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Abstract

This study assessed the disinfection byproduct (DBP) risks of algal impacted surface 

waters and the effects of peracetic acid (PAA) pre-oxidation on DBP risks. Authentic samples 

from three eutrophic lakes were collected over a 13-week period during the algal bloom season. 

The formation of 11 DBPs (four trihalomethanes, four haloacetonitriles, two haloketones, and 

trichloronitromethane) in these samples were assessed under uniform formation conditions (UFC) 

approximating drinking water disinfection. Trihalomethanes formed in the greatest abundance 

(90–370 µg/L), followed by haloacetonitriles (6.5–87 µg/L), haloketones (0.4–11.4 µg/L), and 

trichloronitromethane (0.3–9.7 µg/L). Total chlorophyll, a common indicator of algal activity, was 

not found to correlate with DBP yields. On the other hand, the yields of trichloronitromethane and 

haloacetonitriles correlated with nitrite/nitrate concentrations and DON concentrations in the 

samples, respectively. PAA pre-oxidation reduced the formation of trihalomethanes in the 

subsequent UFC tests in 80% the samples, but promoted the formation of haloacetonitriles and 

trichloronitromethane in 70% and 50% of the samples, respectively. Analyses of DOC, DON, 

SUVA, and fluorescence excitation-emission matrices suggest that PAA pre-oxidation can alter 

the DBP precursors of a sample through the release of high haloacetonitrile/trichloronitromethane-

yielding organic matter from algal cells and the oxidative transformation of existing and newly 

released dissolved organic matter.  The results of this study, obtained from authentic surface water 

samples, suggest that mixed organic matter dynamics is an important consideration for the DBP 

risks of algal-impacted waters.
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Water Impact Statement

Algae is more frequently impacting source waters due to climate change and 

eutrophication. Understanding its impacts on the formation of disinfection byproducts is crucial 

for water utilities to provide safe drinking water to the public. Peracetic acid, an emerging algal 

control method, may increase the cytotoxicity of the finished water by altering the profile of 

disinfection byproducts.
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1. Introduction

Occurrence of algal blooms are becoming more frequent due to the warming climate and 

increasing nutrient input to surface waters.1-3 Algal blooms impact drinking water quality by 

producing algal toxins, generating undesirable taste and odor, and increasing the level of dissolved 

organic matter.4-6 Compared with natural organic matter (NOM) derived from plant debris, algal 

organic matter (AOM) is overall more hydrophilic, rendering it more difficult to be removed by 

conventional water treatment processes.7-10 Additionally, AOM is rich in nitrogenous organic 

compounds such as proteins, amino sugars, and free amino acids that can serve as precursors of 

nitrogenous disinfection byproducts (N-DBPs).11-14 Many N-DBPs exhibit 10-100 times higher 

toxicity than the regulated DBPs trihalomethanes (THMs) and haloacetic acids (HAAs).15, 16

Previous studies have shown that disinfection of AOM from laboratory algae cultures can 

lead to DBP formation. Fang et al. were among the first to conduct systemic investigation into the 

potential of AOM to form carbonaceous and nitrogenous DBPs. Using a suspension of cultured 

Microcystis aeruginosa, they showed that AOM had three times higher yield in two N-DBPs 

(trichloronitromethane (TCNM) and dichloroacetonitrile (DCAN)) than Suwannee River NOM.11 

Later studies showed that intracellular organic matter (IOM) has higher formation potential of 

THMs, haloacetonitriles (HANs), and haloketones (HKs) than extracellular organic matter 

(EOM).12, 17-21 The DBP yields of AOM are also influence by the species of algae and their growth 

phase.8, 11, 18 Chlorination of six algal species showed that Microcystis aeruginosa, the most 

common harmful bloom species,22 had the highest DCAN formation potential.8 In batch cultures 

of Microcystis aeruginosa, cells at the logarithmic phase exhibited the greatest yields of DCAN, 

TCNM, and haloketones (HKs), whereas cells at the lag phase exhibited the greatest yield of 

chloroform.18 
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While these laboratory studies using pure algae cultures unequivocally demonstrated that 

AOM is a source of DBP precursors, it is challenging to translate the findings directly to algal 

impacted surface waters: laboratory cultures do not replicate the natural variation in algal activity 

or the water quality of algal impacted waters. First, surface waters contain a mixture of 

allochthonous (i.e., terrestrially-derived) and autochthonous organic matter (e.g., AOM). Typical 

Suwannee River NOM contains mostly humic substances, whereas AOM released from 

Microcystic aeruginosa is as high as 53% in biopolymers.23 Furthermore, there is evidence 

suggesting that model algae biopolymer compounds can abiotically interact with humic 

substances24, 25 and Suwannee River NOM.23 Field samples containing a mixture of organic 

matters can capture these dynamic processes and therefore may yield different observations from 

those derived from laboratory algae cultures. Second, algae in natural environments exhibit less 

distinct growth phases than those observed in laboratory cultures26 and feature a much more 

diverse population.27 Finally, DBP yields from algae cultures may be confounded by the presence 

of interfering species in the culture media. For example, nitrite, an algal metabolite present at high 

concentrations when nitrogen-fortified media (e.g., BG 11) is used12 can promote the formation of 

TCNM during chlorination.28, 29

To date, only a limited number of studies investigated the DBP risk of algal impacted 

surface waters, with little attention given to N-DBPs. The formation potential of regulated THMs 

and HAAs have been investigated in algal impacted rivers, lakes and resevoirs9, 10, 30-34 and led to 

proposals of using chlorophyll a as a surrogate measure for the abundance of THM precursors.10, 

30 The algae biomass isolated from the source water of a full-scale drinking water treatment plant 

during an algal bloom was reported to contribute 20–50% of the total THM and HAA formation.9 

The only study that evaluated N-DBPs (HANs) showed that their formation was higher when the 
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reservoir organic matter was algal dominated.33 There is a need to expand research using authentic 

samples from surface water impacted by algae to evaluate N-DBP formation.

Pre-oxidation is a common strategy for DBP control. Using pure cultures of various algal 

species, the effects of chlorine, potassium permanganate, ferrate, and ozone have been investigated 

on THMs, HAAs, chloral hydrate, and, in fewer cases, N-DBPs.35-41 During an algal bloom, 45% 

and 60% of the total THM and HAA formation, respectively, was formed during the pre-

chlorination stage at the intake to a full-scale treatment plant.9 A pilot-plant investigated pre-

oxidation of eutrophic lake water by ozone, potassium permanganate, chlorine dioxide, and ferrate, 

observing decreases in chloroform and DCAN, but increases in chloral hydrate, TCNM, and 

dichloroacetamide.31 Peracetic acid (PAA) is an emerging disinfectant recently proposed as an 

algaecide for reservoirs.42, 43 However, the effect of PAA pre-oxidation on the formation of DBPs 

has not been evaluated.

The first objective of this study was to assess the DBP risks associated with algal impact. 

Three algal impacted lakes in Iowa were sampled over a 13-week period in the algal bloom season. 

