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ABSTRACT: NCl3 is formed as a disinfection byproduct in chlorinated
swimming pools and can partition between the liquid and gas phases.
Exposure to gas-phase NCl3 has been linked to asthma and can irritate
the eyes and respiratory airways, thereby affecting the health and
athletic performance of swimmers. This study involved an investigation
of the spatiotemporal dynamics of gas-phase NCl3 in an aquatic center
during a collegiate swim meet. Real-time (up to 1 Hz) measurements of
gas-phase NCl3 were made via a novel on-line derivatization cavity ring-
down spectrometer and a proton transfer reaction time-of-flight mass
spectrometer. Significant temporal variations in gas-phase NCl3 and
CO2 concentrations were observed across varying time scales, from
seconds to hours. Gas-phase NCl3 concentrations increased with the
number of active swimmers due to swimming-enhanced liquid-to-gas
transfer of NCl3, with peak concentrations between 116 and 226 ppb. Strong correlations between concentrations of gas-phase NCl3
with concentrations of CO2 and water (relative humidity) were found and attributed to similar features in their physical transport
processes in pool air. A vertical gradient in gas-phase NCl3 concentrations was periodically observed above the water surface,
demonstrating that swimmers can be exposed to elevated levels of NCl3 beyond those measured in the bulk air.

KEYWORDS: indoor air quality, swimming pool chemistry, volatile disinfection byproducts, cavity ring-down spectroscopy,
proton transfer reaction time-of-flight mass spectrometry

■ INTRODUCTION

Swimming is the second most common form of exercise in the
United States. The majority of swimming activity takes place in
controlled settings (e.g., swimming pools) in which an
essentially fixed volume of water is used, often with minimal
replacement, over periods of several months. This requires
continuous water treatment, including the application of one
or more disinfection processes to control exposure to microbial
pathogens. The default method of disinfection is addition of
chlorine, which also oxidizes organic and inorganic contami-
nants that are introduced to pool water by swimmers.
However, the reactivity of +1-valent chlorine results in the
formation of a wide range of disinfection byproducts (DBPs),
some of which are known to be associated with adverse human
health effects.1 Among the DBPs formed in pools are roughly
10 volatile compounds2−8 By definition, these compounds
have the ability to partition between the liquid and gas phases.
As such, volatile DBPs in swimming pools are known to
contribute to the degradation of indoor air quality (IAQ) in
indoor swimming pool facilities.
Among the volatile DBPs that are formed in chlorinated

pools, trichloramine (NCl3) is particularly noteworthy.9−12

NCl3 is largely responsible for the characteristic “chlorine”

odor that is often associated with chlorinated indoor pools. As
a volatile form of +1-valent chlorine, NCl3 functions as an
irritant to the upper respiratory system, has been linked to
respiratory ailments such as asthma,13−19 and is suspected to
contribute to corrosion of metallic surfaces in swimming pool
facilities, including heating, ventilation, and air conditioning
(HVAC) system components.20 NCl3 is formed as a result of
reactions between +1-valent chlorine and a wide range of
organic-N compounds that are introduced to pools largely
through excretion of urine and sweat.8 Known precursors to
NCl3 formation include urea, uric acid, creatinine, and amino
acids.8 The concentration of NCl3 in pool water can also be
affected by other forms of treatment, notably by the inclusion
of UV-based treatment. UV irradiation of pool water will
generally result in decreases in the concentration of inorganic
chloramines,21 including NCl3, via photolysis.

21−23 However, it
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should be recognized that UV irradiation can initiate
competing reactions that will actually promote NCl3
formation.24−26

Previous research has demonstrated that the transfer of NCl3
from the liquid phase to the gas phase is promoted by the
mixing energy imparted to water by swimmers.7,11 This
observation is consistent with two-film theory of interphase
transport,27 and suggests that the processes that promote the
net transfer of NCl3 from the liquid phase to the gas phase are
also likely to promote the net transfer of other volatile
compounds that are commonly observed in swimming pool
water and that have Henry’s law constants that are similar to
that of NCl3. As such, NCl3 serves as a sentinel compound for
IAQ in indoor swimming pool facilities.
To date, only a limited number of studies have been

conducted to define the dynamics of gas-phase NCl3 in indoor
swimming pool facilities.11,28−30 Most published work has
involved analytical methods that are able to provide mean-
ingful measurements of the gas-phase NCl3 concentration at a
time increment of 30−60 min or longer. Given the nature of
human exposure to indoor air in these facilities, there is a need
to understand these dynamics at a finer time scale.
The dynamic behavior of gas-phase NCl3 in indoor

swimming facilities is related to its rate of formation in the
liquid phase, the number of swimmers in the facility and the
nature of their activities, the presence or absence of “spray
features,” as well as the design and operational characteristics
of HVAC systems that are used to control air circulation and
air quality.11,28,31 At present, these dynamics are only
understood in a qualitative sense. A need exists to develop
quantitative design guidelines for indoor pools to promote
improvements in IAQ. These guidelines will depend on a
detailed, quantitative understanding of the processes that
govern IAQ dynamics, particularly, as related to NCl3.
In recent years, advanced analytical techniques commonly

used in atmospheric chemistry research for real-time
monitoring of organic and inorganic gases have been applied
to the study of indoor air.32−38 This has generated new insights
into the transport and transformation of indoor gaseous
pollutants. To advance knowledge on dynamic inhalation
exposures to NCl3 in indoor swimming pools, we deployed
novel analytical instruments with a multilocation sampling
system to characterize spatiotemporal trends in gas-phase NCl3
in an indoor aquatic center during a collegiate swim meet. Gas-
phase NCl3 was continuously monitored with a time resolution
up to 1 Hz using a proton transfer reaction time-of-flight mass
spectrometer (PTR-TOF-MS) with both H3O

