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ABSTRACT

The recirculation of pool water and the continuous input of pollutants and disinfectants in swimming pools intensifies the accumulation of
disinfection byproducts (DBPs), which have received increasing attention. Trihalomethanes (THMs) are the most common DBPs found in
swimming pool water. Developing a predictive THM model is an efficient and promising way to optimize the chlorine dosage and guarantee
water safety. Because the main components of swimmer inputs and their respective quantities have been formalized and determined
through body fluid analogs (BFA), the model development can rely on the chlorination of BFA components and mixtures. In this study, a
well-established second-order reaction chlorine decay model with a variable reaction rate coefficient was expanded to describe the chlorine
consumption in swimming pool water. The THM model with a variable formation coefficient was first developed based on the identical
assumption of the chlorine model, that is, the reactivity of the reactants decreases as the reaction progresses. The results showed that
uric acid exhibited the fastest initial rate coefficient for chlorine decay. Although citric acid showed a considerably high specific THM for-
mation potential (umol-THM, species/mg productive chlorine consumption), urea and humic acid (HA) were attributed to the fast-reacting
THM formation precursors. The rate coefficients of urea and HA were higher than that of citric acid. For the mixture, the (overall) reaction
rate coefficients were formulated as a function of the rate coefficient of the individual substance and the concentration of the substance
remaining in the water. This concept was tested using BFA and BFA with HA. The model accurately described the chlorine consumption
and THM concentrations (R? > 0.96).
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HIGHLIGHTS

® BFA is more reactive than HA toward chlorine consumption.

® HA results in more TCM formation than BFA does.

® A variable reaction rate coefficient model for THM formation was developed.

® The rate coefficient of mixtures depends on rate coefficient and concentration of individual substances.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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GRAPHICAL ABSTRACT
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1. INTRODUCTION

Pollutants from pool users are introduced into swimming pool water in the form of body fluids, such as sweat, urea, saliva,
and/or suspended particles, such as hair and skin cells, as well as certain synthetic chemicals originating from sunscreen or
deodorants (Keuten ef al. 2012, 2014; Virkutyte et al. 2012). The initial input of anthropogenic pollutants can be substantially
decreased by thorough pre-swim showering, whereas the continuous input of post-shower pollutants cannot be avoided (Yeh
et al. 2014). Because of the recirculation of swimming pool water and inefficient conventional pool water treatment, pollu-
tants accumulate and remain in the pool water before the pool is emptied and renovated (Barbot & Moulin 2008; Yeh et al.
2014). Seawater or disinfected distributed drinking water is used to refill or partially replace pool water, which is referred to
as filling water. Although filling water can dilute the anthropogenic pollutant content, it also introduces natural organic
matter (NOM) that remains in freshwater after treatment, and inorganic matter such as bromide, into the swimming pool
water (Kanan & Karanfil 2011; Manasfi ef al. 2016). Chlorine is an input substance that inactivates microorganisms and
ensures microbiological safety of swimming pool water. However, chlorine reacts with inorganic matter and NOM originat-
ing from swimmers and from filling water, leading to the formation of potentially harmful disinfection byproducts (DBPs)
(Zwiener et al. 2007; Richardson et al. 2010; Chowdhury et al. 2014). The exposure risk assessment illustrated that swimming
pool water could be more genotoxic than chlorinated tap water, emphasizing the importance of controlling DBPs concen-
trations in swimming pool water (Plewa ef al. 2008; Liviac et al. 2010).

Among the commonly detected and regulated DBPs, trihalomethanes (THMs) are the predominant species, and one has
been studied most intensively. Trichloromethane (TCM) is the main THM compound formed in fresh chlorinated swimming
pools, ahead of dibromochloromethane, bromodichloromethane, and tribromomethane (Chu & Nieuwenhuijsen 2002,
Chowdhury et al. 2014), whereas brominated THMs are important in saline water pools or bromine-disinfected pools (Lour-
encetti et al. 2012). A better understanding of the kinetics of chlorine consumption and THM formation in swimming pool
water is helpful for guaranteeing a healthy pool environment. Therefore, a so-called body fluid analog (BFA) was proposed as
a surrogate for the chemical composition of micropollutants introduced into swimming pools, which facilitates the following
investigation.

