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Emerging investigators series: comparing the
inherent reactivity of often-overlooked aqueous
chlorinating and brominating agents toward
salicylic acidf
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Matthew A. Broadwater,{? Tyler L. Swanson® and John D. Sivey

Chlorinated and brominated forms of salicylic acid (SA) have recently been identified as a new class of disinfec-
tion byproducts (DBPs) in drinking water. Herein, we report the inherent reactivity of several aqueous haloge-
nating agents toward hydrogen salicylate, the predominant species of salicylic acid under environmental condi-
tions. Using synthetic waters, halogenation rates associated with the formation of 3-chloro, 5-chloro, 3-bromo,
and 5-bromosalicylate were measured as a function of pH, [Cl], [Br], free chlorine dose, and the initial con-
centration of SA. Halogenating-agent specific second-order rate constants were determined and decrease in
the order: BrCl > BrOCl > Br, > Br,O > Cl, > Cl,O > HOBr > HOCL. Chloride is capable of enhancing rates
of bromination and chlorination, ostensibly by promoting the formation of BrCl and Cl,, both of which are sev-
eral orders of magnitude more inherently reactive than HOBr and HOCI, respectively. Kinetic data also support
the participation of salicyloyl hypochlorite as a chlorination intermediate capable of influencing chlorination
rates at pH >8. Experiments in which buffer concentrations were varied indicate that phosphate buffers can
enhance rates of SA bromination but not chlorination; carbonate and borate buffers did not appreciably influ-
ence rates of bromination or chlorination. Under conditions representative of chlorinated drinking water, rates
of SA bromination will generally exceed rates of SA chlorination. The results discussed herein demonstrate the
importance of considering halogenating agents beyond HOBr and HOCL when developing kinetic models to
describe and predict halogenation rates and selectivity in waters containing free chlorine.

When bromide-containing waters are chlorinated, a mixture of halogenating agents can form (including HOCI, Cl,, C1,0, HOBr, BrCl, BrOCl) and can influ-
ence halogenation rates of salicylic acid, a precursor of an emerging class of disinfection byproducts (halosalicylates). By quantifying the inherent reactivity
of these halogenating agents, relative rates of chlorination versus bromination can be predicted under a variety of conditions.

1. Introduction

HOCI = H' + ClO™
pK, = 7.58 (20 °C, ref. 5) (1)

Free chlorine (e.g., HOCI and ClO") is a widely-used disinfec-
tant in a variety of aqueous solutions, including drinking water,
wastewater, and recreational water."™ Concurrent with the de-
activation of pathogens, free chlorine can chlorinate electron-
rich sites of organic compounds.” When organic compounds
are chlorinated in solutions of free chlorine, HOCI (eqn (1)) is
often assumed to be the principal chlorinating agent."
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Additional free chlorine species can also exist in chlori-
nated waters, including Cl, and CIL,0:

HOCI + CI” + H" = Cl, + H,0
log K, = —3.00 (ref. 6, corrected to 20 °C, ref. 7) (2)

2HOCI = CLO + H,0
log K; = —2.06 (ref. 8, corrected to 20 °C, ref. 9)  (3)

In aqueous systems disinfected with free chlorine, Cl, and
Cl,0 typically exist at concentrations several orders of magni-
tude lower than that of HOCI; nevertheless, the greater electro-
philicity of Cl, and Cl,O renders these species capable of
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influencing chlorination rates of compounds such p-xylene,' >
aromatic ethers,'” phenols,"* and pharmaceuticals.**°

When solutions containing bromide are chlorinated, bro-
mide can be oxidized into free bromine species, including
HOBr.

HOCl(aq) + Br" = HOBr(aq) + ClI”
log K, = 5.18 (25 °C, ref. 17) (4)

Free bromine can also form via oxidation of bromide in
waters treated with ozone'®° or chloramines.?'”** Bromide
concentrations in drinking water influent typically range
from 50-200 pg L™';** somewhat higher bromide levels (100-
250 ug L") occur in municipal wastewater influent.” Bromide
concentrations can exceed these ranges, however, particularly
in waters affected by seawater intrusion®>*® and by hydraulic
fracturing operations.>”°

HOBr is the most abundant free bromine species in aque-
ous solutions at near-neutral pH:

HOBr(aq) = H' + BrO~
pK, = 8.70 (20 °C, ref. 31) (5)

As with free chlorine, free bromine can react with natural or-
ganic matter (NOM) to form disinfection byproducts (DBPs).
HOBr is often assumed to be the only brominating agent that
appreciably contributes to bromination rates of aromatic
compounds in solutions disinfected with free chlorine.*?
There are, however, additional brominating agents that can
form in solutions of free bromine, including Br,, BrCl, Br,0,
and BrOClI (Table 1).

A comprehensive set of second-order rate constants for
chlorination (HOCI], Cl,, and Cl,0) and bromination (HOBr,
Br,, BrCl, Br,O, and BrOCl) have only been previously
reported for one organic compound (the herbicide
dimethenamid®*®*®). Rate constants for halogenation of
p-xylene (by BrCl, Br,, HOBt, Cl,, and Cl,0)'*"" and for bro-
mination of anisole (by BrCl, Br,, BrOCl, Br,0, and HOBr)*’
have also been reported. Dimethenamid, p-xylene, and
anisole are all non-ionizable. The extent to which commonly-
overlooked halogenating agents (e.g., BrCl, BrOCI) might in-
fluence bromination rates of ionizable compounds is cur-
rently unknown.

The objective of this work is to quantify the inherent reac-
tivity of chlorinating (Cl,, Cl,0, HOCI) and brominating (Br,,

Table 1 Additional brominating agents and associated equilibrium
constants

Eqn Reaction Equilibrium Constant®

6  Bry(aq) + H,O = HOBr(aq) + Br + H"  logK; = -8.40 (20 °C)**
7  HOBr(aq) + CI" + H" = BrCl(aq) + H,O logK = 4.09 (20 °C)**
8  2HOBr(aq) = Br,0(aq) + H,0 log K5 = 0.80 (25 °C)*
9  HOCI(aq) + HOBr(aq) = BrOCl(aq) + H,O log Ky = -0.46 (25 °C)*

“ Unless indicated otherwise, all equilibrium constants herein
correspond to 0 M ionic strength.
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BrCl, BrOCl, Br,0, HOBr) agents toward salicylic acid (SA,
Scheme 1). Under virtually all environmentally-relevant condi-
tions, the most abundant form of SA (pK,; = 2.97 and pK,, =
13.4)*® is the monovalent anion, hydrogen salicylate (Fig. S1
in the ESI;t for a discussion of the uncertainty associated
with pK,,, see Table S1}). SA was selected for study because
it contains ionizable functional groups, including a phenolic
moiety, which is a known constituent of NOM with demon-
strated reactivity toward free chlorine and free bromine.***
SA can enter the environment through its use as a food pre-
servative, pharmaceutical precursor, and keratolytic (skin-
peeling) agent.”’ SA is also a human metabolite of aspirin®?
that is primarily excreted from the body via urine.**** SA has
been detected in wastewater influent and effluent,*>*®
as in surface waters.*"***°

SA can react with aqueous chlorine to generate
3-chlorosalicylate (3-CISA), 5-chlorosalicylate (5-CISA), and 3,5-
dichlorosalicylate (3,5-diCISA) (Scheme 1).°° Similarly, SA
can react with aqueous bromine to give 3-bromosalicylate
(3-BrSA), 5-bromosalicylate (5-BrSA), and 3,5-dibromosalicylate
(3,5-diBrSA).>>*" Halogenated products of SA have been iden-
tified as an emerging class of DBPs in drinking water and
50:3275% Monohalogenated salicylates have toxic-
ities comparable to those of haloacetic acids based on growth
inhibition of a marine alga (Tetraselmis marina).>®

Herein, we report regiospecific rate constants associated
with SA halogenation by HOCI, Cl,, Cl,0, HOBr, Br,, BrCl,
Br,0, and BrOCI. This work represents one of the first direct
comparisons of chlorination and bromination rate constants
that consider halogenating agents other than HOCI/CI, and
HOBI/Br,.' %> Such a direct reactivity comparison between
chlorinating and brominating agents can inform models of
chlorine and bromine incorporation into organic com-
pounds. A more robust understanding of the reactivity of free
chlorine relative to free bromine is also significant because
brominated DBPs are generally more cytotoxic and more
genotoxic than their chlorinated analogues.>®>°

2. Methods

Descriptions of all reagents are available in the ESI} (Table
S2). For reactors to which NaCl was added as a source of CI,
ultra high-purity sodium chloride (99.999%, Sigma-Aldrich)
was used to minimize unintentional introduction of bromide,
which is a possible contaminant in lower-purity grades of so-
dium chloride."*?°

as well

wastewater.

