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Summary

Trichloramine is a disinfection by-product of concern in indoor swimming pools due to its
adverse health effects. The goals of this doctoral thesis were to develop an analytical method
for the measurement of trichloramine in swimming pool water, to quantify its concentrations in
Swiss pool water and to investigate the factors influencing its formation and degradation.
Furthermore, ultraviolet light (UV) treatment of pool water was studied not only as a mitigation
strategy to reduce trichloramine concentrations, but also as a possible source of further

disinfection by-products.

The use of swimming pools for sport and recreation is popular worldwide for every age class.
Swimmers/bathers introduce human substances such as hair, skin particles, urine, sweat and
personal care products but also viruses and bacteria into the pools. Therefore, pool water must
be treated, disinfected and replaced regularly. In public swimming pools, pool water is
commonly filtered and chlorinated continuously. This practice guarantees a proper disinfection
of the pool water but results in the formation of numerous disinfection by-products, which can
be carcinogenic and genotoxic in extreme cases. A volatile disinfection by-product of concern
is trichloramine, which irritates the skin, the eyes and the respiratory tract and is suspected to
cause asthma. Trichloramine belongs to the inorganic chloramines (mono-, di- and
trichloramine) and is assumed to be formed by the reaction of free chlorine with nitrogenous
precursors such as urea. It has been rarely measured in pool water due to the lack of an
adequate analytical method. Therefore, little is known about its concentration in pool water, its

formation and possible mitigation strategies.

An extraction-based, colorimetric method for trichloramine analysis was developed in this
thesis (chapter 4). This low-cost and easy-applicable method was validated by measurements of
pool water samples with the more sophisticated technique of membrane introduction mass
spectrometry (MIMS). The measurements further showed that trichloramine concentration in
Swiss pool water reached up to 0.5 uM and was strongly correlated with the free chlorine and
HOCI concentration (R* = 0.64 and 0.79, respectively). A correlation with pH and the total
inorganic chloramine concentration was much less pronounced and no correlation was observed
with the urea concentration. Continuous on-site measurements over several days with a high
time-resolution (< 40 min) confirmed that the trichloramine was strongly influenced by the

residual free chlorine concentration.

The on-site measurements with MIMS were facilitated by a software, which was engineered in

this thesis (chapter 3). This software supports the automated sample collection for continuous,
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long-term sampling. It further assists the analysis of large data sets from sampling campaigns
by assisting steady-state, flow-injection and continuous measurements. Thanks to the software,
manual time-consuming work such as peak recognition and mean determination is minimized,

thereby also reducing the arbitrariness of the operator.

The MIMS was also used to investigate the reactivity of trichloramine with model compounds
such as primary and secondary amines, amides, hydroxylated phenolic compounds and fulvic
acids (chapter 2). At pH 7 the second-order reaction rate constant with trichloramine were
found to be low for amides (kapp, = 10%-10" M s™), slightly higher for primary amines (kapp =
10'-10° M"' s') and significant for secondary amines (kapp = 5x10'-5x10*> M ™).
Measurements of the reaction products revealed that trichloramine mainly induces a chlorine
addition but is also able to undergo an electron transfer reaction. Typically, free chlorine has a
higher reactivity with most substances than trichloramine. Chlorination of many substances
leads to a lower reactivity of trichloramine with these substances (e.g. secondary amines, fulvic
acids and uric acid). UV irradiation of pool water, which breaks the nitrogen-chlorine bond of
pool water compounds, increases the overall reactivity of trichloramine with the pool water
matrix (chapter 5). Hence, residual free chlorine competes with trichloramine for the same
substances in pool water and its presence hampers trichloramine degradation. Therefore, as long
as free chlorine is present in pool water, the decay of trichloramine is close to the self-decay of

trichloramine in pure water at the same pH.

A reduction of disinfection by-products, including trichloramine, in pool water may be achieved
by lowering chlorine dosage. However, such a reduction is limited by the prescribed free
chlorine concentration, which is needed to guarantee disinfection. A common technique to
further mitigate trichloramine and the other inorganic chloramines is UV treatment. UV
treatment in Swiss pool facilities is mainly performed with medium-pressure mercury lamps
and less frequently with low-pressure mercury lamps. This thesis confirmed that trichloramine
is degraded by 30-50 % with a UV irradiation of a medium-pressure lamp under similar
conditions as in pool water treatment. This corresponded nicely to the UV-induced
trichloramine degradation in two UV reactors during on-site measurements in a pool facility.
However, the trichloramine degradation of about 50 % in the UV reactor resulted in a decrease
of the trichloramine concentration in pool water of only about 10 and 20 % in a competition and
a wading pool, respectively. This little effect of the UV treatment might be explained by a fast
trichloramine formation in the pool water, which leads to almost the same steady-state
concentration as without UV treatment in the competition pool (long residence time of 4-5 h

before treatment) and to a slightly lower concentration in the wading pool (shorter residence
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time of about 1 h). Hence, UV treatment does only effectively reduce trichloramine
concentration in swimming pools with a short residence time and even in these pools, its effect

is limited by the trichloramine formation in pool water.

The results described in chapter 5 also indicate that the other inorganic chloramines might be
mitigated by UV treatment. However, to confirm these results, further long-term measurements
would be necessary. This is also the case for the effect of UV irradiation on trihalomethanes.
The results only show that trihalomethane concentrations remain unchanged after treatment in
the UV reactor. The effect of UV irradiation on nitrosamines, a carcinogenic disinfection by-
product, was investigated in chapter 6. Previous studies showed that nitrosamines, such as N-
nitrosodimethylamine (NDMA), are photodegraded by UV irradiation from low- and medium-
pressure mercury lamps. However, it could be shown in the present investigation that UV
irradiation of swimming pool water also enhances NDMA formation. This enhancement was
ascribed to the formation of reactive NDMA precursors (e.g. nitric oxide) from the
phototransformation of chlorinated substrates, as it could be shown for monochloramine and
chlorinated dimethylamine. Whether UV irradiation decreases the NDMA concentration in pool
water depends on the initial NDMA concentration and the concentration of its precursors as
well as on the applied UV dose. It is shown in chapter 6 that this formation pathway is also
valid for other nitrosamines. Hence, whether UV treatment of pool water results in an increase
or a decrease of the nitrosamine concentration depends on the specific conditions of the pool

water and the treatment.

In conclusion, a low-cost and easy-applicable trichloramine measurement method was
established. Pool water measurements showed that trichloramine concentrations are commonly
below 0.5 uM in Switzerland and depend strongly on the residual free chlorine concentration.
Lowering free chlorine concentration in pool water might be a more effective trichloramine
mitigation strategy than implementing a UV treatment. The overall effect of UV irradiation on
pool water quality is difficult to assess since this thesis reveals positive and negative aspects of

UV treatment in accordance with literature.
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Zusammenfassung

Trichloramin ist eine Desinfektionsnebenprodukt im Badewasser, welches die Gesundheit der
Badegiste und des Personals in Hallenbddern gefihrden kann. Im Rahmen dieser Doktorarbeit
wurde eine Methode zur Trichloraminmessung in Badewasser entwickelt. Mit Hilfe dieser
Messmethode wurden die Trichloraminkonzentration in verschiedenen Wasserproben von
Hallenbadern bestimmt und Faktoren, welche die Bildung und den Abbau von Trichloramin
beeinflussen, erruiert. Des Weiteren wurde der Trichloraminabbau in Badewasser mittels UV-
Behandlung sowie der Einfluss der UV-Behandlung auf andere Desinfektionsnebenprodukte

untersucht.

Schwimmbéder sind weltweit bei jeder Altersklasse beliebt, sei es um sportliche Aktivititen
auszuiiben oder die Freizeit zu verbringen. Dabei geniessen die Badegéste nicht nur das
Wasser, sondern geben auch korpereigene Substanzen wie Haare, Hautpartikel, Urin oder
Schweiss ins Wasser ab. Zusdtzlich gelangen auch Viren und Bakterien durch Badegiste ins
Badewasser. Aus diesem Grund muss das Badewasser behandelt, desinfiziert und regelméssig
ersetzt werden. In Offentlichen Schwimmbéddern wird das Badewasser normalerweise
kontinuierlich filtriert und gechlort, um eine stete Desinfektion zu gewéhrleisten. Allerdings
entstechen dadurch gesundheitsgefihrdende Desinfektionsnebenprodukte, welche sogar
kanzerogen oder gentoxisch sein kdnnen. Eines dieser problematischen Nebenprodukte ist das
fliichtige Trichloramin. Trichloramin reizt die Augen und die Haut, kann zur Entziindung der
Atemwege fiihren und steht im Verdacht, Asthma zu verursachen. Trichloramin gehort zu den
anorganischen Chloraminen (Mono-, Di- und Trichloramin, ebenfalls bekannt als gebundenes
Chlor) und entsteht bei der Reaktion von freiem Chor mit stickstoffhaltigen
Vorldufersubstanzen wie zum Beispiel Harnstoff. Da bisher eine geeignete Methode zur
Messung von Trichloramin in Wasser fehlte, wurden selten Trichloraminmessungen im
Badewasser durchgefiihrt. So ist wenig bekannt {iber Trichloramin im Badewasser, tiber dessen
Entstehung und die Moglichkeiten, die Trichloraminkonzentration im Badewasser zu

verringern.

Im Kapitel 4 dieser Doktorarbeit wird eine auf Extraktion basierende, kolorimetrische
Trichloramin-Messmethode vorgestellt, welche im Rahmen dieser Doktorarbeit entwickelt
wurde. Die Messmethode ist kostengiinstig und einfach anwendbar. Sie wurde mittels
Vergleichsmessungen mit einem kommerziellen ,,Membran Introduction Mass Spectrometer
(MIMS)* validiert. Diese Messungen zeigten, dass Trichloramin in Schweizer Badewasser

Konzentrationen von bis zu 0.5 uM erreichen kann und dass dessen Konzentration stark mit der
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Konzentration von freiem Chlor und der unterchlorigen Saure (HOCI) korreliert ist (R* = 0.64
beziehungsweise 0.79). Die Korrelation der Trichloraminkonzentration mit dem pH oder dem
gebundenen Chlor ist hingegen nur sehr schwach. Keinen Zusammenhang konnte zwischen der
Harnstoff- wund der Trichloraminkonzentration festgestellt werden. Kontinuierliche
Trichloraminmessungen in einem Hallenbad iiber mehrere Tage mit einer hohen Auflosung (<
40 Min.) bestitigten, dass die Trichloraminkonzentration stark von der freien

Chlorkonzentration beeinflusst wird.

Die Trichloramin-Messungen im Hallenbad mit dem MIMS wurden durch eine Software
ermoglicht, dessen Entwicklung Bestandteil dieser Doktorarbeit war (Kapitel 3). Die Software
unterstiitzt die automatische Probenahme bei kontinuierlichen Langzeitmessungen. Des
Weiteren vereinfacht sie die Auswertung von grossen Datensédtzen fiir verschiedene
Messmethoden (steady-state, flow-injection und kontinuierliche Messungen). Dabei wird die

zeitaufwendige Handarbeit sowie der Einfluss der auswertenden Person minimiert.

Das MIMS wurde auch verwendet, um die Reaktivitdt von Trichloramin mit Modelsubstanzen
(Aminen, Amiden, hydroxylierten Phenolen und Fulvinsduren) zu untersuchen (Kapitel 2).
Trichloramine hat bei pH 7 eine tiefe Reaktionsrate zweiter Ordnung mit Amiden ((kypp = 107
10" M s, eine etwas hohere mit priméren Aminen (kupp = 10"'-10° M s™') und eine deutlich
hohere mit sekunddren Aminen (ki = 5x10'-5x10> M"' s'). Die Messung von
Reaktionsprodukten zeigte, dass Trichloramin hauptsdchlich mittels einer Chloraddition
reagiert, aber auch zu einem Elektronentransfer fahig ist. Fiir die meisten der untersuchten
Substanzen ist die Reaktionsrate zweiter Ordnung von freiem Chlor hoher als jene von
Trichloramin. Die Reaktionsprodukte der Chlorung zeigten immer eine tiefere Reaktivitidt mit
Trichloramin als die Ausganssubstanzen (z.B. sekunddre Amine, Fulvinsiduren und Harnsaure).
Dagegen erhohte die UV-Bestrahlung von Hallenbadwasser dessen Reaktivitdt mit
Trichloramin, vermutlich weil die UV-Bestrahlung die Stickstoff-Chlor-Bindungen von
Substanzen in der Hallenbadmatrix spaltet (Kapitel 5). Folglich konkurrenziert Trichloramin im
Badewasser mit dem freien Chlor um dieselben Reaktionspartner und die Prisenz von freiem
Chlor vermindert dadurch den Abbau von Trichloramin. Solange freies Chlor im Badewasser
vorhanden ist, ist der Trichloraminabbau nahe beim Selbstzerfall von Trichloramin im

Reinstwasser.

