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Abstract

Disinfection by-products (DBPs) are formed in swimming pools by the reactions of bather
inputs with the disinfectant. Although a wide range of molecules has been identified within
DBPs, only few Kinetic rates have been reported. This study investigates the kinetics of chlorine
consumption, chloroform formation and dichloroacetonitrile formation caused by human
releases. Since the flux and main components of human inputs have been determined and
formalized through Body Fluid Analogs (BFAS), it is possible to model the DBPs formation
kinetics by studying a limited number of precursor molecules. For each parameter the individual
contributions of BFA components have been quantified and kinetic rates have been determined,
based on reaction mechanisms proposed in the literature. With a molar consumption of 4 mol
Clz/mol, urea is confirmed as the major chlorine consumer in the BFA because of its high
concentration in human releases. The higher reactivity of ammonia is however highlighted.
Citric acid is responsible for most of the chloroform produced during BFA chlorination.
Chloroform formation is relatively slow with a limiting rate constant determined at
5.50x10° L/mol/sec. L-histidine is the only precursor for dichloroacetonitrile in the BFA. This
DBP is rapidly formed and its degradation by hydrolysis and by reaction with hypochlorite
shortens its lifetime in the basin. Reaction rates of dichloroacetonitrile formation by L-histidine

chlorination have been established based on the latest chlorination mechanisms proposed.



Moreover, this study shows that the reactivity toward chlorine differs whether L-histidine is

isolated or mixed with BFA components.

Keywords: Disinfection by-products

Kinetic modeling

Body fluid analog

Swimming pools

Introduction

Because of its residual disinfection capacity, chlorine is used in most swimming pool water
treatment processes to ensure a good microbiological water quality. However, the formation of
irritating or potentially toxic chlorinated disinfection by-products (CI-DBPs) by reaction of
chlorine with organic matter has been highlighted by many studies in the last 40 years (Beech,
1980; Florentin et al., 2011; Zwiener et al., 2007). Bathers and lifeguards are exposed to Cl-
DBPs mainly through inhalation of volatile compounds or through dermal absorption (Erdinger
et al., 2004; Lévesque et al., 1994). The exposure assessment and prediction require a model

for the formation and degradation kinetics of CI-DBPs in swimming pool water.

One of the major difficulties lies in the complex composition of the pollution released by
bathers in the pool. Both the nature and amount of these organic compounds depend on various
parameters, such as water temperature or bathers hygiene (Bessonneau et al., 2011; Keuten et
al., 2012). Few studies described the amount of CI-DBPs generated by the particles or by the
pharmaceutical and personal care products released by bathers in the pools (Kim et al., 2002;
Manasfi et al., 2017a; Teo et al., 2015). Most studies addressing DBP precursors in swimming
pool focused on the dissolved human pollution, which consists mainly of urine and sweat, so
that its responsibility for the production of large amounts of CI-DBPs has now been well

established (Bessonneau et al., 2011; Hureiki et al., 1994; Kim and Han, 2011).



Moreover, many studies have focused on urine and sweat compositions and on the quantities
released in swimming pools (Putham, 1971; WHO, 2006), leading to the formulation of Body

Fluid Analogs (BFAS).

BFA solutions consist of the main components of human body fluids and they are mainly used
to simulate the anthropogenic pollution in pilot-scale or bench-scale experiments. The most
widely used composition has been suggested by Judd and Bullock (2003). This solution has
the advantage to yield representative amounts of CI-DBPs while involving only 7 components,

namely urea, ammonia, creatinine, L-histidine, citric acid, uric acid and hippuric acid.

As the number of precursor molecules is limited to 7, a mechanistic approach can be considered,
since it produces more reliable models. However, the chlorination kinetics and DBPs formation
potentials of the BFA components have been unequally studied. Ammonia chlorination kinetics
has been determined within the scope of the breakpoint chemistry (Jafvert and Valentine, 1992).
Urea, which is known to be a urine component responsible for the formation of large amounts
of trichloramine, has been widely studied since 1980, considering the health concerns raised by
this DBP. Creatinine and L-histidine have been less studied but chlorination mechanisms have
been proposed in the literature. The formation of chloroform and dichloroacetonitrile by
L-histidine chlorination as well as the methylamine formation by creatinine chlorination have
been explained (Li et al., 2017; Liu et al., 2017; Tachikawa et al., 2005). Finally, only few have
focused on citric, uric and hippuric acids. Citric acid has been reported to produce large amounts
of chloroform, whereas uric acid chlorination seems to be responsible for the production of high
cyanogen chloride quantities (Larson and Rockwell, 1979; Lian et al., 2014). The formation
potentials of the BFA components have been addressed for specific DBPs by few studies.
Kanan and Karanfil (2011) described the important molar yields of citric acid for chloroform,
dichloroacetic acid and trichloroacetic acid. However, individual contributions taking
concentrations of the BFA formulation into account have not been determined, and kinetical

aspects have not been considered by Kanan and Karanfil.