2.1 Kinetic experiments

Halogenation rates of SA were determined via batch kinetic
experiments. Reactions were carried out in a circulating water
bath at 20.00 + 0.02 °C. Reactions were performed in 40 mL
amber glass vials fitted with PTFE-lined caps; vials were
treated with NaOCl (~5 mM) and rinsed with 18 MQ cm wa-
ter (Nanopure, Thermo Scientific) prior to use. Total solution
volumes of reactors were ~25 mL. Aqueous solutions used
for kinetic experiments were prepared in 18 MQ cm water

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Reaction pathways and product formation for chlorination and bromination of hydrogen salicylate, the principal species of salicylic

acid at near-neutral pH.

and contained a pH buffer (sodium phosphate, sodium bo-
rate, or sodium carbonate, typically 20 mM), NaNO; (typically
95 mM), and NacCl (typically 5 mM). Nitric acid and sodium
hydroxide were used to adjust the pH of buffered solutions.
To maintain a uniform ionic strength in experiments where
[CI'] was varied, [NaNO;] was adjusted such that [NaNO;] +
[NaCl] = 100 mM. Time course data from >110 experiments
were collected. Single experiments were performed for most
conditions, for which the associated uncertainties reported
herein correspond to 95% confidence intervals for the time
course regressions from which rate constants were calculated.
For selected conditions, kinetic experiments were performed
in triplicate, for which relative standard deviations were <3%

for the measured chlorination and bromination rate
constants.
Chlorination reactions. Chlorination reactors included

NaOCl as the source of free chlorine. NaOCl stock solutions
were standardized by iodometric titration.*® NaOCl working
solutions were standardized daily at pH > 10 using a Cary 60
(Agilent) UV-vis spectrophotometer (scio- = 366 L mol * em™,
A =295 nm). Pseudo-first-order conditions were employed in
which the initial molar concentration of free chlorine was at
least 10x greater than that of SA (i.e., [HOCl]ot,0/[SAltot,0 >10).
After all components except SA were added, reactors were
capped, shaken, and placed in a water bath for ~5 min to per-
mit thermal equilibration. SA was delivered into reactors as a

methanolic spike at ¢ = 0; final concentrations of methanol in

This journal is © The Royal Society of Chemistry 2017

Methanol was selected as a carrier
solvent due to the low reactivity of primary alcohols toward
free chlorine’ and free bromine.*> Reactors were capped,
manually shaken for 10 s, and returned to the water bath. Re-
actor aliquots (0.900 mL) were taken periodically and trans-
ferred into 2 mL glass HPLC autosampler vials containing ex-
cess thiosulfate ([Na,S,03] = 1.4 x [HOCl],) to quench
residual free chlorine; vials were immediately capped and
shaken. Vial caps contained PTFE-lined septa. After the last
aliquot was obtained, the pH of reactors was measured using
a Fisher Accumet AB 150 pH meter with automatic tempera-
ture compensation (calibrated daily using certified buffers at
pH 4.0, 7.0, and 10.0).

Sets of reactors were used to determine the influence of
several independent variables on the kinetics of SA chlorina-
tion. Examined independent variables included pH, [SAlot,o0,
[HOCl]iot,0, [NaCl], [PO4* Jiots [CO3> Jiot, and [borate]io.. The ef-
fects of ionic strength were also assessed by varying [NaNOj;].
Specific solution conditions for each chlorination reactor are
listed in Tables S3-S5.f An example time course of a chlorina-
tion reaction of SA is shown in Fig. S2.}

Bromination reactions. Bromination experiments of SA
followed the same method as described above for the chlorina-
tion experiments except as noted below. Reactors contained
NaBr (typically 20 uM) and NaOCl (typically 27 uM). An incuba-
tion time >5 min was employed to permit oxidation of bro-
mide by free chlorine to give free bromine. In the presence of a

reactors were <1 vol%.

Environ. Sci.: Water Res. Technol.
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large excess of free bromine relative to SA (i.e., under pseudo-
first-order conditions), bromination of SA was generally too
rapid to permit quantification of rate constants using our
aliquot-quenching method. Therefore, second-order conditions
(such that [HOBrlto = [SAloto = typically 20 pM) were
employed for all bromination reactors except those used to de-
termine the reaction order in [SA]t,0, for which [SA], ranged
from 6-10 uM and [HOBrlo, = 100 pM.

Sets of reactors were used to elucidate the effects of sev-
eral independent variables on the kinetics of SA bromination.
The independent variables that were tested included pH,
[HOClI]tot,0, [NaCl], [NaBr], in the presence of excess free chlo-
rine, [excess Br ], and [PO,* |, The effects of ionic strength
were also examined by varying [NaNO;]. In most reactors, free
chlorine was added in excess of bromide (on a molar basis)
to permit stoichiometric oxidation of bromide into free bro-
mine. In reactors where excess Br was the independent vari-
able, bromide was added in excess of free chlorine. Excess
Br is defined as [Br |, — [HOCl]y,0. Specific solution condi-
tions for each bromination reactor are provided in Tables S6-
$10.f An example time course from a bromination reactor is
shown in Fig. S3.}

2.2 Analysis of reactants and products

SA, 3-CISA, 5-CISA, 3,5-diCISA, 3-BrSA, 5-BrSA, 3,5-diBrSA were
analyzed in quenched samples via a Shimadzu high-
performance liquid chromatograph with a diode array detec-
tor. Additional details about the HPLC method are provided
in the ESL}

2.3 General comments on kinetic modeling

Under all examined solution conditions, hydrogen salicylate
(HSA") is the most abundant SA species (i.e., the fraction of
[SA]or existing as HSA™ =1 and therefore [SA],: =~ [HSA]).
Based on the findings of previous halogenation studies in-
volving phenolic compounds,***** the nucleophilicity of SA
species is anticipated to increase in the order: salicylic acid
(H,SA) < hydrogen salicylate (HSA") < salicylate (SA>). De-
spite the anticipated greater reactivity of SA®™ (relative to
HSA") toward free chlorine and free bromine, the kinetic re-
sults herein (ranging from pH 6-11) can be modeled assum-
ing HSA™ as the only reactive nucleophile, excepting chlorina-
tion reactions postulated to involve salicyloyl hypochlorite
(discussed below). Accordingly, unless otherwise noted, all
rate constants herein assume hydrogen salicylate as the reac-
tive nucleophile.

All values of [NaCl] reported herein denote concentrations
of added NaCl. This value is distinct from the total concen-
tration of Cl” present in reactors, noting that NaOCl (the
source of free chlorine) is approximately equimolar in CI"."?
In addition, oxidation of bromide by free chlorine generates
a stoichiometric amount of ClI” (eqn (4)). When calculating
the speciation of free chlorine and free bromine in individual
reactors, the total concentration of CI” was used, which ac-
counts for all of the aforementioned sources of CI".