The BFA contains several constituents, including urea, uric acid, amino acids, and ammonia chloride, which are mixed at
typical ratios to represent the pollutants introduced by pool users (Borgmann-Strahsen 2003; Judd & Bullock 2003; Goeres
et al. 2004). Efforts have been made to understand the chemistry of the reactions between chlorine and individual BFA con-
stituents, such as urea (Blatchley & Cheng 2010; De Laat ef al. 2011), uric acid (Lian ef al. 2014), and organic nitrogen DBP
precursors such as creatinine and L-histidine (Li & Blatchley 2007). However, less attention has been paid to the time-course
contribution of an individual constituent to chlorine consumption and THM formation in the BFA mixture. Moreover, the
results of previous investigations are rarely related to the prediction of chlorine consumption and DBP formation in swim-
ming pool water, particularly when compared with the model simulation for disinfected drinking water.
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The formation of THM can be simulated using multiple regression or reaction kinetic approaches. The former was devel-
oped using multiple regression analysis of THM concentration, water quality parameters such as total organic carbon (TOC)
or dissolved organic carbon (DOC), and operational parameters. However, the application of the multivariate approach may
be limited to simulating the dynamic variation in the THM concentration in swimming pool water. This is because the
observed fluctuations in THM concentration lag NOM concentration by several days (Peng ef al. 2016). In other words,
the responses of THM formation to the variation of precursors are not simultaneous, as the precursors with low reactivity
require a longer reaction time with chlorine. Unlike the multiple regression approach, the kinetic approach is based on a reac-
tion theory that considers the quantity and properties of reactants and has been widely used in the simulation of drinking
water quality (Fisher et al. 2012, 2021). Therefore, it is reasonable to consider the reactivity of organic THM-precursors in
swimming pool water. Currently, the THM species formation model was reported based on the concept that THM-productive
chlorine consumption was linearly related to the formation of THM or individual THM species (Sathasivan et al. 2020). How-
ever, the residual chlorine in swimming pool water is relatively stable while the composition and concentration of precursors
are variable depending on the number of swimmers. Therefore, the development of THM formation model for swimming pool
water should focus on the reactivity and concentration of reactants.

Consequently, to optimize chlorine dosage and minimize DBPs, the objective of this study was to develop kinetic models
for chlorine consumption and THM formation in swimming pool water. The BFA was applied as a surrogate for the micro-
pollutants released by pool users, while humic acid (HA) was used to represent the NOM introduced by the filling water. The
BFA and HA mixture was treated as synthetic swimming pool water. The detailed aims were to: (i) determine the specific
chlorine demand and specific trihalomethane formation potential (THMFP) of each BFA constituent and HA; (ii) evaluate
the time-course contributions of the individual constituents to the chlorine consumption and THM formation of synthetic
swimming pool water; (iii) determine the reaction rate coefficients of chlorine consumption and TCM formation for each
BFA constituent and HA; and (iv) simulate the kinetics of chlorine consumption and THM formation for the BFA mixture
and the BFA and HA mixture based on the proposed models.

2. MATERIAL AND METHODS

2.1. Solution preparation

All reactants were reagent grade chemicals and used without further purification. BFA organic stock solutions were prepared
by gravimetrically adding known constituents into purified water and dissolving at pH 12 (NaOH, 2 mol/L) according to the
method described by Judd & Bullock (2003), the pH of which was then adjusted to neutral using 1 mol/L sulfuric acid. The
composition of the stock BFA solution and the percentages of carbon and nitrogen contributed by individual BFA constitu-
ents are listed in Table 1. The HA stock solution was prepared by dissolving sodium salt (Sigma-Aldrich, MO, USA) at pH 12
(NaOH, 2 mol/L) and stirring at 20 °C for ca. 30 h. The solution was adjusted to neutral pH and then filtered through a
0.45 um polycarbonate filter (Nuclepore Track-Etch Membrane, Whatman, Germany) to remove suspended solids. Dilution
of BFA and HA to target aqueous-phase concentrations was accomplished with distilled deionized water (18.2 M-cm at 25 °C;
Direct-Q system, Merck Millipore, MA, USA). The BFA and HA mixture, which surrogated the swimming pool water, was
labeled as BFA + HA and prepared by mixing and diluting BFA and HA stock solutions to the target concentration. All the
solutions were freshly prepared before the chlorination experiments, and the final non-purgeable organic carbon (NPOC) con-
centrations were measured. A chlorine stock solution (~15.5 mM) was prepared from a commercial sodium hypochlorite
solution (14% active chlorine; VWR, PA, USA). Phosphate buffer (10 mM) was prepared. The chlorine stock and buffer sol-
utions were refrigerated at 4 °C.

2.2. Experimental procedures

2.2.1. Chlorine demand and THM formation potential test

The NPOC concentration of organic samples was fixed at 2 mg/L to study the specific chlorine demand and specific THMFP
of the individual BFA constituents and HA. Chlorination was performed using 300 mL brown glass bottles. The glassware was
pre-soaked in a dilute chlorine bath (~2 mM) for at least 15 h and then rinsed with purified water before the chlorination
experiments (De Laat et al. 2011). All samples were maintained at pH 7.2 with phosphate buffer before chlorination. To
allow the chlorine reaction to approach completion, an appropriate volume of chlorine stock solution was spiked into indi-
vidual samples to achieve an initial chlorine concentration (ICC) of 50 mg/L. It should be illustrated that the chlorine
concentration of swimming pool water is adjusted and maintained at an adequate level ranging from 0.3 to 2.0 mg/L in
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different countries and regions, which are dependent upon several factors such as pool type, the number of people in the pool,
temperature, and pH (Barbot & Moulin 2008; Long et al. 2019). The chlorine in the gas or liquid form is continuously added
to the swimming pool to guarantee enough chlorine residual, thus, it has difficulty conducting re-chlorination under labora-
tory conditions. To make sure the chlorine concentration is not a limitation for reaction, i.e., enough chlorine remains in the
water sample at the end of maximum reaction time, a high initial dosage of 50 mg/L was applied. The chlorinated samples
were then immediately hermetically closed and incubated in head-space free glass bottles at 28 + 1 °C. After 168 h, the
residual chlorine was measured, and the remaining sample was quenched by the addition of sodium thiosulfate solution
for further TCM measurements.