This article focuses on the formation of the main volatile DBPs in swimming pools
(trihalomethanes and haloacetonitriles). Since bromination mechanisms of the BFA
components remain largely unknown, this study focuses only on the formation of chlorinated-
DBPs (chloroform and dichloroacetonitrile). Even if the brominated DBPs are more toxic and
may be observed in fresh water or seawater pools (Manasfi et al., 2017b), their concentrations

in most swimming pools are drastically lower than the CI-DBPs concentrations.

Chloroform (TCM) and dichloroacetonitrile (DCAN) have been chosen as target molecules
because of their different stabilities. Chloroform (TCM) is an ultimate, volatile and very stable
CI-DBP, which formation kinetics has been reported to be slow (Arnold et al., 2008; Blatchley
et al., 2003). On the contrary, dichloroacetonitrile (DCAN) has been proven to degrade quickly
through hydrolysis and through reaction with hypochlorite (Yu and Reckhow, 2017, 2015).
This study identified the main precursors of TCM and DCAN within the BFA. The DBPs
formation modeling was based on the specific chlorination study of the main precursors.
Literature data such as chlorination mechanisms were coupled with experimental data from this
study in order to determine kinetic rate constants. The resulting models were validated by
comparison with the data provided by BFA chlorination experiments. Modeling the DBPs
formation kinetics is the first step allowing to predict DBPs occurrence in pool water and air.
Then the hydrodynamic parameters have to be taken into account to accurately predict
concentration variations in water and air (Judd and Black, 2000; Peng et al., 2016; Schmalz et
al., 2011). This method already predicted trichloramine occurrence in swimming pool water

and air (Gérardin et al., 2015).

1. Materials and methods
Ultra pure water (UPW) produced by a ElgaPureLab System (resistivity 18.2 MQ.cm,

TOC< 50 pg C/L) was used for the preparation of all solutions and dilutions.

1.1 BFA chlorination



The BFA solution (Table 1) was freshly prepared according to Judd and Bullock composition
the day before starting chlorination experiments. To overcome solubility difficulties, uric and
hippuric acids were solubilized in approximately 20 mL of ultrapure water supplemented with
1 mL of a sodium hydroxide solution (5 mol/L). The pH of the final solution was adjusted to 7
with HCI.Sodium hypochlorite stock solutions (= 1 mol/L, Fisher Scientific) were regularly

titrated iodometrically.

Chlorinated solutions were prepared in a 1 L volumetric flask by diluting the BFA mix or
individual stock solutions in 50 mL of a 0.2 mol/L phosphate buffer (pH = 7.5 + 0.1). Chlorine
was added and the volume was adjusted to 1 L with ultrapure water. In the case of the BFA
mix, the total organic carbon (TOC) concentration of the chlorinated solution reached 4 mg/L.
The concentration of each BFA component in the final solution is indicated in Table 1. After
chlorine addition, the solution was divided into a series of 60 mL amber glass bottles filled
without headspace and placed in a 27°C + 2°C thermostated bath. For contact times longer than
1000 hr, bottles were placed in a thermostated chamber at 27°C £+ 1°C. All chlorination

experiments are summarized in Appendix A.

Table 1 Body Fluid Analog (BFA) composition

Compound CAS Developed formula  Initial ~TOC % of TN % of
concentration In (mg/L) total  (mg/L) total
the  chlorinated TOC TN
solution
(individual  and
mix) (mmol/L)

Ammonium  7664-41-7 2.88x107 0 0 0.40 5.9

chloride NH.CI

Urea 57-13-6 )(L 1.90x10! 2.28 56.7 5.3 79

H:N- - NH,
L-Histidine  71-00-1 HN 6.01x10°° 0.036 0.9 0.25 3.7
OH
(0]
LH
Creatinine 60-27-5 o 1.23x1072 0.594 148 052 7.7
%NH
A~(
NH




Citric acid 77-92-9 HO OH 257x103 0.185 4.6 0

HO o
0 o}

HO
a 2.24x1073 0.134 3.33 0.13
N
HN
)fj:> °
o} H H
Hippuric 495-69-2 i o 7.35x1073 0.793 19.7 0.10
acid @')LN/\[(

Uric acid 69-93-2

1.9

15

Since the kinetics and mechanism of ammonia chlorination was extensively reviewed (Jafvert
and Valentine, 1992; Qiang and Adams, 2004; Weil and Morris, n.d.), no chlorination
experiment was carried on ammonia. The model published by Jafvert and Valentine (Jafvert

and Valentine, 1992) was directly implemented in the BFA chlorination model.

1.2 Analytical methods
For each sampling point a 60-mL bottle was opened and 10 mL were immediately transferred
into a 20 mL-headspace vial, quenched with 60 pL of a sodium thiosulfate solution (0.2 mol/L)

and acidified with 60 pL of phosphoric acid (85%, Merck).

Free chlorine was measured by the DPD colorimetric method using a Shimadzu UV-1280
spectrophotometer (APHA, 2005). The quantification limit was 0.1 mg/L as Cl,. If necessary,
solutions were diluted with ultrapure water before analysis to reach a free chlorine

concentration lower than 5 mg/L as Cl..