Environ. Sci.: Water Res. Technol.
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2.4 Calculation of chlorination rate constants

For chlorination experiments, rate constants were calculated
by monitoring the loss of SA and the formation of mono-
chlorinated products. Plots of the natural logarithm of
[SAlic as a function of time were linear (R> typically >0.99)
with negative slopes equal to pseudo-first-order rate con-
stants (ksaobs, S ') corresponding to the loss of SA. Regio-
specific pseudo-first-order rate constants corresponding to
the formation of 3-CISA (kz.cisaobs) and 5-CISA (ks.cisa,obs)
were calculated via:

K _ (k ) [3>-ClSA]r (10)
3-CISA.obs SA.obs [3_CISA]f + [S_CISA]f
[5-CISA], (1)

ks cisn.ons = (kSA.obs)[3_ClSA]f N [5-CISA]f

[3-CISA]s and [5-CISA]s denote the final measured con-
centration (in the last sample collected) of 3-CISA and
5-CISA, respectively. The dichlorinated product of SA (3,5-
diCISA) was also monitored to ensure that <2% of [SA],
(on a molar basis) was converted into 3,5-diCISA such that

ksaobs ~ Ks.cisaobs T Ks-cisaobse

2.5 Calculation of bromination rate constants

For bromination experiments, loss of SA and formation of
monobrominated products were monitored as a function of
time. For reactions in which [NaBr], (in the presence of ex-
cess free chlorine) was the independent variable, Scientist 3.0
(MicroMath Scientific Software) was used to fit concentration
versus time data for SA and for the two monobrominated
products according to the following set of differential rate
equations:

d[SA n

[ dt ]wt = _(kS-BrSA,app + kS-BrSA.app )[SA]xox [HOBr]mt (12)

d[3-BrSA], y

T“ = kS-BrSA,app [SA]m [HOBr]m (13)
- k;-BrSAﬁapp [3_BrSA]lol [HOBF]Tol

d[5-BrSA], .

Tll = k5*BrSA~aPP [SA]IOI [HOBr]lol (14)
- kS’—BrSA.app [S-BrSA]ml [HOBr]I:m

This journal is © The Royal Society of Chemistry 2017
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d[HOBr n
% =—(Ks_esa o + Ks_pesa.app )[SA],, [HOBr]'

-k

’
3-BrSA.app

=K pisa app [S-BrSA]lol [HOBr]:)l

[3-BrsA], [HOBr]., (15)

where k;.prsaapp and ks prsaapp denote rate constants (M ™ s
corresponding to the formation of 3-BrSA and 5-BrSA, respec-
tively; n is the reaction order in [HOBrlews; Kipsaap, and
ks pisa app are rate constants (M " s™") corresponding to the loss
of 3-BrSA and 5-BrSA, respectively, due to subsequent bromi-
nation. To improve the precision of the determined rate con-
stants, an iterative fitting method was employed (see ESIf for
details). In most reactors, the extent to which 3-BrSA and
5-BrSA underwent subsequent bromination to give 3,5-diBrSA
was sufficiently minor so as to preclude the determination of
values for &;pu .p and ks o, that were significantly differ-
ent than 0 (at the 95% confidence level). To minimize possi-
ble over-parameterization, the kinetic model represented by
eqn (12)-(15) was constrained such that the same n value was
assumed for all bromination reactions in any given reactor.
Values of n between 1.0 and 1.2 were observed for experi-
ments in which [NaBr], was the independent variable. The
bromination reactions associated with eqn (12)—(15) are as-
sumed to be first-order with respect to the organic compound
undergoing bromination, which is consistent with the results
of experiments in which [SAJio(,, Was varied. The results of re-
action order experiments are discussed further in section 3.2.
For experiments in which n is approximately equal to 1.0
(and recalling that [SA]iot,0 = [HOBI]ot,, for most of the bro-
mination experiments herein), eqn (12) simplifies to:

d[sA],,

dt = _(k3-BrSA,app + ki-BrSA,app)[SA][zm (16)

Replacing (ksprsaapp t Ks-nrsaapp) With ksaapp (a rate con-
stant corresponding to the net loss of SA, units M™* s™*) and
integrating yields:

# — k t+ ; (17)
[SAL, " [sA

tot,.0

For bromination experiments in which pH, [Cl],
[HOCl]tot,0, [excess Br ], [NaNO;], and [PO4> ot Were the inde-
1
pendent variables, plots of W as a function of time were
linear (R” typically >0.99) and were used to determine ksa app
based on eqn (17). For these reactions, apparent second-
order rate constants (ksprsaapp aNd ks.prsaapp, UNits M s

were calculated via:

tot

This journal is © The Royal Society of Chemistry 2017
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[3-BrSA]
k =k :
3 BrSA.app ( SA.apP) [3_}3I~SA]f + [S-BrSA]f (18)
[5-BrSA]
k =k :
5BrSA.app ( sA.app) [3_BrSA]f + [S-BrSA]f (19)

[3-BrSA]; and [5-BrSAJ; denote the final, measured concen-
tration of 3-BrSA and 5-BrSA, respectively, in the last sample
obtained. The dibrominated product of SA (3,5-diBrSA) was
also monitored in all bromination experiments. Appreciable
formation of 3,5-diBrSA can limit the applicability of eqn (18)
and (19) due to anticipated differences in the transformation
rates of 3-BrSA and 5-BrSA to give 3,5-diBrSA. Accordingly,
sampling times for these reactions were selected such that
generally <2% of [SA], (molar basis) was converted into
3,5-diBrSA during the period of observation. To facilitate cal-
culations of rate constants specific to individual brominating
agents, apparent second-order rate constants (k;prsaapp and
ksprsaapps units of M s') were converted into the corre-
sponding apparent first-order rate constants (k;.psaobs and
K5 prsaobs UNits of s7') by multiplying the former by [HOBr],
(units of M").

3. Results and discussion

For most solution conditions examined herein, 5-CISA was
the major chlorination product of SA and 5-BrSA was the ma-
jor bromination product. 3-CISA and 3-BrSA were also
detected (typically as the minor product) in all chlorination
and bromination experiments, respectively. These products
are consistent with previous reports of aqueous halogenation
occurring at the para and ortho positions (relative to the hy-
droxyl group) of SA.***°°>%! Under some solution conditions
favoring elevated halogenation rates (e.g., low pH), 3,5-diCISA
and 3,5-diBrSA were also detected in chlorination and bromi-
nation reactors, respectively. Carbon mass balances on SA
generally did not fall below [SA],, which suggests that
unmonitored products (e.g., 3-chloro-5-bromosalicylate or
3-bromo-5-chlorosalicylate) did not form in appreciable
amounts. For bromination and chlorination, changes in ionic
strength (imparted by varying [NaNOj;] from 0.035-0.15 M)
did not appreciably influence reaction rates (data not shown).
The effects of additional solution conditions on rates of SA
chlorination and bromination are discussed below.

3.1 Chlorination of SA

Effects of buffer concentration. Pseudo-first-order rate
constants corresponding to formation of 3-CISA and 5-CISA
increase as the formal concentration of phosphate increases
(Fig. S47), suggesting that catalysis by one or more phosphate
species may be occurring. Similar experiments performed as
a function of the formal concentration of borate (Fig. S57)

Environ. Sci.: Water Res. Technol.
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and carbonate (Fig. S61) do not show an appreciable influ-
ence of these buffers on chlorination rate constants. Chlori-
nation rate constants of SA were also measured as a function
of pH using phosphate, borate, or a mixture of borate + car-
bonate as pH buffers (Fig. S71). Chlorination rate constants
determined from reactors containing phosphate are greater
than those measured in the other buffer systems. This dis-
continuity between the buffer systems provides additional ev-
idence that phosphate can affect chlorination rates of SA.
The rate enhancement in the presence of phosphate buffer
appears to increase as pH increases from 6.2 to 7.8 (Fig. S77).
These results can be rationalized in at least two ways: (1)
HPO,>" is of greater importance than is H,PO,” (pK, = 7.2)*
to the observed buffer catalysis; and/or (2) chlorinating
agents participating in reaction pathways catalyzed by phos-
phate species become more important as pH increases from
6.2 to 7.8. To avoid the possible influence of phos-
phate catalysis, borate and carbonate were used as pH
buffers for experiments involving chlorination of SA
from which halogenating-agent-specific rate constants
were calculated.

Influence of pH. Pseudo-first-order rate constants corre-
sponding to formation of 3-CISA and 5-CISA decrease as pH
increases over the range 6.2-8.6 (Fig. 1A); an increase in reac-
tivity is observed from pH 8.6-10.2, followed by a plateau in
reactivity from pH 10.2-11.1.