Eine Senkung der freien Chlorkonzentration zur Reduktion der Trichloraminkonzentration ist in
der Praxis nur soweit moglich, als dass die Desinfektion noch gewéihrleistet ist. Eine géngige

Technik, die Konzentration des gebundenen Chlors im Badewasser zu senken, ist die UV-
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Behandlung. In Schweizer Hallenbddern kommen hauptsidchlich Mitteldruck- und weniger
hiufig Niederdruckstrahler zum Einsatz. In dieser Doktorarbeit wurde mit Versuchen im Labor
bestitigt, dass eine UV-Bestrahlung Trichloramin unter den in der Badwasserbehandlung
iiblichen Bedingungen bis zu 30-50 % abbaut. Eine vergleichbare Elimination wurde bei zwei
UV Reaktoren in einem Hallenbad gemessen. Trotz diesem deutlichen Abbau von Trichloramin
(~50 %) im UV-Reaktor, wurde als Folge der UV-Behandlung die Konzentration von
Trichloramin im Schwimmer- und im Planschbecken nur um ~10 %, beziehungsweise 20 %
gesenkt. Die verhdltnismédssig geringe Abnahme der Trichloraminkonzentration in den Becken
kann darauf zuriick gefiihrt werden, dass Trichloramin im Becken einer Dynamik unterliegt. Im
Schwimmerbecken, in welchem das Badewasser eine Aufenthaltszeit von 4-5 Stunden hat,
wird durch die Trichloramin-Bildung fast wieder dieselbe Gleichgewichtskonzentration erreicht
wie ohne die UV-Behandlung. Die UV-Behandlung war effektiver im Planschbecken, in
welchem das Wasser eine Aufenthaltszeit von nur ~1 Stunde hatte. Folglich ist die UV-
Behandlung von Badewasser zur Minimierung der Trichloraminkonzentration nur in Becken
mit einer kurzen Aufenthaltszeit wirksam und auch dort ist der Effekt limitiert durch die

Trichloramin-Bildung im Becken.

Die Resultate im Kapitel 5 zeigen zudem auf, dass die Konzentration des gebundenen Chlors
durch die UV Behandlung vermutlich gesenkt werden kann. Um diese Annahme zu bestdtigten,
miissten jedoch Langzeitstudien durchgefiihrt werden. Langzeitstudien sind auch nétig, um die
Frage zu beantworten, ob die UV-Behandlung von Badewasser zu einer erhohten
Trihalomethankonzentration fiihrt. Die wiahrend der Doktorarbeit durchgefiihrten Messungen
konnten nur bestitigen, dass die Trihalomethankonzentration zwischen Ein- und Austritt des

Badewassers in den UV Reaktor unverindert bleibt.

Den Einfluss der UV-Behandlung auf die Nitrosaminkonzentration, ein kanzerogenes
Desinfektionsnebenprodukt, wurde in Kapitel 6 untersucht. Bisherige Studien zeigten, dass
Nitrosamine (z.B. Nitrosodimethylamin (NDMA)) mit Nieder- und Mitteldruckstrahlern
abgebaut werden konnen. Die UV-Behandlung von Badewasser kann hingegen die Bildung von
NDMA erhohen, da die Bestrahlung von Monochloramin und Dimethylamin zu schnell
reagierenden NDMA-Vorlaufersubstanzen (wie z.B. Stickstoffmonooxid) fithren kann. Ob die
UV-Behandlung von Badewasser die NDMA-Konzentration erhoht oder senkt hidngt vom
Verhiltnis von NDMA zu den Vorldufersubstanzen und von der angewendeten UV-Dosis ab. In
Kapitel 6 wird gezeigt, dass dieser Bildungsweg nicht nur fiir NDMA, sondern auch fiir andere
Nitrosamine gilt. Der Effekt der UV-Behandlung auf die Nitrosaminekonzentration hingt also

von den spezifischen Bedingungen im Badewasser und der Intensitdt der UV-Behandlung ab.
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Zusammenfassend kann man sagen, dass im Rahmen dieser Doktorarbeit eine einfache und
kostengiinstige Trichloramin-Messmethode entwickelt wurde. Messungen mit dieser Methode
haben gezeigt, dass die Trichloraminkonzentration im Badewasser normalerweise < 0.5 pM ist
und stark von der freien Chlorkonzentration abhdngt. Die Absenkung der freien
Chlorkonzentration ist  wahrscheinlich ein geeigneteres Mittel um die
Trichloraminkonzentration im Badewasser zu senken als die Behandlung des Badewassers mit
UV-Strahlung. Eine gesamtheitliche Beurteilung des Einflusses der UV-Behandlung auf die
Qualitit des Badewassers ist schwierig, da in dieser Doktorarbeit wie auch der bisherigen
Literatur gezeigt wurde, dass sich die UV-Behandlung sowohl positiv wie auch negativ auf die

Konzentration von einzelnen Desinfektionsnebenprodukten im Badewasser auswirken kann.
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Chapter 1

General Introduction



Chapter 1

1.1 History of swimming in pools

The earliest archaeological reports of swimming are drawings in “the cave of swimmers” in
Egypt, which date back to 2000-3000 B.C. (Encyclopaedia Britannica). During the same
period, the first community baths were built in Pakistan, though the baths were rather used for
religious ceremonials than for bathing (Gray, 1940). Later, swimming was also practiced in the
Assyrian, Greek and Roman civilizations. It is no surprise that Romans build not only Roman
baths but also heated swimming pools and that the Greeks organized occasionally swimming
races. Thus, swimming was part of the education and the physical training in the Greek and
Roman culture (Encyclopaedia Britannica). Swimming lost its popularity in Europe during the
Middle Ages in which only knights trained this skill. It is hypothesised that this was caused by
the church and the conservative society which disfavoured and partly prohibited naked bathing
or by people’s fear of diseases being spread by swimming (Encyclopaedia Britannica; Fischer,
2005). Swimming as recreation and sports gained again popularity in the mid-19" century and
especially after the Olympic Games included swimming races in 1896. The first indoor pools
were constructed during the same period in England. Nowadays, swimming is one of the most
popular sports worldwide and swimming pools are ubiquitous in industrialized countries

(Blatchley and Cheng, 2010).
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1.2 Water disinfection and pool water treatment

Swimming pools are commonly filled with fresh water of drinking water quality containing a
few mg L' of dissolved organic matter. Therefore, they initially represent an oligotrophic
environment, which is not favourable for microbial growth. With bathers entering the pool,
more and more nutrients are introduced into pool water by bather’s urine, skin particles, sweat,
saliva, hair, etc. This, together with the increased water temperature in heated pools, improves
the conditions for most bacteria in comparison to drinking water. Furthermore, pool water is
recycled to minimize the loss of water and energy (heated water), which results in a long
residence time of the water in the pool system. With this combination, swimming pools
represent a potential environment for growth of fecally-derived (which prefer growth medium
with higher nutrient concentrations and higher temperatures) and non-fecally-derived viruses
and bacteria introduced by bathers or from the pool surroundings (Figure 1.1). Consequently,
there are many reports of severe health issues related to hygienic problems in swimming pools
(WHO, 2006). The most common health issues are infections or irritations of the respiratory
tract, the ears, the eyes, the skin and the alimentary tract (Singer, 1990). To prevent these
problems, the standard norm for Swiss pool water (SIA 385/9) requires disinfection and
treatment of pool water as well as a monitoring of microbiological parameters (Table 1.1) (SIA,

2013).

Besides the hygienic reasons, pool water is often disinfected to prevent the growth of algea,

which are an aesthetic problem and can also reduce the functionality of the filters due to

clogging.
Microorganism
hazard
Fecally-derived Non-fecally-derived
Viruses Bacteria Viruses Bacteria
Adenoviruses Shigella spp. Molluscipoxvirus Legionella spp.
Hepatitis A E. coli 0157 Papillomavirus Pseudomonas spp.
Noroviruses Adenovirus Mycobacterium spp.
Enteroviruses Staphylococcus aureus
Leptospira spp.
Protozoa Protozoa Fungi
Giardia Naegleria fowleri Trichophyton spp.
Cryptosporidium Acanthamoeba spp. Epidermophyton floccosum

Plasmodium spp.

Figure 1.1: Hazardous microorganisms in swimming pools from fecal and non-fecal sources

(from WHO (2006)).
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Table 1.1: Regulations in Swiss pool water (adapted from SIA 385/9 (SIA, 2013)).

Parameter Target value Limit value® Unit

Microbiological requirements

Heterotrophic plate count - 1000 CFU® mL*

Escherichia coli - not detectable  CFU® 100 mL™"
Pseudomonas aeruginosa - not detectable  CFU® 100 mL"™"
Legionella spp. - 1 CFU® 100 mL""

Chemical and physical requirements

Turbidity <0.2 0.5 NTU®

pH 7.0-74 6.8-7.6

TOC <20 3 mg C L™

Free chlorine swimming pool 0.2-04 0.2-0.8 mg L as Cl,
hot tub 0.7-1.0 0.7-15 mg L™ as Cl,

Combined chlorine 0.2 mg L as Cl,

Trihalomethane (as chloroform) - 0.02 mg L™

Ozone - 0.02 mg L™

Chlorate <4 10 mg L™

Bromate 0.2 mg L

Urea indoor pool <1 1 mg L™
outdoor pool <2 3 mg L™

3 measures must be taken
b) colony forming unit
°) nephelometric turbidity unit

1.2.1 Disinfection and microbiological parameters

Disinfection in Swiss pool water is ensured by the presence of residual free chlorine (Cly,
HOCI, OCI). The norm imposes a limit value (Iv) of 0.2-0.8 mg L™ as Cl, and a target value
(tv) of 0.2-0.4 mg L' as Cl, in pool water. These values are higher in whirlpools (0.7-1.0 and
0.7-1.5 mg L™ as Cl, for target and limit value, respectively). The distribution of free chlorine
species is illustrated in Figure 1.2 and depends on the pH, the chloride concentration and

temperature (eqs.1.1 and 1.2) according to the equilibrium constants given in Morris (1966).

Cl, + H,0 & HOClL+Cl” +H* Kci, 250c = 5.1 x 107* M? (1.1)
HOCl & ClO~ + H* Kuocizsoc = 2.9 x 1078 M? (1.2)
Swiss pool water is controlled at a neutral pH (lv: 6.8-7.6, tv: 7.0-7.4) to ensure that most of

the free chlorine is present as HOCI (pKuoci, 25 °.c = 7.54) (Morris, 1966; SIA, 2013). This is

important since HOCI is significantly more active as a disinfectant than OCI". The target values
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Figure 1.2: Distribution of free chlorine species as a function pH. The distribution is calculated
for a chloride concentration of 5 x 10~ M according to equation 1.1 and 1.2 (from Deborde and

von Gunten (2008)).

of pH and free chlorine aim to guarantee a 4-log-inactivation of pseudomonas aeruginosa
within 30 seconds.

Free chlorine is usually added as hypochlorite (in solution or produced from the electrolysis of
sodium chloride or hydrochloric acid) or calcium hypochlorite. Its addition is regulated by the
residual free chlorine concentration in pool water. In pool water, free chlorine (primary
disinfectant) can react with nitrogenous compounds to organic and inorganic chloramines to
secondary disinfectants (Deborde and von Gunten, 2008). While inorganic chloramines (mono-,
di- and trichloramine also summarized as combined chlorine) still act as weak disinfectants, the
chlorinated organic N-compounds demonstrate almost no germicidal efficiency (Donnermair
and Blatchley, 2003).

Inorganic chloramines can either be formed from the chlorination of ammonia (egs. 1.3-1.5,
Jolley et al. (1983)) or from the hydrolysis and chlorination of primary or secondary amines

(Blatchley and Cheng, 2010).

k
NH; + HOCl - NH,Cl + H,0 ki @sec, 7 =42x10°M" 5! (1.3)
k
NH,Cl + HOCl 5 NHCl, + H,0 ky@sec.psy=3.5x 10° M 57! (1.4)
k
NHCL, + HOCl = NCl; + H,0 ks 25 oc, i 9y=2.1 M" 5! (1.5)

The chloramine species are in an equilibrium, which depends on the pH and on the
chlorine:nitrogen ratio. Soulard et al. (1981) defined theoretically and experimentally the

boundary of the predominant chlorine and chloramine species as a function of the pH and the
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CI:N ratio (Figure 1.3). Pool water has a circumneutral pH and a CI:N ratio which is quite
variable due to a permanent addition of free chlorine and bather input. Measurements in pool
water showed that monochloramine is the predominant inorganic chloramine species under pool
water conditions (Weaver et al., 2009). Since the Swiss norm for pool water limits the
concentration of inorganic chloramines to 0.2 mg L™ as Cl,, the effect of the secondary
disinfectants is minor in comparison to the primary disinfection with free chlorine since they
are weaker oxidants. A 99%-inactivation of E.coli at 2—6 °C requires an exposure time of ~1
minute, ~100 minutes and ~400 minutes for HOCI, OCI" and monochloramine, respectively, at

a concentration of 0.1 ppm (titrable chlorine) (White, 1986).

The disinfection of the water in the pool by residual free chlorine is amended by the water
treatment in the recirculation (section 1.2.2). Many swimming pool operators enhance their
mandatory filter system with an oxidation/disinfection step such as ozonation or UV treatment.
These treatment steps are supposed to improve the disinfection and to reduce the concentration
of disinfection by-products in pool water. A disinfection of the pool water only by ozonation or
UV irradiation is not in agreement with the SIA 385/9. Pool water remains on average 4-5
hours in the swimming pool before it is treated again, wherefore a residual disinfectant in the
pool is mandatory to prevent bacterial growth during that time. Nevertheless, a disinfection step
in addition to chlorination is favourable because the microbial inactivation mechanisms of
ozone and UV irradiation differ from chlorine. Hence, ozonation and/or UV treatment
potentially deplete bacteria that are insensitive or resistant to free chlorine (LeChevallier et al.,

1988).

oliA 1 2 3 4 5 6 7 8 9 10 11 122,13 14
L S L, \ pH

log (CI/N)

2d

Figure 1.3: Illustration of the theoretically predominant chlorine and chloramine species as a

function of pH and the CI:N ratio (adapted from Soulard et al. (1981)).
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The SIA 385/9 contains limit values for four microbiological parameters (heterotrophic
bacteria, E. coli, Pseudomonas aeruginosa, Legionella spp.) (Table 1.1). The heterotrophic
plate count is a sum parameter for bacteria and fungi which are general indicators for the water
quality. The bacterium E. coli itself is commonly not harmful to bathers but it indicates fecal
contamination and the potential presence of other pathogens. The bacterium Pseudomonas
aeruginosa is a pathogen that has shown multiple resistance against antibiotics. It can cause a
large variability of disease e.g. pneumonia, infection of the urinary tract and otitis externa
(Swimmer’s ear). The pathogen Legionella spp. may cause severe adverse health effects such as
pneumonia or pyelonephritis by inhalation of aerosols containing Legionella spp. Therefore, its
presence in water for showering or in whirlpools is more problematic than in pool water. These
four parameters must be monitored periodically to check whether the disinfection of the pool

water is appropriate.