2.2.2. Kinetics experiments

Two independent experiments were conducted to study the Kkinetics of chlorine decay and THM formation. Experiment series
were performed to investigate the time-course contribution of individual BFA constituents to chlorine consumption and THM
formation of BFA. Therefore, the NPOC of BFA was initially set at 3 mg/L, and the theoretical values of NPOC, nitrogen, and
solution concentrations of each BFA constituent were calculated according to the receipt (Table 1). In other words, the
NPOC concentration of BFA is a summation of the carbon contributed by the individual BFA constituents. Chlorination
of each BFA constituent and BFA was conducted according to their respective NPOC concentrations, as shown in exper-
iment series I (Table 2). Similar experiments were performed using the same procedures as those for the chlorine demand
and TCM formation potential tests, however, the reaction times were 4, 24, 72, 120, and 168 h.

Experiment series 11 was conducted to determine the reaction rate coefficients of individual BFA constituents and HA.
Therefore, all organic substances were designed to have an identical NPOC at 2 mg/L, as shown in experiment series II
(Table 1). Chlorination experiments were conducted using the same procedures as those used for experiment series I. Even-
tually, the chlorine consumption and THM formation dataset of synthetic swimming pool water was obtained, including the
mixture of BFA and HA at different mixing ratios. An ICC of 50 mg/L was selected for the chlorination experiments. The pH
was fixed at 7.2 4+ 0.1, and the temperature was maintained at 28 + 1 °C.

2.3. Analytical methods

The free chlorine concentration was determined according to the N, N-diethyl-p-Phenylenediamine (DPD) Standard Colori-
metric Method 4500-C1 G (APHA 2005). The chlorine stock solution was periodically standardized using the DPD method.
The NPOC concentration was measured using a TOC-VCPH (Shimazu, Kyoto, Japan). A pH meter 340i (Wissenschaftlich-

Table 1 | Carbon and nitrogen concentrations of individual BFA components, and their corresponding contribution percentages to the BFA

(mixture)
concentration carbon carbon percentage Nitrogen Nitrogen percentage Supplier and
Substances (mg/L) (mg/L) contribution (%) (mg/L) contribution (%) grade
Urea 14,800 2960 51.48 6900 85.17 Merck
Millipore
L-histidine 1210 560 9.74 320 3.95 Alfa Aesar,
98%
Hippuric 1710 1040 18.09 134 1.65 Alfa Aesar,
acid 98%
Uric acid 490 180 3.13 160 1.98 Alfa Aesar,
99%
Citric acid 640 240 4.17 NA NA Alfa Aesar,
99%
Creatinine 1800 770 13.39 67 0.83 Alfa Aesar,
98%
Ammonia 2000 NA NA 520 6.42 Merck
Millipore
BFA NA 5750 100 8101 100 NA

Note: The theoretical values of concentration, carbon, and nitrogen are those from Judd & Bullock (2003). NA indicates no contribution.
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Table 2 | Experimental design

Experiment series | Experiment series Il

DOC Total nitrogen Solution concentration DOC Total nitrogen Solution concentration
Substance mg/L mg/L pmol/L mg/L mg/L pmol/L
Urea 1.54 3.59 128.20 2.00 4.66 166.68
L-histidine 0.29 0.17 4.03 2.00 1.17 27.78
Hippuric acid 0.54 0.07 5.00 2.00 0.26 18.52
Uric acid 0.09 0.08 1.50 2.00 1.87 33.33
Citric acid 0.13 NA 1.80 2.00 NA 27.78
Creatinine 0.40 0.35 8.33 2.00 0.74 41.67
Ammonia NA 0.27 19.41 NA 0.27 19.41
BFA 3.00 NM NM NC NC NC
Humic acid 1.00 NM NM NC NC NC
BFA + HA 4.00 NM NM NC NC NC

Note: NA indicates no contribution; NM indicates not measured; NC indicates not conducted.