Despite the presence of a phenolic moiety on SA, the reac-
tivity profile of SA differs from that of phenol.">*® Between
pH 6 and 12, the reactivity of phenol toward free chlorine
reaches a maximum near pH 8.6,"* which approximately cor-
responds to the midpoint between the pK, of HOCI (7.58)°
and the pK, of phenol (9.95).°* The reactivity maximum of
phenol in solutions of free chlorine can be rationalized by
the greater electrophilicity of HOCI relative to ClIO™ coupled
with the greater nucleophilicity of phenolate relative to phe-
nol. Despite the weaker acidity of hydrogen salicylate (pK,, =
13.4)*® compared to phenol, an analogous model (in which
SA®” reacts with HOCI) does not adequately explain the reac-

A)

2.0 1 1 1 1 1

@ 5-CISA formation|
© 3-CISA formation| |

-2.5

-3.0 r

-3.5 r

log (k,,., s™)

-4.0 4 r

'45 T T T T T
6 7 8 9 10 11 12

pH
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tivity profile of SA due to the inability of such a model to cap-
ture the depression observed between pH 8 and 10 (see addi-
tional discussion below).

The regioselectivity of SA chlorination can be quantified
as the ratio of pseudo-first-order rate constants correspond-
ing to formation of 5-CISA and 3-CISA. As pH increases from
6 to 11, the regioselectivity ratio decreases from approxi-
mately 2 to 0.8 (Fig. 1B). The shift in regioselectivity as the
pH increases suggests that more than one chlorinating agent
and/or more than one SA species contribute to overall chlori-
nation rates in these systems.

Effects of chloride. The effects of [CI'] on pseudo-first-
order chlorination rate constants were tested by varying
[NaCl] while maintaining uniform ionic strength (i.e., [NaCl]
+[NaNO;] = 100 mM) (Fig. 2). The positive, linear correlation
between [Cl'] and ks suggests that Cl, is affecting chlorina-
tion rates, attributable to the dependence of [Cl,] on [Cl]
(eqn (2)). The results shown in Fig. 2 suggest that CI” can cat-
alyze chlorination of SA to similar extents at both the 3- and
5-positions. In addition to SA, other organic compounds have
also been shown to be susceptible to chloride-catalyzed
chlorination,* including several ionizable'*™*°*%” and
nonionizable'>"**® compounds.

Effects of free chlorine. In order to determine the reaction
order in free chlorine, experiments were performed in which
the initial concentration of free chlorine ([HOCI];ot,,) wWas var-
ied. The reaction order in [HOCI];o(, is equal to the slope of
the resulting log kops versus log [HOCl]io,, plots (Fig. 3). The
formation of 5-CISA (Fig. 3A) and 3-CISA (Fig. 3B) have reac-
tion orders in [HOCl]i, between 1 and 2, which suggests
that there are multiple chlorinating agents influencing over-
all chlorination rates under the examined conditions. These
reaction orders are best viewed as average reaction orders in
[HOCl];01,0, Noting that such reaction orders may not be con-
stant if the relative contribution of individual chlorinating
agents changes over the range of examined [HOCl]o¢,, values.

If only HOCI were influencing chlorination rates, the reac-
tion order in [HOCl];o, is anticipated to equal 1. If only CL,O

pH

Fig. 1 (A) Log of pseudo-first-order rate constants and (B) regioselectivity ratios for chlorination of SA (yielding 5-chlorosalicylate (5-CISA) and
3-chlorosalicylate (3-CISA)) as a function of pH. Solid lines in frame (A) denote model fits based on eqn (24). All error bars denote 95% confidence
intervals (smaller than symbols if not shown). Conditions for both frames: [HOClliot, o = 5.0 mM, borate (19 mM) + carbonate (19 mM) as a mixed
pH buffer, [SAlioto = 20 uM, [NaCl] = 4.9 mM, [NaNOs] = 92 mM, T = 20.0 °C.
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Fig. 2 Pseudo-first-order rate constants for chlorination of SA
(yielding 5-chlorosalicylate (5-CISA) and 3-chlorosalicylate (3-CISA)) as
a function of chloride concentration. Error bars denote 95% confi-
dence intervals (smaller than symbols if not shown). Conditions:
[HOClltoto = 0.46 mM, phosphate (20 mM) as a pH buffer, pH = 7.0,
[SAltoto = 15 uM, [NaCl] + [NaNOgz] = 100 mM, T = 20.0 °C.

were influencing chlorination rates, the reaction order in
[HOCI]ot, is anticipated to equal 2 (noting that [Cl,O] is pro-
portional to [HOCI]* vis-a-vis eqn (3)). If Cl, were influencing
chlorination rates, the reaction order in [HOCl];o, could con-
ceivably range from 1 to 2 due to the approximately equimolar
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Fig. 3 Pseudo first-order rate constant for chlorination of SA yielding
(A) 5-chlorosalicylate (5-CISA, ks_cisaobs) and (B) 3-chlorosalicylate
(3-CISA, ks-cisaobs) as a function of the initial concentration of free
chlorine ([HOCliot0). Uncertainties denote 95% confidence intervals.
Conditions: pH = 7.5, phosphate (20 mM) as a pH buffer, [SAlioto = 15
M, [NaCl] = 9.9 mM, [NaNOs] = 89 mM, T = 20.0 °C.
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concentration of ClI" and free chlorine in NaOCI stock solu-
tions."® In reactors containing low background levels of CI,
doubling the dosage of free chlorine can result in an approxi-
mately 4-fold increase in [Cl,] due to the dependence of [Cl,]
on both [HOCI] and [C]] (eqn (2)). Accordingly, rates exhibiting
a greater-than-first-order dependence on free chlorine dose can
be attributed to Cl,O, Cl,, or a combination of the two.

To isolate the possible influence of Cl,O0, a sufficient
amount of NaCl (9.9 mM) was added to the variable free chlo-
rine reactors (Fig. 3) so as to attenuate the influence of CI”
(<0.8 mM) derived from addition of free chlorine. That reac-
tion orders in [HOCl];o, between 1 and 2 were determined
in the presence of a 9.9 mM CI” background suggests that
Cl,O contributes to net chlorination rates in these systems.
As with Cl,, Cl,O has been previously shown to influence
chlorination  rates of both  ionizable”®'®  and
nonionizable'®'**® organic compounds.

Influence of the initial concentration of SA. All chlorina-
tion reactions reported herein were performed under condi-
tions such that [HOCl]iot,0 3> [SAliot,0- Nevertheless, chlorina-
tion rates of SA could conceivably be limited by the
formation rates of active chlorinating agents (e.g:, Cl,, Cl,0)
whose equilibrium concentrations are low relative to [SA]ior 0.
To assess whether formation of chlorinating agents is rate-
limiting, experiments were performed as a function of
[SAlot,0 at pH 7.0 and 9.9. Log-log plots of initial chlorination
rate versus [SAlwto Were linear with slopes not significantly
different than 1 at the 95% confidence level (Fig. 4); these
slopes correspond to the reaction order in [SAl,0. That reac-
tion orders in [SA]o are not significantly different than 1
suggests that formation of active chlorinating agents is not
rate-limiting under the examined conditions.

3.2 Bromination of SA

Effects of buffer concentration and pH. The formal con-
centration of phosphate buffer (ranging from 20 to 50 mM)
does not appreciably influence bromination rates of SA (Fig.
S8t). Thus, unlike chlorination of SA, buffer catalysis by one
or more phosphate species does not appear to affect bromi-
nation of SA. In addition, no discontinuities are evident in
plots of pseudo-first-order bromination rate constants (Fig. 5)
at pH values corresponding to changes in the composition of
the pH bulffer (i.e., phosphate at pH < 8, borate at 8 < pH <
9.5, carbonate at pH > 9.5). Accordingly, buffer identity does
not appear to influence bromination rates under the exam-
ined conditions.