TCM and DCAN were measured by headspace GC-MS (Clarus 500, Perkin-Helmer). Vials
were heated in the headspace oven (Perkin-Elmer) at 60°C for 10 min before injection.
Separation was achieved with a FFAP capillary column (25 m x 0.15 mm i.d. x 0.25 pm)
pressurized at 35 psi. Temperature for the GC oven started at 40°C for 5 min then rose to 120°C
at 10°C/min and held for 5 min. The source temperature was set to 250°C. Standard solutions
(2000 pg/mL, Sigma-Aldrich) were used to prepare external standards. TCM and DCAN were
identified using full-scan analysis and they were quantified in Single lon Monitoring (S1M)
mode using ions at m/z = 83 and 74 respectively. Quantification limits were 5 pg/L and 2 pg/L
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for TCM and DCAN respectively. Relative standard deviations (RSD) were below 5% (n=3)

for both analyses.

1.3. Kinetic modeling

Kinetic modeling was performed on COPASI software v4.16. Kinetic rates were fitted either
with chlorination experiment results from this study or with experimental data from the
literature, using evolutionary programming. Acid base equilibria were supposed to be

instantaneously reached. All equilibrium constants and literature sources are indicated in Table

2. The model includes 55 reactions, 7 precursors and a total of 64 molecules.

Table 2 Reaction rates of the model.

Reaction Rate or equilibrium  Source* Reaction
constant label

H,O = H* + OH" Ke=10"1* mol/L Q)

Cl,=HOCI + H* + CI K= 3.94x10* mol%L? (Connick and Chia, 1959) 2
(25°C)

HOCI =CIO + H* K=2.90x10% mol/L (25°C) (Morris, 1966) (3)

NHs" = NH; + H* K=5.75x101° mol/L (25°C) Bates and Pinching, 1950 4)

CsHsO7 = CeH;0O7 + H* K= 7.40x10* mol/L (Bates and Pinching, 1949) (5)

CsH707 = CgHeO7 + H* K= 1.73x10° mol/L (Bates and Pinching, 1949) (6)

CeHsO7 = C¢HsO7 + H* K=3.98x107 mol/L (Bates and Pinching, 1949) @)

HOCI -> CI" + X k= 4.42x107 sect BFA90 (8)

HOCI + NH3 -> NH.CI + H,0 k=4.17x10° (Jafvert and Valentine, 1992) (A1)
L/mol/sec(25°C)

HOCI + NH,CI -> NHCI; + H,0 k= 2.77x10%> L/mol/sec (Jafvert and Valentine, 1992) (A2)
(25°C)

HOCI + NHCI; -> NCl; + H,0 k= 1.70x10° L/mol/sec (Jafvert and Valentine, 1992) (A3)
(25°C)

NH.Cl + H;O -> HOCI + NH3 k= 2.11x10® sec’}(25°C) (Jafvert and Valentine, 1992)  (A4)

NHCI; + H20 -> NH:CI + HOCI k=7.60x10"" sec’}(25°C) (Jafvert and Valentine, 1992)  (A5)

2 NH2Cl -> NHCI, + NH3 k= 5.22x10° L/mol/sec (Jafvert and Valentine, 1992)  (A6)
(25°C)

NHCIz + NHs + H* -> 2 NH,Cl + H* k= 6.00x10% L?%mol%/sec (Jafvert and Valentine, 1992) (A7)
(25°C)

NHCI, + OH > | k= 1.11x10?> L/mol/sec (Jafvert and Valentine, 1992) (A8)
(25°C)

| + NHCI; -> HOCI + P k= 2.78x10* L/mol/sec (Jafvertand Valentine, 1992)  (A9)

(25°C)




I + NH.Cl -> P
NH:CI + NHCI, -> P

NHCI; + NCl3 + OH" -> 2 HOCI +
P
NHzCI + NCl3z + OH" -> HOCI + P

NHCI; + CIO" -> NOs + 5 H* + 4
Cl

CO(NH2); + Cl; -> CONH,NHCI +
H20

HOCI + CO(NH5); -> CONH,NHCI

+ H,0

HOCI +  CONH:NHCI ->
CO(NHCI), + OH-

HOCI + CO(NHCl), ->
NCI,CONHCI + OH"

HOCI + NCLCONHCI ->
CO(NCI,); + OH-

HOCI + CO(NCly); -> CO; + NHCl,
+ NCl3

C4H;N30 + CIO -> C4HsN3OCI +
OH-

CsHgN3OCI + CIO" + H,O ->
C4HsgN30,Cl + CI

C4HgN30,Cl + H,0 -> CO(NHz)z +
CH;3NCICH,COOH
CH3NCICH,COOH + CIO ->
CH3NCI; + CH3COOH
CH3COOH + HOCI -> 0,007 TCM
CeHoN30, + HOCI -> CgHgN3O.Cl
+ H,0