Technische-Werkstétten, Weilheim, Germany) was used to measure pH. THM concentrations were determined using a mem-
brane inlet mass spectrometer (MIMS) 2000 (Mikrolab Aarhus, Hajbjerg, Denmark), which comprised a Prisma QME 220 PT
mass spectrometer (Pfeiffer Vacuum, Asslar, Germany) equipped with electron ionization. THM standards were purchased
from Sigma-Aldrich. Before measurement, THM without purification was diluted with ultrapure water to the target solution
concentrations and measured for MIMS calibration. Water samples were first analyzed in the mass spectrum scan mode
(49-m/z-215). Then, the THM concentration was quantified using selected ion monitoring. Because all the synthesized
samples were prepared with ultrapure water, which does not contain bromide, only TCM was detected in all the THM
species. Ions at m/z 83 were chosen to quantify TCM, with a quantification limit of 2.5 ug/L. More detailed operation con-
ditions for the MIMS can be found in the literature (Shang & Blatchley 1999; Yang et al. 2012).

2.4. Modeling
2.4.1. Reaction rate of individual BFA constituents

Second-order kinetic models were applied to simulate chlorine decay and TCM formation for individual BFA constituents
and HA. By employing the derived rate coefficients, the reactivity of the individual substances can be quantitatively discussed.
In this study, a second-order model with a variable reaction rate coefficient (VRRC) was applied, as follows (Hua ef al. 2015):

Acr(t)
deg

v Ra =ky(t) -calt) - cralt) = a-exp La’”‘a"} cat - cralt) 1)

The underlying assumption is that the reaction rate coefficient k;(f) is not a constant but varies with the reaction progress
owing to the different phases of the reaction; thus, the decay model is referred to as a VRRC, where a [L/mg/h] and g [dimen-
sionless] are the model parameters for k.(f); cq(f) [mg/L] is the chlorine concentration; cg(f) [mg/L] is the reactant
concentration at time #; C¢ gy is the maximum chlorine demand, that is, c¢mex = cr(0). Acgi(?) is the consumed reactant
concentration at time ¢; thus, cg(f) = cr(0) — Acgci(f). Based on the principle of mass conservation and the hypothesis
that the stoichiometric coefficient for chlorine and the reactant is equal to one, the consumed reactant Acg ¢(f) is equal to
Zizo [Rei(?) - Af] based on the Euler method. Finally, the cg () = Cermax — Zi:o [Ra(t) - Af].

In this study, Equation (1) was applied to simulate the chlorine decay of each (individual) BFA component as well as HA.
In other words, model parameters « and 8 were derived for each reactant, and the corresponding VRRC for each reactant was
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calculated as follows:

o {ACR,i(t)]
k() = o;-exp  LCClmax; )
where kc;;(2) represents the chlorine rate coefficient for the ith reactant/BFA constituent (i = 1-8, including seven BFA con-
stituents and HA). «; and B; are the model parameters for the ith reactant/BFA constituent, and ¢ 4y is the maximum
chlorine demand of an individual substance.
TCM formation models based on fundamental reaction kinetics are able to reduce uncertainty in their prediction (Chowdhury
et al. 2009). Similar to the chlorine decay model, a second-order TCM formation model was proposed:

d t
C%I:[() = Ryem =krem(t) - ca?) - [eremrr — crem(®)]

crem(t)

=y-exp LTCMF P } ~cal?) - leremrp — crem(?)]

where krcp(f) is the variable-rate coefficient of TCM formation; crep(f) is the TCM concentration at time ¢ in umol/L; ¢reyrp
[umol/L] is the TCM formation potential, indicating the maximum concentration of the reactants. y [L/umol/h] and 6 [dimen-
sionless| are the model parameters for k;(t). Therefore, the reactant concentration toward TCM formation at time ¢ was defined
as crrem = Cremrp — Crem(t). cq(f) is the simulated chlorine concentration obtained using Equation (1). The kinetics of TCM
formation for the individual BFA constituents and HA were simulated using Equation (3). Therefore, the rate coefficient of
TCM formation for each reactant was determined, namely krcy;(2):

i

CTCMEP,i

krewm,i(f) = v, - exp

2.4.2. Reaction rate of synthetic swimming pool waters

Synthetic swimming pool water was represented as a mixture of BFA and HA (BFA + HA). It was assumed that the reactions
of the individual BFA components and HA proceeded independently in the mixture. Therefore, the overall rate coefficient of
the mixture can be expressed as a function of the rate coefficient of the individual substances, as shown in Equation (5):

é [kci(®) - cri(t)]

kCl,mix (t) = m (5)
; Ccrii(t)
_m (Rrem,i(2) - crom,i ()]
Rremmix(t) = =L (6)

i Cr,i(t)

where Repmix(f) and krcy mix(f) are the chlorine and TCM rate coefficients for the synthetic swimming pool water (mixture),
respectively; kc;;(f) and Rrcwmi(f) are obtained through model calibration by applying Equations (2) and (4). i represents
the individual reactants, ranging from one to eight; where m =7 indicates that the BFA mixture was considered, whereas
m =8 indicates that BFA + HA was considered. Therefore, chlorine decay and TCM formation of the mixture can be
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calculated as follows:

B % = Raymix(t) - ca(t) - cra(?) v
dCTcCZItVI(t) = Rremmix(t) - cait) - leremep — crem(®)] ®