Pseudo-first-order rate constants corresponding to forma-
tion of 3-BrSA and 5-BrSA generally decrease across the exam-
ined pH range (6-10), although a shoulder (and, for 3-BrSA, a
depression) is evident between pH 7.0-8.5 (Fig. 5A). Unlike
the reactivity profile for chlorination of SA (Fig. 1A), kops
values for bromination of SA do not increase at pH > 8.6.
This suggests that nucleophiles other than hydrogen salicy-
late (e.g., dibasic salicylate) are not influencing bromination
rates in these systems.
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Fig. 4 Initial rates of formation of 5-chlorosalicylate (5-CISA) and

3-chlorosalicylate (3-CISA) as a function of the total initial concentra-
tion of SA at (A) pH 7.0 and (B) pH 9.9. Uncertainties denote 95% confi-
dence intervals (smaller than symbols if not shown). Additional uniform
conditions: [HOCllioto = 5.0 mM, [NaCl] = 9.7 mM, [NaNOs] = 91 mM,
borate (19 mM) + carbonate (19 mM) as a mixed pH buffer, T = 20.0
°C.

The reactivity profile for bromination of SA as a function
of pH differs from that of phenol reported by Gallard et al.®®
Apparent rate constants for bromination of phenol (mea-
sured in solutions of free bromine generated via ozonation of
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bromide) reach a maximum at pH ~ 9.3 and decrease contin-
ually at lower (to pH 4) and higher (to pH 12) pH values.®®
That bromination rate constants of phenol do not increase
with decreasing pH at pH < 7 (as observed for SA) likely re-
sults from the absence of added free chlorine and chloride in
the phenol experiments, which (as discussed below) can en-
hance bromination rates of SA.

The regioselectivity of SA bromination exhibits a strong de-
pendence on pH (Fig. 5B). Formation of 5-BrSA is approxi-
mately 9 times faster than is formation of 3-BrSA at pH < 6.5
and approximately 3 times faster at pH > 8.0. This shift in
regioselectivity is likely due to pH-dependent changes in bro-
mine speciation. Under all examined pH values, regioselectivity
favoring halogenation at the 5-position is greater for bromina-
tion (Fig. 5B) than for chlorination (Fig. 1B). Brominating
agents have larger molar volumes relative to their chlorinated
analogues (Table 2); therefore, steric effects could explain (at
least in part) the greater regioselectivity of bromination com-
pared to chlorination. Electronic effects (e.g., polarizability)
could also contribute to differences in halogenation rates and
regioselectivity between bromination and chlorination.

Effects of chloride. The concentration of chloride was var-
ied for a series of reactions performed at pH 7.0 and uniform
ionic strength (0.1 M). A plot of ks values for both bromi-
nated products as a function of [Cl] is approximately linear
with slopes >0 (Fig. 6). Of the possible brominating agents
shown in Table 1, only the concentration of BrCl is
influenced by [Cl] under otherwise uniform conditions.
These results support the role of BrCl as an active brominat-
ing agent in these solutions. The relationship between [Cl]
and enhanced rates of bromination (via formation of BrCl)
has been previously reported for reactions of other aromatic
compounds, including  p-xylene,'®  (bromo)anisoles,*’
dimethenamid,®® and nalidixic acid (a quinolone
antibiotic).”®

Effects of free chlorine. The initial concentration of free
chlorine ([HOCl];o(,,) was varied in experiments performed at
pH 7.0 such that [HOClJt,0 > [Br Jo. As [HOCl]ior,, increases,
kobs values also increase (Fig. 7).
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(A) Log of pseudo-first-order rate constants and (B) regioselectivity ratios for bromination of SA (yielding 5-bromosalicylate (5-BrSA) and

3-bromosalicylate (3-BrSA)) as a function of pH. Solid lines in frame (A) denote model fits based on eqn (25). Error bars in both frames denote 95%
confidence intervals (smaller than symbols if not shown). Conditions for both frames: [NaBrl, = [SAlioto = 20 uM, [HOCllor,0 = 27 uM, a pH buffer
(20 mM formal concentration of phosphate, borate, or carbonate), [NaCl] = 4.9 mM, [NaNOs] = 94 mM, T = 20.0 °C.
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Table 2 Physical properties of halogenating agents®

Halogenating Normalized Normalized
agent molar volume polarizability
HOCI 1.00 1.00

HOBr 1.05 1.36

cl, 1.37 1.39

BrCl 1.42 1.76

Br, 1.47 2.09

CLO0 1.54 1.61

BrOCl 1.59 1.97

Br,O 1.64 2.30

“ Property estimates determined via ACD/ChemSketch.®® All property
values normalized to those of HOCI.

The ability of free chlorine (added in excess of bromide)
to enhance bromination rates has been previously reported
for experiments involving dimethenamid®’ and (bromo)aniso-
les.’” As in these previous studies, the ability of excess free
chlorine to increase rates of bromination can be explained by
the formation of BrOCl, whose concentration is proportional
to [HOCI] (eqn (9)). In systems containing reducing agents
(e.g., natural waters), the ability of excess free chlorine to en-
hance rates of bromination could also result from re-
oxidation of Br~ by free chlorine.** Such redox-cycling of bro-
mine is not anticipated to be significant in the synthetic wa-
ters employed herein.

Effects of excess bromide. When the dose of free chlorine
is insufficient to effect stoichiometric oxidation of bromide,
systems can contain non-trivial amounts of unoxidized (i.e.,
“excess”) bromide. Such systems in which [HOCl]iot,0 < [Br |,
are experimentally useful because these systems favor the for-
mation of Br, and are not anticipated to contain a detectable
free chlorine residual (thereby precluding the influence of
BrOCl). Values of ks corresponding to formation of 5-BrSA

3.5x102 L . L
¢ 5-BrSA formation
3.0x102 4 @ 3-BrSA formation L
2.5x102 § -
slope =0.74 + 0.51 M's™
< 2.0x102 4 R¥(ed)) = 0.93 F
w 2
2
&L 1.5x102 -
1.0x102 4 -
slope =0.099 + 0.063 M"'s™

5.0X1 0-3 1 .’/’*R’Zfij)’ioﬁ///. I

0 T T T

0.00 0.01 0.02 0.03 0.04

[cr]1(m)

Fig. 6 Pseudo-first-order bromination rate constants as a function of
chloride concentration. Error bars denote 95% confidence intervals
(smaller than symbols if not shown). Conditions: [NaBrl, = [SAlioto =
20 pM, [HOClliot,0 = 27 uM, phosphate (20 mM) as a pH buffer, pH =
7.0, [NaCl] + [NaNOs] = 100 mM, T = 20.0 °C.
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and 3-BrSA generally increase with increasing [excess Br ]
(Fig. S97). These results are consistent with the participation
of Br, as an active brominating agent, noting that [Br,] is pro-
portional to [excess Br ] (eqn (6)). Previous studies reported
that the inherent reactivity of Br, toward a variety of organic
compounds®*?” (including phenol®®”") exceeds that of HOBr,
often by several orders of magnitude.

Effects of initial concentration of free bromine. When the
initial concentration of free bromine ([HOBr],) was varied
from 20-60 uM, ks values for bromination of SA increased in
a curvilinear fashion (Fig. 8A), indicative of a greater-than-first-
order dependence of bromination rates on [HOBr]ot.. The reac-
tion order in [HOBr, (1) associated with each examined
[HOBrlor, was determined using nonlinear regression analysis
of eqn (12)-(15) with concentration versus time data serving as
input. As [HOBr]io, increases from 20 to 60 pM, n increases
from 1.01 + 0.03 to 1.22 + 0.05 (Fig. 8B). The equilibrium con-
centrations of all brominating agents shown in Table 1 are pro-
portional to [HOBr]i0, €xcept Br,O, whose concentration is
proportional to [HOBr]s .. The results shown in Fig. 8 suggest
that Br,O can contribute to overall bromination rates of SA, par-
ticularly at the higher end of the examined [HOBr], , range.