The formation of 11 DBPs was monitored under uniform formation conditions (chlorination)44 and 

evaluated for correlations with water quality parameters using statistical analyses. The second 

objective of this study was to investigate the effects of PAA pre-oxidation on DBP formation using 

field-relevant PAA exposures and algal-impacted surface water samples.

2. Material and Methods

2.1 Materials

Information regarding the chemicals used in this study can be found in Text S1. The 

peracetic acid (PAA) stock solution was obtained from Sigma Aldrich (32% PAA, 40–45% acetic 
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acid, <6% hydrogen peroxide (H2O2)). The PAA concentration was determined to be 34.07% using 

iodometric titration.45 

2.2 Sample Collection

Lake water samples were collected from Brushy Creek Beach (Lake A), Lower Pine Lake 

Beach (Lake B), and North Twin Lake East Beach (Lake C) in Iowa from mid-July through early-

October 2018 (Table 1). Each unique sample tested here was a composite of lake water grab 

samples taken from three different locations within each beach at three different depths (surface 

samples taken at depths that corresponded to ankle, knee, and hip heights of sampling personnel). 

Green Valley Lake (Lake D) water samples were collected from 6 sites (Figure S1) on July 25, 

2019. Samples from each site were composites from four depths across the water column; the 

depths of each site are described in Table S1. All water samples were collected in HDPE bottles 

(Thermo Scientific, USA), transported to the Iowa State University laboratory on ice and stored at 

-20 °C until shipped to University at Buffalo. Most samples remained frozen upon arrival at 

University at Buffalo. Prior to the disinfection experiments, samples were slowly thawed at 4 °C 

over 72 hours. 

2.3 Water Quality Analyses

Nitrate (NO3-N), nitrite (NO2-N), and bromide were measured using an ICS-1000 ion 

chromatography system with an IonPac AS18 column (Dionex, Sunnyvale, CA). Ammonia (NH3-

N) was measured using the Hach salicylate method (Method 8155). Total organic carbon (TOC) 

and total nitrogen (TN) were measured using a TOC-L/TN analyzer (Shimadzu Corp., Kyoto, 

Japan). DOC was obtained by filtering samples through a 0.7 μm pre-combusted glass fiber filter 

prior to TOC analysis. For PAA pre-oxidized samples, an adjusted DOC was calculated by 

subtracting the DOC contributed by PAA and acetic acid from the total DOC of the sample.  
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Dissolved organic nitrogen (DON) was calculated as the difference between TN and inorganic 

nitrogen (NH3-N, NO2-N, and NO3-N). A Cary 60 UV-Vis spectrometer (Agilent, Technologies, 

Santa Clara, CA) was used to measure solution absorbance at 254 nm, as well as for the 

colorimetric analyses of NH3-N, free chlorine, total chlorine, PAA, and H2O2 at respective 

wavelengths. Specific UV absorbance (SUVA) was calculated as the UV absorbance at 254 nm 

normalized by the DOC. For PAA pre-oxidized samples, SUVA and DBP yields were calculated 

using the adjusted DOC. Free and total chlorine residuals were measured using Hach methods 

8021 and 8167, respectively. Peracetic acid and hydrogen peroxide were measured using Hach 

method 10290. The detection limit was 0.01 mg/L for NO3-N, NO2-N, chloride, and bromide, 0.1 

mg/L for TN, DOC, TOC, free and total chlorine, and peracetic acid, 0.03 mg/L for NH3-N, and 

0.05 mg/L for hydrogen peroxide.

Total chlorophyll concentrations of the three lakes sampled in 2018 (Lake A, B, and C) 

were measured on site using fresh grab samples with a Phyto-PAM-II Multiple Excitation 

Wavelength Phytoplankton & Photosynthesis Analyzer (Heinz Walz Company, Germany). The 

reference spectra used for quantification were cyanobacteria, green algae, diatoms/dinoflagellates, 

and phycoerythrin-type algae. LED lights were activated at multiple wavelengths (440, 480, 540, 

590, and 625 nm) with high intensity to measure chlorophyll fluorescence. When the chlorophyll 

measurement of a sample was high, a zero offset sample was prepared by filtering the same sample 

through a 0.22 µm syringe filter (Fisher Scientific, USA).  

Total chlorophyll concentrations in the lake sampled in 2019 (Lake D) were measured in 

the water column using a YSI ProDSS Total Algae PC sensor (Xylem Analytics, OH, USA). The 

peak wavelength of the irradiating light was 470 nm. Real-time data was recorded at 0.5 m intervals 
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in the water column at each site during sample collection. Chlorophyll concentrations of the 

samples were calculated by averaging the chlorophyll values of all the depths.

2.4 Uniform Formation Condition (UFC) Test

Samples from Lake A, B, and C were first filtered using a 0.7 μm pre-combusted glass 

fiber filter. UFC tests were used for the assessment of DBP formation following the procedure 

described by Summers et al.44 with slight modification to tighten the range of allowable chlorine 

residuals in order to improve consistency and reproducibility. Briefly, chlorine demand was first 

determined using a 10 mL sample buffered to a pH of 8.0 using 2 mM borate buffer in a head-

space free amber vial with a PTFE-faced cap. Five doses of chlorine were spiked into the sample 

and allowed to react for 24 hours in the dark at 20.0 ± 1.0 °C. The five chlorine doses were selected 

based on:

 (eq. 1)Cl2
3

N

MW[NaOCl] = Z [DOC] + [NH -N]
MW



where [NaOCl] (mg/L as Cl2), [DOC] (mg C/L), [NH3-N] (mg N/L) are the concentrations of 

sodium hypochlorite (NaOCl), DOC, and NH3-N, respectively, MWCl2 and MWN
 are the molecular 

weights of Cl2 (71 g/mol) and N (14 g/mol), respectively, and Z is a multiplier with values of 1.2, 

1.4, 1.6, 1.8 and 2.0. After 24 hours, free chlorine residuals were tested. The chlorine dose yielding 

a free chlorine residual of 1.0 ± 0.3 mg/L as Cl2 was then applied to triplicate 30 mL samples 

buffered at pH 8.0 by borate buffer. Residual chlorine was quenched after 24 h using excess sodium 

thiosulfate (Na2S2O3) before DBPs were analyzed. Table S2 summarizes the chlorine doses used 

in all UFC tests in this portion of the study. 