+ and O2
+ as the

reagent ions, an on-line derivatization cavity ring-down
spectrometer (OD-CRDS), and two next environmental
monitoring (NEMo) IAQ monitors. The OD-CRDS measures
an absolute concentration of gas-phase NCl3. Gas-phase
carbon dioxide (CO2) was measured as it could potentially
be used to predict NCl3 concentrations and the number of
active swimmers in a pool.31 The impact of active swimmers
on gas-phase NCl3 concentrations was investigated and the
field performance of the three measurement techniques was
compared. The concurrent measurement of NCl3 and
complementary parameters, including gas-phase CO2, relative
humidity (RH), and swimmer counts, provides a basis for new
insights into the liquid-to-air transport process of NCl3.

■ MATERIALS AND METHODS
Study Site: Indoor Aquatic Center. Measurements were

conducted at an indoor aquatic center during an invitational
collegiate swim meet held from November 21 to 24, 2019.
Roughly 350 swimmers from several universities participated in
the meet. Additional details are provided in the Supporting
Information (SI).

Liquid-Phase Measurements of Volatile DBPs. Pool water
samples were collected from 30 cm below the water surface at
a fixed location in the pool. The samples were immediately
subjected to analysis using a portable membrane introduction
mass spectrometry (MIMS) system (HPR-40 DSA, Hiden
Analytical, Warrington, United Kingdom), which was installed
in an office adjacent to the pool deck. Liquid-phase
concentrations of NCl3 were quantified based on comparison
of m/z abundance signals with standard curves that had been
developed prior to the experiment. The detection limit was 0.1
mg L−1. For the water samples collected during this
experiment, NCl3 was present at concentrations that were
consistently below the detection limit for this instrument.

Gas-Phase NCl3 Measurements. The gas-phase concen-
tration of NCl3 was monitored using a PTR-TOF-MS (PTR-
TOF 4000, Ionicon Analytik GmbH, Innsbruck, Austria), an
OD-CRDS (built-in-house), and two NEMo IAQ monitors
(Ethera Labs, Crolles, France). The OD-CRDS provides the
absolute measurement of gas-phase NCl3. The inlets of the
PTR-TOF-MS and OD-CRDS were connected to an
automated switching valve system to sample among four
sampling locations (Figure S1). One of the NEMo monitors
(NEMo A) was mounted on the wall at a height ∼4.7 m above
the pool surface. Another NEMo monitor (NEMo B) was
mounted on the lifeguard chair at a height ∼1.2 m above the
pool surface.
The OD-CRDS is a new absolute and real-time NCl3

measurement technique developed at the Universite ́ libre de
Bruxelles (ULB). In this approach, NCl3 is on-line derivatized
to NH3 and the NCl3 concentration is determined by
measuring the generated NH3 concentration by a continu-
ous-wave CRDS. A filter containing solid Na2SO3 powder was
used for the derivatization. The probable reaction scheme is
the same as the one demonstrated in the liquid phase,39,40 with
a stepwise nature. NCl3 and Na2SO3 react to eventually form
NH3 with intermediate formation of NHCl2, NH2Cl, and
ClSO3

−, e.g.,40

NCl SO H O NHCl ClSO OH3 3
2

2 2 3+ + → + +− − −

(1)

NHCl SO H O NH Cl ClSO OH2 3
2

2 2 3+ + → + +− − −

(2)

The NH2Cl to NH3 reaction is general-acid (HA) assisted40

HA NH Cl SO A NH ClSO2 3
2

3 3+ + → + +− − −
(3)

A citric or sulfamic acid prefilter was used upstream of the
sulfite filter to trap NH3 in the sampled air, similar to acid-
coated denuders or acid-impregnated filters for ambient NH3
and ammonium collection.41 Advantageously, the same filter
also removes NH2Cl and NHCl2 from the airstream in a
manner similar to the silica gel-sulfamic acid filter used in the
“Hery method” commonly used for offline NCl3 measure-
ment.42,43 Since the stoichiometry of the NCl3 to NH3 reaction
is 1:1, the determined NH3 concentrations correspond to the
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NCl3 concentrations upstream of the sulfite filter. The OD-
CRDS approach has been validated in several intercomparison
studies (not yet published) with the Hery method44 and
adapted Hery method with colorimetric analysis (Triklorame
kit, Syclope Electronique, France). An example is shown in the
SI (Figure S17).
The operating principle of the CRDS is the same as first

described by Romanini and co-workers.45,46 The design has
been inspired by some previous instruments.47,48 It was
configured to complete a full measurement loop in 2 min
during the campaign. In each loop, the NCl3 concentration was
determined two times. Details of the design and configuration
of the CRDS can be found in the SI. OD-CRDS measurements
were conducted from 2 PM on November 22 until the end of
the swim meet, but only during the pool opening hours. The
NEMo device is a passive IAQ monitor that can be configured
to measure gas-phase NCl3;