2.5. Model calibration and statistical analysis

Data obtained from experiment series I were used to determine the best-fit parameters of o [L/mg/h] and 8 toward chlorine
decay, as well as y [L/umol/h] and 6 toward TCM formation for each substance. Excel Solver, which uses the generalized
reduced-gradient algorithm, was used to solve Equations (1) and (3) to obtain the model parameters for each substance.
They were calculated numerically with a 0.5 h time interval by minimizing the sum of the squared errors between the exper-
imentally determined chlorine or TCM concentrations and simulations at corresponding times. Once the best-fit parameters
were determined, the rate coefficients of the mixtures were calculated using Equations (5) and (6). Furthermore, the kinetics
of chlorine decay and TCM formation with respect to the mixtures were predicted using Equations (7) and (8) with a 0.5h
time interval.

The accuracy of the model simulation was evaluated using the coefficient of determination (R%) and root-mean-square error
(RMSE). These methods are frequently used as measures of model adequacy and describe the difference between the pre-
dicted data and those obtained experimentally (Pifieiro ef al. 2008). The RMSE evaluates the prediction capability of the
model, with a smaller RMSE value indicating a greater predictive capability. The obtained RMSE is also expected to be of
a similar magnitude as the measurement error, which indicates a reasonable fit.

3. RESULTS AND DISCUSSION
3.1. Chlorine consumption
3.1.1. Specific chlorine demand

A chlorine demand test was performed to evaluate the reactivity of the investigated substances toward chlorine consumption.
Experiment datasets were interpreted in the form of the DOC-related specific chlorine demand (mg Cl,/mg C) and the sol-
ution concentration-related chlorine demand (mol Cl,/mol BFA component).

The DOC-related specific chlorine demand is shown in Figure 1(a). The specific chlorine dose shown on the horizontal axis
was calculated as ICC divided by the initial DOC of the individual BFA components (ICC/DOC, mg Cl,/mg C). The DOC-
related specific chlorine demand increased with an increasing specific chlorine dose and plateaued at specific chlorine doses
>20 mg Cl,/mg C. Urea exhibited the highest demand of 19.5 mg Cl,/mg C, followed by L-histidine with 13.5 mg Cl,/mg C,
and uric acid with 12.0 mg Cl,/mg C. These are organic nitrogen compounds, which could reasonably explain the higher
DOC-related specific chlorine demand.

The concentration-related chlorine demand is shown in Figure 1(b). The horizontal axis shows the ratios of ICC to the
initial solution concentration of the individual BFA components, which are referred to as the specific chlorine doses
(ICC/solution concentration, mol Cl,/mol BFA component). This shows that the specific chlorine demand plateaued at chlor-
ine doses > 20 mol Cl>/mol BFA. The highest specific chlorine demand was observed for L-histidine, which reached 14 mol
Cl,/mol histidine, followed by uric acid with 10.5 mol Cl>/mol, and creatinine with 7.5 mol Cl,/mol. These results can be
explained by the structure of the compounds, that is, the more electron-donating functional groups (-NH, and -OH) and
double bonds in the structure, the higher the chlorine demand (Hong et al. 2009). Specifically, L-histidine and creatinine,
which contain an aromatic ring and functional group of -NH,, showed a higher specific chlorine demand than that of hip-
puric acid, which has no functional groups on its ring and therefore has the lowest demand. The demand for urea was
3.3 mol Cly/mol urea, which falls within the theoretical chlorine demand that ranges between 3 and 8 mol Cl,/mol of
urea (De Laat et al. 2011).

The data shown in Figure 1(c) are the DOC-related specific chlorine demands of Y ;BFA and HA. ) ;BFA reached the high-
est plateau level of 14 mg Cl»/mg C. However, HA was exhibited at 3 mg Cl,/mg C, which was nearly five times lower than
that of BFA. This result agrees with the conclusions reported by Kanan & Karanfil (2011) that BFA is more reactive than HA
toward chlorine consumption.
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Figure 1 | (a) DOC-related and (b) solution concentration-related specific chlorine demand of organic BFA components, and (c) DOC-related
specific chlorine demands of Y 7BFA and HA. Tests were performed with 168 h, pH=7.2 + 0.1. Solid line represents the trend of polynomial
approximation.

Specific chlorine demand

3.1.2. Kinetics of chlorine decay for individual substances

Based on the results of experiment series I (Table 2), the time-course chlorine consumption for seven BFA components and
HA with their respective DOC concentrations is shown in Figure 2. The chlorine consumption of urea was significantly
higher than that of other substances over the entire reaction period. This is because urea accounted for the highest percen-
tage of Y7;BFA DOC (38.61%, Table 1) and showed the highest DOC-related specific chlorine demand. Conversely, hippuric
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Figure 2 | (a) Time-course chlorine consumption of individual BFA components with their respective initial DOC (Table 2, experiment series I),
HA (DOC = 1 mg C/L), and (b) Time-course contribution percentages of individual substances to the chlorine consumption of BFA + HA.

acid showed substantially low chlorine consumption, although it had the second-highest DOC concentration. This result
agrees with the findings presented in Figure 1 that hippuric acid exhibits the lowest DOC-related specific chlorine demand.