HOCI + CeHsgN30,ClI ->
CeH7N30,Cl, + H,0O

CeH7N30,Cl, -> CsH7NsCl + CO, +
CI

CsH7N30Cl, -> C6H6N30.Cl + H*
+CI

CsH7N3Cl > CsHsNs + HT + CI
CeHeN30,Cl -> CsHsNs + CO, + CI
C5H5N3 -> DCAN

CeHsgN30,Cl-> CsH7N3 + CO, + CI
CsH7/N3-> TCM + K

HOCI + C¢H507 -> CsH405 + CO, +
H*+ ClI" + OH"

2 HOCI + CsH405 -> CsH4O5Clo + 2
OH-

CsHsOsCl, + OH -> HCOs; +
C4H203Cl;

C4H,03Cl, + HOCI -> C4H,03Cl;5 +
OH"

k= 8.33x10° L/mol/sec
(25°C)
k= 1.52x102 L/mol/sec
(25°C)
k= 5.56x10% L%mol%/sec
(25°C)
k= 1.39x10° L%*mol?/sec
(25°C)
k= 2.31x10? L/mol/sec
(25°C)

k= 3.10x107 L/mol/sec

k= 8.44x102 L/mol/sec

k>10' L/mol/sec

k>10*® L/mol/sec

k>10% L/mol/sec

k>10' L/mol/sec

k= 0.260 L/mol/sec

k>10*® L/mol/sec

k=65.7 sec!

k>10%° L/mol/sec

k=0.01 L/mol/sec
k= 0.586 L/mol/sec

k=0.513 L/mol/sec

k= 0.167 sec*
k=0.325 sec!

k= 7.04x10" sec!

k= 1.00%108 sec?

k= 6.64x10" sec?
k=7.91x10% sec?
k=1.10x1072 sec™?
k=5.50%x10" L/mol/sec
k>10% L2/mol?/sec

k>10%% L/mol/sec

k>10%% L/mol/sec

(Jafvert and Valentine, 1992)
(Jafvert and Valentine, 1992)
(Jafvert and Valentine, 1992)
(Jafvert and Valentine, 1992)
(Jafvert and Valentine, 1992)
U90, U_DL_710

U90, U DL_710

(Blatchley and Cheng, 2010)
(Blatchley and Cheng, 2010)
(Blatchley and Cheng, 2010)
(Blatchley and Cheng, 2010)
C30, C90, C_B_10

C30, C90, C_B_10

C30, C90, C_B_10

C30, C90,C_B_10

C30, C90
H5, H10, H30S, H60, H90S

H5, H10, H30S, H60, H90S
H5, H10, H30S, H60, H90S
H5, H10, H30S, H60, H90S
H5, H10, H30S, H60, H90S
H5, H10, H30S, H60, H90S
H5, H10, H30S, H60, H90S

H30, H90
H30, H90

CA10, CA30, CA65, CA90S,

CA90, CA_B_20

CA10, CA30, CA65, CA90S,

CA90, CA_B_20

CA10, CA30, CAG5, CA90S,

CA90, CA_B_20

CA10, CA30, CAG5, CA90S,

CA90, CA_B_20

(A10)
(A11)
(A12)
(A13)
(A14)
(U1_CI2)
(U1_HOC
1)

(U2)
(U3)
(U4)
(US)
(C1)

(C2)

(C3)

(C4)

(C5)
(H1)

(H2)
(H3)
(H3his)
(H4)
(H4bis)
(HS)
(H6)
(H7)
(CA1)
(CA2)
(CA3)

(CA4)




CsH20:Cl; + OH- -> TCM + k>10% L/mol/sec CA10, CA30, CA65, CA90S,
C3H303 CA90,CA B 20

HOCI + CsH4N4O3 -> CsHaN4O4Cl - k= 5.31 L/mol/sec UA5, UA_L_20, UA_L_30
HOCI + CsHaN4O4Cl -> C4HsN4O3  k>10%° L/mol/sec UA5, UA_L_20, UA_L_30
+ CO,

C4HsN4O3 + 6 HOCI -> A + 0.05 k>10% L/mol/sec UA5, UA90, UA_L_30
CNCI + 0.035 NCl3 + 0.063 TCM

HOCI + CgHgNO3 -> CoHgNO4CI k=2.23 L/mol/sec HA5, HA30

CoHgNO4CI -> 0.018 TCM k=4.08x10 sec? HA5, HA30

DCAN + CIO -> CIDCAM k=0.29 L/mol/sec (Yu and Reckhow, 2017)
DCAN + OH" -> DCAM k=1.55 L/mol/sec (Yu and Reckhow, 2017)
CIDCAM + HOCI -> DCAA + k=0.20 L/mol/sec (Yu and Reckhow, 2017)
NHCI,

DCAM + CIO" -> CIDCAM k= 27.6 L/mol/sec (Yu and Reckhow, 2017)
DCAM + OH -> DCAA k=0.17 L/mol/sec (Yu and Reckhow, 2017)

(CA5)

(UA1)
(UA2)

(UA3)

(HA1)
(HA2)
(DCANL1)
(DCAN2)
(DCANS3)

(DCAN4)
(DCANS)

*Sources are given for rate constants taken from the literature. References of the experiments used for
rates adjustment are precised for the rates determined in this study. If experimental data used for the
adjustment come from another published paper, the experiment reference is indicated in bold. P =
unidentified reaction products; | = unidentified intermediate.