49,50 details on the governing
measurement technique are provided in the SI.
The PTR-TOF-MS measured gas-phase NCl3 at a rate of 1

Hz. It switched between two primary reagent ions, H3O
+ and

O2
+,51 every hour. Under the H3O

+ mode, NCl3 is ionized via
the proton-transfer reaction with H3O

+ as the proton affinity of
NCl3 (721.5 kJ mol−1)52 is greater than water (691 kJ mol−1).
Under the O2

+ mode, the ionization of NCl3 occurs in a drift
tube via a charge-transfer reaction with O2

+.51,53 The
abundance of impurity ions was less than 5% under both
modes. The measurements with the PTR-TOF-MS started at
12 PM on November 21 and lasted until the end of the swim
meet. Calibration and operational conditions are described in
the SI.

Due to the lack of a calibration standard for NCl3, we
corrected the NCl3 concentration measured with the PTR-
TOF-MS in each mode against the absolute measurement with
the colocated OD-CRDS. This correction was done daily. First,
the signals of product ions of the proton or charge-transfer
reactions were adjusted for ion transmission and the isotopic
signals were combined. The product ions used for concen-
tration calculation under the H3O

+ mode include NCl3H
+ and

an identified fragment NCl2
+ (R2 = 0.99, Figure S2). The

product ions under the O2
+ mode include NCl3

+ and the
fragment NCl2

+ (R2 = 0.99, Figure S3), which has been
reported in previous measurements with selected ion flow
tube-mass spectrometry (SIFT-MS) with O2

+ serving as the
reagent ion.53,54 The signals of the product ions were then
converted to the theoretical concentration under each mode,
assuming a default reaction rate coefficient of 2 × 10−9 cm3

s−1.55 Following this, the theoretical concentrations for each
day were scaled by a correction factor, which was obtained via
linear regression between the theoretical concentrations and
the absolute concentrations measured by the OD-CRDS. The
uncertainties of the corrected concentrations were ±11.11 and
±12.33% under the O2

+ and H3O
+ modes (Figures S4 and S5),

respectively, obtained as the mean absolute percentage error
between the corrected concentration and the concentration
measured by the OD-CRDS from November 22 to 24.
Additional details regarding the correction of the concen-
trations measured by the PTR-TOF-MS are included in the SI.

Additional Measurements. Gas-phase CO2 concentra-
tions were monitored using a CO2 gas analyzer (LI-830, LI-
COR Biosciences, Lincoln, Nebraska, U.S.A.). It was calibrated

Figure 1. (a) Time-series plot of the spatially resolved gas-phase NCl3 concentration measured by the PTR-TOF-MS (dark and light blue line) and
OD-CRDS (red line), and CO2 concentration (dark gray line) over the entire measurement campaign. The color-coded background indicates the
sampling locations (including return air, supply air, pool surface air, and pool bulk air) for a given period. The NCl3 concentration was also
measured by two stationary NEMo monitors at heights of 4.7 and 1.2 m above the pool surface. The NCl3 concentration measured by the PTR-
TOF-MS and the CO2 concentration are shown as a 30 s average. (b) Time-series plot of swimmer counts in the competition pool (gray bars; the
left axis) and relative humidity (yellow, orange, and dark red lines; the first right axis). Relative humidity was recorded by the Lascar temperature
and humidity logger (yellow line) at a height 50 cm above the pool surface and two NEMo monitors at heights of 1.2 m (orange line) and 4.7 m
(dark red line) above the pool surface.
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by the manufacturer in early 2019. The inlet of the CO2 gas
analyzer was also connected to the automated switching valve
system as described above for the PTR-TOF-MS and OD-
CRDS. RH was monitored 0.5 m above the pool surface, close
to the pool surface, and at the bulk air sample inlets of the
automated valve system, by a temperature and RH logger (EL-
USB-2-LCD, Lascar Electronics Ltd., Wiltshire, United King-
dom). RH was also recorded by the NEMo monitors. The
number of swimmers in the competition pool and other
locations throughout the aquatic center were counted
throughout the swim meet every 30 min. A preliminary pilot
campaign was conducted at the aquatic center from September
25 to 28, 2019; selected results are shown in Figure S9.
Automated Valve System for Spatially Resolved

Indoor Air Sampling. An automated valve system allowed
for periodic sampling at different locations to investigate the
spatial variation of gas-phase NCl3 and CO2 concentrations.
Four sampling locations included: one of the return air grilles
(return air), one of the supply air ducts (supply air), 40 cm
above the pool surface (pool surface air), and 3.2 m above the
pool surface (pool bulk air) (Figure S1). The sampling
sequence was repeated as follows: return air (6 min), supply air
(6 min), surface air (12 min), bulk air (12 min), surface air (12
min), and bulk air (12 min), with a full cycle of 60 min.
Additional details are provided in the SI.