1.2.2 Pool water treatment

Scheme 1.1 shows a common pool water treatment according to the SIA 385/9, which foresees
a filtration (flocculation and filter or precoated filter), an optional ozonation (ozonation plus
sorption or multilayer filter) and a chlorination. Commonly, pH adjustment is done in the same
step as the chlorination. There are no norms on UV treatment of pool water in the SIA 385/9,

although it is widely applied in public pools in Switzerland.

Residence time and fresh water addition

The pool operators must provide at least 2 m® of treated pool water per bather according to the
Swiss norm (SIA, 2013). The norm does not imply hydraulic residence times (average time in
the pool before being treated) but states recommendations to fulfil the regulations in Table 1.1.
The recommended hydraulic residence time depends on the category of the pool. At a normal
bather frequency, the residence times are about 3.5-5.5 hours, 1-2 hours and 0.05 hours for a

swimming pool, a children pool and a hot tub, respectively (Table 1.2). The addition of the

A
A

swimming pool

optional

{ozonation + filtef}
! / :
\ UV treatment |

sand filter
/
multilayer filter

chlorination
pH-adjustment

Y
Y

Scheme 1.1: Required and optional treatment steps in pool water treatment.
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Table 1.2: Recommended hydraulic residence times in swimming pools according to their

category, water depths and flow rate (SIA, 2013).

water depth (m)  flow rate (m®*h™')  residence time (h)

swimming pool 1.35-2.2 0.4mh'xA 34-55
diving pool >3.4 0.6mh'xA >57
childern's pool 0.6-1.35 0.67mh'xA 09-2
wading pool <0.5 0.7 mh'x A 0.7
hot tube (> 4 m®) ~1 20h" x Vv 0.05

A: surface area (m?), V: volume (m?)

treated water should occur in a way that a complete mixing of the pool water is guaranteed.
Furthermore, a fresh water addition of at least 30 L per bather in pools and 75 L per bather in
hot tubs is required. In consequence, the average exchange time of the pool water with fresh
water in a competition pool (50 m x 25 m x 2.5 m) is 10-20 days in dependence on the bather

frequency.

Filtration, chlorination and pH adjustment

The filtration step in Scheme 1.1 consists commonly of a sand or multilayer filter with
flocculation (with aluminium or iron (III) salts) prior to sand filtration or to a precoated filter
(with activated carbon). The filters eliminate particles from the pool water. They are
backwashed weekly to restore their function and reduce the headloss. Ultrafiltration, which is
an absolute barrier against bacteria and viruses, is rarely applied in the field of pool water

treatment. For ultrafiltration, a flocculation and pre-filtration is recommended (SIA, 2013).

The most basic pool water treatment contains just a filter followed by chlorination and pH
adjustment, which are regulated by measurements in the pool. The use of alkaline disinfectants
(e.g. sodium hypochlorite) commonly requires a pH adjustment with an acid (HCI or H,SOy),
while bases (e.g. Na,CO; or NaOH) are used for acidic disinfectants (e.g. Cl, (eq. 1.1)).

Optional treatments: Ozonation and UV irradiation

Ozonation and UV irradiation are efficient disinfection processes for bacteria, viruses and
protozoa. They are implemented in pool water treatment as secondary disinfection steps to
mitigate chlorine-resistant pathogens (Hijnen et al., 2006; Wang et al., 2013). A further
important purpose for ozone is an oxidation of disinfection by-products and their precursors
(section 1.3). Ozone, a strong oxidant, is usually produced on-site by corona discharge from
oxygen. The ozone-containing oxygen gas is then bubbled into the water to target
concentrations in the mg L' range. UV treatment of pool water is done with low-pressure (LP)

or, slightly more often, with medium-pressure (MP) mercury lamps. LP lamps have a
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monochromatic emission at A = 254 nm while MP lamps emit over a range of 200400 nm
(Figure 1.4). The applied UV dose in the pool water treatment is around 400-1000 J m™. This
dose is refeered for LP lamps to the emission at A = 254 nm and for MP lamps to the cumulative
emission from A = 200-300 nm. The wavelengths below 240 nm are commonly eliminated an
optical filter in drinking water treatment to prevent nitrite formation. This is not always the case

for pool water treatment.
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Figure 1.4: Emission spectra of low- (red line) and medium-pressure mercury lamps (black

line) (adapted from Peschl Ultraviolet, online catalogue 2013, www.peschl-ultraviolet.com).
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1.3 Disinfection by-products

1.3.1. Formation, formation pathways and occurrence

Precursors and formation

Disinfection by-products (DBPs) are formed by the reaction of primary or secondary
disinfectants (free chlorine, chloramines, ozone) with precursors or during disinfection
processes (UV treatment). These precursors can either derive from the source/filling water, the
bather input or from substances used for the pool water treatment (Figure 1.5). In Switzerland,
filling water has drinking water quality containing commonly low mg L™ levels of dissolved
organic carbon and almost no nitrogenous compounds. However, bather load such as urine,
sweat, saliva, hair, skin particles, sunscreens and body lotions increases the concentration of
nitrogen-containing compounds like urea, creatinine, uric acid and histidine. To date, three
studies established artificial mixtures representing body fluid analogues (BFA) to imitate the
bather load (Borgmann-Strahsen, 2003; Judd and Bullock, 2003; Goeres et al., 2004). A study
about the DBP formation from the chlorination of filling waters and of the three BFAs revealed
that trihalomethanes are mainly formed from precursors from the filling water while haloacetic
acids from precursors from the BFAs (Kanan and Karanfil, 2011). The assumption that
trihalomethanes mainly originate from the filling water is supported by Kim et al. (2002), who
found a decreased trihalomethane formation if bather inputs (hair, saliva, lotion, etc.) were
added to ground water. Additional input of natural organic matter in outdoor pools from the
environment may also lead to higher trihalomethane concentrations than in indoor pools

(Simard et al., 2013).

Differences in disinfection and in the filling water as well as the variations in bather load result
in a huge variety of disinfection by-products in pool water (Table 1.3) (Zwiener et al., 2007;
Richardson et al., 2010). The concentration and composition of the DBPs depend on the

disinfectant and the precursor concentrations but also on pH and water temperature, which may

Filling water Bather input Disinfection Pool water
viruses, bacteria —>» | clean water
dissolved organic + free chlorine,
matter ozone, UV — o ]
disinfection
. . by-products
urine, sweat, saliva, }
hair, body lotion,...

Figure 1.5: Disinfection and disinfection by-product formation in pool water.
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Table 1.3: Selection of DBPs formed from chlorination, chloramination, ozonation and UV
treatment in drinking water, pool water or purified water (Cassan et al., 2006; Krasner et al.,
2006; Schreiber and Mitch, 2006; WHO, 2006; Weng et al., 2012; Xiao et al., 2012;
Soltermann et al., 2013; Wang et al., 2013).

Disinfection Disinfection by-products

Chlorine / hypochlorite trihalomethanes chloral hydrate
haloacetic acids chloropicrin
haloacetonitriles cyanogen chloride
haloketones chlorate
haloaldehydes chloramines
halobenzoquinones halophenols

Chloramine nitrosamines cyanogen chloride
trichloramine haloacetaldehyde

Ozone bromate carboxylic acids
aldehydes bromoform
ketones nitrosamines

UV irradiation enhanced DBP formation under specific conditions for
nitrosamines cyanogen chloride
haloacetonitriles trihalomethanes (inconsistent data)

specifically influence the formation or the degradation/outgassing of certain DBPs (Hansen et

al., 2012; Simard et al., 2013; Wang et al., 2013).

Formation pathways

Figure 1.6 illustrates suggested formation pathways for trichloramine, N-nitrosodimethylamine
and chloroform which were investigated in this doctoral thesis and belong to the most important
DBPs in pool water (Boyce and Hornig, 1983; Schreiber and Mitch, 2006; Deborde and von
Gunten, 2008; Blatchley and Cheng, 2010). Blatchley and Cheng (2010) suggest that the first
chlorination step of urea occurs by the reaction with molecular chlorine (Cl;) and not with

HOCI or OCI" (Figure 1.6a). This first chlorination step is assumed to be the rate limiting step

[Cl,]

since the Cl, fraction of the free chlorine is very small (~10° = —
[HOCU+[0CI=]+[Cl,

]) at common

pool water conditions (pH 7, CI" conc.: ~150 mg L™). However, measured free chlorine, urea
and trichloramine concentrations and the estimated trichloramine degradation in pool water
suggest that this reaction is not the main trichloramine source or that the reaction rate is higher

than assumed. Not only for trichloramine, but also for many DBPs it is difficult to evaluate the

11
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main formation pathway in pool water due to the large wvariety of precursors and

changing/unknown precursor concentrations.

Schreiber and Mitch (2006) revisited their previously published formation pathway for the N-
nitrosodimethylamine (NDMA) formation from chloramines (Mitch and Sedlak, 2002).
Originally, it was assumed that dimethylamine reacted with monochloramine to unsymmetrical
dimethylhydrazine (UDMH) which then was oxidized by monochloramine to N-
nitrosodimethylamine. Later, they suggested that the reaction of dichloramine with
dimethylamine would lead to a faster NDMA formation. In this formation pathway,
dichloramine reacts with dimethylamine to chlorinated UMDH (Figure 1.6b). According to
Schreiber and Mitch (2006), the following oxidation of UDMH with dissolved oxygen is
possible in the presence of metallic catalysts which facilitate the electron transfer. Whether this

mechanism takes place and is the main source for NDMA in pool water is still open. Many

(a)

o) o) 0
o]
Cl HOCI HOoCl  \
> S Cl_ O =% N—cl
H,N NH, HITI NH, l\ll T c:|/
Cl Cl Cl
b
(b) HaC HaC cl HaC o
NHCI, \ /0, N/
NH e N—NH —— N—N
H,C HsC HsC
© oy
Hoct HOCI
R OH
OH
o
Cl OH (H") R ol R o
Cl /HO HOCI ol
A cl— - %— CI +
R B © cl CI OH
H cl

Figure 1.6: Suggested formation pathways for the formation of (a) trichloramine, (b) N-
nitrosodimethylamine and (c) chloroform adapted from Blatchley and Cheng (2010), Schreiber
and Mitch (2006) and Boyce and Hornig (1983), respectively.
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other precursors and formation pathways are described in literature (Nawrocki and

Andrzejewski, 2011; Shah and Mitch, 2011; Krasner et al., 2013).

The chloroform formation from the chlorination of various resorcinol-type compounds (as
model compounds for humic acids) was investigated as a function of pH and chlorine
concentration (Boyce and Hornig, 1983). According to the suggested formation pathway, the
aromatic structure is first chlorinated (electrophilic substitution) before one carbon atom is
further chlorinated with a second chlorine atom (Figure 1.6¢). Hydrolysis and an oxidative bond
cleavage at position A or B opens the ring structure and leads to a ketone structure which is
further chlorinated by free chlorine. Chloroform is finally formed by the base-catalysed
hydrolysis of this trichloromethyl keton. This illustrates that chloroform can be derived from

ketones. However, this formation is rather slow and depends on the rate of the enolization.

Occurrence

As mentioned above, oxidative processes in pool water treatment can lead to a large variety of
potentially hazardous DBPs in swimming pool water. Comparable to the situation in drinking
water, there might be a large number of unknown DBPs in pool water (Weinberg et al., 2002;
Krasner et al., 2006; Zwiener et al., 2007; Lakind et al., 2010). Especially polar DBPs with high
molecular weight tend to remain unidentified because volatile and semivolatile DBPs are more
easily extracted and measured with common techniques such as gas-chromatography mass
spectrometry (Richardson and Postigo, 2012). In addition to the lack of data for unidentified
DBPs, quantitative data is missing or scarce for many DBPs even for the highly toxic
compounds such as nitrosamines and halobenzoquinones (Zwiener et al., 2007; Walse and
Mitch, 2008; Richardson et al., 2010; Lee et al., 2013; Wang et al., 2013; Chowdhury et al.,
2014). Depening on the DBP, concentrations in pool water can range from a few ng L™ to
several mg L. Since the concentration of DBPs is influenced by many factors (pH, free
chlorine concentration, source water, type of pool, treatment, etc.) and shows a diurnal and
seasonal variation for some DBPs, a large number of measurements is required to gain an
overview over the concentration range of a DBP in pool water or in indoor pool air.
Trihalomethane concentrations in pool water and air as well as trichloramine concentrations in
indoor pool air have been well investigated and summarized in previous studies (Bessonneau et
al., 2011; Chowdhury et al., 2014). Table 1.4 shows a selection of studies in which DBPs in
pool waters are summerized to give a overview on the range of measured DBPs.
Trihalomethanes and trichloramine have concentrations in a similar range in pool water (~10—
100 pg L") and in indoor pool air (~50-500 pg m™). However, especially trihalomethane

concentrations can vary significantly and reach higher concentrations depending on the pool
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Table 1.4: Selection of DBP measurements in swimming pools based on information from

literature.