2. Results and discussion
2.1.Chlorine consumption

Chlorine demand has been determined during a long-term experiment involving a contact time
of 270 hr. Free chlorine rapidly decreased during the BFA chlorination experiment. The high
initial chlorine doses were calibrated to ensure a residual chlorine concentration during long-
term experiments. After 100 hr of reaction, 65 mg/L of free chlorine had been consumed. Then
the free chlorine concentration decreased very slowly due to chlorine degradation. The BFA
chlorine demand was estimated at 15 mg Cl,/mg C. This value is close to the 18 mg Cl,/mg C
reported by Kanan and Karanfil,(2011) for the same BFA at 26°C and pH = 7. The BFA chlorine
demand is higher than the chlorine demand of humic substances which is estimated at 1.1 — 2.3
mg Clz/mg C (Reckhow et al., 1990). Consequently, the filling water chlorine demand can be
neglected compared to the chlorine consumption caused by the anthropogenic pollution in
pools. The BFA components were individually chlorinated at chlorine doses of 30 mg/L of Cl
and 90 mg/L of Cl, with contact times of 170 hr and 270 hr respectively. Urea consumed 54
mg/L of Cl, after 270 hr of chlorination at 90 mg/L, which amounts to 78% of the total BFA
chlorine demand (Fig. 1a and Appendix A S2). The ammonia molar chlorine demand, 1.7

mol/mol, is in good agreement with the value of 1.5 mol/mol proposed by the breakpoint model.
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L-histidine chlorine demand was estimated at 10 mol/mol after 170 hr of reaction, which is
slightly lower than the 12 mol/mol reported by Hureiki et al. (1994) and slightly higher than
the 8 mol/mol measured by Li and Blatchley (2007) and Li et al. (2017). The 6 mol/mol reported
here for creatinine chlorine demand are higher than the value of 2 mol/mol reported by
Tachikawa et al. (2005) and Li and Blatchle (2007). It could be explained by different contact
times (150 hr in this study). With a molar chlorine demand of 7 mol/mol, uric acid is one of the
most chlorine consuming component but its contribution to the BFA total chlorine demand is
limited due to its low concentration in the solution. Citric acid contribution is also low.
Dickenson et al. (2008) reported 0.5 mol/mol after 24 hr contact time. In this study, the value
was estimated at 4 mol/mol after 160 hr reaction. Although this value is comparable to the
molar values of other components, the contribution of citric acid to the BFA chlorine
consumption (1%) is low because of the low concentration of citric acid in the BFA solution.
Little data is available concerning the chlorine demand of hippuric acid. After 150 hr reaction,
hippuric acid had the lowest molar chlorine demand among the BFA components (1 mol/mol;

0.7% of the BFA chlorine demand).

Although urea has the highest chlorine demand in the BFA, note that its contribution to the
chlorine consumption increases during the first 20 hr of reaction. Indeed, ammonia reacts more
quickly than the other components including urea, which leads to a higher contribution (40%)

to chlorine consumption at the beginning of the reaction.

L-histidine was found to consume very little chlorine during the first 3 hours of reaction at a
chlorine to L-Histidine ratio of 10. Thus, its contribution to the overall BFA consumption at the
beginning of the reaction may not be significant compared to urea’s consumption. Lian et al.
reported that uric acid reacts very quickly with chlorine. Its consumption rate is similar to the
consumption rate of glycine. At a chlorine to uric acid molar ratio of 6.4, 85% of free chlorine

were consumed after 60 min (Lian et al., 2014).
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The model also includes a reaction representing chlorine degradation in the medium (Reaction
(8), Table 2). The associated Kinetic rate, included in the model, was calibrated on a long term
experiment at the initial chlorine dose of 90 mg/L and is in agreement with the rate proposed

by Lister (1956) for sodium hypochlorite decomposition (k = 3.8x10 sec™).

BFA component Chlorine demand Chlorine demand ~ Concentration  Contribution to the
(mg/L of Cl) (mol /mol) (mmol/L) BFA chlorine
demand (%)
Ammonium chloride 35 1.7 2.88x1072 5.1
Urea 54 4 1.90x10! 78
Creatinine 5.2 6 1.23x102 7.5
L-Histidine 4.3 10 6.01x1073 6.2
Citric acid 0.7 4 2.57x1073 1.0
Uric acid 1.1 7 2.24x1073 1.6
Hippuric acid 0.50 1 7.35x103 0.70
b
80

3 70

% 60 -

gﬂ 50

=l + Experiment

g1 del

k- == Mode

§ 30 A

2 20 - 2

; 10 -

=

0 T T
0 200 400 600
Time (hr)

Fig. 1 Chlorine demand of the BFA solution and of its components. (a) BFA demand vs individual components demand
measured after 270 hr chlorination with an initial chlorine dose of 90 mg/L of Cl,, pH = 7.5, T = 27°C, (b) Modeling of the
BFA chlorine consumption and experimental results (n=3) for an initial chlorine dose of 90 mg/L of Cl,, pH=7.5, T=27°C