■ RESULTS AND DISCUSSION
The following terms: NCl3[PTR ‑MS], NCl3[OD ‑CRDS],
NCl3[NEMo A], and NCl3[NEMo B] are used to represent NCl3
concentrations measured by the PTR-TOF-MS, OD-CRDS,
NEMo A (4.7 m above pool surface), and NEMo B (1.2 m
above pool surface), respectively, all of which are expressed as
volume mixing ratios (in ppb).
Hourly and Daily Temporal Variations in Gas-Phase

NCl3 Concentrations During the Swim Meet. The time-
and location-resolved gas-phase NCl3 and CO2 concentrations
over the entire swim meet are shown in Figure 1a, with the
color-coded background indicating the different sampling
locations for the OD-CRDS, PTR-TOF-MS, and CO2 gas
analyzer. Figure 1b shows the corresponding swimmer counts
in the competition pool and RH measured at three different
locations. Changes in the number of swimmers and ventilation
conditions drove significant temporal variations in the gas-
phase NCl3 concentration in the aquatic center. Over the
entire measurement period, NCl3[PTR‑MS] and NCl3[OD‑CRDS]
ranged from 22 to 114 and 30 to 123 ppb (5th−95th
percentiles) in the pool bulk air, with mean concentrations of
67 and 75 ppb, respectively. The NCl3[NEMo A] and
NCl3[NEMo B] ranged from 0 to 108 and 0 to 107 ppb (5th−
95th percentiles), with mean concentrations of 37 and 38 ppb,
respectively.
NCl3 concentrations increased dramatically during active

periods of swimming. Four peaks in the NCl3 concentration
profile can be clearly observed in the morning and evening on
November 22 and 23, corresponding to the periods of the
preliminary and final races of the swim meet. Immediate
increases in the NCl3 concentrations were observed at ∼9 AM
and ∼5 PM on November 22 and 23, corresponding with
increases in the number of swimmers in the pool during warm
up and competition periods. The concentration remained
elevated with consistently high swimmer counts during the
sessions. A decay in gas-phase NCl3 concentrations was
observed at around 12 PM and 10 PM on November 22 and

23, corresponding to notable decreases in the number of
swimmers. The peak concentrations of NCl3[PTR‑MS] and
NCl3[OD‑CRDS] over these four periods were between 116 and
226 and 133 and 155 ppb, and the mean concentrations were
100 and 102 ppb in the bulk air, respectively, with mean
swimmer counts of 52. The strong correlation between gas-
phase NCl3 concentrations and bather load has been reported
in previous studies,11,13,28 and it has been attributed to the
intense mixing of pool water due to the increased number of
swimmers, which leads to enhanced liquid-to-gas transfer of
NCl3.

11,28 According to Schmalz et al.30 the mass-transfer
coefficient of NCl3 can increase from 1.8 × 10−3 g h−1 m−2 in a
quiescent pool to 7.0 × 10−3 g h−1 m−2 by swimming activity
and even to 12.6 × 10−3 g h−1 m−2 by increased splashing
activity.29

The increase in the number of swimmers can increase the
aqueous-phase concentration of NCl3 precursors.8,56 This
could result in a higher NCl3 concentration in the aqueous
phase, causing a substantial increase in the gas-phase
concentration. However, the associated water chemistry occurs
over long time scales and is unlikely to cause an immediate
jump in the gas-phase NCl3 concentration following a sudden
increase in swimmers.8,11 Pool water was analyzed for NCl3
content; however, the aqueous-phase concentrations remained
below the limit of detection of the analytical technique.
Mass transfer of NCl3 from the liquid phase to the gas phase

is also influenced by environmental factors, including temper-
ature and pH. Temperature affects the escaping potential for
volatile DBPs, as indicated by the effect of temperature on
Henry’s law constants of these compounds. In general, Henry’s
law constants display temperature dependence that can be
described by the Van’t Hoff equation.57 Solution pH may also
be relevant as it influences the distribution of the inorganic
chloramines.58,59

The gas-phase CO2 concentration increased with swimmer
counts, following a similar trend as that of the gas-phase NCl3
concentration. Sudden rises and gradual decays in gas-phase
CO2 concentrations were observed at the beginning and end of
the preliminary and final races on November 22 and 23, with
peak concentrations between 903 and 922 ppm in the bulk air
during the sessions. Even though the audience and the
swimmers can emit CO2 via exhaled breath, the enhanced
liquid-to-gas transfer caused by the intense, swimming-induced
mixing of pool water also contributed significantly to the
elevated gas-phase CO2 concentration. CO2 is added to pool
water via the water treatment system at the aquatic center prior
to the addition of Ca(OCl)2 disinfectant. CO2 addition is used
for pH control.60,61