Effects of initial concentration of SA. As with chlorination
of SA, formation of active halogenating agents could conceiv-
ably limit bromination rates of SA. To determine whether for-
mation of brominating agents influences measured rates of
SA bromination, experiments were performed in which the
initial concentration of SA was varied. For both the major
(5-BrSA) and minor (3-BrSA) products, log-log plots of initial
rate of product formation versus [SA], are linear with slopes
not significantly different than 1.0 (Fig. S107). These results
indicate that reactions of SA with free bromine are first-order
in [SA] and suggest that formation of brominating agents is
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Fig. 7 Pseudo-first-order rate constants (kops) as a function of initial
concentration of free chlorine ([HOClloto). Error bars denote 95%
confidence intervals (smaller than symbols if not shown). Conditions:
[NaBrl, = [SAlioto = 20 uM, phosphate (20 mM) as a pH buffer, pH =
7.0, [NaCl] = 4.9 mM, [NaNOs] = 93 mM, T = 20.0 °C.
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not rate-limiting, consistent with previous bromination stud-
ies involving anisole®” and dimethenamid.>®

3.3 Reaction mechanisms and rate constants for individual
halogenating agents

Evidence discussed above indicates that Cl, and Cl,0, in addi-
tion to HOCI, can serve as chlorinating agents of SA via electro-
philic aromatic substitution. It is also conceivable that CIO™
could participate in chlorination reactions, although the formal
negative charge is anticipated to attenuate the electrophilicity
of ClO". Attempts to model the chlorination data collected as a
function of pH using combinations of these four chlorinating
agents (Cl,, Cl,0, HOCI, and/or ClO") and assuming only hy-
drogen salicylate (HSA") as the reactive nucleophile failed to
provide reasonable fits to the experimental data across the en-
tire examined pH range of 6-11 (Fig. S11}). Inclusion of dibasic
salicylate (SA>") as a possible reactive nucleophile did not, how-
ever, improve the model fits (Fig. S121). A common shortcom-
ing of each of these models is their inability to concurrently
capture the minimum in the log k.,s data at pH 8.5 and the
plateau at pH > 10.
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Fig. 8 (A) Pseudo-first-order bromination rate constants (kops) and (B)
reaction order in total free bromine (n) as a function of the initial con-
centration of free bromine ([HOBrliot o). All uncertainties denote 95%
confidence intervals (smaller than symbols if not shown). Conditions
for both frames: [HOCllio,0 = [NaBrl, + 7 uM, [SAlior,0 = [NaBrl,, borate
(20 mM) as a pH buffer, pH = 8.8, [NaCl] = 4.9 mM, [NaNOs] = 94 mM,
T =20.0 °C.
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The best model fit (shown as solid lines in Fig. 1) was
obtained when Cl,, Cl,O, and HOCI were assumed as chlori-
nating agents of HSA™ and, in a parallel pathway, HSA™ was
assumed to be capable of forming salicyloyl hypochlorite, a
postulated intermediate leading to the formation of 3-CISA
and 5-CISA following chlorination of salicyloyl hypochlorite
by free chlorine (Scheme 2).

Previous studies involving compounds with structural mo-
tifs similar to SA have discussed the ability of organic hypochlo-
rites, including acetyl hypochlorite and benzoyl hypochlorite,
to serve as reaction intermediates and/or chlorinating
agents.”>’> CI" transfer to carboxylate moieties has also been
proposed as an intermediate step in reactions of free chlorine
with low-molecular-weight carboxylic acids and carbohy-
drates.”® To our knowledge, this is the first report of salicyloyl
hypochlorite as a putative reaction intermediate. Attempts to
identify salicyloyl hypochlorite via UV-vis spectrophotometry
did not yield absorbance bands distinct from the reactants
(HSA™ and free chlorine), perhaps due to the modest differ-
ences in chromophoric structure between HSA™ and salicyloyl
hypochlorite and/or the low relative abundance of salicyloyl hy-
pochlorite. The free chlorine doses employed herein were
greater than those typical of chlorinated drinking water. As
such, whether or not salicyloyl hypochlorite influences chlori-
nation rates under conditions more typical of chlorinated
drinking water merits further investigation.

The phenolic moiety of salicyloyl hypochlorite is antici-
pated to be more acidic than HSA™ (pK,, = 13.4). Bonding
of CI' to the carboxylate group disrupts the ability of the
carboxylate group to participate in a bidentate-style com-
plexation of the acidic proton in HSA", which can account
for the increased acidity predicted for salicyloyl hypochlorite
relative to HSA™. From this perspective, the acid-base chem-
istry of salicyloyl hypochlorite is predicted to be similar to
that of methyl salicylate (pK, = 9.8).”” Results from our reac-
tivity models (discussed below) provide pK, estimates of
~9.0 for salicyloyl hypochlorite. The increased acidity of

salicyloyl hypochlorite
A

o free [ o )

: (o]
chlorine
@fko (source of CI") [ I ‘O/CI @fl\o/CI
OH OH ) o

hydrogen salicylate

free
chlorine

o o]
OH OH
Cl
Scheme 2 Postulated pathway for the chlorination of hydrogen

salicylate proceeding through salicyloyl hypochlorite as an
intermediate under alkaline conditions.
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salicyloyl hypochlorite (relative to HSA") results in an in-
creased fraction of salicyloyl hypochlorite existing in the
more nucleophilic phenolate form. Chlorination of salicyloyl
hypochlorite by free chlorine to give 3-CISA and 5-CISA is
anticipated to be more facile when salicyloyl hypochlorite
exists predominantly in the phenolate form. As such, the
postulated participation of salicyloyl hypochlorite as a chlo-
rination intermediate could affect the reactivity and regio-
selectivity of SA chlorination, particularly at pH > 8. The re-
action order in [SA] of approximately 1 at pH 9.9 (Fig. 4) is
consistent with formation of salicyloyl hypochlorite (e.g.,
from reaction of HSA™ with HOCI) prior to presumably rate-
determining ring chlorination of salicyloyl hypochlorite
(phenolate form) by free chlorine.

The rate equation corresponding to the best-fit model for
the chlorination data is:

d[sA
_% = (ker, [CL,]+ key,0 [€1,0]+ ko [HOCI]) [ HSA™ | o)

+ kspoe [HOCT] [SAOCI |

where ksaoc) is a second-order rate constant (M’1 s’l) corre-
sponding to chlorination of salicyloyl hypochlorite in the
phenolate form by free chlorine; [SAOCI | denotes the molar
concentration of salicyloyl hypochlorite (phenolate form). As-
suming that [SAOCI ] is proportional to both [HOCI], and
[HSA], the concentration of salicyloyl hypochlorite in the
phenolate form can be expressed as:

[SAOCI | =—Faston__

= = K e [HOCT] | [HSA’J (21)
a,SAOCI

where K, saoci is the acid-dissociation constant of the pheno-
lic form of salicyloyl hypochlorite and Kugoc iS a
concentration-based equilibrium constant (M) for the asso-
ciation of free chlorine with HSA™ to give salicyloyl hypochlo-
rite. Substituting eqn (21) into eqn (20) gives:

A
_% = (kclz [Clz] + kcuo [Clzo] + Kyioci [HOCI])[HSA_]
. (22)
2,SA0CI K

—pH " assoc
Ka,SAOCl +10

+ kspor [HOCI],, [HSA™]