2.5 Peracetic Acid (PAA) Pre-Oxidation Experiments

The effects of PAA pre-oxidation on DBP formation was investigated on six samples 

collected from different locations of lake D. Samples were exposed to PAA prior to filtration to 
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simulate algae treatment in reservoirs/lakes serving as source water. The method development 

process is described in Text S2. Each 1 L unfiltered sample was first divided into four 250 mL 

portions. The first portion was filtered immediately, representing the control. The remaining three 

portions were dosed with PAA under three conditions: initial dose 2 mg/L with contact time 2 h 

(hereafter referred to as “low”), 6 mg/L with 2 h (med), and 6 mg/L with 6 h (high). These PAA 

doses and contact times were selected based on a case study conducted for a storage reservoir of 

secondary wastewater effluents in Modesto County, CA that had high algal activity; 6 mg/L PAA 

with 6 h contact time was sufficient to reduce the total suspended solid concentration by 37%.46 

The lower doses and contact times were selected to span the range of PAA exposure that is 

potentially field relevant. PAA residual was measured after the designated contact time and 

quenched using Na2S2O3 at a molar ratio of 0.22:1.0 (Na2S2O3:PAA). The PAA exposure was 

calculated as:

(eq. 2)Dose Residual[PAA] [PAA]PAA Exposure = (Contact Time)
2




where PAA exposure (mg h L-1), [PAA]Dose (mg/L), [PAA]Residual (mg/L), and contact time (h) is 

the calculated PAA exposure, the PAA dosed to the sample, the PAA residual measured after the 

allotted contact time, and the length of the exposure to PAA, respectively. After reaction with 

PAA, the samples were filtered through a 0.7 µm pre-combusted glass fiber filter, and the H2O2 

residual and DOC were measured. UFC tests for PAA pre-oxidized samples followed the 

procedure described in section 2.4, with slight modification to consider the chlorine demand of 

hydrogen peroxide in the initial dose selection:

(eq. 3)Cl2 Cl2
3 2 2

N H2O2

MW MW[NaOCl] = Z [DOC] [NH ] [H O ]
MW MW

  
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where [NaOCl] (mg/L as Cl2), [DOC] (mg C/L), [NH3-N] (mg N/L), H2O2 (mg/L) are the 

concentrations of NaOCl, DOC, NH3-N, and H2O2 respectively, MWCl2, MWN, and MWH2O2 are 

the molecular weights of Cl2 (71 g/mol), N (14 g/mol), and H2O2 (34 g/mol) respectively, and Z is 

a multiplier with values 0.2, 0.35, 0.5, 0.65, and 0.8. Table S4 summarizes the chlorine doses used 

in all UFC tests after PAA pre-oxidation. 

2.6 Disinfection Byproduct Analysis 

Four THMs including trichloromethane (chloroform), dichlorobromomethane (DCBM), 

dibromochloromethane (DBCM), and tribromomethane (bromoform), four haloacetonitriles 

(HANs) including DCAN, trichloroacetonitrile (TCAN), bromochloroacetonitrile (BCAN), and 

dibromoacetonitrile (DBAN), two HKs including 1,1-dichloropropanone (1,1-DCP) and 1,1,1-

trichloropropanone (1,1,1-TCP), and one halonitromethane, TCNM, were analyzed. After 

quenching the residual chlorine with excess Na2S2O3, samples were spiked with 1,2-

dibromopropane as internal standard and then mixed with 2 mL of methyl tert-butyl ether (MTBE) 

and 10 g sodium sulfate. The samples were shaken for 2 min and then allowed to rest for 10 min. 

The MTBE layer was transferred to the gas chromatography instrument with an electron capture 

detector (GC-ECD, Agilent 7890B-63Ni ECD). The GC-ECD methods are as previously 

described.29 The detection limit for all DBPs was 0.1 µg/L.

2.7 Calculation of Cytotoxicity

The cytotoxicity contributed by each DBP was calculated from the ratio of the 

concentration of DBPs formed in the UFC test and their corresponding median lethal concentration 

(LC50) determined in a Chinese Hamster ovary (CHO) cell assay.
47 Following a toxicity-weighted 

approach in previous studies,48, 49 we used the following calculation to compare cytotoxicity 

among samples:
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(eq. 4)
50,DBP

[DBP]Cytotoxicity =
LC

i

i

i


where [DBP]i is the concentration of DBPi formed in the UFC test (M); LC50,DBPi is the median 

lethal dose of individual DBPs determined in a CHO cell assay (M).47 Because LC50 values are not 

available for HKs, they were not included in the cytotoxicity calculations for different samples. 

The calculated toxicity assumes that the toxicity from individual DBPs is additive, and only 

accounts for the nine measured DBPs (four THMs, four HANs, and TCNM). 

2.8 Statistical Methods

Statistical relationships were evaluated using the Pearson’s correlation coefficient (r) and 

Spearman’s rank coefficient (ρ) correlation tests in Minitab 19.2. Pearson’s r is a parametric test 

that measures the degree of linearity between two variables, with -1 ≤ r ≤ 1, and Spearman’s ρ is 

a nonparametric test that measures the degree to which two variables fit a monotonic function, 

with -1 ≤ ρ ≤ 1. A p-value ≤ 0.05 was used as the cutoff for statistical significance. A strong 

correlation has the additional criteria of r, ρ ≥ |0.5|, in addition to p ≤ 0.05. For the independent 

variables (e.g., water quality parameters), all values below the detection limit were assigned a 

value of half of the corresponding detection limit, with the exception of DON, which was 

calculated from the NH3-N, NO3-N, and NO2-N subtracted from the TN, and not directly 

measured.

2.9 Excitation Emission Matrix (EEM) Analysis

Fluorescence EEMs were determined using a Cary Eclipse fluorescence spectrophotometer 

following the published protocol from Chen et al.50 Samples were first diluted to 1 mg/L DOC, 

spiked with 0.01 M KCl, and acidified to pH 3 using 2 N HCl. For samples pre-oxidized by PAA, 

the dilution factor was calculated using the DOC value prior to PAA addition (Text S2). Excitation 

and emission slits were set to 10 nm band-pass. Excitation wavelengths ranged from 200 nm to 
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400 nm at 5 nm increments. At each excitation wavelength, the fluorescence was measured at 

emission wavelengths ranging from 290 nm to 550 nm at 2 nm increments. EEM data was 

processed using a parallel factor analysis (PARAFAC) model in RStudio (version 1.2.5001) to 

subtract a blank, correct for the inner-filter effect, and remove interpolate scattering.51, 52 Processed 

data was plotted in contour plots in Origin Pro 2020 and volume integrated to evaluate the relative 

fluorescence intensity of five regions associated with tyrosine-like (I), tryptophan-like (II), fulvic-

like (III), soluble microbial product-like (IV), and humic-like (V) moieties.50

3. Results and Discussion

3.1 Temporal variability of DBP formation potential in algal impacted waters

Table 1 summarizes the water quality for the samples collected from three Iowa lakes over 

13 weeks between July and October 2018. As shown in Figure 1, total chlorophyll concentrations 

ranged from 2.6–70.5 µg/L in these samples, representing different degrees of algal activity; the 

low SUVA values for most samples also suggest algal impacts. Only two samples (A7 and B11, 

Table 1) had SUVA values above 3 L mg-1 m-1, suggesting the dissolved organic matter was 

primarily terrestrially derived. Lake C samples had the highest average total chlorophyll 

concentrations and lowest SUVA values, indicating that this lake had the highest degree of algal 

impact. 