Urea chlorination has been widely documented. The chlorination mechanism has been proposed
by Samples (1959), then modified by Blatchley and Cheng (2010), who suggested that the first
step, which is rate-limiting, involves molecular chlorine rather than hypochlorous acid.
Blatchley and Cheng (2010) also measured a rate constant for this first step by monitoring the
N-chlorourea concentration spectrophotometrically at 2 = 245 nm and pH = 2.0. However, the
mechanism proposed with this rate did not fit with the experimental data of this study (Fig. 2).
The residual chlorine concentration following 600 hr of reaction and estimated with this model
reached 0.045 mg/L of Cl,, whereas long term experiments exhibited a residual concentration
of 15 mg/L of Cl, for the same duration. Hence, urea chlorination by hypochlorous acid was
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taken into account and a rate constant was fitted. As a result of this change, the reaction rate of
Cl, with urea was also reassessed. The reaction rate of urea chlorination by HOCI was estimated
at 8.44x102 L/mol/sec, whereas the reaction rate with Cl,was calculated at 3.10x10” L/mol/sec.

These values confirm that Cl, reacts more quickly with urea than HOCI.

a b
B Experiment ¢  Experment De Laat pH=5
Mode! from this study s Model from this study pH =5
= == == Mode! without HOCI consideration = = = Model without HOCI consideration pH = 5
100 Experiment De Laat pH =7

.

G" Model from this study pH=7

3 SO~ Model without HOCI consideration pH = 7
":*n 30 70T

g T 700 %%

[=2 — A\

g 70 Seso 4\

= )

2 60 oo | & 3~

= o &

< £ 550 T, *

@ B -

g 50 = 500 Se-=

= v

40 + T T T E 450
0 50 100 150 200 400
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Fig. 2 Urea chlorination and comparison of models with and without HOCI consideration at different initial chlorine
concentrations and pH. (a) Experimental data (n = 3) at initial Cl, concentration 90 mg/L, initial urea concentration 0.19
mmol/L, temperature 27°C, pH 7.5. (b) initial Cl, concentration 710 mg/L, initial urea concentration 1 mmol/L temperature
25°C, pH 7 or 5.4 (data from De Laat et al., 2011)

Urea consumed 3.8 mol/mol at pH = 7.5, which is consistent with the literature data (De Laat
et al., 1982). However De Laat (2011) observed that this value is pH-dependent: at pH = 4.5
urea chlorine demand reaches 2.5 mol/mol urea. The model presented here could not fit for pH-

value out of the range 6.5 - 8.

Chlorine demand for other components and examples of chlorine consumption fits are reported

in Appendix A S2.

2.2.Chloroform formation

2.2.1. Chloroform formation from the BFA components

12



All BFA components were individually chlorinated at 30 and 90 mg/L of Cl, during 150 hr and
270 hr respectively. For some components, specific chlorination experiments at lower initial

chlorine doses were performed (Appendix A S3).

Very different TCM molar yields were obtained from the chlorination experiments of BFA

components. However, urea, creatinine, L-histidine and uric acid have similar contributions (3%

— 5%) due to their different concentrations in the BFA mix (Table 3). TCM amounts formed
by citric acid were significantly higher than the concentrations produced by the other
components. For example, urea and creatinine formed 10 pg/L of TCM (0.084 umol/L) after
150 hr chlorination at 90 mg/L, which involves formation potentials of 4.2x10* mol/mol and
7.2x10° mol/mol for urea and creatinine respectively. After the same contact time citric acid
chlorination produced 250 pg/L of TCM (2.1 umol/L) (Appendix A S3). One mole of citric
acid produced 120 times more chloroform than one mole of creatinine and 2000 times more
chloroform than one mole of urea. The ability of citric acid to form higher quantities of TCM
than other BFA components has been reported in numerous studies (Blatchley et al., 2003;
Dickenson et al., 2008), with yields varying between 50% and 80% (Blatchley et al., 2003;
Larson and Rockwell, 1979). Regarding the TCM formation potential determined in this study,
it appears that citric acid is the main precursor for TCM in the BFA. Citric acid is responsible
for 80% of the TCM formed during BFA chlorination. In fact, the total TCM quantity yielded
by the BFA components excluding citric acid was in the same order of magnitude as the

measurement uncertainty. Only hippuric acid yielded significant TCM quantities.

Table 3 Chloroform formation from the BFA components.

BFA component Concentration (mmol/L)  Yield of TCM Contribution to the TCM

formation (mmol/mol)  production from
chlorination (%)

BFA

Ammonium chloride  2.88x107? 0 0

Urea 1.90x101 0.40 2.7
Creatinine 1.23x1072 7.20 3.0
L-Histidine 6.01x10°° 24.0 5.1
Citric acid 2.57x10°3 881 77
Uric acid 2.24x10°° 63.4 4.9
Hippuric acid 7.35x10°8 28.5 7.2

Initial Cl, concentration 90 mg/L, pH 7.5, temperature 27°C.
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2.2.2. Citric acid chlorination modeling
Citric acid was chlorinated at 90 mg/L during 270 hr in UPW at 27°C. 2.5 umol/L TCM were
formed during this experiment, which implies a TCM formation potential of 0.9 £ 0.2 mol/mol

for citric acid.