Two-film theory suggests that the transfer of compounds
from the liquid to gas phase is strongly influenced by their
respective Henry’s law constants (H).27 Specifically, for
compounds with large values of H, resistance to transport is
governed by “liquid-film resistance.” By extension, this
explanation of liquid-to-gas transfer implies that the physical
conditions that are responsible for the transfer of a compound
with a relatively large value of H will also cause the transfer of
other compounds that have similar values of H. NCl3 and CO2
are both relatively volatile, with Henry’s law constants that are
within a factor of two of each other (see Table S1 in the SI). As
such, it is reasonable to expect that their respective potentials
for the net transfer from the liquid phase to the gas phase
would be similar. In turn, this would lead to similar patterns in
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the dynamic behavior in the gas phase within the air space of
an indoor pool facility, as observed in this study.
An increase in RH was observed during active periods of

swimming. The dynamic behavior of RH was qualitatively
similar to the behaviors of gas-phase CO2 and NCl3
concentrations. When the pool was under heavy use during
the evening of November 21 and during both the morning and
evening of November 22 and 23, the RH probe (50 cm above
the pool surface) showed a mean RH of 63%, with peak values
between 68 and 80%. The elevated RH can be attributed to the
evaporation of water droplets and splashes induced by
swimming.
Gas-phase concentrations of NCl3 and CO2 during the final

sessions in the evening were slightly higher than during the
preliminary sessions in the morning on November 22 and 23.
Even though multiple factors can influence gas-phase NCl3 and
CO2 dynamics, the energy imparted to the water by the
swimmers during the final sessions may be greater than that
during the preliminary sessions. This can improve liquid-to-gas
transfer and result in higher gas-phase concentrations. Previous
measurements in indoor swimming pools indicate that
swimming performed by individual competitive swimmers
can induce stronger liquid-to-gas transfer of NCl3 than that
induced by a child playing in the pool due to stronger
mechanical mixing of the water during swimming.11

The magnitude of the CO2 and NCl3 concentration profiles
on November 21 were lower than those on November 22 and
23. This can be due, in part, to variations in the outdoor air
exchange rate (AERoutdoor), which was higher on November 21.
The CO2 concentration decay rates obtained within 1−2 h
after the preliminary or final sessions, which is used as a proxy
for AERoutdoor, were 18−55 and 51−85% higher on November
21 than those on November 22 and 23, respectively (Figures
S6−S10).

The gas-phase NCl3 concentration during closing hours (10
PM to 7 AM) was relatively low and stable, with a mean
NCl3[PTR‑MS] of 54 ppb in the bulk air during the nights of
November 21 and 23. The gas-phase CO2 concentration
dropped to outdoor levels, with steady-state concentrations of
402−432 ppm. The RH was stable during the night, ranging
from 55 to 60%. The NCl3[PTR‑MS] presents an increasing trend
from 12 PM on November 21 to 6 AM on November 22.
Higher values were periodically measured during the night
compared to those during active periods of swimming on
November 21, potentially due to the higher AERoutdoor during
the daytime (CO2 decay rate: 1.36 h−1, post-preliminary
session) relative to the evening (CO2 decay rate: 0.9 h

−1, post-
final session) on November 21.

Short-Term Temporal Variations in Gas-Phase NCl3
Concentrations During the Swim Meet. Figure 2 shows
the variation in NCl3 and CO2 concentrations on a shorter
time scale (minutes, seconds) during the preliminary (Figure
2a,b.) and final (Figure 2c,d.) sessions on November 23, where
the NCl3[PTR‑MS] and CO2 concentrations are presented with a
time resolution of 1 s. The influence of active swimming on the
NCl3 concentration was observed at ∼9 AM when swimmers
started to warm up in the pool before the preliminary session.
At this time, sudden increases in NCl3[OD‑CRDS] from 23 to 78
ppb in the bulk air and 56 to 124 ppb at the pool surface were
observed, corresponding to an increase in swimmer counts
from 4 to 105. The concentration profile for gas-phase CO2
matched that of NCl3, with peak concentrations of 746−983
ppm and 133−162 ppb for CO2 and NCl3[OD‑CRDS],
respectively, observed between 10:36 and 10:48 AM in the
pool surface air. NCl3 and CO2 gradually decreased from ∼11
AM to 2 PM with the decreasing number of swimmers,
reaching a background level similar to the period before the
preliminary session. Gas-phase NCl3 and CO2 concentrations

Figure 2. (a) and (c) Time-series plot of the spatially resolved gas-phase NCl3 concentration measured by the PTR-TOF-MS (dark and light blue
lines) and OD-CRDS (red line), and CO2 concentration (dark gray line) over two active periods of swimming. The color-coded background
indicates the sampling locations (including return air, supply air, pool surface air, and pool bulk air) for a given period. The NCl3 concentration was
also measured by two stationary NEMo monitors at heights of 4.7 and 1.2 m above the pool surface. The time resolution of the NCl3 concentration
measured by the PTR-TOF-MS and the CO2 concentration is 1 s. The light blue line in (c) represents the counts per second (cps) of NH2Cl
measured by the PTR-TOF-MS, which is a much less volatile DBP. The green lines in (c) serve as the “baseline” for NCl3 and CO2 to aid in
visualization. (b) and (d) Time-series plots of swimmer counts in the competition pool (gray bars; the left axis) and relative humidity (yellow,
orange, and dark red lines; the first right axis). Relative humidity was recorded by the Lascar temperature and humidity logger (yellow line) at a
height 50 cm above the pool surface and two NEMo monitors at heights of 1.2 m (orange line) and 4.7 m (dark red line) above the pool surface.
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exhibited strong fluctuations over the selected periods, which
can be observed by the spikes in the NCl3[PTR‑MS] and CO2
concentration profiles. The fluctuations were more significant
when there was a great number of swimmers in the pool and
more obvious in the pool surface air than the bulk air, which
supports the hypothesis that they are induced by active
swimming.
A noteworthy dynamic feature in gas-phase NCl3 and CO2