Figures 2 and S4 show the concentration of DBPs formed in UFC tests for Lake A, B, and 

C samples and the corresponding calculated cytotoxicity of the samples. For all samples THMs 

formed in the greatest abundance (90–370 µg/L), followed by HANs (6.5–87 µg/L). Far less HKs 

(0.4–11.4 µg/L) and TCNM (0.3–9.7 µg/L) were formed. All four species of THMs were detected 

in 15 of the 26 samples; bromoform was below the detection limit in 11 tests. Among HANs, 

DCAN and BCAN were detected in all samples, whereas DBAN was only detected in three 
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samples. When considering the calculated cytotoxicity, HANs contributed 89–99% of the overall 

toxicity, an order of magnitude greater than THMs (Figures 2b, S4b, and S4d), despite the lower 

concentration of HANs. All spikes in calculated cytotoxicity of samples (A11, B11, B13, and C9) 

(Figures 2 and S4) are associated with spikes in HAN formation. A11 and C9 samples had high 

total chlorophyll concentrations (70.5 and 68.4 µg/L, respectively), suggesting high algal activity; 

B11 and B13, although had lower than average total chlorophyll concentrations (15.7 and 25.9 

µg/L, respectively), had high DOC (12.0 and 5.27 mg C/L, respectively) and DON (4.52 and 0.68 

mg N/L, respectively). Figure S5 further shows that the calculated cytotoxicity of the samples 

correlated with their HAN concentration (r = 0.990, p < 0.001). B13, with the highest HAN 

formation, deviated from the linear trend, attributable to the formation of the more toxic HAN 

species BCAN47 at a level (5.0 µg/L) greater than other samples (0.35–1.56 µg/L). Although HKs 

were not included in the cytotoxicity calculation due to the lack of LC50 values from the CHO cell 

bioassay, they are not expected to be main contributors to toxicity as shown in a previous study.49 

Our observation that HANs are a main cytotoxicity driver is consistent with those in previous 

studies.15, 49, 53, 54

The temporal trends (Figure 3) and variability (Figure S6) of DBP yields can indicate the 

difference in the source and composition of organic matter over the algal bloom season. For 

example, it is observed that HAN yields significantly increased in concentration in week 11 for 

Lakes A and B while THM yields remained constant, indicating a shift in DBP precursors 

compared with the other sampling weeks. THMs and HANs varied by the greatest magnitude 

during the sampling period, ranging from 14–36 µg/mg C and 1.0–17 µg/mg C, respectively. 

However, the greatest fold-difference was observed with TCNM (0.04–2.3 µg/mg C), which can 

be attributed to the low TCNM formation in Lake C (0.06–0.29 µg/mg C, further discussed in 
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section 3.2). Correlation analysis (Table S6) on the aggregated data showed that the yields of 

THMs correlated with those of the other three DBP groups. AOM was previously reported to have 

greater HAN yields and smaller THM yields than allochthonous organic matter,11 which would 

suggest that spikes in HAN yields can be accompanied by drops in THM yields during algal 

blooms. This, however, was not observed in our results. On the other hand, the correlation in the 

aggregated data between the yields of THMs and other DBPs suggests that despite the low 

contribution of THMs to overall cytotoxicity, this group of regulated (and hence routinely 

monitored) DBP may be useful for predicting the overall DBP risk for waters with moderate algal 

impact. When inspecting the correlation between the yields of THMs and other DBPs in individual 

lakes (Table S6), however, correlation was not found for Lake C. Among the three lakes, Lake C 

had the highest total chlorophyll concentrations (average level 44 µg/L) and lowest SUVA 

(average level 1.81 L mg-1 m-1) (Figure 1) indicating that lake had the highest algal activity and 

that the dissolved organic matter was algal dominated. These results suggest that the use of THM 

yields as an indicator for other DBP yields should be cautioned for waters with extremely high 

algal impact.

3.2 Correlation between DBP formation and water quality parameters

Figures 1 and S7 show the variability in water quality for Lake A, B, and C samples, the 

values for which are shown in Table 1. The relationship between the yields of DBPs in UFC tests 

and water quality parameters of the samples, including total chlorophyll, SUVA, NO2-N, NO3-N, 

NH3-N, DON, and DOC were evaluated (Table 2). All correlation tests, except the ones with DOC 

as the independent variable, were evaluated using DBP yields (i.e., DOC-normalized DBP 

concentrations) to shed light on the source of organic carbon in the samples, because AOM was 

previously reported to have greater N-DBP yields and smaller THM yields than NOM.11
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Chlorophyll is a common indicator of algal blooms.10, 30, 55, 56 Total chlorophyll 

concentrations in samples from Lake A, B, and C ranged from 2.6–71 µg/L (Table 1, Figure 1), 

representing different degrees of algal activity. If AOM were the primary contributor of N-DBP 

precursors, total chlorophyll could be used as an indicator of N-DBP risk. However, over the 13-

week period of this study, no correlation (in each lake or the aggregated data) was observed 

between total chlorophyll concentrations and DBP yields (Table 2 and Figure 4). Neither did the 

non-DOC-normalized DBP concentrations correlate with total chlorophyll concentrations (Table 

2 and Figure S8). These results suggest that total chlorophyll would not be a suitable surrogate 

parameter for the measurement of N-DBP precursors. A previous study proposed that a chlorophyll 

a standard could help limit THM formation in drinking water treatment plants, based on a 

THM/chlorophyll a relationship indirectly derived from the relationship between high algal 

activity and chlorophyll a, low SUVA, and low TOC removal.10 Another study reported a 

correlation between chlorophyll a and THM concentrations,30 but it may be attributed to two 

factors: first, high chlorine dose and long contact time (i.e., 3.0–5.0 mg/L Cl2 residual after 7 d 

exposure) was used in contrast to the UFC test in our study that approximates chlorination 

conditions relevant to drinking water disinfection (i.e., 1.0 ± 0.3 mg/L as Cl2 residual after 24 h 

exposure); second, the seasonal average of chlorophyll a concentrations were used in the 

correlation analysis in contrast to the chlorophyll concentrations of the individual samples used in 

our study.

The yields of TCNM correlated with both NO2-N (p = 0.005) and NO3-N (p < 0.001) 

concentrations in the samples (Table 2, Figures S9 and S10). The NO2-N concentrations of all 

Lake C samples were below the detection limit (0.01 mg N/L); correspondingly, only 0.1–0.3 

µg/mg C of TCNM was formed. In comparison, Lake A had much higher levels of NO2-N (< 0.01–
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0.24 mg N/L), and correspondingly yielded 1.0 – 2.3 µg/mg C of TCNM. Previous studies have 

observed the promotion of TCNM formation by nitrite. For example, the addition of 2 mg N/L 

NO2
- to a raw water sample increased TCNM formation in UFC tests by more than three-fold (from 

< 0.18 µg/mg C to 0.71 µg/mg C).28 Similarly, the presence of 1 mg N/L NO2
- during chlorination 

increased the formation of TCNM by 50% for a sample containing intracellular algal organic 

matter and by 210% and 450% for two samples containing terrestrially-derived organic matter.57 

Additionally, NO2
- was shown to form additional TCNM precursors through nitration under 

sunlight.29 The relationship between NO3-N and TCNM yields is likely explained by the strong 

multicollinearity between NO2-N and NO3-N (r = 0.773, p < 0.001).