DBP Range / Mean / Median Pool type Remarks Literature

Trihal th 15 - 150 4 ind | 11 pools, measured bi-weekly for 6 months, W t al. (2009
rihalomethanes - Mg L indoor pools free chlorine n.d. - 7.66 mg L eaver et al. ( )

Trihalomethanes ~4-313 pg L! various pools review, citing 3 studies WHO (2006)

Trihalomethanes 39.8+21.7 ug L’ indoor pools 5 pools Fantuzzi et al. (2001)
Trihalomethanes ~6-155 ug L’ indoor pools review, citing 5 studies Chowdhury et al. (2014)
Trihalomethanes in air ~20-100 ug m3 indoor pools 1 pool continuously measured over 1 month Kristensen et al. (2010)
Trihalomethanes in air 58.0 +22.1 ygm™ indoor pools 5 pools Fantuzzi et al. (2013)
Trihalomethanes in air ~20 - 340 uyg m3 indoor pools review, citing 5 studies Chowdhury et al. (2014)
Trichloramine 2-120 pg L' (as Cl,)  indoor pools 11 pools, meaSLfred bi-weekly for & Tonths, Weaver et al. (2009)
free chlorine n.d. - 7.66 mg L

Trichloramine ~25 g L' indoor pools 1 pool continuously measured over 1 week Géradin et al. (2005)
Trichloramine in air 650 + 200 ug m™ indoor pools 20 pools, free chlorine 1.3 + 0.3 mg L™ Fantuzzi et al. (2013)
Trichloramine in air 110 + 40 pyg m™ indoor pools 30 pools, free chlorine 1.3 + 0.3 mg L™ Parrat et al. (2013)
Trichloramine in air 100 - 700 ug m3 indoor pool day-course in one indoor pool Weng et al. (2011)

Halobenzoquinones

Halobenzoquinones

41418 ng L’

158 + 100 ng Lt

swimming pools

hot tubes

6 pools, 25° C, , free chlorine 0.60 - 1.82 mg L,

DOC 4.9-81mgCL"’

4 pools, 35° C, , free chlorine 1.34 - 1.72 mg L,

DOC 8.1-10.7mgC L™

Wang et al. (2013)

Wang et al. (2013)

N-Nitrosodimethylamine 53nglL"” outdoor pools 6 pools, median value, ~24° C Walse et al. (2008)

N-Nitrosodimethylamine 32ng L’ indoor pools 8 pools, median value, ~24° C Walse et al. (2008)

N-Nitrosodimethylamine n.d. -46 ng L' indoor pools 4 pools Lee et al. (2013)

N-Nitrosodimethylamine 313 ng L™ hot tubes 9 pools, median value, ~41° C Walse et al. (2008)

o b ide / chlorid 1-10 4 ind | 11 pools, measured bi-weekly for 6 months, W t al. (2009
yanogen bromide / chloride -10 ng L indoor pools free chlorine n.d. - 7.66 mg L eaver et al. ( )
X . X 11 pools, measured bi-weekly for 6 months,

Dichloroacetonitrile ~1-10ngL"’ indoor pools Weaver et al. (2009)

free chlorine n.d. - 7.66 mg L

water conditions. Concentrations for other DBPs such as nitrosamines, halobenzoquinones,

cyanogen chloride and dichloroacetonitrile are in the ng L™ range.

1.3.2. Exposure and health effects

In the last years, concerns about swimming in chlorinated pools increased together with the
number of identified DBPs in pool water (Figure 1.7). Whether a DBP represents a severe
health risk for swimmers and pool workers depends on the toxicity of the DBP and on the

exposure (concentration, exposure time and uptake pathway).

14



Introduction

Bladder Cancer and Exposure to Water Disinfection By-Products through
Ingestion, Bathing, Showering, and Swimming in Pools

Health risks of early swimming pool attendance

The Good, the Bad, and the Volatile:
Drowning in Disinfection Byproducts? Assessing Can We Have Both Healthy Pools

Swimming Pool Water and Healthy People?
Nitrosamine Carcinogens Also Swim Swimming pool chlorination: a health hazard?

iti Chilorinated Pools
New Halogenated Disinfection Byproducts in Swimming Pool Water
and Their Permeability across Skin

Figure 1.7: A selection of publication titles about DBPs in swimming pools and their adverse
health effects (Villanueva et al., 2007; Zwiener et al., 2007; Schoefer et al., 2008; Walse and
Mitch, 2008; Lakind et al., 2010; Richardson et al., 2010; Xiao et al., 2012).

Exposure pathways

There are three exposure pathways of swimmers to DBPs: (i) oral uptake (all DBPs), (ii) dermal
uptake (primarily lipophilic DBPs) and (iii) inhalation (volatile DBPs). The mean water
ingestion during swimming was estimated to be about 10—50 mL h™', with children ingesting up
to 100 mL h™! in extreme cases (Dufour et al., 2006; Dorevitch et al., 2011). This shows that the
weekly oral water uptake during swimming is much lower than for drinking water. Therefore, it
is also assumed that this exposure pathway is of minor importance even though it is the only

pathway for hydrophilic DBPs.

Dermal uptake and inhalation are relevant exposure pathways for various DBPs. The volatile
trichloramine causes severe health effects (inflammation of the respiratory tract, asthma) after
inhalation, while dermal uptake results in skin and eye irritations (Bernard et al., 2003; Parrat et
al., 2012). For trihalomethanes (THMs), data about the main exposure pathway of swimmers
are inconsistent. Aiking et al. (1994) and Aggazotti et al. (1990) measured THMs in swimmer’s
blood and suggested that the main uptake was via inhalation while Beech (1980) and Lindstrom
et al. (1997) assumed dermal uptake to be the main exposure pathway. Erdinger et al. (2004)
concluded that THMs in swimmer’s blood resulted to 30% from the uptake via the skin and the
rest stemmed from inhalation. Recently, Xiao et al. (2012) found halogenated phenols in

swimming pool water and showed their permeation across the skin.

Basically, volatile DBPs which have a relatively high vapour pressure (>10 Pa, e.g.
trichloramine and trihalomethane) are favourable for uptake via inhalation. The vapour pressure
(p; (Pa)) of a compound can be estimated from its Henry’s law constant (K; (Pa M™)) and its

aqueous solubility (C3% (M)) according to equation 1.6 (Schwarzenbach et al., 2005). The air-
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water partitioning of a substance is named as the “dimensionsless” Henry constant (K;,,,) and is
defined by the Henry’s law constant (K;j;), the universal gas constant (R (J K™' mol™)) and the
temperature (T (K)) (eq. 1.7). The Henry constant (K4, ) is equal to the molar concentration
of a substance in air (mol m™) divided by the molar concentration in water (mol L™). This air-

water partitioning strongly depends on the polarity of a substance.

Ky = C”Wt (1.6)
K;
Kigw = RXI; (1.7)

The volatile trichloramine and chloroform have Henry constants K;,, of about 435 and 124,
respectively (Holzwarth et al., 1984; Nicholson et al., 1984). Aggazzotti et al. (1990) measured
chloroform concentrations in the water and in the air of 3 indoor swimming pools during 18
sampling session (Table 1.5). In addition, they measured the chloroform concentration in the
blood plasma of totally 127 visitors of the indoor pools. From these measurements, it can be
calculated how close the ratios Cai; / Cyater and Cair / Cpiood are to the Henry constant of
chloroform. Since the ratio C,i; / Cyater 1S 6.4 £ 3.2 and hence much smaller than the Henry
constant of 124, it can be concluded that the air concentration is clearly below the equilibrium
concentration. This might be due to the air ventilation of the indoor pools and the slow
exchange of chloroform between the pool water with the indoor air. The same was also
suggested for trichloramine (Schmalz et al., 2011a). A comparison of the Henry constant (124)
to the ratio Cair / Chiood (215 *+ 75) reveals that this distribution is close to the equilibrium
concentration between air and water. This suggests that there is a fast gas exchange between the
ambient air and the human blood. However, the results might be interfered by the dermal
uptake of chloroform since the blood samples were taken after swimming in pool water and the

importance of the dermal uptake is controversially discussed in literature (see above).

Generally, the dermal uptake can roughly be approximated with the equilibrium constant

between lipids and water (K;;;y). Since there is an approximative correlation between the lipid-

water and the octanol-water partitioning constant (Kj,,,) (eq. 1.8), the K;,,, is often used as an
indicator to estimate the efficiency of the dermal uptake of contaminants to the fatty

compartments of the human body.

Kijipw = 3.2 X K21 for log Koy < 6 (1.8)

16



Introduction

Table 1.5: Calculation of the chloroform concentration Cgir / Cyater and Cair / Chiooq ratios for

samples measured by Aggazzotti et al (1990).

Sampling Cuater Cair Cblood1) Ratio Cair / Cuater Ratio Cyir / Cpiood
session  (nmol L")  (nmol m®) (nmol L™)  (nmolai; Mair® / nmolyater Lwater 7)) (MMOlair Mair® / nMOlbiood Lbiood ')
1 394 5445 21.5 13.8 253.3
2 360 4674 21.6 13.0 216.4
3 377 1441 8 3.8 180.1
4 293 1918 6.8 6.5 282.1
5 326 1759 13.6 5.4 129.3
6 176 662 1.8 3.8 367.8
7 201 913 5.2 4.5 175.6
8 142 880 3 6.2 293.3
9 352 1558 5.9 4.4 264.1
10 385 2304 8.1 6.0 284 .4
11 209 1030 4.3 4.9 239.5
12 198 1332 5.7 6.7 233.7
13 198 553 2 2.8 276.5
14 198 2237 12.7 11.3 176.1
15 360 1365 13.4 3.8 101.9
16 218 1441 9.7 6.6 148.6
17 343 1122 13.9 3.3 80.7
18 209 1572 9.4 7.5 167.2
Average 274.4 1789.2 9.3 6.5 193.3
stdev. 84.1 1254.3 5.7 3.1 73.2

" average of chloroform concentration in the blood of all people measured in the sampling session (4-17 people)

This approximation is limited for large molecules with a reduced uptake due to their size
(Schwarzenbach et al., 2005). Generally, apolar and weakly polar substances with a big size
have high K;,,, values. Thus, apolar substances are favourable for inhalation and dermal uptake.
For this reason, the uptake of disinfection by-products with acid-base speciation is strongly
affected by pH and the corresponding degree of protonation. For instance, halophenols have
pK, values around 8-10 and are therefore uncharged in circumneutral pool water, which makes

them more accessible than in basic waters.

Conclusively, dermal uptake and inhalation are the main pathways for the DBP exposure of
swimmers. However, exposure via inhalation depends on the DBP concentration in air, which is

significantly lower for outdoor pools.

Toxicity and adverse health effects

Many of the DBPs in pool water have genotoxic and fewer also carcinogenic properties
(Richardson et al., 2007; Walse and Mitch, 2008; Liviac et al., 2010; Zhang et al., 2010; Wang
et al., 2013). Plewa et al. (2008) categorized the DBPs and summarized their cyto- and

genotoxicity (Figure 1.8). These studies revealed that nitrogenous DBPs are more toxic than
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carbonaceous ones and that the toxicity of the halogenated DBPs increases in the order Cl < Br
< I. In a previous study, the toxicity of haloacetic acids on mouse embryos showed a similar
trend with a toxicity of F < Cl < Br (Hunter et al., 1996). This effect is presumably related to a
shift of the pK, and the electrophilicity of the haloacetic acid depending on the substituent
(Richard and Hunter, 1996). The transport and the bioavailability of haloacetic acids to cells in
the embryo is increased for unionized acids. Therefore, a change in the speciation by a pK, shift
affects the toxicity. An increased electrophilicity of the haloacetic acids enhances the

interactions with electron donors in the embryo cells.

To properly assess the toxicity of a DBP, it is also important to know the exposure pathway.
For instance, THMs are less toxic via ingestion than via dermal absorption and inhalation due to

a detoxification step in the liver (Villanueva et al., 2007).

Due to the presence of the genotoxic and carcinogenic DBPs, several publications postulate an
increased or a potential risk of bladder cancer associated with swimming in chlorinated pools
(Villanueva et al., 2007; Kogevinas et al., 2010; Lakind et al., 2010; Wang et al., 2013). A
bioanalytical study with Australian pool water, which has commonly rather high DBP
concentrations, revealed that there was no adverse health effect caused by the hydrophilic DBPs
although there was a high concentration of haloacetic acids (< 2600 pg L) in the pool water
(Yeh et al.,, 2014). Adverse health effects of swimming such as eye and skin irritation,
inflammation of the respiratory tract and asthma are related to the volatile trichloramine
(Bernard et al., 2003; Parrat et al., 2012). Although it was shown that trichloramine irritates
lung cells, it is discussed controversially in literature whether trichloramine concentrations
found in indoor pools cause asthma to swimmers and employees of the pool facility (Massin et
al., 1998; Jacobs et al., 2007; Goodman and Hays, 2008; Bernard et al., 2009; Uyan et al., 2009;
Weisel et al., 2009; Font-Ribera et al., 2011; Schmalz et al., 2011b). Especially the practice of
infantile swimming and early pool attendance is questioned and judged as a health risk (Bernard

et al., 2007; Schoefer et al., 2008; Voisin et al., 2010).