concentrations is further illustrated in Figure 2c,d, where we
focus on a 1 h period during the final session on November 23.
Spikes in NCl3[PTR‑MS] and CO2 concentrations were observed
in both the pool surface and bulk air, but the magnitude in the
surface air is much greater. We hypothesize that active
swimming induces a localized enhancement of liquid-to-gas
transfer of NCl3 and CO2 around the swimmer, leading to
higher concentrations of gas-phase NCl3, which is detected as
spikes in the concentration by the PTR-TOF-MS when the
swimmers approached the sampling inlet. It is also possible
that the agitation of pool water by swimmers generates
airborne water droplets, which undergo deposition and
evaporation on the membrane filter, thereby inducing a spike
in the concentration profile. We found that the gas-phase
concentration of monochloramine (NH2Cl; the light blue line
in Figure 2c), which is a DBP with a greater aqueous-phase
concentration but a much smaller Henry’s law constant, did
not exhibit prominent spikes following those of NCl3 and CO2.
This suggests that most of the observed spikes in NCl3 were
not caused by the deposition and subsequent evaporation of
water droplets on the filter. If droplets were evaporating on the
filter, the gas-phase concentration of NH2Cl should exhibit the
most prominent spikes. The negative peak observed at ∼7:43
PM was likely caused by a gust of fresh air due to the
opening−closing of exit doors. The peak is closely mirrored in
the measured NH2Cl, NCl3, and CO2 concentrations,
demonstrating that the NH2Cl measurement is not smoothed
out by long adsorption/desorption processes in the sampling
tubes.
We believe that the spikes in the concentration of both the

gas-phase NCl3 and CO2 are mainly attributed to liquid-to-gas
transfer. Surprisingly, only some of the spikes in the NCl3
concentration were mirrored by spikes in the CO2 concen-
tration at the surface air sampling location. Conversely, all CO2
concentration spikes seemed to be mirrored by spikes in the
NCl3 concentration. The reason is unclear and needs further
investigation.
Correlations between Gas-Phase NCl3 Concentra-

tions with CO2 and RH. Correlations between gas-phase
NCl3 concentrations with CO2 and RH are further
demonstrated in Figure 3, where NCl3[PTR‑MS] and
NCl3[OD‑CRDS] are plotted against the CO2 concentration and
RH, measured by the Lascar probe (50 cm above pool
surface). Only NCl3 concentrations measured at the pool
surface air sampling location were incorporated due to its
proximity to the Lascar probe. NCl3[OD‑CRDS] and NCl3[PTR‑MS]
correlate significantly with the pool air RH and CO2
concentration, with Spearman’s rank correlation coefficients
(Spearman’s ρ) of 0.759 and 0.844 for RH and 0.837 and
0.854 for CO2, respectively. A similar correlation between gas-
phase CO2 and NCl3 was found in a recent study in an indoor
pool in Norway, where they presented a correlation coefficient
of 0.8.31

The strong correlation among RH and gas-phase CO2 and
NCl3 concentrations in this study indicate that water vapor,

CO2, and NCl3 share similar physical transport processes in
pool air. Here, we present a speculated liquid-to-air transfer
scheme that can explain the significant correlations. A previous
study in an indoor swimming pool indicated that the measured
gas-phase NCl3 concentration is only ∼1% of the equilibrium
concentration, estimated by the aqueous-phase concentration
and Henry’s law constant.11 A deviation from the equilibrium
between the aqueous-phase and gas-phase concentration nearly
always exists, as the pool air is constantly diluted with outdoor
air. This deviation from equilibrium represents a driving force
for the net transfer from the liquid to gas phase, which, in turn,
results in a continuous flux of NCl3 from the water to pool air
through the water−air interface.
When swimmers are present in the pool, they may create

bubbles in the water by entraining air into the water and later
inducing the formation of water droplets with a size range from
tens of nanometers to hundreds of micrometers, via the burst
of bubbles at the air−water interface, a process similar to sea
spray formation.62,63 Swimming can also induce waves and
water splashes. The formed waves, splashes, and water droplets
may significantly increase the surface area of the water−air
interface, which will increase the rate of the liquid-to-air
transfer of volatile compounds. Therefore, compared to a calm
and flat pool surface, active swimming will result in higher gas-
phase NCl3 concentrations. Before the formed waves, splashes,
and water droplets deposit back into the water, the CO2 and
water molecules are released to the air as they evaporate,
leading to an increase in gas-phase CO2 concentration and RH.
In addition, droplets between 100 nm and 1 μm can have a
long residence time in indoor air, therefore they are likely to
stay airborne until fully evaporated.64 Additional measure-
ments by aerosol instruments are needed to define the increase
in the surface area of water droplets during swimming.