SUVA correlated with the yields of THMs, TCNM and HKs, but not HANs (Table 2, 

Figure S11). SUVA is an indicator of the aromaticity of organic matter. Previous studies showed 

that organic matter in samples with SUVA < 2 L mg-1 m-1 are autochthonous, while those with 

SUVA > 3 L mg-1 m-1 are allochthonous.8, 10, 33, 57 SUVA values for Lake A, B and C samples 

ranged from 1.25–5.40 L mg-1 m-1 (Table 1), representing different degrees of algal and terrestrial-

dominated organic matter in the samples. Our observation that SUVA correlates with THMs and 

TCNM, but not HANs, are consistent with the findings of previous studies on DBP formation in 

various surface/source waters.10, 58-61 THM yields correlated with the SUVA values in a survey of 

drinking water reservoirs;10 THM and TCNM yields correlated with SUVA values in 21 NOM 

isolates from three source waters.58 

DON was observed to correlate with the yields of both HANs and HKs (Table 2, Figure 

S12). This is consistent with previous reports that DON is an essential precursor for the formation 

of HANs.61-65 For ten extracted fulvic and humic substances, the formation potential of DCAN, 

the most abundant HAN, was found to correlate with the DON content.64 Chen and Westerhoff 
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also reported that their HAN predictive model based on DOC, UV254 and bromide was significantly 

improved after the inclusion of DON as an independent variable.66 

DOC correlated positively with the non-normalized formation of THMs, HANs, and HKs 

(Table 2, Figure S13). Consistent with our findings, DOC was shown to correlate with the 

formation of THMs upon chlorination of various water sources.30, 34, 67, 68 Correlations were 

observed between the mean epilimnetic DOC and THM formation potential of 21 lakes and 

reservoirs in New York,30 and between DOC in 24 source water samples and THM levels in the 

finished water of the drinking water treatment plants.67 In addition, DOC was previously found to 

be an important component in predictive models for the formation of chloroform and HANs in 

samples from drinking water treatment plants, wastewater treatment plants, and jar tests.66 A 

negative correlation was observed between DOC and TCNM in Spearman’s test. However, this 

may be an artifact introduced by the samples from Lake C, which has very little TCNM formation 

(likely due to the low nitrite concentrations as discussed earlier) but higher than average DOC 

concentrations compared to Lakes A and B.

While the above correlation analysis yields general observations across algal-impacted 

waters, temporal dynamic of the samples is also worth considering. The most distinct case is the 

two consecutive samples B11 and B13. These two samples had the greatest concentrations/yields 

of HANs among all samples were formed in samples B11 (81.2 µg/L and 6.8 µg/mg C for B11; 

87.2 µg/L and 16.6 µg/mg C for B13) (Table S5). Over the two-week sampling interval, the water 

quality shifted drastically. B11 contained high DOC (12.0 mg C/L) and DON (4.52 mg N/L), as 

well as high SUVA (5.40 L mg-1 m-1) and low total chlorophyll (15.7 µg/l), indicating low algal 

activity and terrestrially-dominated organic matter. B13, collected two weeks after B11, had lower 

DOC (5.27 mg C/L) and DON (0.68 mg N/L), but higher total chlorophyll (25.9 µg/L) and lower 

Page 18 of 42Environmental Science: Water Research & Technology



19

SUVA (1.85 L mg-1 m-1) suggesting that algal activity increased and that organic matter shifted 

from terrestrially to algal-dominated. This accompanied the increase in HAN formation, 

potentially attributed to a subset of high-yield nitrogenous precursors in the algal-derived organic 

matter. 

3.3 Effects of Peracetic Acid Pre-Oxidation

The effects of PAA pre-oxidation on the formation of DBPs in subsequent chlorination 

(UFC test) was evaluated using six samples collected at different locations of a eutrophic lake 

(Lake D) on July 25, 2019. Samples were exposed to PAA for designated contact time, filtered, 

and then subject to UFC test. Figure 5 shows the difference in the amount of DBPs formed in the 

UFC tests between PAA pre-oxidized samples and their controls. The formation of THMs was 

reduced in 80% of the samples by PAA pre-oxidation, especially at high exposure. With an initial 

PAA dose of 6 mg/L with contact time 6 h (exposure 23.8–28.7 mg h L-1), THM formation was 

reduced by 8.7–61.5 µg/L. In contrast, the formation of HANs, TCNM, and HKs was promoted 

by PAA pre-oxidation in a significant portion (70%, 50%, and 40%, respectively) of the samples, 

although the change was not dose-dependent. No PAA pre-oxidized samples showed lower 

formation of TCNM or HKs; only one PAA pre-oxidized sample showed lower HAN formation.

Figure 6 shows the percent change in calculated cytotoxicity between PAA pre-oxidized 

samples and the corresponding controls. For approximately half of the samples, PAA pre-oxidation 

increased the calculated cytotoxicity. Specifically, for samples D4 and D6, PAA pre-oxidation 

increased the calculated cytotoxicity across all three PAA exposures. These results suggest that 

PAA pre-oxidation could increase the cytotoxicity of the finished water as an unintended 

consequence, and therefore the specific source water should be evaluated prior to the adoption of 

PAA for reservoir algal control.
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The influence of PAA pre-oxidation on the DBP yields in the subsequent UFC tests is 

shown in Figure S15. For PAA pre-oxidized samples, the yield was calculated as the concentration 

of DBPs formed in the UFC test, divided by the adjusted DOC (the DOC contributed by PAA and 

acetic acid was subtracted from the measured DOC of the pre-oxidized sample). The yields of 

THMs and HANs decreased in more than 80% of the PAA pre-oxidized samples; greater decrease 

in yields was observed with greater PAA exposure, except for D4 and D5. The yields of TCNM 

were reduced by PAA pre-oxidation in about 50% of the samples and increased in only one sample. 

The yields of HKs were not statistically different from their corresponding control in 60% of the 

samples, and increased in 30% of the samples. The change in the yields of TCNM and HKs by 

PAA pre-oxidation was generally not dose-dependent with PAA exposure.