A chlorination mechanism has been proposed by Larson and Rockwell (1979), in which the
first step leads to the formation of 3-ketoglutaric acid by citric acid decarboxylation.
3-Ketoglutaric acid yields large amounts of TCM by undergoing the haloform reaction
(Deborde and von Gunten, 2008; Dickenson et al., 2008; Fuson and Bull, 1934). The resulting
chlorination mechanism proposed in this study is shown in Appendix A S4. Larson and
Rockwell (1979) proposed a rate-limiting decarboxylation step based on the finding that the
optimum pH corresponds to the simultaneous presence of the citrate trianion and of the
hypochlorous acid. Acid-base equilibria of citric acid were included in the model via Reactions
(5), (6) and (7) (Table 2). Considering the much higher yield observed by Larson and Rockwell
(1979) at pH = 7, it was supposed that the citrate trianion was the only form reacting with
hypochlorous acid. For the same reason it was supposed that hypochlorous acid was the only
chlorine specie involved in the reaction. No kinetic rate was proposed in previous studies for
the decarboxylation step. In this study the first kinetic rate was fitted with data obtained from
experiments performed at different initial chlorine doses (Table 2 and Appendix A S3). The
experimental data published by Blatchley et al. (2003), were also used to fit the rate with
experiments performed at a different citric acid concentration. The reaction rate was established

at 5.50x10 L/mol/sec.

Fig. 3 presents the main results of kinetic modeling. It can be observed that the model fits with
experimental points for long-term experiments (350 hr) as well as for short term experiments
(10 hr). However, the values predicted by the model are 15% to 20% lower than the

experimental data from Blatchley et al. (2003).
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Fig. 3 Chloroform formation from citric acid chlorination. (a) Citric acid (2.6x10 mol/L) chlorination at 65 mg/L Cl,, temperature 27°C, pH
7.5 (n = 3) and model (full line). Citric acid (5.2x10°° mol/L) chlorination at 20 mg/LL Cl,, temperature 25°C, pH 7.0, experimental data from
Blatchley et al. (2003 and model (dashed line). (b) Focus on the beginning of the chlorination reaction of citric acid (2.6x10° mol/L) at 90
mg/L Cl,, temperature 27°C, pH 7.5 (n = 3).

A very long-term experiment was performed on BFA and citric acid at 90 mg/L to evaluate
chloroform formation for contact times longer than 1500 hr (Fig. 4). The mean concentration
measured for chloroform was 1.3 umol/L. Although the experimental values are dispersed, a
clear decreasing trend can be observed for long contact times, which suggests a loss during the
experiments. Moreover, gas bubbles and thus headspace formation were observed in the bottles
during the experiments. This phenomenon could be explained by the gas formed as reactions
by-products (N2, CO,), and it could lead to the loss of TCM. UPW could also degas and
participate in the bubble formation. To take this loss into account in the model, a loss rate was
fitted with the results of a dedicated experiment and it was validated with long term experiments

performed on BFA and citric acid.
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The other BFA components contributions were also modeled, based on the experiments
presented in Appendix A S3. The results presented in Fig. 5 show that the predicted overall
chloroform concentration is slightly higher than the measured concentration. The minor
contributions are, as said, in the same range as the experimental uncertainty. However, it is
noticeable that the TCM formation rates of the BFA components are different. Urea, creatinine,
L-histidine and uric acid contributions were mainly formed within the first 150 hr of reaction.

On the contrary, the contribution of hippuric acid was not visible during the first 50 hr of

reaction.
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Fig. 5 Modeling the chloroform formation from chlorination of BFA components. Initial Cl, concentration 90 mg/L,
temperature 27°C, n = 3.

2.3. Dichloroacetonitrile formation Kinetics
2.3.1. DCAN formation from the BFA chlorination
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The BFA was chlorinated at different initial chlorine doses and the DCAN formation was
monitored during the first 24 hr of reaction. DCAN is not stable in the agueous media. Indeed,
it is easily degraded by hydrolysis and by reaction with hypochlorite to form dichloroacetamide
and N-chloro-2,2-dichloroacetamide respectively (Glezer et al., 1999; Yu and Reckhow, 2015).
The DCAN produced by the BFA chlorination reached a maximum concentration of 0.9 umol/L

before starting to decrease (Appendix A S5, Fig. S30)

Few articles address the relative DCAN formation potentials of BFA components. In this study,
all BFA components were individually chlorinated at 90 mg/L and the DCAN was monitored
during the first 10 hr of reaction. DCAN was detected only during L-histidine chlorination.
However, DCAN formation was different whether the L-histidine was isolated or in the BFA
solution. The BFA chlorination yielded immediately high amounts of DCAN from the
beginning of the chlorination. On the contrary, during isolated L-histidine chlorination
experiments, the DCAN concentration started to increase quickly after 2 hr of reaction

(Appendix A S5).