Spatial Variations in Gas-Phase NCl3 Concentrations
within the Aquatic Center. Based on the NCl3[PTR‑MS] and
NCl3[OD‑CRDS] measurements multiplexed between the surface

Figure 3. Correlation plots of the NCl3 concentration measured by
the OD-CRDS and PTR-TOF-MS at the pool surface sampling
location with relative humidity (top) measured by the Lascar
temperature and humidity logger at a height of 50 cm above the
pool surface, and CO2 concentration (bottom) at the pool surface
sampling location. The NCl3 concentrations from the PTR-TOF-MS
are 30 s averages. Spearman’s rank correlation coefficients (Spear-
man’s ρ) are listed.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.0c07413
Environ. Sci. Technol. 2021, 55, 8097−8107

8102

https://pubs.acs.org/doi/10.1021/acs.est.0c07413?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07413?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07413?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c07413?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.0c07413?rel=cite-as&ref=PDF&jav=VoR


air and bulk air sampling locations, vertical mixing profiles in
NCl3 at the competition pool can be observed. The sampling
locations were chosen so that they were out of the direct line of
any supply air vents. The bulk air sampling location was
directly above the water, while the surface air sampling location
was shifted from above the water surface by about 1 m to avoid
splashing water entering the sampling tube. We consider the
slight horizontal shift inconsequential in this regard. No
obvious difference in the gas-phase NCl3 and CO2

concentration was found between the pool bulk air and return
air. The supply air concentrations were generally lower than
the other three sampling locations.
On average, a well-mixed vertical profile was observed for

NCl3; the median and mean mixing ratios measured at the pool
surface air and bulk air were similar (Figure 4). During low-
activity swimming periods, no vertical gradient was observed
over the course of the measurement campaign. However,
during the morning session on November 23 (Figure 2a), a
significant vertical gradient was observed, with up to a 50%
higher NCl3 concentration in the surface air than in the bulk
air. A vertical gradient was also observed for CO2 (Figure 2a)
and RH during the same period (Figure 2b). Unfortunately,

because of the high RH, the NCl3[NEMo A], and NCl3[NEMo B]

readings were unreliable during this period (see the SI).
The observed vertical NCl3 gradient was inconsistent. It was

not present at similar measured NCl3 concentrations, e.g.,
during the final session on November 23 (Figure 2c.). If the
sharp peaks, corresponding to droplets and splashes, are
neglected, the measured NCl3[PTR‑MS] evolves seamlessly over
the switching events between the surface air and bulk air
sampling points, as shown by the fitted baseline concentration
curves in Figure 2c.
During the preliminary measurement campaign with the

OD-CRDS at this site, we also sampled air just above the water
surface (Figure S3). While we were not able to sample close to
the water surface during periods of active swimming, we
manually moved the sampling tube to right above the water
level directly following a period of high activity. On several
occasions, we observed significantly higher NCl3 concen-
trations at the water level than at 1 m above the pool surface
(Figure S9). Similar to the current observations, this effect was
inconsistent. These observations indicate that the NCl3
“bubble”65,66 suspended above the surface of the water has a
transient nature in both size and prevalence at this natatorium.

Figure 4. Comparison of the NCl3 concentration measured in this study with previous studies in indoor swimming pools. Boxplots represent the
interquartile range, whiskers represent the 5th and 95th percentiles, and midbars represent medians. Diamond markers represent the means and the
error bars indicate the standard deviations (except for Hery et al., where the error bars represent the range of the measured concentrations, and
Lev́esque et al., where the error bars represent the 95% confidence interval). The pool location is listed at the country level. The measurement
method is listed. The Hery Method refers to Hery et al. aData extracted from Figures 1−4 in Weng et al., corresponding to pool A−D. Each boxplot
represents the concentration measured for a pool. Replotted as a boxplot. Pool A is the same as the current study. pH of pool A = 7.5. Temperature
of pool = 26 °C. Outdoor AER of pool C ∼9 h−1. Total AER of pool D = 3.3−5 h−1. bData extracted from Figure 6 in Afifi and Blatchley and
replotted as a boxplot. Outdoor AER ∼9 h1. pH = 7.0−8.2. Temperature = 26−28 °C. cThree values correspond to the concentrations measured in
the morning, afternoon, and evening in Lev́esque et al. Outdoor AER = 0−4 h−1. dConcentrations measured at the exercise pool (left) and
aquaerobic (right) in Westerlund et al.. Temperature = 27−37 °C. eConcentrations measured by stationary sampling in Westerlund et al.
Temperature = 31−34 °C. fData extracted from Figure 1 in Seys et al. and replotted as a boxplot. gThe mean concentrations in Figure 1 in Parrat et
al. were extracted and replotted as a boxplot. hConcentrations at facility 1 in the evening (left), facility 2 in the morning (middle), and facility 2 in
the evening (right). Outdoor AER of facility 1 and 2 = 0.9 and 6.6 h−1. pH of facility 1 and 2 = 7.12 and 7.02. Temperature of facility 1 and 2 = 28
and 26.5 °C. iConcentrations for two swimming pools (two on the left) and two recreational pools (two on the right). They represent
establishments C, E, K, and L in Hery et al. jConcentrations measured for the leisure pool (left) and the competition pool (right).
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Comparison of Analytical Techniques for Gas-Phase
NCl3 Measurement. The NCl3 concentration time series
(Figures 1 and 2) indicates that the corrected NCl3[PTR‑MS]
follows NCl3[OD‑CRDS] exactly. The NEMo IAQ monitor is a
more affordable instrument compared to the PTR-TOF-MS
and OD-CRDS for monitoring NCl3 in the air of indoor pools.
The concentrations reported by the two NEMo monitors agree
with those from the PTR-TOF-MS or OD-CRDS during some
periods of the swim meet (e.g., from 3 to 9 PM on November
21); however, sharp decreases in NCl3[NEMo A] and
NCl3[NEMo B] were observed when the RH increased close to
∼65% during active swimming periods (e.g., 12 PM on
November 22). It is known that the opacity signal of the
iodide-infused window, which is used to determine the
concentration, is influenced by RH. Specifically, opacity
increases with RH. An internal RH monitor with an in-built
algorithm in the software is used to automatically correct the
NCl3 signal for interference based on RH. However, the
algorithm is not effective enough and once the instrument is
exposed to high RH, and the reading becomes unreliable for
several hours. From a practical perspective, the NEMo devices
seem to be constrained to RH values below 65%. In addition,
NCl3[NEMo A] and NCl3[NEMo B] were systematically lower than
NCl3[PTR‑MS] during the night for unknown reasons, when the
RH did not exceed 65%.
Comparison with Previous NCl3 Measurements in