In conclusion, there are many substances in swimming pool that are known to be carcinogenic
but there are only few epidemiological studies to confirm a correlation of regular swimming
pool attendance with bladder cancer. Furthermore, toxicological data is missing for many
potentially carcinogenic substances found in pool water (Bull et al., 2011). With regard to
respiratory diseases, many studies suggest that pool attendance, especially at an early age,
increases the risk of bronchiolitis or asthma and causes acute inflammations of the respiratory

tract.
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Figure 1.8: Cyto- and genotoxicity for (a) carbonaceous and nitrogenous DBPs, (b)

halogenated DBPs (Cl-, Br-, I-) and (c) various classes of DBPs (from Plewa et al. (2008)). The

CHO cell cytotoxicity and genotoxicity index values are derived from in vitro cellular

toxicological assays with the Chinese hamster ovary (CHO) by measuring the reduction in cell

density as a function of DBP concentration over 72 hours and the genomic DNA damage,

respectively.
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1.4 Disinfection by-product mitigation strategies

Strategies to mitigate disinfection by-products are numerous, but the mitigation of a specific
DBP often results in the formation of other DBPs, in an increased microbiological risk or in a
loss of comfort for the swimmer. The most common mitigation strategies are discussed in the

following sections.

Natural swimming pool

Instead of treating the pool water with a sand or multilayer filter, pool water is conducted to an
artificial pond nearby were it seeps away. Similar to riverbank filtration, the water is pumped
into the pool again from the aquifer below the pond. The removal of the viruses and bacteria
occurs during the soil passage and no disinfection with a chemical oxidant is performed in the
whole circulation system. Conclusively, there is no risk of forming disinfection by-products.
The negative aspect of this treatment system is that a high water flow through the swimming
pool is required to control the microbiological risk. As a consequence, a large surface is needed
for the seepage, which makes the realisation of natural swimming pools costly. Once the
dimensioning of the swimming pool and the pond is done, the water flow cannot be increased
anymore. Therefore, it is difficult to react on an extreme microbiological contamination during

an intense use of the pool or an accidental contamination.

Fresh water addition

The dilution of the DBPs by fresh water addition is inefficient for substances with a fast
degradation since even with a strong increase of the fresh water addition, the dilution of the
pool water still remains a slow process in comparison to the degradation. Therefore, the fresh
water addition hardly affects the concentration of such substances. However, the concentrations
of stable DBPs might be significantly reduced by an increased addition of fresh water but this

costs water and energy (in heated pools).

Temperature reduction

Higher temperatures reduce the stability of free chlorine. This negative effect on the
disinfection is compensated by an increased disinfection efficiency of free chlorine at higher
temperatures. Hence, higher temperatures do not necessarily require higher free chlorine
concentrations. In line with the reduced free chlorine stability at high temperatures, the DBP
formation and degradation rates of DBPs change with temperature. Measurements of various
DBPs revealed that DBP concentrations in pool waters increased with temperature leading to
higher DBP levels in hot tubs > indoor pools > outdoor pools for the same precursor and

oxidant concentration (Walse and Mitch, 2008; Simard et al., 2013; Wang et al., 2013).
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Variation of pH

As mentioned in section 1.3.2, the exposure to DBPs can change with pH since the degree of
protonation may influence the charge of DBPs. The pH may also affect the DBP concentration
by changing the speciation of free chlorine and the precursors as well as by accelerating acid-
base-catalysed reactions. DBPs are commonly formed by electrophilic substitution or electron-
transfer reactions of an electron-rich precursor with HOCI. As shown in Figure 1.2, the HOCI
concentration decreases with increasing pH (pK, (HOCI, 25°C) = 7.54). At the same time, the
concentration of deprotonated precursors, which have higher electron density than the
protonated ones, increase with increasing pH. Most precursors (e.g. ammonia, creatinine,
histidine and phenolic compounds) have pK, values of 9-11 and mainly their deprotonated
form reacts with HOCI. Therefore, the reactions of precursors with free chlorine have
commonly the highest apparent rate constant at a pH of ~8.75 (Figure 1.9). To estimate the
effect of pH on the DBP concentration, not only its effect on the rate of formation but also on

the DBP stability must be considered.

Under pool water conditions, trihalomethane concentrations increase with increasing pH, while
the opposite is the case for trichloramine, dichloroacetonitrile and the nitrosamine precursor
dichloramine (Soulard et al., 1981; Hansen et al., 2012; Hansen et al., 2013a). Evaluating the
optimal pH in terms of DBP mitigation, it should also be kept in mind that free chlorine loses

its disinfection capacity if it is deprotonated (section 1.2.1).
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Figure 1.9: Example for the pH-dependence of the apparent second order rate constant (kapp)
due to the speciation of free chlorine and de-/protonation of the precursor (NH;/NH3) (from
Deborde and von Gunten (2008)).
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Precursor reduction by improved hygiene

The impact of a bather on the precursor concentration in pool water can be analysed by the
initial bather load, when the bather is entering the pool, and the continuous bather load during
his activity in the pool (sweat, saliva, skin particles, ...). Showering for about 0.5—1 minute can
significantly reduce the initial chemical and microbiological bather load (Keuten et al., 2012).
The reduction of the chemical precursors by an improved hygiene of the pool visitors reduces
nitrogen-containing precursors from the bather load. The mainly carbonaceous DBPs formed

from the filling water cannot be mitigated by an enhanced hygiene.

Selection and concentration of the oxidant

The replacement of chlorine-based by bromine-based disinfectants results in an enhanced
formation of brominated DBPs. This is not favourable since they are generally more toxic on a
molar basis (Figure 1.6). By choosing between chlorine gas, hypochlorite or chlorine dioxide,
the safety during the pool water treatment and for personnel must also be considered besides the
DBP formation. Therefore, chlorine gas is not used anymore in swimming pools of the new
generation. Generally, the dose of the disinfectant should be as low as possible to guarantee

disinfection with minimal DBP formation.

Ozonation

The enhancement of pool water treatment with ozonation improves the disinfection and
oxidizes potential DBP precursors and DBPs. Ozonation is commonly combined with
biofiltration (e.g. sand filtration) to remove the biologically easily accessible reaction products
of ozonation. This prevents the formation of new DBPs during post-chlorination. However,
ozonation is known to form DBPs such as bromate and nitrosamines under certain conditions
(von Gunten and Hoigne, 1994; Nawrocki and Andrzejewski, 2011; von Sonntag and von
Gunten, 2012). Lee et al. (2010) found that the concentration of trihalomethanes, haloacetic
acids, haloacetonitrile and chloral hydrate are significantly lower in pools with

ozonation/chlorination in comparison to pools with only chlorination.

UV irradiation

Hansen et al. (2013b) assume that UV irradiation of pool water with a medium-pressure lamp
mitigates significantly trichloronitromethane, chloral hydrate and bromine-containing
haloacetonitriles and trihalomethanes. While UV irradiation is also known to photolyse other
DBPs such as inorganic chloramines and nitrosamines in pure solutions, the effect of UV
treatment in pool water has been studied scarcely (Li and Blatchley, 2009; De Laat et al., 2010;

Nawrocki and Andrzejewski, 2011). The concentration of inorganic chloramines is assumed to
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decrease with UV treatment, however, no such effect was observed for trichloramine (Gérardin
et al., 2005; Cassan et al., 2006; Kristensen et al., 2009). A comparison of few pools showed
that UV treatment of indoor pool water reduced its cytotoxicity and genotoxicity (Liviac et al.,
2010; Plewa et al., 2011). However, several studies showed that UV treatment of humic
substances at high UV doses can promote the formation of DBPs such as chloropicrin,
chloroform, cyanogen chloride, dichloroacetonitril and haloacetic acid for the combination UV
treatment/chlorination in comparison with chlorination alone (Liu et al., 2006; Shah et al.,

2011; Weng et al., 2012; Weng and Blatchley, 2013; Cimetiere and De Laat, 2014).
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1.5 Trichloramine in pool water and its mitigation by UV

treatment

In the last 10-15 years, concerns about adverse health effects of trichloramine in indoor
swimming pools increased (section 1.3.2). The hazardous effects of trichloramine and therefore
also the limit value in Switzerland (0.2 mg m™) are related to its concentration in air (SIA,
2013). The trichloramine concentration in water is also important because pool water is the
trichloramine source and reservoir, which allow for trichloramine mitigation. In spite of the
need for an appropriate analytical method for trichloramine measurement in pool water, only a
few methods are available. The few measurements of trichloramine in pool water show that its
concentration is usually in the range of 0.05-1 puM (section 1.3.1). Trichloramine has been
measured with a colorimetric method (based on N,N-dipropyl-p-phenylene-diamine (DPD))
(APHA, 2005). However, this method is often not sensitive enough for low trichloramine
concentrations and suffers from interferences by other organic and inorganic chloramines
(Shang and Blatchley, 1999). A more sophisticated, but costly method to measure trichloramine
is membrane inlet mass spectrometry (MIMS). The lack of an appropriate analytic method
hampers not only the regular measurement of trichloramine in pool water but also the

investigation of mitigation strategies.

Nevertheless, some studies investigated options to decrease the trichloramine concentration in
pool water such as by changing the pH of the pool water, introducing a stripping step or a UV
irradiation in the treatment (Gérardin et al., 2005; Gérardin and Hery, 2005; Li and Blatchley,
2009; Hansen et al., 2012). UV treatment seems to be a promising option since trichloramine is
sensitive to UV light and undergoes efficient photolysis (Li and Blatchley, 2009). However,
measurements in pool facilities could not confirm the efficiency of this process (Gérardin et al.,

2005).
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1.6 Thesis outline

This doctoral thesis, funded by the Swiss Federal Office of Public Health (FOPH), aims to
establish an accurate, low cost trichloramine measurement method and to investigate the
occurrence of trichloramine in Swiss pool waters. Furthermore, UV treatment, the most used
trichloramine mitigation strategy, was studied for its efficiency and for its risk of promoting the

formation of other DBPs. The results and conclusions of this thesis are given in chapters 2—7.

Chapter 1 gives a general overview of pool water treatment and its associated risks for
disinfection by-product formation. Further, the consequential adverse health effects are

discussed.

Chapter 2 provides general kinetic data about trichloramine reactivity with model compounds
and its dependence on pH and temperature. A comparison with the reactivity of free chlorine
allows assumptions about the fate of trichloramine in pool water. Measurements of reaction
products elucidate reaction mechanisms and allow an assessment of the potential of

trichloramine to form DBPs such as chloroform.

Chapter 3 presents software that was engineered in the frame of this thesis to generate and
analyse data with membrane introduction mass spectrometry (MIMS). The software facilitates
the automation of on-site sampling for long-term campaigns. It further helps to treat and

analyse efficiently large data sets by performing automated peak identification and analysis.

Chapter 4 introduces a low cost analytical method for trichloramine measurement, which is
easily to apply and accurate for measurements in pool water. The method is validated by a
comparison with MIMS. A survey of pool water samples showed the range of trichloramine
concentrations in Swiss pool waters and the dependence of trichloramine concentration on
various pool water parameters (free and combined chlorine concentrations, pH and urea
concentration). On-site measurements were performed to further investigate these

dependencies.

Chapter 5 gives information on UV treatment of chloramines (especially trichloramine) with
low- and medium-pressure lamps. The effect of UV irradiation on chloramines and particularly
on trichloramine in pool water matrices was investigated. Measurements were conducted in a
pool facility to assess the efficiency of trichloramine elimination with UV treatment and its

effect on the trichloramine concentration in pool water.

Chapter 6 focuses on the ambiguous effect of UV treatment on the N-nitrosodimethylamine

concentration in pool water. On the one hand, UV is known to photodegrade nitrosamines
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efficiently. On the other hand, it is shown in chapter 6 that UV irradiation of pool water can
enhance the N-nitrosamine formation due to the increased formation of N-nitrosamine
precursors. This highlights the complexity to assess the impact of UV treatment on pool water

quality.

Chapter 7 contains the final conclusions about the trichloramine problem in pool water with
regard to its monitoring options, its concentrations in pool water, the factors affecting its
concentration and potential mitigation strategies. Furthermore, it presents the options and

limitations of pool water treatment with UV irradiation.
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Chapter 2

Abstract

Trichloramine is a hazardous disinfection by-product that is of particular relevance in indoor
swimming pools. To better understand its fate in pool waters, apparent second order rate
constants (k,pp) at pH 7 for its reaction with several model compounds were determined. kqpp
values at pH 7 for nitrogenous compounds were found to increase in the following order:
ammonia ~ amides (~10°—10" M s™) < primary amines (~10"-10° M s™) < relevant body
fluid compounds (L-histidine, creatinine) (~10°~10' M s™) < secondary amines (~10'-10* M
s) < trimethylamine (~10° M s™). kapp values at pH 7 of trichloramine with hydroxylated

"5y are higher than for the nitrogenous compounds and

aromatic compounds (~10°-10° M’
depend on the number and position of the hydroxyl groups (phenol < hydroquinone < catechol
< resorcinol). The measurement of k,, as a function of pH revealed that mainly the
deprotonated species react with trichloramine. The reaction of trichloramine with Suwannee
River and Pony Lake fulvic acid standards showed a decrease of their reactivity upon
chlorination, which can be related to the electron donating capacity and the SUVAjss.
Chlorinated nitrogenous compounds (e.g. uric acid) also have a reduced reactivity with
trichloramine. Hence, the residual chlorine in pool water hinders a fast consumption of

trichloramine. This explains why trichloramine degradation in pool water is lower than

expected from the reactivity with the estimated bather input.

