020; Lau et al., 2020; Muellner et al., 2007; Plewa et al., 2017).

Because DCAN was found to be the primary toxicity driver from
AOM, the changes in the overall toxicity were most closely related to the
changes in DCAN concentrations. For example, permanganate preox-
idation decreased the formation of DCAN from chlorination of AOM
(relative to the control, Fig. 1c), leading to decreased toxicity relative to
the control (Fig. 4a). However, as the formation of DCAN during the
chloramination of AOM increased (Fig. 2c), the estimated toxicity
increased (Fig. 4b). Although permanganate preoxidation increased the
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Scheme 1. Formation pathways of dichloroacetonitrile (DCAN) and tri-
chloronitromethane (TCNM) from organic amines of AOM during permanga-
nate preoxidation and chlorination. Oxidation of organic amines by
permanganate to form organic nitro compounds (step 1) (Laszakovits et al.,
2022; Li et al., 2021; Wei, 1965), followed by formation of TCNM during
chlorination (step 2) (Fang et al., 2010b; Shah and Mitch, 2012). Trans-
formation of organic amines to form organic nitrile compounds during chlori-
nation (step 3) (Fang et al., 2010b; Shah and Mitch, 2012), followed by
formation of DCAN (step 4) (Fang et al., 2010b; Shah and Mitch, 2012).

toxicity from chloramination of AOM at all permanganate doses relative
to the control, the estimated toxicity after chloramination of AOM was
decreased as the initial permanganate concentration was increased from
1 to 5 mg/L (Fig. 4b). Therefore, higher doses of permanganate reduced
the toxicity after chloramination relative to lower doses.

Our results showed that permanganate preoxidation decreased the
estimated toxicity from NOM after chlorination or chloramination
(Fig. 4c-d). Similar to AOM, DCAN was a primary contributor to the
toxicity from NOM. However, because chlorination of NOM also yielded
greater TCM and less DCAN than AOM, TCM also contributed to a larger
portion of the overall toxicity after chlorination of NOM (i.e., 30-40%,
Fig. 4c) than AOM (i.e., ~10%, Fig. 4a). As permanganate preoxidation
decreased the formation of both TCM and DCAN, the estimated toxicity
after chlorination of NOM was decreased (Fig. 4c).

Fig. 4. The impact of permanganate preoxidation on
summed toxicity associated with detected DBPs

TCNM

(Szczuka et al., 2017; Wagner and Plewa, 2017; Zeng
et al., 2016) from (a-b) AOM or (c-d) NOM. All solu-
tions were prepared in headspace-free amber vials
initially containing 5 mg-C/L AOM (a-b) or 3 mg-C/L
NOM (c-d) and 10 mM phosphate buffer (pH 7). After 3
d, 15 mg/L chlorine (as Cl,, a and ¢) or 4 mg/L mon-
ochloramine (as Cl,, b and d) was added as the disin-
fectant to all solutions. Error bars represent the
standard deviation of triplicate experiments.
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Scheme 2. Formation pathway of dichloroacetonitrile (DCAN)
during permanganate preoxidation and chloramination of
AOM. Oxidation of AOM to organic aldehyde compounds (step
1) (Li et al., 2021; Rawalay and Shechter, 1967; Shaabani
et al., 2005; Shechter and Rawalay, 1964; Wei, 1965); contri-
bution of monochloramine nitrogen to organic aldehyde com-

N

pounds to produce N-chloroaminomethanol (step 2) (Pedersen et al., 1999; Shah and Mitch, 2012); formation of organic nitrile compounds through elimination of
hydrochloric acid and dehydration (step 3) (Fang et al., 2010b; Pedersen et al., 1999; Shah and Mitch, 2012); and transformation of organic nitrile compounds to
DCAN during chloramination (step 4) (Fang et al., 2010b; Pedersen et al., 1999; Shah and Mitch, 2012).

4. Conclusions

Our work demonstrated that, while permanganate preoxidation
tended to decrease DBP formation from NOM, permanganate preox-
idation increased the formation of certain DBPs during chlorination and
chloramination of AOM. The following conclusions were drawn:

e Among DBPs considered in our study, DCAN was the primary toxicity
driver in AOM-impacted water, suggesting that the formation of
DCAN must be controlled to mitigate the toxicity of drinking water
during HABs. While permanganate preoxidation consistently
decreased the formation of DCAN during both chlorination and
chloramination of NOMV, its effect on DCAN formation from AOM was
variable.

e When followed by chlorination, permanganate preoxidation

decreased DCAN formation by up to 40%, which we attributed to

oxidation of organic amine moieties under excess permanganate
conditions that reduces their availability to form organic nitrile

compounds during chlorination (Scheme 1).

In contrast to chlorination, DCAN formation during chloramination

was increased by 30-50% when permanganate preoxidation was

applied; this distinction may relate to the ability of monochloramine
to contribute its nitrogen when reacting with non-nitrogenous pre-
cursors (i.e., organic aldehydes) generated during permanganate
preoxidation of AOM that can then become new precursors of DCAN

(Scheme 2).

Beyond DCAN, permanganate preoxidation also altered the forma-

tion of other DBPs, most notably by increasing the formation of

TCNM from AOM during both chlorination and chloramination at

certain doses. Like DCAN, TCNM formation might also be related to

the reaction of permanganate with organic amines, which were
oxidized to nitro groups that led to increased TCNM formation

(Scheme 1).

In addition to TCNM, permanganate preoxidation also increased the

formation of DCBM - particularly in contrast to the decreased for-

mation of its chlorinated analogue, TCM — during both chlorination
and chloramination of AOM.

e Overall, our work indicated that permanganate increased the for-
mation of some DBPs during HABs, which will be specifically
applicable when permanganate is applied at sufficient doses to lyse
algal cells and release AOM.
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