The chlorine consumption of urea plateaued at 24 h, whereas the consumption of L-histidine increased with increasing
reaction time and plateaued at 120 h. These results indicate that individual substances show different reactivity to chlorine
and therefore play different roles in the kinetic chlorine consumption of the mixture. For a clearer illustration, time-course
contribution percentages were calculated, that is, the chlorine consumption of individual substances divided by the sum-
mation of all substance consumption (total consumption) at the corresponding time, as shown in Figure 2(b).

Urea contributed 78.9% to the total consumption at 4 h, while it was 70.4% at 168 h. Uric acid also showed slight decreas-
ing percentages, that is, from 4.5% at 4 h to 4.3% at 168 h. The decreasing percentages may indicate that urea and uric acid
were responsible for the total chlorine consumption in the early phase of the reaction. Conversely, the total chlorine con-
sumption contributed by creatinine, HA, and L-histidine increased until 72 h and remained fairly stable until 168 h,
indicating that they were responsible for the total chlorine consumption in the later reaction phase. Therefore, the reactivity
of chlorine with creatinine, HA, and L-histidine may be slower than that with urea. These hypotheses are further discussed in
Section 3.1.3 by deriving their respective reaction rate coefficients.

3.1.3. Chlorine decay rate coefficient for individual substances

To determine the chlorine decay reaction rate coefficient for each substance, the proposed model (Equation (1)) was applied
individually to the decay dataset obtained from experiment series II. The chlorine demand €y qy; of i reactant, as required
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by Equation (2), was calculated as the DOC concentration of an individual substance (DOC = 2 mg/L, experiment series II)
multiplied by their corresponding specific chlorine demand (Figure 1(b)). The best-fit parameters of «; and B; for each sub-
stance were obtained by curve fitting. The variable reaction rate coefficient k¢;;(f) of chlorine with respect to the ith
reactant was calculated using Equation (2). The values of the best-fit parameters «; and B;, chlorine demand ¢ ,4,; and
rate coefficient k¢y;(f) are listed in Table 3.

Based on Equation (2), «; is equal to the initial k¢;;(0), indicating « reflects the initial reaction rate when Acg;(¢) = 0. Uric
acid exhibited the highest a;c 4cig, Which is consistent with the conclusions in the literature that uric acid appears to con-
sume free chlorine faster than most other organic-N precursors (Li & Blatchley 2007; Lian et al. 2014). Ammonium
chloride and urea showed the second and third highest values of «;, respectively, which were an order of magnitude
lower than aycqcig- The calculated ay,e, confirmed the assumption derived from the results of experiment series I, that
is, the reactivity of chlorine with urea may be faster than that of creatinine, HA, and L-histidine. « values of hippuric
acid and citric acid showed the lowest reactivity toward chlorine consumption compared with that of the other BFA
components.

Figure 3 shows the measured datasets and curve fitting results for all substances. Except for a few data points, the chlorine
decay of the substances was reasonably described by the curve. Table 3 summarizes the results of the model evaluation. R?
ranges from 0.96 to 0.99 and RMSE were observed from 0.1 to 1.0 mg/L, indicating the model successfully simulated the
experimental datasets.

3.1.4. Prediction of chlorine decay of mixtures

As the model parameters «; and B; for the individual substances were determined, the reaction rate coefficients for the mix-
ture Ry mix(f) could be calculated according to Equation (5). Subsequently, the kinetics of chlorine decay with respect to the
mixtures of BFA and BFA + HA were predicted by applying Equation (7). Chlorine consumption is a more important factor
than residual chlorine concentration in pool water, as the latter should remain constant to ensure microbial safety. Therefore,
the time-course chlorine consumption was calculated as ICC of 50 mg/L minus the residual chlorine concentration at the
corresponding time, which is shown in Figure 4(a). The chlorine consumption profiles of both BFA and BFA + HA follow
the same pattern, which is characterized by an initial fast consumption stage and a later slower formation stage. Figure 4(a)
also shows the prediction results of chlorine consumption for BFA and BFA + HA as a function of time. Graphically, the
model results show a good simulation. Quantitatively, the value of R? for the model accuracy evaluation was 0.99, that is,