Trichloramine also has the potential to form secondary disinfection by-products such as
chlorinated aromatic compounds or chloroform by electron transfer or Cl'-transfer reactions.
The chloroform formation from the reaction of trichloramine with resorcinol occurs with a
similar yield and rate as for chlorination of resorcinol. Since the trichloramine concentration in
pool water is commonly about one order of magnitude lower than the free chlorine
concentration, its contribution to the disinfection by-product formation is assumed to be minor
in most cases but might be relevant for few precursors (e.g. phenols) that react faster with

trichloramine than with free chlorine.
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2.1 Introduction

Trichloramine is a volatile disinfection by-product (DBP), which is of concern in indoor
swimming pools. In recent studies it has been suggested that the recommended guideline value
of 0.5 mg m” of the World Health Organisation (WHO) for the trichloramine concentration in
air might not be restrictive enough to protect swimmers and pool attendants from adverse health
effects such as skin and eye irritations, inflammation of the respiratory tract or asthma (Bernard
et al., 2003; WHO, 2006, Schmalz et al., 2011b; Parrat et al., 2012; Chu et al., 2013). Although
health risks and regulations are related to trichloramine concentration in air, its concentration in
water is of interest since pool water is the source and reservoir of trichloramine. Due to
analytical challenges, only a few publications report trichloramine concentrations in pool water,
which range commonly from 0.1 to 0.5 pM (0.02-0.1 mg L™ as Cl,) (Gérardin and Subra,
2004; Weaver et al., 2009; Soltermann et al., 2014a). This is usually 2—10 % of the molar free
chlorine concentration, which varies from about 3 to 30 uM (0.2-2 mg L™ as Cl,) according to
the regulatory guidelines and the actual pool operation. To prevent high trichloramine
concentrations in pool water, numerous studies investigated the formation and abatement of
trichloramine (Gérardin and Hery, 2005; Li and Blatchley, 2009; Blatchley and Cheng, 2010;
Schmalz et al., 2011a; Soltermann et al., 2014b). Thereby, it was shown that trichloramine can
be potentially formed from various precursors (e.g. urea, creatinine, histidine and uric acid),
which are introduced by bathers (Schmalz et al., 2011a). However, recent studies on
trichloramine concentrations in swimming pool water and in indoor swimming pool air revealed
that the trichloramine concentration correlates much stronger with the free chlorine
concentration than with the precursor concentration or the bather density (Chu et al., 2013;

Soltermann et al., 2014a).

Free chlorine is not only an important factor for the trichloramine formation but also for the
formation of other disinfection by-products (DBPs) in pool water (e.g. trihalomethanes (THM),
halobenzoquinones, haloacetic acids) (Richardson et al., 2010; Wang et al., 2013). Additionally,
free chlorine competes with trichloramine for reaction partners, wherefore its presence can
increase trichloramine’s stability (Soltermann et al., 2014b). While the free chlorine reactivity
has been widely studied (Deborde and von Gunten, 2008), kinetic data for reactions of
trichloramine is very scarce. Trichloramine reaction rate constants have been reported for the
base-catalysed decomposition and reaction with chloramines and ammonia as well as for the
reaction with anions (Br, CN’, SOs’, I') (Table 2.1) (Kumar et al., 1987; Yiin and Margerum,
1990b; Yiin and Margerum, 1990a; Gazda et al., 1995; Schurter et al., 1995). The reactivity of
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trichloramine with these anions correlates to the nucleophilic strength of the anions with a high
sensitivity (Swain-Scott sensitivity factor (s) = 6.6) (Gazda et al., 1995). Measurements of
intermediates and reaction products suggest that a Cl'-transfer from trichloramine to the anion

is the first reaction step (Yiin and Margerum, 1990b; Gazda et al., 1995; Schurter et al., 1995).

To better understand the behaviour of trichloramine in pool water, it is crucial to investigate the
reactivity of trichloramine with various compounds present in pool water. The reactivity of
trichloramine is also of interest owing to the potential formation of disinfection by-products.
Chlorination partially yields different disinfection by-products than chloramination
(disinfection with monochloramine) while very little is known about the by-product formation

from trichloramine (Sedlak and von Gunten, 2011).

In this study, the reactivity of trichloramine with various surrogate compounds was investigated
to assess its stability in swimming pools and to compare its reactivity with free chlorine. The
effect of temperature and pH on second order rate constants were studied for the reaction of
trichloramine with selected model compounds. Furthermore, the products of the reaction of
trichloramine with dimethylamine, hydroquinone and phenol were investigated to elucidate
reaction pathways and assess the potential for DBP formation. Chloroform as an indicator for
DBP formation was measured for the resorcinol-trichloramine reaction. Finally, the reactivity
of trichloramine towards chlorinated fulvic acids was measured and its reaction with body fluid

analogues was calculated to assess the fate of trichloramine in pool water.
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2.2 Materials and Methods

2.2.1 Chemicals

The origin of all chemicals used in this study and the structures of the model compounds are
given in the supporting information (SI, Text A.l and Figure A.1). Suwanee River fulvic acid
standard I (SRFA, 1S101F) and Pony Lake fulvic acid (PLFA, 1R109F) were obtained from the
International Humic Substances Society (IHSS, St. Paul, MN). Stock solutions of mono-, di-
and trichloramine were produced and quantified spectrophotometrically as described previously
(Soltermann et al., 2014a). Mono- and trichloramine solutions were not stored for more than a
few days while dichloramine solutions were used the same day. The hypochlorite stock solution
was quantified daily photometrically (€20030m = 350 M cm'l) (Soulard et al., 1981).

Ultrapurified water was produced by a “barnstead nanopure” system from Thermo Scientific.

2.2.2 Analytical methods

A Cary 100 Scan (Varian) and a Cary 100 UV-Vis (Agilent Technologies) spectrophotometer
were used for absorbance measurements. Measurements of the pH were conducted with a 632
pH-meter (Metrohm), which was calibrated daily at pH 4 and 7 with standard solutions.
Membrane inlet mass spectrometry (MIMS) was performed with a MIMS 2000 (Microlab,
Aarhus, Denmark). The membrane temperature was controlled at 40 °C and the sample flow
rate was set to ~8 mL min™. The signal of the ion N*>CI*>CI"" (m/z = 84) was used to measure
trichloramine except for a few cases in which the reactant or a reaction product interfered with
this ion. In such a case, the ions with lower abundance such as N*’CI’’CI"™" (m/z = 86) or
N*’CI7CI™ (m/z = 88) were used. Trichloramine concentration was usually measured in the
range of 0.1-1 uM and in few cases of 0.02-0.2 puM. It has been shown previously that
trichloramine can be measured as low as 0.05 uM with a standard deviation of about 5 % for
signal 88 m/z (Soltermann et al., 2014a). The signals 84 m/z and 86 m/z have a ~10 and ~5

times higher intensity, respectively, with a correspondingly lower quantification limit.

Phenol, mono- and dichlorophenols were measured by high performance liquid
chromatography (HPLC, Ultimate 3000, Dionex) with a UV-visible diode array detector.
Analyses were performed with an eluent consisting of methanol and phosphoric acid (10 mM)
(ratio 40:60), a flow rate of 0.5 mL min'l, a standard column (Cosmosil, SC18-MS-II, 3.0 ID x
100 mm, Nacalai Tesque Ing.) and at a wavelength of 220 nm. The limit of quantification was

0.05 uM for phenol and all chlorophenols with a standard deviation of about 10 %.

39



Chapter 2

Total organic carbon (TOC) was measured with a Phoenix 8000 Analyzer (Tekmar-Dohrmann).
Chloroform was measured by gas chromatography mass spectrometry (GC-MS) using a gas
chromatograph Trace 2000 series (Thermo scientific) with a Rtx-VMS column (60 m length,
0.32 mm ID and 1.8 pm film thickness) and a quadrupol MS (DSQ II, Thermo scientific).

2.2.3 Experimental procedure

Kinetics of trichloramine reactions

The trichloramine reactivity with model compounds was measured by adding trichloramine (~1
uM) to 1.1 L of a temperature-controlled (25 = 1 °C) phosphate buffered (pH 7, 5 mM)
solution. The fast reacting hydroxylated aromatic compounds were measured at pH 5
(phosphate buffer, 5 mM). The trichloramine solution was analysed with the MIMS for about
12 minutes until the trichloramine signal reached a steady-state and 1 L solution was left.
Thereafter, the model compound was added in molar excess (10—75’000-fold, pseudo first order
conditions), by adding 0.5-20 mL of a stock solution to the stirred trichloramine solution. The
evolution of the trichloramine concentration was then continuously monitored by MIMS. The
apparent second order rate constant (kapp (M™ s)) at pH 7 was calculated from the observed

rate constant (kops (s"l)) at the corresponding concentration of the model compound (Ccompound

M)) (eq. 2.1).

Kopy = —0bs 2.1)

a =
pp Ccompound

Usually, ko.bs Wwas measured five times at different model compound concentrations over a range
of about one order of magnitude. The range in which the ks could be measured with MIMS
was limited by two factors (SI, Figure B.1. and Text B.1): (i) The trichloramine signal slightly
decreased in blank measurements due to its self-decay and outgassing (kgecay+outgassing ~ 4 % 107
s). (ii) The trichloramine signal did not drop to the baseline immediately after changing the
inlet to ultrapurified water because of the outwashing of the trichloramine from the system
(Koutwashing ~ 1.4 X 10 s'l). Therefore, only kops Values in the range 5 x 10° s > kobs > 4 % 10
s were considered for the calculation of kg, (eq. 2.1) to ensure no influence of the self-decay

or the outwashing.

Measurements of the trichloramine reactivity with chlorinated model humic substances (fulvic
acids) were performed similarly to the experiments with model compounds. To assess the role
of free chlorine, the SRFA and PLFA standards were treated with chlorine prior to the

trichloramine experiment according to the procedure described by Wenk et al. (2013), in which
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the oxidants and the fulvic acids were added to phosphate buffer (pH 7, 50 mM) and kept for 72

hours in the dark at room temperature.

Product formation from trichloramine reactions

Four experiments were conducted to investigate and compare the reaction products of the
oxidation with free chlorine and with trichloramine: (i) Dimethylamine (5 mM) was added to
free chlorine (0.24 mM) and to trichloramine (0.18 mM) buffered a pH 7 (phosphate buffer, 5
mM) and analysed directly after mixing by spectrophotometry to observe the formation of
chlorinated dimethylamine. (ii) Hydroquinone in phosphate buffer (pH 7, 5 mM) was added to
free chlorine or trichloramine solutions, once in excess of the oxidant (~15:1) and once in
excess of hydroquinone (~1:12-1:30). The solutions were analysed spectrophotometrically to
measure the concentration of benzoquinone, which is the product resulting from an electron
transfer reaction. (iii) The formation of chlorinated phenols from the reaction of trichloramine
with phenol was investigated. In this experiment, hydrogen peroxide (500 uM) was added to
trichloramine (180 uM) at pH 5 (acetate buffer, 20 mM) to quench residual free chlorine in the
trichloramine stock solution. Thereafter, phenol (10 pM) was added to the trichloramine
solution. Samples were taken every 3 minutes with a dispenser and quenched with ascorbic acid
(4 mM). The analysis of the samples for phenol, chlorophenols and dichlorophenols was
performed by HPLC. (iv) The 24-hours chloroform formation potential was measured for
different oxidant:resorcinol ratios (9:1, 27:1, 54:1, 81:1) at pH 7 (phosphate buffer 5 mM) for
free chlorine and trichloramine. The samples were quenched with sodium sulfite (1 mM). In
addition, the kinetics of the chloroform formation from the reaction of resorcinol (0.05 pM)
with free chlorine (3.75 uM) or trichloramine (3.75 uM) were investigated over a time period of

4 hours (phosphate buffer 5 mM, pH 7).
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2.3 Results and Discussion

2.3.1 Trichloramine reactivity

Kinetics of the reaction of trichloramine with model compounds

The kinetics of the reaction of trichloramine with various model compounds was determined in
excess of the model compound (Figure 2.1). The structures of the model compounds are
provided in the supporting information (SI, Figure A.1). The variation of the model compound
concentration revealed that for some compounds the apparent second order rate constant (kupp)
depended on the model compound concentration even in large excess of the model compound
(concentration ratio > 10) (SI, Text C.2, which shows all measured k,,, as a function of the
model compound concentration). For these compounds, k., tended to increase at lower molar
ratios (model compound:trichloramine) and leveled off at higher molar ratios of the investigated
range. This behavior was also observed by measurements with a second analytical method
(colorimetric method) (SI, Text and Figure C.1). The increase of k,p, at lower molar ratios
might be explained by a competitive reaction of trichloramine and the model compound with
primary or secondary reaction products. The k,,, measured at high concentrations of the model
compound corresponded to the k,p, measured in excess of trichloramine (SI, Text and Figure
C.1). Therefore, it is assumed that the k., at higher molar ratios, where the ky,p levels off,

represents the rate constant of the reaction of trichloramine with the model compound.

The values of kapp, o1 7 for the reaction of NCl; with nitrogenous model compounds cover a wide
range (Figure 2.1). The kup, with ammonia is very low and comparable to the reaction with
electron-poor compounds such as amides (urea and acetamide). The electron density of o-
amino-acids is higher than for amides, wherefore they have an increased reactivity with

trichloramine. Furthermore, secondary amines react faster than the primary amines.

For some compounds, the reactivity allows to draw conclusions about the reactive site of the
compound. For instance, acetamidine reacted much faster with trichloramine than the amides.
Therefore, it is assumed that trichloramine does not react at the primary amine of acetamidine
but at the imine. Analogously, it can be concluded that L-histidine reacts preferentially at one of

the imidazol-nitrogen and not at the a-amino-acid site.

The k,pp values measured in this study are in agreement with previous studies for trichloramine
reactivity with dimethylamine (25 M s™), morpholine (160 M s™) (Soltermann et al., 2014b)
and ammonia (~2 x 107 M s, estimated for pH 7 and phosphate buffer (5mM) according to

Yiin and Margerum (1990a)). Second order rate constants were also measured for the reaction
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Figure 2.1: Measured kg, for the reaction of trichloramine with model compounds at pH 7
(closed symbols) and pH 5 (open symbols). ks, values were measured at varying
concentrations of the model compounds. The error bars represent the standard deviations of all
values used for the mean calculation. Ammonia and methylamine do not have error bars

because they are derived from a linear regression with changing pH (SI, Text C.2).

of NCI; with hydroxylated aromatic compounds. The corresponding k., values were
determined at pH 5 because the reaction was too fast to be measured with MIMS at pH 7. The
kobs at pH 5 were commonly ~100 times lower than at pH 7 since trichloramine almost
exclusively reacts with the deprotonated species (Figure 2.2a). The k., values showed a strong
dependence on the degree and position of the hydroxylation and increased in the order phenol <

hydroquinone < catechol < resorcinol.