The value of K,ss0c is unknown, which precludes a deter-
mination of ksaoci;; however, the product of ksyociKassoc (de-
fined as J, units M > s™") can be calculated using the model-
ing approach employed herein. If estimates of K,z become
available in the future, back-calculation of ksaocy is straight-
forward. Substituting J into eqn (22) and rearranging gives:

d[sA
dr
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The terms within the parentheses in eqn (23) are equal to
the pseudo-first-order chlorination rate constant (kcy obs):

ket obs = km2 [Clz] + kc1zo [Clzo] + kyoc [HOCI]
2 (24)

tot

K
+J a.5A0CI — [HOC]]
K, saoct +10

For the bromination experiments, results shown above in-
dicate that HSA™ is the only kinetically-relevant nucleophile
under the conditions examined herein. In contrast to the
modeling efforts associated with the chlorination data, invok-
ing a salicyloyl hypohalite intermediate did not improve
model fits for the bromination data, particularly with respect
to the minimum in rate constants at near-neutral pH (Fig. 5).
The increased reactivity of brominating agents relative to
their chlorinated analogs could preclude the need for bromi-
nation to proceed via a salicyloyl hypohalite intermediate. A
reactivity model assuming HOBr as the only active brominat-
ing agent provides a reasonable fit to the experimental data
at pH > 7.2 but substantially underestimates the experimen-
tal data at pH < 7.2 (Fig. S13%). Inclusion of BrCl provides
improved model fits at pH < 7.2 (Fig. S13f). The results
discussed above indicate that BrOCIl, Br,O, HOBr, and Br,
can also serve as brominating agents, depending on the solu-
tion conditions. As such, the following reactivity model was
employed for the bromination experiments:

kgr,obs = kprcl[BICl] + kg, [Br,] + kgroc[BrOCI] + kg, o[ Br,O]
+ kHOBr[HOBI'] (25)

Second-order rate constants specific to individual chlori-
nating and brominating agents were calculated through itera-
tive least-squares regression (Scientist 3.0, MicroMath Scien-
tific Software) of eqn (24) and (25), respectively. Experimental
kops values and calculated equilibrium concentrations of the
chlorine and bromine species were used as inputs; second-
order rate constants (kg et al.), K, saoci, and J were treated
as fitting parameters. A data binning procedure was used to
increase the precision of the calculated second-order rate
constants (see Tables S11 and S12} for more details).

The results of the modeling efforts are listed in Table 3.
The model fits to the experimental data for chlorination (eqn
(24)) and bromination (eqn (25)) of SA as a function of pH
are shown as solid lines in Fig. 1 and 5, respectively. For both
chlorination and bromination, the kinetic models provide a
somewhat better fit to the data associated with 5-CISA and
5-BrSA (typically the major products) compared to the data
associated with 3-CISA and 3-BrSA (typically the minor prod-
ucts). Inclusion of terms for H,OCI" and H,OBr' in our

tot

+107"

= [HOCI]; ][HSA] (23)

a,SAOCIL
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models was not necessary in order to provide good agree-
ment with the experimental data at pH < 7.

The normalized rate constants shown in Table 3 are rela-
tive to reactions involving HOCI + hydrogen salicylate. The
overall reactivity trend of chlorinating agents toward HSA™ is
HOCI < Cl,0 < Cl,. That Cl, is the most reactive species can
be explained by the trend in nucleofugality (leaving-group
ability) associated with the three chlorinating species: OH™
(from HOCI) < OCI” (from CL0) < CI” (from CL,)."> Other
factors that might affect the order of reactivity of these chlori-
nating agents include polarizability and electropositivity of
the CI atom(s). The same reactivity trend observed with HSA™
(HOCI < CL,0 < Cl,) was also reported for three aromatic
ethers (3-methylanisole, 1,3-dimethoxybenzene, and 1,3,5- tri-
methoxybenzene)."> For dimethenamid®® and p-xylene,' Cl,
and Cl,O were shown to have approximately equal inherent
reactivity. Consistent with previous studies,">*® Cl, and Cl,O
were five to seven orders of magnitude more inherently reac-
tive toward HSA™ relative to HOCI.

The overall reactivity trend of brominating agents for reac-
tions generating 5-BrSA and 3-BrSA (Table 3) is HOBr < Br,O
~ Br, < BrOCl < BrCl. The relatively high inherent reactivity
of BrCl and BrOCI can be explained by the greater partial pos-
itive charge on the bromine atom in each of these mixed
halogen species (BrCl > Br,, BrOCl > Br,0).>” Other factors
that can potentially contribute to the reactivity trend among
the brominating agents include nucleofugality, bond dissoci-
ation energies, polarizability, and (particularly for sterically-
hindered reaction sites) molar volume.*”

The reactivity trend for bromination of p-xylene,'
dimethenamid,*® and the para position of anisole®” is HOBr
< Br,O < BrOCl < Br, < BrCl (for p-xylene, rate constants
were not reported for Br,0 and BrOCl). Anisole,
dimethenamid, and p-xylene lack ionizable groups. Such dif-
ferences in structure likely influence the order of reactivity to-
ward free bromine species.

View Article Online
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3.4 Competition between chlorination and bromination

When bromide-containing waters are chlorinated with excess
chlorine, the resulting solution can contain a mixture of free
chlorine and free bromine. Free chlorine and free bromine
species are both capable of reacting with nucleophilic moie-
ties within NOM, resulting in the formation of chlorinated
and brominated DBPs. Understanding the mechanisms
influencing the rate and extent of chlorine incorporation ver-
sus bromine incorporation into NOM is important because
(1) brominated DBPs are generally more toxic than their chlo-
rinated counterparts®®>° and (2) preferential incorporation of
Br into regulated DBPs can make it more difficult for water
treatment utilities to comply with mass-based DBP regula-
tions due to the greater atomic weight of Br relative to CL.”®

Competition between free chlorine and free bromine for
reactive sites on organic compounds (including NOM) can
conceivably be influenced by several factors, including: (1)
the concentration of free chlorine relative to free bromine; (2)
the reactivity of free chlorine relative to free bromine; (3) the
concentration, identity, and accessibility of reactive sites on
organic nucleophiles; (4) the concentration and identity of re-
ductants (inorganic and organic) capable of reducing free
halogens; and (5) solution conditions (e.g., pH, [C]], [Br ],,
[NH;]cor, chlorine dose, temperature) known to affect the spe-
ciation and reactivity of free halogens and/or organic nucleo-
philes. With halogenating-agent-specific rate constants in
hand (Table 3), the relative rate of bromination to chlorina-
tion (i.e., kgrobs/kciobs, from eqn (24) and (25)) can be esti-
mated for hypothetical solution conditions. These ratios are
best viewed as the relative initial rate of bromination to chlo-
rination, noting that such ratios can change over the course
of a reaction as reactants are consumed.

Under conditions typical of chlorinated drinking water,
half-times predicted for SA halogenation (chlorination + bro-
mination) are generally < 1.5 h (Fig. 9). Half-times typically

Table 3 Regiospecific second-order chlorination and bromination rate constants for reactions with hydrogen salicylate (HSA") and salicyloyl hypochlo-

rite (phenolate form, SAOCL) at the 3- (kz.xsp) and 5- (ks_xsa) positions®

Reagents kaxsa M7 s7h ksxsa M5! ks-xsalksxsa Normalized k; xsa Normalized ks xsa
BrCl + HSA™ (1.15 £ 0.10) x 10° (9.0 + 2.0) x 10° 7.8+1.9 2.1 x107 1.5 x 10°
BrOCI + HSA™ (3.0 + 0.8) x 10° (1.4 £ 0.4) x 10° 4.7+1.8 5.4 x 10° 2.4 x 107
Br, + HSA™ (9.1 + 1.6) x 10" (5.1 £ 1.3) x 10° 5.6 + 1.7 1.6 x 10° 8.6 x 10°
Br,O + HSA™ (9.0 £ 5.2) x 10* (4.5 £2.1) x 10° 5.0 £3.7 1.6 x 10° 7.6 x 10°
Cl, + HSA” (3.9 + 0.6) x 10" (8.3 +1.1) x 10* 2.1+0.4 7.0 x 10° 1.4 x 10°
Cl,0 + HSA™ (2.6 + 0.7) x 10° (5.9 £ 1.5) x 10° 2.3+0.8 4.6 x 10" 1.0 x 10°
HOBr + HSA™ 50+7 154 + 28 3.1+0.7 8.9 x 10 2.6 x 10°
HOCI + HSA™ 0.056 + 0.027 0.059 + 0.013 1.1+0.6 1.0 1.0
Reagents J (M72 S l)b pI(zl,SAOClC Js-xsallzxsa
3-CISA 5-CISA 3-CISA 5-CISA
SAOCI + free chlorine 5.8+ 0.6 5.3+0.2 9.2+0.3 8.7 + 0.2 0.91 + 0.12

@ X = Cl or Br; T = 20.0 °C; uncertainties denote 95% confidence intervals. ” Js-cisa and J5.cisa denote reactivity coefficients that account for the
equilibrium constant describing the formation of salicyloyl hypochlorite (from the reaction of hydrogen salicylate + free chlorine) and
subsequent ring chlorination of the phenolate form of salicyloyl hypochlorite by free chlorine to give 3-CISA or 5-CISA. As the equilibrium con-
stant describing the formation of salicyloyl hypochlorite is unknown, J;cisa and Js.cisa do not represent true third-order rate constants.
¢ pK, saoci denotes the acid-dissociation constant of salicyloyl hypochlorite (phenolic form).