The observed change in DBP formation by PAA pre-oxidation is likely due to the change 

in the concentration and composition of organic matter. The lake water samples used in this study 

contained a mixture of particulate and dissolved organic matters with both allochthonous and 

autochthonous origins. Allochthonous organic matter was previously shown to have higher THM 

yields but lower N-DBP yields than AOM.11 Furthermore, IOM has greater N-DBP yields than 

EOM.12 Two coincident pathways can occur during PAA pre-oxidation: (1) the release of new 

dissolved organic matter from particulate organic matter (e.g., lysis of algal cells) by PAA and (2) 

oxidation of dissolved organic matter by PAA. Accordingly, DOC, DON, and SUVA were 

monitored for all samples (Table 3) and fluorescence EEMs were generated for samples D3–D6 

(Figure 7 for sample D6 as an example). After PAA pre-oxidation, DOC increased in all samples 

(after subtracting the DOC contributed by PAA and acetic acid in the stock solution); higher PAA 

exposure generally resulted in greater increase in DOC concentration. The increase in DOC by 

PAA pre-oxidation is similar to that observed after pre-oxidation of algal suspensions by 
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chlorination,36, 37 potassium permanganate,36, 69 UV irradiation,70 ozone,38, 41, 71 and chlorine 

dioxide.72 DON also increased after PAA pre-oxidation, whereas SUVA values decreased for most 

samples. These results suggest that PAA exposure released dissolved organic matter from 

particulates, contributing to the pool of DBP precursors and that these new organic materials are 

autochthonous in nature, such as the IOM of algae. Increase in DON was also observed after pre-

chlorination37 and pre-ozonation41 of a suspension of Microcystis aeruginosa cells. As discussed 

previously (section 3.2), DOC correlated with the concentrations of THMs, HANs, and HKs 

formed in UFC tests across different lake samples, DON correlated with the yields of HANs and 

HKs, and SUVA correlated with the yields of THMs, TCNM, and HKs. After PAA pre-oxidation, 

two thirds of the samples exhibiting an increase in DON concentration also showed an increase in 

HAN formation in the UFC test. In addition, the increase in DOC and decrease in THM formation 

after PAA pre-oxidation seemingly contradict the positive correlation between the two observed 

using different lake samples (section 3.2). This can be attributed to the change in the composition 

of dissolved organic matter as suggested by the lower SUVA values after PAA pre-oxidation and 

the fluorescence EEM analysis discussed below. Consistent with our findings in section 3.2 the 

change in SUVA by PAA pre-oxidation correlated with the change in the yields of THMs and 

TCNM (Figure S16). However, the change in HAN yields also correlated well, but not HKs. 

The change in organic matter composition by PAA pre-oxidation is supported by the 

change in the fluorescence EEMs of the samples (Figures 7 and 8). The five regions in the EEMs 

(I–V) correspond to tyrosine-like, tryptophan-like, fulvic-like, soluble microbial product-like, and 

humic-like substances, respectively. Decreases in the fluorescence intensity were commonly 

observed at low and high PAA exposure for all regions, which is consistent with the oxidative 

transformation of dissolved organic matter. Other oxidation treatment methods such as UV 
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irradiation, ozonation, and advanced oxidation (UV/H2O2 and UV/peroxydisulfate) on dissolved 

AOM solutions were also found to reduce the overall fluorescence intensity.70, 73-75 On the other 

hand, with medium PAA exposure, our observations were less consistent. D6 exhibited as high as 

65% and 96% increases in the fluorescence intensity of tyrosine- and tryptophan-like regions, 

respectively; D4 also exhibited 33% and 32% increases in these two regions, respectively. This 

phenomenon is best visualized for sample D6 in Figure 7, where an increase in fluorescence in the 

tyrosine-like and tryptophan-like regions was only observed under medium PAA exposure. 

Considering that IOM is rich in aromatic proteins that fluoresce in tyrosine- and tryptophan-like 

regions,12 these results further support that dissolved organic matter was released from particulates, 

including suspended algal cells. Out of the four samples (D3–D6), D6 had the highest algal activity 

based on its total chlorophyll concentration; accordingly, the increase in its fluorescence signals 

was generally greater than other samples. The change in fluorescence by PAA pre-oxidation shares 

similarities with those observed for other pre-oxidation methods. Pre-ozonation of exponential-

phase Microcystis aeruginosa cells at low ozone dose (0.5 mg/L) was shown to substantially 

increase the intensity in the soluble microbial product-like region and slightly increase the intensity 

in the tyrosine- and tryptophan-like regions, but this trend diminished and eventually reversed at 

higher ozone doses (1–4 mg/L).41 This was explained by the release of dissolved organic matter 

from algal cell lysis at low ozone doses and the further degradation of the original and newly 

released dissolved organic matter upon higher ozone exposure. The same general trend was 

observed for PAA at medium and high exposure in D4 and D6. They both exhibited increases in 

the intensity of tyrosine, tryptophan-, fulvic-, and soluble microbial product-like regions at 

medium PAA exposure (8.4–10.5 mg h L-1), but decreases in these regions at higher PAA exposure 
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(23.8–28.2 mg h L-1). The higher concentration/exposure of PAA than ozone is consistent with the 

weaker oxidation strength of PAA.

The change in fluorescence signals by PAA partially explains the change in DBP 

formation. The formation potential of THMs was previously reported to correlate with the 

fluorescence intensity in the humic-like and fulvic-like regions of EEMs.59, 72, 76, 77 Generally, we 

observe a decrease in the fluorescence intensity of these regions after PAA pre-oxidation. 

Correspondingly, THMs decreased in 80% of the samples. Exception was observed for D4 and D6 

after medium exposure to PAA, for which THM formation decreased but fluorescence intensity 

increased. The formation of HANs was higher in 70% of the samples after PAA pre-oxidation 

despite the general decrease in the intensity of tyrosine- and tryptophan-like regions, which was 

reported to correlate with the formation potential of DCAN and BCAN78 and correspond to the 

decrease in DCAN formation potential when removed by treatment (e.g., biological activated 

carbon)79 or natural processes (e.g., sunlight irradiation)80. It should be noted however, that these 

HAN studies used high chlorine dose (15–170 mg/L as Cl2) to force almost all precursors to form 

DBPs, in contrast to the UFC test conditions in this study that are closer to drinking water 

disinfection. The mixed nature of organic matter in our samples, including both autochthonous and 

allochthonous organic materials, can results in competition between precursors. Algae-derived, 

reactive HAN/TCNM precursors by PAA pre-oxidation may outcompete THM precursors in 

reacting with chlorine in the UFC test.

4. Conclusions

In this study we assessed the DBP risks of algal impacted surface waters and the impacts 

of PAA pre-oxidation on DBP risks. Using UFC tests, we found that although THMs formed in 

the greatest abundance, the HANs contributed to most of the calculated cytotoxicity (89–99%), 

Page 23 of 42 Environmental Science: Water Research & Technology



24

such that the formation of HANs was strongly correlated with toxicity (r = 0.990, p < 0.001). A 

positive correlation between the yields of THMs and those of other DBPs suggest that the routinely 

monitored THMs may be used as an indicator for unregulated, but more toxic DBPs. Contrary to 

our expectation, total chlorophyll, a common indicator of algal activities, did not correlate with 

DBP yields. Inorganic nitrogen species nitrite and nitrate both correlated with the yields of TCNM, 

whereas DON correlated with the yields of HANs. DOC and SUVA correlated with the non-

normalized formation of DBPs (µg/L) and DBP yields (µg/mg C), respectively. 

The effects of PAA pre-oxidation differed among DBPs. PAA pre-oxidation promoted the 

formation of HANs and TCNM in 70% and 50% of samples, respectively, in the subsequent UFC 

test, but reduced the formation of THMs in 80% of the samples. On the other hand, the yields of 

THMs, HANs, and TCNM decreased in 90%, 80%, and 50% of samples, respectively. 