2.3.2. DCAN formation from L-histidine chlorination

L-histidine produced large amounts of DCAN by reaction with chlorine. The maximum
concentration measured during L-histidine chlorination at 90 mg/L was 1 umol/L, or 166.6
mmol/mol, which is very close to the maximum DCAN concentration observed during BFA
chlorination (0.9 umol/L). Note that for high initial chlorine doses (above 60 mg/L) the DCAN
concentration increased very slowly during the first 2 hr and then sharply increased to reach a

peak before decreasing due to DCAN degradation (Fig. 6).

L-histidine reactivity with chlorine has been studied previously within the scope of amino-acids
chlorination. Amino-acids generally form high quantities of DCAN because of the amine group
which facilitates the decarboxylation step leading to the formation of the nitrile group (Shah
and Mitch, 2012; Trehy et al., 1986). Note that combined amino-acids derived from the

condensation of two or more amino-acids, were proven to produce lower amounts of DCAN
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than free amino-acids, while having a lower molar chlorine demand (Hureiki et al., 1994; Li et
al., 2017). In the case of combined amino-acids, the nitrogen is indeed engaged into an amide
bound, making it less available for the decarboxylation reaction. In the case of L-histidine, Li
and Blatchley (2007) also pointed out the possible chlorination of the secondary amine located

on the ring.

No kinetic rate has been proposed before for the formation of DCAN from L-histidine
chlorination. However, Yu and Reckhow (2017, 2015) reported complete degradation
mechanism and degradation kinetics of DCAN, which was in good agreement with
experimental results of this study. Hence, their rate constants were directly included in the

model to take this degradation into account.

Li et al. (2017) proposed a chlorination mechanism of L-histidine explaining the formation of
both DCAN and TCM. This mechanism was considered for kinetic rate fitting (Appendix A
S4). The kinetic rates of reactions (H1) to (H7) were obtained by fitting the mechanism with
chlorination experiments of L-histidine at 5, 10, 30, 60 and 90 mg/L of Cl, (Table 2 and
Appendix A S5). Reactions (H1) to (H5) were fitted on experiments H5, H10, H60, H30S,
H90S. These experiments were specifically designed for the monitoring of DCAN, which
degradation implies short contact times. Reactions (H6) and (H7) were fitted on experiments
H5, H10, H30 and H90, whose contact times were longer. All the fitted models included the

degradation rates determined by Yu and Reckhow (2017, 2015).
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Fig. 6 Modelling results for the dichloroacetonitrile formation from L-histidine chlorination, Initial Cl, concentration 90
mg/L, pH 7.5, temperature 27°C

The model fits satisfactorily with the experiments, considering the sudden slope changes
observed. The presence of two parallel ways of reaction leading to the formation of the nitrile
group in the mechanism is in agreement with the kinetic modeling since the presence of these
parallel ways improves significantly the fit for the experiments with high initial chlorine doses

(60 and 90 mg/L) compared to a linear mechanism (Fig. 6).

To further investigate the DCAN formation mechanism and the reactivity of L-histidine in the
BFA, chlorination experiments of BFA components mixtures at 90 mg/L were performed. The
BFA components concentrations were the same as in the BFA. Fig. 7 shows the evolution of

DCAN concentration for different mixtures.
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Ammonia or one of its chlorination by-products may accelerate the DCAN formation during
the L-histidine chlorination. The mechanism proposed previously (Li et al., 2017; Li and
Blatchley, 2007; Liu et al., 2017) does not allow to explain the role of ammonia. This point

should be further investigated to build a kinetic model explaining these differences of reactivity.

3. Conclusion

In this work, an original kinetic model has been established for the prediction of chlorine
consumption, chloroform formation and dichloroacetonitrile formation. The BFA chlorine
demand was estimated at 15 mg Clz/mg TOC, which is considerably higher than the chlorine
demand of natural organic matter. Urea was found to be responsible for 78% of the BFA
chlorine demand. The first step of urea chlorination is confirmed to be rate-limiting, and the
contributions of both HOCI (k= 8.44x10 L/mol/sec) and Cl, (k= 3.10x10” L/mol/sec) were
considered in order to obtain a good fitting. It is noteworthy that the contribution of ammonia
at the beginning of the reaction is significant because of its high reactivity. Chloroform is slowly
formed (k=5.50x103 L/mol/sec), mainly by citric acid chlorination, which contributes to almost
80% of the chloroform formation potential of the BFA. The model of chloroform formation
was calibrated on several experiments including a wide range of contact times as well as data
of the literature. Dichloroacetonitrile was formed by the chlorination of L-histidine which is the
only precursor for this by-product. The kinetic model for L-histidine chlorination was fitted
with the latest published chlorination mechanism and different reactivities were observed for
L-histidine depending on its environment. The presence of ammonia seemed to catalyze the
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formation of dichloroacetonitrile, but further information about L-histidine chlorination

mechanism is required to fully explain the chlorination kinetics of this molecule.
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