Factors affecting trichloramine reactivity: pH and temperature

pH and temperature are two important parameters that influence chemical reactions in aqueous
systems. To assess the effect of these parameters on trichloramine reactivity, the reaction of
trichloramine was measured for several model compounds over the pH range 4—7 and the
temperature range 15-30 °C. The results in Figure 2.2a show that the logarithm of k., increases
linearly (slope ~1) with increasing pH. This suggests that trichloramine reacts predominantly
with the deprotonated form of the investigated compounds because for most model compounds

pKa > 9. The temperature dependence of &, can be approximated by the Arrhenius equation

_Ea

Kyppy = A X e RT 2.2)

app
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in which A is the frequency factor, E, is the activation energy (J mol™), R is the universal gas
constant (J K™ mol™) and T is the temperature (K). Activation energies of 69, 86 and 92 kJ
mol resulted for phenol, dimethylamine and acetamidine, respectively (Figure 2.2b). This is
rather high in comparison to the activation energy of the reaction of chlorine with ammonia or

monochloramine, which are ~15-20 kJ mol™ (Deborde and von Gunten, 2008).

In conclusion, trichloramine reactivity, which potentially lowers the trichloramine
concentration, is about 2.5-4 times higher in a heated indoor pool (30 °C) than in a colder

outdoor pool (20 °C). Additionally, the decreased stability and solubility of trichloramine in
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Figure 2.2: (a) Effect of pH on the k., values for the reaction of trichloramine with various
compounds at 25 (1) °C. (b) Effect of temperature (15-30 °C) on the ks, values of
trichloramine reactions with various compounds at pH 7.0 (£0.03), represented by an
Arrhenius-type plot. The equations for the linear regressions are for (a) phenol: y =0.98 x - 4.1,
morpholine: y = 0.89 x - 4.2, dimethylamine: y = 0.84 x - 4.4 and acetamidine: y = 0.91 x - 5.4
and for (b) phenol: y = 8.3 x + 31.6, dimethylamine: y = 10.3 x + 37.6 and acetamidine: y =
11.1 x +39.8.
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warm water may lead to a lower concentration. However, a higher temperature also accelerates

trichloramine formation.

Comparison of kyc, with kyoci

A comparison of the measured kqpp for trichloramine with values for free chlorine, calculated or
estimated from literature values (Figure 2.3 and Table 2.1) reveals that trichloramine and free
chlorine have similar reactivities with many model compounds at pH 7. Their £k, are in the
same range and show an equal trend for phenol and chlorinated phenols as well as for anions
such as sulfite, bromide, cyanide and iodide. A notable exception to this trend is given by
ammonia and primary amines, which react much slower with trichloramine than with free
chlorine. Additionally, the reactivity of trichloramine is smaller for primary than secondary
amines (Figure 2.1) while for free chlorine the reactivity decreases in the order primary >
secondary > tertiary amines (Abia et al., 1998). Another oxidant, namely chlorine dioxide,
behaves similarly to trichloramine with a reactivity of primary < secondary < tertiary amines
(Rosenblatt et al., 1967). The similarity becomes most evident if the reactivity of the oxidants
with methylated amines is compared. Trichloramine and chlorine dioxide react the fastest with
trimethylamine and the slowest with methylamine, while the opposite is the case for free
chlorine (Hoigné and Bader, 1994; Deborde and von Gunten, 2008). The differences between
the reactions of free chlorine and chlorine dioxide with amines can be explained by the different
reaction mechanisms involved. Chlorine dioxide reacts mainly via an electron abstraction with
the formation of an intermediate radical cation (Hull et al., 1967). This electron abstraction is
assumed to be the rate limiting step, while the following H-abstraction occurs rapidly. Free
chlorine mainly reacts with a chlorine addition to the amine, which is water-assisted in the case
of primary and secondary amines (Abia et al., 1998). The increasing reactivity of trichloramine
with a higher degree of methylation of the amines might be an indication that the rate limiting
step of the reaction is an electron transfer (similar to chlorine dioxide), which leads to a
nitrogen-centered radical cation. Because the results in section 2.3.2 reveal that the end product
of the reaction of trichloramine with dimethylamine is chlorinated dimethylamine, it is
hypothesized that the electron transfer is followed by a fast transfer of a chlorine atom (a
potential product from the electron transfer step) to the nitrogen-centered radical — yielding in a

net overall Cl -transfer.

The kinetics of the trichloramine reaction with hydroxylated aromatic compounds (phenol,
hydroquinone, catechol and resorcinol) are rather comparable to the reaction of free chlorine

and different from chlorine dioxide. The rate constants for trichloramine and free chlorine
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Figure 2.3: Comparison of ku,p values for the reaction of trichloramine and chlorine with
various model compounds at pH 7. Closed circles are kapp values for trichloramine which were
measured in this study, open circles and triangles are measured and calculated values from
literature, respectively. All plotted values are listed in Table 2.1 with additional information.
" kapp values for trichloramine were calculated from the measured kap, at pH 5. ? k,y, values for
the reaction of trichloramine with mono- and dichloramine are derived from two different

models (see Table 2.1) and differ significantly from each other.

reactions with hydroxylated aromatic compounds increase in the order phenol < catechol <
resorcinol while chlorine dioxide follows the order phenol ~ resorcinol < catechol (Hoigné and
Bader, 1994; Deborde and von Gunten, 2008). The results in section 2.3.2 (below) reveal that
trichloramine can react with hydroxylated aromatic compounds by an electron transfer (as with

hydroquinone) or a C1'-transfer (as with phenol).

Other compounds of interest in pool water are mono- and dichloramine. The reactivity of
trichloramine with mono- and dichloramine is difficult to assess due to analytical challenges
and the difficulty to maintain a system at pH 7 with pure mono- or dichloramine solutions. Two
studies present a model to calculate the chloramine speciation in chlorinated ammoniacal water
(Yiin and Margerum, 1990a; Jafvert and Valentine, 1992). Both studies introduce base- and
phosphate buffer-catalysed reactions in their model but they come up with very different rate

constants for the reactions of trichloramine with mono- and dichloramine at pH 7. The
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Table 2.1: Apparent second order rate constants (kapp) for the reaction of various compounds
with trichloramine and free chlorine at pH 7 and at 25 + 1 °C. Values in italic are derived from

literature, values in bold were measured at pH 5.

Measured concentration Kk 4 for NClz at pH 7 k 4, for free chlorine

Compound PKa range (mM) (orpH5 (M's")  atpH7 (M's™)
Acetamide 15.19 10-75 2.3x 107 1.1x 10737
Acetamidine 12.52 P 0.025-0.25 1.4 x 10 1.3 x 10%¥
L-Alanine 9.879 1-4 4.0x 10" 4.3x 10%)
Ammonia 9.259 25-125 1.9x 1022 1.5x 10%)
Catechol 9.349 0.005 — 0.02 1.9 x 102

2-chlorophenol 8.56 © 8.2x 10°¢¥ 5.0x 10"
4-chlorophenol 9.41° 0.1-0.25 1.9 x 10%® 7.5x 1097
Creatinine 9.29 0.05-0.4 6.0 x 10°

2,4-dichlorophenol 7.85™ 0.01 4.6x 1027 29x10")
2,6-dichlorophenol 6.97" 0.01-0.015 1.3 x 10? 7.8x10")
Dimethylamine 10.73 © 0.01-0.05 2.9x 10 2.2x10%)
Glycine 9.78 9 1-10 2.6 x 107 9.4x10%)
L-Histidine 9.339 0.05-2.5 4.0 x 10°

Hydroquinone 9.85° 0.005 - 0.02 9.3 x 10'

Methylamine 10.66 © 0.25 -1 1.2x10°® 4.7 x 10%)
Morpholine 8.50 © 0.015-0.03 1.5 x 10?

Phenol 9.99 9 0.2-0.8 3.8x 10° 2.3x10")
Resorcinol 9.329 0.001 — 0.005 1.4 x 10 4x 1039
Trimethylamine 9.80° 0.01-0.15 2.4 x 10%P) 6.9x10")
Urea 13.82 % 10 — 100 3.4 x 107 6.3x107"%
Literature values

Bromide 1.2x1079 1.2x 103"
Cyanide 9.2M 1.8x10°9 9.3x 108"
Dichloramine 6.5x10"M

Dichloramine 5.6 x 10%" 1.6 x 10*7
Monochloramine 2.0x 1029
Monochloramine 1.4 x 10%" 2.2x 102"
Monochloramine 1.5x 1072M 1.2x10%™M
lodide 9.0x 1079 1.1x 108"
Sulfite 7.2M 4.5x10°9 5.9x 108"

3) Calculated by a linear regression from the pH-dependence. ® NCl; concentration < 0.5 uM to ensure

excess of the model compound. © Measured in excess of NCl3, acetate buffer (10 mM), analysed with

HPLC. 9 Measured at room temperature (22-23 °C). ® Measured at low concentration to avoid
interferences. P Measured at pH 6.9. 9 Cited in or from Schurter et al. (1995). ™ Calculated for pH 7 from
rate constants for HOCI and OCI cited in Schurter et al. (1995). ) Calculated from k yoc cited in Deborde
and von Gunten (2008). ! Average of calculated values cited in Deborde and von Gunten (2008). ¥ At pH 7.3
or 7.2-7.4 cited in Deborde and von Gunten (2008). " Calculated according to the model by Jafvert and
Valentine (1992). ™ Calculated according to the model by Yiin and Margerum (1990). ™ Deborde and von
Gunten (2008). © CRC Handbook of Chemistry and Physics (2014). P Albert et al. (1948).
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calculated kupppn7 1n Yiin and Margerum (1990a) for the reaction of trichloramine with mono-
and dichloramine is about 10’000 and 100 times smaller, respectively, than in Jafvert and
Valentine (1992). A typical combined chlorine concentration in Swiss pool water is close to the
guideline value of 0.2 mg L' as Cl,, which corresponds to an estimated mono- and
dichloramine concentration of ~2 uM and ~0.5 uM, respectively, assuming a similar speciation
as measured by Weaver et al. (2009). In the model with the higher k,pp,pn7 by Jafvert and
Valentine (1992), this chloramine concentration would result in a trichloramine decay of 2.8 x
10* s' and 2.8 x 107 s at pH 7 for the reaction with mono- and dichloramine, respectively.
This estimated trichloramine decay is clearly faster than what was measured in pool water (2—8
x 107 s, in 4 pool water samples with combined chlorine concentrations of 0.15-0.25 mg L™
as Cly) (Soltermann et al., 2014a). The calculated trichloramine decays for the reaction with
mono- and dichloramine from the model of Yiin and Margerum (1990a) are much lower with
values of 3 x 10® s™ and 3.3 x 10” s, respectively. These values also appear to be plausible

for a swimming pool system.

2.3.2 Reaction products of chlorination and trichloramination

Reaction of free chlorine and trichloramine with dimethylamine

The reactions of dimethylamine (5 mM) in excess with trichloramine (0.18 mM) and free
chlorine (0.24 mM), respectively, were investigated spectrophotometrically to compare the
reaction products (Figure 2.4). The spectra were measured immediately after mixing (~30 s)
and after a reaction time of 2 minutes. Because the spectra remained unchanged and were
different from the sum of the spectra of the reactants, it can be concluded that the reaction was
complete after a reaction time of 30 seconds. Both the trichloramine and free chlorine peaks at
337 nm and 292 nm, respectively, disappeared after the reaction. The absorbance of the reaction
products suggest that trichloramination and chlorination of dimethylamine form the same
reaction product because they have very similar absorbance spectra in the range of 270-320
nm, while the higher absorbance between 225-250 nm for the trichloramination might be due to
other reaction products or by-products present in the trichloramine solution from the
trichloramine production (see below). Abbia et al. (1998) showed that chlorination of
dimethylamine results in the formation of chlorinated dimethylamine (CDMA), with an
absorbance peak at 262 nm. Therefore, the formation of the peak at ~260 nm suggests that the
reaction of trichloramine with dimethylamine results in a net CI'-transfer (SI, Figure E.1). The
molar CDMA yield of the trichloramination is ~1.3 times higher than of chlorination. The 30%
higher CDMA yield for trichloramination might be explained by the reaction of dimethylamine
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Figure 2.4: Absorption spectra of unbuffered trichloramine (NCl; (0.18 mM)), free chlorine
(HOC1 / OCI" (0.24 mM)), dimethylamine (DMA (5 mM)) and the products of the reactions of
DMA with trichloramine and free chlorine, respectively, in phosphate buffer (pH 7.00 + 0.05, 5

mM) after a reaction time of 30 seconds.

with other chlorine-containing reaction products from the trichloramination or by the presence
of free chlorine in the trichloramine stock solution (about 5% of the trichloramine concentration

according to Kumar et al. (1987)).