Table 3 | Best-fit model parameters o and 3, overall reaction rate coefficient of chlorine decay, chlorine demand, and corresponding R? and
RMSE with respect to individual substances and substance mixture

o ke i(t) Cel.max,i RMSE
Substance (i) L/mg/h Bi L/mg/h mg/L R? mg/L
Uric acid 2.81 x 1072 3.85 2.81E-2-6.06 x 10~* 24.50 0.983 0.501
Urea 6.73 x 1073 0.14 6.73E-3-5.85 x 103 39.00 0.994 0.576
L-histidine 422 %1073 0.32 4.22E-3-3.07 x 1073 27.48 0.966 1.074
Creatinine 2.85x 1073 0.59 2.85E-3-1.58 x 1073 22.79 0.990 0.856
Humic acid 2.81x1073 0.97 2.81E-3-1.07 x 103 2.98 0.992 0.080
Hippuric acid 1.39 x 1073 2.30 1.39E-3-2.57 x 10~* 2.34 0.874 0.345
Citric acid 425x107* 0.41 4.25E-4-2.87 x 107* 9.25 0.979 0.481
Ammonia 7.10 x 103 3.67 7.10E-3-1.94 x 10~* 3.30 0.964 0.123
Mixture a B ket min(t) Celmax R? RMSE

L/mg/h L/mg/h mg/L mg/L
BFA - - 6.52E-3-2.88 x 10* 42.20 0.994 1.122
BFA + HA - - 6.30E-3-9.20 x 10~* 4735 0.994 1.155

Note: the range of k(t) indicates the changes of rate coefficient from t=0h to t=240 h; DOC of individual substance and HA were 2 and 1 mg/L, respectively, DOC of BFA (3;BFA)
was 3 mg/L while it of BFA +HA was 4 mg/L.
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Figure 3 | Curve fitting for individual BFA components and HA with respect to chlorine decay and TCM formation.

1% of the variance was unexplained. RMSE was 1.12 for BFA while 1.16 mg/L for BFA + HA. These results prove that the
model provides an excellent prediction of the experimental data.

3.2. Trichloromethane formation
3.2.1. Specific trichloromethane formation potential

As all the synthesized samples were prepared with ultrapure water, which does not contain bromide, only TCM was detected
in all the THM species. Specific TCMFP was calculated as TCMFP divided by the corresponding DOC concentration (umol
TCM/mg C). Citric acid exhibited considerably higher specific TCMFP at 10.6 umol/mg C than that of all the other individual
BFA components despite its low chlorine consumption. HA showed the second-highest value of specific TCMFP at
0.82 pmol/mg C, which was approximately 2.5 times higher than that of BFA at 0.45 umol/mg C. This indicates that HA
resulted in more TCM formation than BFA did. Therefore, controlling the organic precursor in the filling water is helpful
in decreasing TCM formation in pool water.
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Figure 4 | Chlorine decay experiment and model simulation results for BFA and BFA with HA.

3.2.2. Kinetic TCM formation of substances with individual DOC concentration

Based on the results obtained from experiment series I (Table 2), Figure 5(a) presents the TCM formation as a function of time
with regards to organic BFA components and HA with their individual DOC concentrations. Citric acid showed the highest
TCM formation, followed by HA, which was consistent with the results of the TCMFP test. Moreover, the TCM formation of
citric acid increased until 120 h, whereas that of HA plateaued at 24 h. These results indicate that the substances exhibited
different reactivities toward TCM formation, and therefore may contribute differently to the TCM formation of the mixture.
Similar to the interpretation of the chlorine consumption results, the time-course contribution percentage of the TCM for-
mation was calculated. These were calculated as the TCM concentration of individual substances to the summation of the
TCM formation of all substances (total TCM) at the corresponding time (Figure 5(b)).

Although citric acid contributed the least to chlorine consumption, over 50% of the total TCM was formed due to the pres-
ence of citric acid. Approximately 90% of total TCM formation was attributed to the presence of citric acid and HA. Urea,
hippuric acid, and creatinine were responsible for 64% of the total DOC of BFA + HA whereas <10% of TCM formation was
caused by these components. Moreover, the time-course contribution of HA and citric acid to total TCM formation showed
an adverse trend. Specifically, the contribution percentage of HA decreased, while that of citric acid increased with increasing
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Figure 5 | (a) Time-course TCM formation of individual BFA components with their respective DOC (Table 2 experiment series 1),
HA (DOC =1 mg C/L), and (b) Time-course contribution percentages of individual substances to the total TCM formation.
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reaction time. This suggests that HA may be responsible for total TCM formation in the early phase of the reaction. This
hypothesis was further confirmed by deriving reaction rate coefficients.

3.2.3. Reaction rate coefficient of TCM formation for individual substances

The proposed model (Equation (3)) was applied to each TCM formation dataset of an individual substance obtained from
experiment series II. The best-fit parameters of y [L/umol/h] and 6 were determined by curve fitting, as shown in Figure 3.
The crempp; of individual substance i was experimentally determined. The variable reaction rate coefficient of TCM
formation kzcymi(f) was calculated by applying the best-fit parameters to Equation (4). The values of the best-fit parameters,
cremrp,; and krey () are shown in Table 4.