Approximately half of the PAA pre-oxidized samples showed higher cytotoxicity compared with 

their control. In other words, although PAA pre-oxidation may help with THM compliance, it can 

potentially lead to higher toxicity of the finished water. Thus, it is recommended that utilities 

conduct thorough evaluations before deciding to use PAA for algal control. The change in DOC, 

DON, SUVA, and fluorescence EEMs suggest that PAA served dual roles. On one hand, PAA 

oxidation releases organic matter from particulates and thereby increased the pool of DBP 

precursors. On the other hand, PAA, especially at high exposure, also contributed to oxidative 

transformation of dissolved organic matter, some of which resulted in the degradation of DBP 

precursors. 

Supporting Information
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Additional Information on materials and method development, supporting data in the form 

of tables and figures, and numeric data for the figures in the main text are available in the 

Supporting Information.
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Table 1. Water quality of samples from Lake A, B, and C.  

Sample 
ID

Sample 
Date

DOC 
(mg C/L)

TN    
(mg N/L)

NH3-N 
(mg N/L)

NO2-N 
(mg N/L)

NO3-N 
(mg N/L)

DONa 
(mg N/L)

Br- 
(mg/L)

Total 
Chlorophyll 

(μg/L)

SUVA         
(L mg-1 m-1 )

A1 07/17/2018 4.35 7.98 0.13 0.10 8.04 NAa 0.01 31.77 2.71
A2 07/24/2018 4.75 7.75 0.15 0.24 7.66 NAa 0.02 70.37 2.65
A3 07/31/2018 7.06 6.69 0.10 0.17 6.88 NAa 0.02 61.53 2.28
A4 08/07/2018 4.60 6.13 0.25 0.21 5.97 NAa 0.01 12.23 2.57
A5 08/14/2018 4.49 5.64 0.23 0.18 5.50 NAa 0.02 4.70 2.36
A7 08/28/2018 3.98 4.23 0.11 0.06 4.52 NAa 0.02 5.00 3.76
A9 08/29/2018 5.26 5.09 0.21 0.03 4.03 0.82 0.03 32.60 2.94
A11 09/15/2018 4.46 4.68 0.20 < 0.01 4.02 0.46 0.04 70.50 3.00
A13 10/13/2018 3.72 4.81 0.16 0.01 4.07 0.57 0.04 17.30 2.81
B1 07/18/2018 3.43 2.56 0.21 0.05 1.63 0.67 0.03 34.90 2.61
B2 07/25/2018 3.77 1.43 0.13 0.06 1.19 0.05 0.02 36.00 2.44
B3 08/01/2018 4.57 0.83 0.06 0.04 0.73 0.01 0.03 36.53 1.84
B4 08/08/2018 4.82 1.34 0.18 0.07 0.50 0.59 0.02 51.60 2.34
B5 08/15/2018 7.13 0.20 0.02 < 0.01 0.02 0.16 0.05 21.53 2.04
B7 08/29/2018 4.26 1.49 0.42 0.06 0.74 0.27 0.03 20.80 1.98
B11 09/15/2018 11.98 5.79 1.16 < 0.01 0.11 4.52 < 0.01 15.70 5.40
B13 10/13/2018 5.27 6.26 0.23 0.05 5.30 0.68 0.06 25.90 1.85
C1 07/17/2018 6.89 0.39 0.03 < 0.01 0.06 0.29 0.01 45.70 1.89
C2 07/24/2018 7.82 0.52 0.03 < 0.01 0.02 0.46 < 0.01 50.03 2.01
C3 07/31/2018 6.48 0.25 0.03 < 0.01 0.04 0.17 0.01 32.37 2.00
C4 08/07/2018 6.23 0.35 0.02 < 0.01 0.01 0.31 < 0.01 40.37 1.89
C5 08/14/2018 7.68 0.46 0.02 < 0.01 0.01 0.42 < 0.01 63.10 1.84
C7 08/28/2018 7.32 0.64 0.46 < 0.01 0.04 0.14 0.01 49.40 1.81
C9 08/29/2018 9.34 1.25 0.14 < 0.01 0.04 1.08 0.02 68.40 1.77
C11 09/15/2018 6.87 1.28 0.70 < 0.01 0.14 0.44 0.04 41.40 1.81
C13 10/13/2018 8.25 1.52 0.56 < 0.01 0.33 0.63 0.04 2.60 1.25

Min 3.43 0.20 0.02 < 0.01 0.01 NA < 0.01 2.60 1.25
Max 11.98 7.98 1.16 0.24 8.04 4.52 0.06 70.50 5.40

aNA: Not Available – Negative value was calculated after subtracting NH3-N, NO3-N, and NO2-N from TN.
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aStatistical correlations were performed using the non-normalized DBP concentration.

Table 2. Pearson’s r and Spearman’s ρ correlation coefficients between water quality parameters 
and DBP yields. A strong correlation is considered to be r, ρ ≥ |0.5| with p ≤ 0.05. Statistically 
significant correlations are in bold text.
 THMs HANs TCNM HKs
 r ρ r ρ r ρ r ρ

-0.2113 -0.232 -0.063 0.054 -0.163 -0.165 -0.234 -0.33Total 
Chlorophyll p = 0.302 p = 0.254 p = 0.760 p = 0.792 p = 0.426 p = 0.420 p = 0.251 p = 0.100

-0.076 0.303 -0.061 0.238 -0.142 -0,516 -0.196 -0.085Total 
Chlorophylla p =0.711 p = 0.132 p =0.765 p = 0.241 p = 0.487 p = 0.446 p =0.338 p =0.679

0.671 0.739 0.163 0.225 0.451 0.662 0.797 0.337
SUVA

p < 0.001 p < 0.001 p = 0.425 p = 0.27 p = 0.021 p < 0.001 p < 0.001 p = 0.092
-0.038 0.245 -0.182 -0.327 0.532 0.634 -0.553 -0.245

NO2-N
p = 0.853 p = 0.227 p = 0.373 p = 0.103 p = 0.005 p = 0.001 p = 0.040 p = 0.227

0.083 0.358 0.116 -0.047 0.799 0.863 -0.278 0.064
NO3-N

p = 0.687 p = 0.073 p = 0.572 p = 0.82 p < 0.001 p < 0.001 p = 0.169 p = 0.756
0.379 0.22 0.323 0.723 0.096 0.398 0.85 0.567

DON
p = 0.099 p = 0.352 p = 0.165 p < 0.001 p = 0.689 p = 0.082 p < 0.001 p = 0.009

0.121 0.079 0.196 0.177 -0.059 0.39 0.669 0.487
NH3-N p = 0.557 p = 0.701 p = 0.336 p = 0.386 p = 0.773 p = 0.049 p < 0.001 p = 0.012

0.726 0.597 0.480 0.428 -0.337 -0.485 0.610 0.238
DOCa

p < 0.001 p = 0.001 p = 0.013 p = 0.029 p = 0.093 p = 0.012 p = 0.001 p = 0.242
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Table 3. Water quality of samples from Lake D and PAA pre-oxidation experiments.

aPAA dosing conditions: no PAA (control), initial dose of 2 mg/L with a contact time of 2 h (low), 6 mg/L with 2 h (med), and 6 mg/L with 6 h (high);
bΔDOC (mg C/L) is calculated as the difference in DOC between experiment and control, after accounting for DOC increase by PAA formulation;
cDON is calculated as the NH3-N, NO2-N, and NO3-N subtracted from the TN;
dSUVA was calculated using the adjusted DOC (subtracting DOC contributed by PAA and acetic acid);
eNA: Not available.