Environ. Sci.: Water Res. Technol.
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decrease with decreasing pH, increasing [Br ], increasing
[CI'], and increasing [HOCl]oy,o. Values of kg obs/kci,obs for re-
actions involving SA under conditions representative of chlo-
rinated drinking water are predicted to range from 10'-10°
(Fig. 9), excepting conditions where [Br],/[HOCl}co ap-
proaches or exceeds 1.0. This range of kg obs/kciobs IS cOnsis-
tent with previous studies demonstrating that free bromine is
commonly 2-to-3 orders of magnitude more inherently reac-
tive as a halogenating agent compared to free chlorine,**%°
As pH values increase above 7, kg, obs/kciobs Values decrease
substantially (Fig. 9A) due to the participation of salicyloyl hy-
pochlorite as a chlorination intermediate (see Fig. S1471 for
fractional contributions of individual halogenating agents).
Results shown in Fig. 9B suggest that changes in [Br ], across
ranges typical of drinking water sources can have a large ef-
fect on rates of SA bromination relative to chlorination. At
pH 7, changes in [Cl] are predicted to have a minor influ-
ence (if any) on kg obs/kciobs (Fig- 9C), which suggests that
Cl" can catalyze bromination and chlorination to similar de-
grees. Free chlorine is also capable of enhancing rates of bro-
mination and chlorination (Fig. 9D), although the effects of
changes in [HOCl],, appear to be more modest than those
attributable to changes in [Cl].

The rate constants reported in Table 3 can also be used to
estimate yields of monochlorinated and monobrominated
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products of SA under conditions typical of chlorinated drink-
ing water. The results of these calculations are shown in
Table 4 and indicate that yields of monobrominated products
are anticipated to exceed those of the monochlorinated prod-
ucts by 57-fold (molar basis) in the effluent of a simulated
chlorine contact basin (pH 7, 0.5 h residence time). Quantita-
tive conversion of SA into halogenated products is predicted
to occur after approximately 3 h in the distribution system
(pH 8), at which time the yields of monobrominated products
are estimated to exceed those of the monochlorinated prod-
ucts by a factor of 17 (molar basis). These predictions do not
account for the ability of monohalogenated products of SA to
undergo subsequent halogenation or for the consumption of
halogenating agents by nucleophiles other than SA. Overall,
these findings, along with the data shown in Fig. 9, suggest
that timescales of SA halogenation in chlorinated drinking
water are on par with the formation of trihalomethanes and
haloacetic acids from so-called “slow” reacting sites within
natural organic matter.” ®"

3.5 Additional implications for chlorinated waters

Many previous halogenation studies commonly assume that
HOCI and/or HOBr are the only kinetically-relevant haloge-
nating agents in chlorinated waters."*> Models that discount

108
~ 104
= L1008
2 g
S 101 [Br ], = [HOCI],,, | r 102 -
= 2
3 F0g

.0
(S}
|

Half-time (h)

0.0 T T T 10
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[HOCI],, , (mgiL as Cl,)

Fig. 9 Half-times for net halogenation (chlorination + bromination) of SA (dashed purple lines) and ratios of pseudo-first-order rate constants for
bromination and chlorination (kg,,obs/Kciobs: SOlid green lines) as a function of (A) pH, (B) [Br],, (C) [CU], and (D) [HOCliot,0- All data refer to reac-
tions leading to the formation of 5-CISA and 5-BrSA, which represent the major halogenation products of SA under most conditions. Unless other-
wise indicated on the x-axes, conditions are typical of chlorinated drinking water: pH = 7.0, [Br'l, = 0.10 mg L™ (1.25 uM), [Cl'] = 11 mg L™ (0.30
mM), [HOCl]iot0 = 2.0 mg Ltas Cl, (28 puM), and T = 20 °C. The results shown assume that the speciation of free chlorine and free bromine is ther-

modynamically-controlled.

This journal is © The Royal Society of Chemistry 2017
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Table 4 Predicted concentrations of monohalogenated salicylates formed from SA during simulated drinking water chlorination®

Monochlorinated Monobrominated

products of SA products of SA
System (gL (nM) (hg L™ (nM)
Chlorine contact basin (pH 7, 0.5 h residence time) 0.002 0.01 0.12 0.57
Distribution system” (pH 8, 3 h residence time) 0.014 0.08 0.3 1.37

@ Assumed conditions: [SA], = 0.20 ug L™ = 1.45 nM (median concentration reported in rivers and streams by ref. 41), [Br ], = 0.10 mg L " =
1.25 pM, [CI] = 11 mg L™ = 0.30 mM, [HOCl]yo = 2.0 mg L™" as Cl, = 28 uM, T = 20 °C. ? Product yields denote net yields of
monohalogenated products formed in the chlorine contact basin and in the distribution system under the stated conditions and timescales.
These values do not account for (1) consumption of halogenating agents by nucleophiles other than SA or (2) the ability of monohalogenated

products of SA to undergo subsequent halogenation.

the roles of halogenating agents other than HOCI and HOBr
are unlikely to capture the effects of, for example, [C]'] on
halogenation rates, particularly for organic compounds
whose nucleophilicities are on par with or less than that of
SA. Chloride catalysis may be particularly significant in drink-
ing water impacted by road salt,**"®* seawater intrusion,>**¢
and oil/gas exploration.>”*”"®° Chloride in municipal waste-
water,”® saline sewage,” salt water swimming pools,”"*> bal-
last water,”>* and desalination plants®>°® is also likely to
enhance halogenation rates.

Conventional halogenation models that assume HOCI
and/or HOBr are the only relevant halogenating agents run
the risk of over-estimating the inherent reactivity of these
hypohalous acids. For example, our results indicate that the
second-order rate constant corresponding to the overall reac-
tivity of HOBr toward SA (calculated as Kkzprsamopr t Ks-
prsa,zopr at 20 °C) equals (2.0 + 0.3) x 10> M 57", A previous
investigation®® of salicylic acid bromination reported a value
of 4.03 x 10* M s7* for kyop: (at 25 °C) based on a reactivity
model that assumed HOBr was the only active brominating
agent. By not accounting for additional brominating agents,
the previous investigation appears to overestimate the inher-
ent reactivity of HOBr by a factor of ~200.

4. Conclusions

Several conclusions can be drawn from this work, including:

e Kinetic models that only account for HOCl and HOBr
cannot adequately explain the reactivity of SA toward free
chlorine and free bromine, respectively.

e Kinetic evidence supports the participation of additional
halogenating agents, including Cl,, Cl,O, BrCl, BrOCl, Br,,
and Br,O, when bromide-containing synthetic waters are
treated with free chlorine.

e Under the majority of solution conditions, halogenation
is anticipated to proceed via bimolecular reactions at the 3-
and 5-positions of hydrogen salicylate (HSA"); however; under
alkaline conditions, salicyloyl hypochlorite appears to serve
as a chlorination intermediate.

e Solution conditions known to influence the speciation
of free chlorine and free bromine (including pH, [Br ],, [C]],
[HOCl]ot,0) can substantially influence the rate and bromine-
to-chlorine selectivity of SA halogenation.

Environ. Sci.: Water Res. Technol.

e Phosphate as a pH buffer is capable of enhancing rates
of SA chlorination (but not bromination). As such, when
performing halogenation experiments, care should be taken
to evaluate the possible influence of buffers.
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