As shown, y is equal to the initial k7cp;(0), which indicates that y reflects the initial rate coefficient at £ = 0. Urea showed
the highest initial rate coefficient, followed by HA, which was an order of magnitude higher than those of the other BFA com-
ponents. Moreover, the initial y;;4 was higher than that of citric acid, which agrees with the observations and assumptions
obtained from experiment series I (Section 3.2.2), that is, HA may have a higher reactivity toward TCM formation than
citric acid does. Although citric acid exhibited the highest specific TCMFP, its rate coefficient was not the highest. This
implies that citric acid may be responsible for TCM formation at the slow phase when the circulation time of swimming
pool water is long. Moreover, citric acid and histidine show the rate constant (6 = 0), while HA shows the higher 6 value indi-
cating the HA rate coefficient varied with reaction time. This may be due to the heterogeneous characteristics of HA. HA
contains different reactive sites compared with citric acid and histidine.

The goodness of curve fitting is shown in Figure 4 for the TCM formation of all substances. Graphically, the model accu-
rately describes the experimental data. The values of R? ranged from 0.89 to 0.99, indicating a moderate to good simulation
(Table 4). The RMSE was observed to range from 0.004 to 0.17 umol/L. These results indicated that the model successfully
simulated the experimental datasets.

3.2.4. Prediction of TCM formation for mixtures

As the model parameters y; and 6; for individual substances are determined, the reaction rate coefficients for substance mix-
ture Rrcommix(f) can be calculated according to Equation (6). Then, the kinetics of TCM formation with respect to BFA and
BFA + HA can be predicted by applying Equation (8). The TCMFP used for model prediction is shown in Table 4.

Figure 4(b) shows the experimental and predicted TCM formation results for BFA and BFA + HA as a function of time.
The TCM formation profiles are characterized by an initial fast consumption stage and a later slower formation stage.
A good to moderate agreement of TCM concentration was found between experimental data and model predictions for
BFA and BFA + HA with R? values of 0.98 and 0.95, respectively. Although the RMSE ranged from 0.07 to 0.12 umol/L,

Table 4 | Best-fit model parameters y and 6, reaction rate coefficient of TCM formation, TCM formation potential, and corresponding R? and
RMSE with respect to individual substances and mixture

Yi Krem,i(t) Cremep,i RMSE
substance (i) L/pmol/h 0; L/umol/h pmol R? pmol/L
Uric acid 7.83 x 107° 0.95 7.83E-5-3.11 x 107> 0.06 0.964 0.004
Urea 1.69 x 107 1.53 1.69E-4-4.18 x 107> 0.05 0.902 0.005
L-histidine 3.92x107° 0.00 3.92E-5-3.92 x 10~° 0.39 0.896 0.050
Creatinine 2.88x107° 0.35 2.88E-5-2.10 x 107> 0.07 0.956 0.005
Humic acid 1.33x10°* 1.70 1.33E-4-2.44 x 107° 0.82 0.997 0.010
Hippuric acid 3.73%x107° 1.33 3.73E-5-1.11 x 107° 0.05 0.947 0.004
Citric acid 5.72x107° 0.00 5.32E-5-5.32 x 107> 19.70 0.948 0.176
mixture y 0 Rrem mix (£)* CTCMFP,mix R? RMSE

L/umol/h L/umol/h umol umol/L
BFA - - 5.55E-5-4.89 x 107° 1.72 0.981 0.069
BFA + HA - - 8.36E-5-6.95 x 107> 2.54 0.959 0.124

Note: the range Krew,i(t) and krem mix(t) indicate the changes of rate coefficient from t =0h to t =240 h; the y and ¢ for substance mixture are calculated.
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it falls in typical precision with 5% error. Thus, graphical and quantitative analyses confirmed an accurate fit to the exper-
imental data.

4. CONCLUSIONS

This study investigated the reactivity of substances remaining in swimming pool waters toward chlorine consumption and
TCM formation. Kinetic experiments were conducted to derive the rate coefficients of individual substances. Based on the
obtained individual rate coefficients, the proposed models were used to simulate the chlorine consumption and TCM for-
mation of substance mixtures, that is, BFA (mixture) and a BFA and HA mixture (BFA + HA).

The results showed that urea exhibited the highest DOC-related specific chlorine demand, which is attributed to its higher
nitrogen concentration than other BFA components. BFA was more reactive than HA toward chlorine consumption. How-
ever, the specific TCMFP of HA was approximately 2.5 times higher than that of BFA, indicating that HA is more reactive
toward TCM formation. Citric acid showed a considerably higher specific TCMFP than other BFA components. Uric acid
exhibited the fastest initial rate coefficient of chlorine decay, which was an order of magnitude higher than those of hippuric
and citric acids. Regarding TCM formation, urea and HA were attributed to the fast-reacting TCM formation precursors,
which were a magnitude higher than that of citric acid.

For substance mixtures, a hypothesis was proposed to calculate the (overall) rate coefficient, that is, the rate coefficients of
the mixture depend on the rate coefficient of the individual substance and the concentration of the substance remaining in the
water. This hypothesis and the obtained rate coefficient of the individual substances were validated by simulating the kinetics
of chlorine consumption and TCM formation with respect to BFA and BFA + HA. It was found that the model provided
excellent simulation results.
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