Indoor Swimming Pools. The gas-phase NCl3 mixing ratios
measured in this study were converted to mass concentrations
and plotted as boxplots to be compared with those reported in
previous studies10−13,28,31,42,67−72 (Figure 4). The mean mass
concentrations measured by the PTR-TOF-MS and OD-
CRDS in the pool surface air and bulk air range from 307 to
374 μg m−3, with the interquartile ranges spanning from 221 to
491 μg m−3. The mean concentrations slightly exceeded the
gas-phase NCl3 exposure guideline proposed by Parrat et al.
and Bernard et al.9,12 (300 μg m−3), while the 75th percentiles
are lower than the World Health Organization (WHO)
guideline (500 μg m−3)73 (dark and light gray lines in Figure
4).
NCl3 mass concentrations reported in previous studies of

chlorinated indoor pools vary across a wide range, as many
factors can influence the gas-phase NCl3 concentration, such as
bather loading, venti lat ion conditions, and pool
type.10−13,28,31,42,67−72 Most studies show mean/median
concentrations between 114 and 590 μg m−3, which are
within the range of the 5th and 95th percentiles of the
measured concentrations in this study. Lev́esque et al.10

demonstrated a decrease in NCl3 concentrations with an
increase in the outdoor AER. Weng et al.11 reported a median
concentration of 423 μg m−3 in a pool with a high outdoor
AER of ∼9 h−1. Relatively high concentrations under such an
AER might be attributable to intense use during a high school
swimming competition. Afifi and Blatchley28 reported lower
values in the same pool under normal use. Nitter and
Svendsen31 showed similar concentrations of the gas-phase
NCl3 in two swimming pools in Norway, while the outdoor
AER of facility 2 was much higher than facility 1. The authors
attributed it to the higher swimmer load and hydraulic
retention time in facility 2. The pH of the pool water in the
selected studies generally varied in a narrow range from ∼7 to
8. The temperatures of the swimming pools were mostly
between 26 and 28.5 °C. Westerlund et al.69 reported higher
temperatures between 31 and 34 °C for 10 rehabilitation pools

in Sweden. A higher temperature should result in a greater
escape potential of the volatile DBPs. However, the gas-phase
concentration of NCl3 was only 23 (±34) μg m−3, potentially
due to the relatively small area of the pool surfaces (15−100
m2) and lack of active swimmers to agitate the pool water, as
the pools are used for rehabilitation purposes.
Differences in measurement techniques can affect the

comparison between studies, particularly because previous
measurements are generally not selective to NCl3 but provide a
sum of chlorine-containing species44 or all oxidizing species11

in the air of swimming pools. Most of the previous studies
listed in Figure 4 adopted the offline measurement method
proposed by Hery et al.,44 which is based on reducing NCl3 to
chloride (Cl−) on a chemical filter cassette. The gas-phase
NCl3 concentration is determined by the volume of air being
sampled and the mass of the converted Cl−, which is analyzed
by ion chromatography. Another offline measurement method
is to trap gas-phase NCl3 in chemical solutions (N,N-diethyl-p-
phenylenediamine/potassium iodide) and quantify it via
colorimetric measurement.11,28 Ion mobility spectrometry can
provide NCl3 measurements with a high temporal resolution,
which cannot be achieved by offline techniques.29 However,
this method is not commonly used in indoor swimming pools.
In addition, the iodide-adduct chemical ionization mass
spectrometer (I-CIMS) can provide online quantification of
gas-phase NCl3. In a recent study, it has been employed to
study the formation of NCl3 in indoor air during bleach
cleaning.34
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