Sample 
ID

Dosing 
Conditionsa

Total 
Chlorophyll 

(µg/L)

DOC   
(mg C/L)

ΔDOCb 
(mg C/L)

TN        
(mg N/L)

DONc 
(mg N/L)

NH3-N   
(mg N/L)

NO2-N 
(mg N/L)

NO3-N 
(mg N/L)

Br- 
(mg/L) pH SUVAd         

(L mg-1 m-1)

Control 4.44 6.59 1.10 0.99 0.06 < 0.01 0.05 0.10 7.91 1.68
Low 4.44 9.23 0.88 1.10 0.99 0.06 < 0.01 0.05 0.10 NAe 1.69D1

High 4.44 14.39 2.53 NAe NAe 0.06 < 0.01 0.05 0.10 NAe 1.31
Control 4.09 7.00 0.67 0.52 0.07 0.04 0.04 0.10 8.69 1.71

Low 4.09 9.03 0.27 1.10 0.94 0.07 0.04 0.04 0.10 NAe 1.71
Med 4.09 13.56 1.29 NAe NAe 0.07 0.04 0.04 0.10 NAe 1.50

D2

High 4.09 14.57 2.30 NAe NAe 0.07 0.04 0.04 0.10 NAe 1.27
Control 3.40 5.59 0.69 0.54 0.07 0.03 0.05 0.11 9.91 2.02

Low 3.40 7.97 0.62 0.74 0.60 0.07 0.03 0.05 0.11 9.55 1.62
Med 3.40 11.93 1.07 0.74 0.58 0.07 0.03 0.05 0.11 9.64 1.58

D3

High 3.40 12.89 2.03 0.80 0.65 0.07 0.03 0.05 0.11 9.23 1.50
Control 2.62 4.80 1.50 0.52 0.90 0.04 0.05 0.11 9.67 2.26

Low 2.62 7.49 0.93 1.56 0.53 0.90 0.04 0.05 0.11 9.80 2.11
Med 2.62 10.08 0.01 1.47 0.49 0.90 0.04 0.05 0.11 9.87 2.35

D4

High 2.62 10.78 0.71 1.54 0.55 0.90 0.04 0.05 0.11 9.58 1.95
Control 3.65 5.71 0.73 0.62 0.07 < 0.01 0.04 0.09 9.91 1.71

Low 3.65 13.85 6.38 1.10 0.99 0.07 < 0.01 0.04 0.09 9.94 0.77
Med 3.65 12.09 1.11 0.88 0.76 0.07 < 0.01 0.04 0.09 9.85 1.42

D5

High 3.65 21.79 10.81 0.90 0.78 0.07 < 0.01 0.04 0.09 8.78 0.64
Control 4.30 6.01 0.84 0.73 0.07 < 0.01 0.04 0.09 9.61 2.44

Low 4.30 8.15 0.38 0.87 0.76 0.07 < 0.01 0.04 0.09 9.61 2.45
Med 4.30 12.43 1.15 0.95 0.84 0.07 < 0.01 0.04 0.09 8.93 1.81

D6

High 4.30 13.75 2.47 1.01 0.90 0.07 < 0.01 0.04 0.09 7.89 1.90
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Figure 1. Variability in the (a) DOC, (b) DON, (c) total chlorophyll concentrations, and (d) 
SUVA values for Lakes A, B, and C samples. The corresponding data are shown in Table 1.

a) b)

c) d)
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Figure 2. Variation in (a) DBP formation in UFC tests for Lake A samples and (b) the 
corresponding calculated cytotoxicity. HKs were not included in the calculated cytotoxicity due 
to unavailability of LC50. Corresponding data can be found in Table S5. Similar plots for Lake B 
and C are shown in Figure S4.

a) b)
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Figure 3. Temporal variation in DBP yields for samples from (a) Lake A, (b) Lake B, and (c) 
Lake C. The corresponding data are shown Table S5.

a) b)

c)
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Figure 4. Relationship between total chlorophyll concentrations and the yields of (a) THMs, (b) 
HANs, (c) TCNM, and (d) HKs in UFC tests. Correlation statistics are reported in Table 2. 
Corresponding data are shown in Tables 1 and S5.

a) b)

c) d)
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Figure 5. Change in the formation of (a) THMs, (b) HANs, (c) TCNM, and (d) HKs in the six 
samples from Lake D by PAA pre-oxidation. Three PAA dosing conditions were evaluated: 
initial dose 2 mg/L with contact time 2 h (low), 2 mg/L with 6 h (med), 6 mg/L with 6 h (high). 
PAA decay was considered in the calculation of exposure for each sample (section 2.5). ΔDBP 
Conc. = DBP concentration after UFC tests of PAA pre-oxidized samples – DBP concentration 
after UFC test of the corresponding control. The corresponding data are shown in Tables S4 and 
S7.

a) b)

c) d)
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Figure 6. Percent change in the calculated cytotoxicity contributed by THMs, HANs, and 
TCNM by PAA pre-oxidation for six samples from different locations of Lake D. HKs are not 
included in the calculation of cytotoxicity. Three PAA dosing conditions were evaluated: initial 
dose 2 mg/L with contact time 2 h (low), 2 mg/L with 4 h (med), 6 mg/L with 6 h (high). PAA 
decay was considered in the calculation of exposure for each sample (section 2.5). % Change in 
Calculated Cytotoxicity = (calculated cytotoxicity in PAA pre-oxidized samples – calculated 
cytotoxicity in the corresponding control) / calculated cytotoxicity in the corresponding control. 
Error bars represent the propagated error. The corresponding data are shown in Table S7.

a)
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Figure 7. Change in fluorescence EEMs by PAA pre-oxidation for sample D6. Three PAA 
dosing conditions were evaluated: initial dose 2 mg/L with contact time 2 h (low), 2 mg/L with 6 
h (med), 6 mg/L with 6 h (high).
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Figure 8. Change in fluoresence intensity in the (a) tyrosine-like, (b) tryptophan-like, (c) fulvic-
like, (d) soluble microbial product-like, and (e) humic-like regions by PAA pre-oxidation for 
four samples from different locations of Lake D. PAA dosing conditions: initial dose 2 mg/L 
with contact time 2 h (low), 2 mg/L with 6 h (med), 6 mg/L with 6 h (high). The percent change 
is calculated using the corresponding control for each sample. The corresponding data can be 
found in Table S8.

a) b)

c) d)

e)
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