Reaction of trichloramine with hydroquinone

It has been shown that other oxidants such as chlorine dioxide and free chlorine react by an
electron transfer with hydroquinone to form the p-benzoquinone (Wajon et al., 1982; Criquet et
al., in prepration). To evaluate whether trichloramine also reacts via electron transfer, the
formation of benzoquinone from the reaction of hydroquinone (10 uM) with trichloramine in
excess (100 uM) was monitored spectrophotometrically at pH 7 (Figure 2.5a and SI, Figure
E.1). The same experiment was performed with free chlorine (150 uM) (Figure 2.5b). The
results in Figure 2.5 illustrate that both oxidants react with hydroquinone to form
benzoquinone, which has an absorption peak at 248 nm. This reaction was completed within
seconds for trichloramine whereas for free chlorine an increase of the benzoquinone
concentration was observed for ~12 min before it decreased again slowly (Figure 2.5c). Adding
trichloramine (100 uM ) and free chlorine (150 uM) to benzoquinone revealed that the
benzoquinone concentration remained rather stable with trichloramine but clearly decreased
free chlorine (~20 % in 10 min) (SI, Figure E.3). This reaction of benzoquinone with free
chlorine is less obvious in Figure 2.5¢ (decrease of ~10 % from minutes 10-20) because there

was a simultaneous benzoquinone formation from the reaction of hydroquinone with free
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Figure 2.5: Absorption spectra of hydroquinone (10 uM) and benzoquinone (10 pM) (dashed
or dotted lines) and (a) the absorption spectra of hydroquinone (10 pM) in presence of
trichloramine (100 uM) at pH 6.9 measured every 0.8 minutes for 5 minutes (lines)
(trichloramine (100 uM) absorption subtracted, trichloramine absorbance < 235 nm out of
measurement range), (b) the absorption spectra of hydroquinone (10 uM) in presence of free
chlorine (150 uM) at pH 7 measured every 0.8 minutes for ~20 minutes (lines). (c) Absorbance
at 248 nm as a function of time for the reaction of hydroquinone (10 uM) with trichloramine

(triangles, 100 uM, from (a)) and with free chlorine (squares, 150 uM, from (b)).
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chlorine. The reaction of trichloramine (3.0-7.4 uM) with hydroquinone in excess (100 uM)
confirmed that the yield of the benzoquinone formation is constant at ~80 % (SI, Figure E.2).
The second order rate constant of the reaction between trichloramine and hydroquinone was
determined as kupppns = 93 M s, Assuming a two electron transfer reaction between

trichloramine and hydroquinone, dichloramine is a potential reaction product (eq. 2.3-2.4).

_2 -
CoHg0y — CgH,0, + 2 H* (2.3)
+e” . . tH,O0+e™
NCly =5 NCL,™ = Cl~ + NCl, ——°5 NHCl, +OH~ + Cl~ 2.4)

Furthermore, the evolution of the absorbance suggests that after the fast benzoquinone
formation with trichloramine a slow benzoquinone formation by the reaction of hydroquinone
with trichloramine reaction products such as dichloramine takes place (SI, Figure E.2c). This is
also supported by the fact that monochloramine and dichloramine react with hydroquinone to
benzoquinone but much slower than trichloramine (Kisichioramine > Kdichioramine = Kmonochloramine) (ST,

Figure E.4).

Trichloramine reaction with phenol

The reaction of trichloramine (180 uM) with phenol (10 uM) at pH 5 and room temperature (22
+ 1 °C) was studied in detail to investigate the formation of the reaction products 2- and 4-
chlorophenol as well as 2,4- and 2,6-dichlorophenol (Figure 2.6). The reactivity of
trichloramine with each of these compounds was measured separately to perform model

calculations with the Kintecus software based on egs. 2.5 — 2.9 (Ianni, 2008).

k
NClI; + phenol S 0.33 2-chlorophenol + 0.28 4-chlorophenol + 0.39 unknown products (2.5)

NCl; + 2-chlorophenol 112) 0.25 2,4-dichlorophenol + 0.75 2,6-dichlorophenol (2.6)
NCl; + 4-chlorophenol ’i3> 1 2,4-dichlorophenol (2.7)
NCl; + 2,4-dichlorophenol & unknown products (2.8)
NCl; + 2,6-dichlorophenol E unknown products (2.9)

The rate constant for the reaction of trichloramine with phenol (k; = 2.8 M s7) in the model
was derived from the experimental data in Figure 2.6. This measured rate constant at room
temperature was close to the one measured at 25 °C (3.8 M s, Table 2.1). The other rate
constants in the model (k;, = 8.2 M! s'l, k=19 Mm! s'l, ki=4.5 M st and ks =133 Mm! s'l)

were derived from the values in Table 2.1 by dividing kapp pr7,25°c by 100 to estimate Kapp pris 220
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Figure 2.6: Evolution of phenol and chlorophenol concentrations during the reaction of phenol
(10 uM) with trichloramine (180 uM) at pH 5 and room temperature (22 = 1 °C) (symbols =
experimental data). The dashed lines are model results and the solid line represents the sum of

phenol and all chlorinated phenols in the model.

The stoichiometric factors in equations 2.5 and 2.6 were derived from fitting the model to the
measured concentrations (see below) and from literature on chlorination of phenols,

respectively (Acero et al., 2005).

The measured rate constants reveal that chlorine addition to phenol affects its reactivity with
trichloramine. Firstly, the rate constants in equations 2.5-2.9 show that a chlorine substitution
at the ortho-position increases the apparent second order rate constant (k; > ki, ks > k) and at
the para-position lowers the apparent second order rate constant (k; > ks, ko > k4). Secondly,
the chlorine addition changes the pK, values (Table 2.1). Because trichloramine reacts
predominantly with the deprotonated phenols (section 2.3.1), the pK, change induced by
chlorine substitution affects the apparent rate constant of trichloramine with chlorinated
phenols. In previous studies the second order rate constants for the reaction of HOCI with
chlorinated phenols followed much clearer the pK, shift induced by chlorine substitution
(Acero et al., 2005) than the apparent rate constants for the corresponding reactions with

trichloramine.

Previous studies have shown that phenol chlorination and chloramination with mono- or
dichloramine lead preferentially to 2-chloro and not to 4-chlorophenol (ratio 4:1) (Heasley et
al., 2004; Acero et al., 2005). This preference is less pronounced for trichloramine which shows
a ratio of ~1 according to the fit in the model. The measured second order rate constants for the

reaction of trichloramine with phenol (k;) and with 2- and 4-chlorophenol (k, and k3) suggest
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that the reaction of trichloramine with phenols leads also to unknown products (~40 %). Since
trichloramine is able to undergo electron transfer reactions (section 2.3.2), phenol coupling
products potentially belong to this group of unknown products. The incomplete mass balance
(solid line, Figure 2.6) suggests that also at a later stage unknown products (e.g.
trichlorophenols) are formed in the system. While the concentration of the secondary product
2,4-dichlorophenol rose to a peak concentration of 0.3 puM, the concentration of 2,6-
dichlorophenol remained below the detection limit (<0.05 uM), which is caused by the fast
further reaction of 2,6-dichlorophenol with trichloramine. However, the model overestimates
the 2,4-dichlorophenol concentration (dashed line, Figure 2.6), which suggests that either (i) the
stoichiometric factors leading to 2,4-dichlorophenol are lower than in the model and other
products (e.g. by electron transfer) are formed, (ii) the rate constant of the reaction of
trichloramine with 2,4-dichlorophenol (k4) is higher than estimated from the measured constant
at pH 7 or (iii) 2,4-dichlorophenol reacts with other reaction products than trichloramine. The
hypothesis that other products than 2,4-dichlorophenol are formed is supported by the fact that
other peaks were detected in the HPLC analysis of the phenolic compounds. Conclusively,
phenol forms similar reaction products by the reaction with trichloramine and free chlorine but

with slightly different yields.

2.3.3 Chloroform formation from the reaction of resorcinol with

trichloramine or free chlorine

In pools with continuous fresh water addition it is assumed that THMs, which belong to the
most abundant DBPs in pool water, are mainly formed by the reaction of free chlorine with
NOM from the filling water and not with precursors introduced by bathers (Kanan and Karanfil,
2011). Resorcinol-like structures were found to be responsible for the fast THM formation from
the reaction of free chlorine with NOM (Gallard and von Gunten, 2002). The reaction of
resorcinol with monochloramine also leads to the formation of chloroform (Heasley et al.,
1999). However, chloramination of NOM with monochloramine results in less THM formation
than chlorination for the same oxidant exposure (Lu et al., 2009). For this reason, some
drinking water treatment plants mainly in the USA switched their treatment process from
chlorination to chloramination (Sedlak and von Gunten, 2011). Trichloramine was assumed not
to form chloroform by the reaction with resorcinol since no disruption of the phenolic ring
structure was expected (Heasley et al., 1999). Nevertheless, the chloroform formation potential

and its kinetics for the reaction of resorcinol with trichloramine was investigated in this study
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Figure 2.7: Chloroform formation by the reaction of resorcinol (0.05 uM) at pH 7 (a) with free
chlorine or trichloramine for various molar ratios of oxidant:resorcinol ([CHCI;] after 24 hours)
and (b) with free chlorine (3.75 uM) or trichloramine (3.75 uM) as a function of time.
Hydrogen peroxide (100 uM) was added to the trichloramine stock solution (15 pM) in one
sample in (a) and all the trichloramine samples in (b). The experiments in (b) were performed in
duplicates. The boundaries of the error bars indicate measured values for the duplicates and the

symbols represent the average of the duplicates.

because at pH 7 trichloramine has an even higher reactivity with resorcinol than free chlorine

(Table 2.1).

The chloroform formation after a reaction time of 24 hours was measured for the reaction of
resorcinol (0.05 uM) with trichloramine and free chlorine at pH 7 (phosphate buffer (5 mM))
for varying molar oxidant:resorcinol ratios. In the case of trichloramine, a part of the
chloroform formation might also result from reactions involving products from the
trichloramine-resorcinol reaction or residual free chlorine in the trichloramine stock solution.
To estimate the contribution of these effects, hydrogen peroxide (100 uM) was added to the

trichloramine stock solution (15 uM) to quench the residual free chlorine. It has been shown
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that hydrogen peroxide does not react with trichloramine (McKay et al., 2013) but reduces
HOCI quickly to CI" (Held et al., 1978). The results in Figure 2.7a show that the chloroform
concentration increased with an increasing oxidant:resorcinol ratio. For the same molar
oxidant:resorcinol ratio, the chloroform formation from chlorination was similar to the
formation from the reaction with trichloramine in presence of hydrogen peroxide and slightly
lower than with trichloramine in the absence of hydrogen peroxide (Figures 2.7a and 2.7b).
This shows that the trichloramine-resorcinol reaction has a similar chloroform yield as the

corresponding reaction with free chlorine.

The kinetics of the chloroform formation were almost identical for the reactions of resorcinol
(0.05 uM) with free chlorine (3.75 uM) and with trichloramine (3.75 uM) in presence of
hydrogen peroxide (Figure 2.7b). The experiment was conducted in duplicates for each time
step and resulted in a high variability for a few samples (> 40 %) although analytical
uncertainty was only about 10 %. Nevertheless, Figure 2.7b illustrates that trichloramine has
similar chloroform formation potential and formation kinetics as free chlorine. Because
trichloramine is commonly present in swimming pools at a lower molar concentration than free
chlorine (2-10 %), free chlorine is most likely the main oxidant responsible for chloroform

formation and the contribution of trichloramine is expected to be minor.

2.3.4 Trichloramine reactivity with fulvic acids and its dependence on pre-

chlorination

The results from the previous sections suggest that trichloramine reacts quickly with
hydroxylated aromatic compounds. Pool water contains natural organic matter (NOM), which
consists partly of hydroxylated aromatic compounds. However, due to their reaction with free
chlorine they are often in a chlorinated form in pool water. To explore the reactivity of
trichloramine with NOM, the rate constant for the reaction of trichloramine with two
(non-)chlorinated fulvic acids (SRFA and PLFA) was measured. It was shown previously that
the electron donating capacity (EDC) and the specific UV absorbance at A = 254 nm per mg L™
DOC (SUVA;s4) decrease during chlorination (Wenk et al., 2013). The SUVA;s4 decreases
linearly with chlorination, slightly faster for SRFA than for PLFA (Figure 2.8b). The EDCs
measured by Wenk et al. (2013) show a stronger decrease than the SUVA,s4 and a non-linear
evolution for PLFA (Figure 2.8b). The EDC for (non-)chlorinated SRFA is about 3 times higher
than the EDC of PLFA, reflecting the higher content of phenolic moities in SRFA which results
in a generally higher reactivity of oxidants with SRFA (Wenk et al., 2013). This is in line with
the measured k,pp for trichloramine with non-chlorinated SRFA and PLFA (Figure 2.8a).

55



Chapter 2

100 (a) ® SRFA, kapp
~ A PLFA, kypp
»n 80+
I’_-l‘:) J
(@] A
£
-
= 40- .
x«% ] °
| *® oo
204 PY
] A ®e
04 A 2 9+ 2
801  (b) O SRFA, SUVA
T ® SRFAEDC | -~
-50 A PLFA, SUVA £
g 6048 A PLFA EDC f4+
E |7 o $
b o o) 5 E
© 401 A o =
E VAN E
e o & & 4 24
é 204 a 2
A, ° 0
A A
0 T ¥ T % AI 0
0.0 0.1 0.2
specific chlorine dose (MmOl 4/ine (mmoIC)'1)

Figure 2.8: (a) Apparent second order rate constants for the reaction of trichloramine (Cy ~1
uM) with (non-)chlorinated SRFA (1-3 uMc¢) and PLFA (3 uMc) at pH 7 and 25 °C (closed
symbols). (b) Evolution of the specific UV absorbance (SUVAjss, open symbols) and the
electron donating capacity (EDC, values from Wenk et al. (2013), closed symbols) as a function
of chlorination for SRFA and PLFA.

Furthermore, the evolution of the k., as a function of the degree of chlorination is very similar
to the evolution of the EDC and fits also to the evolution of the SUVA,s4. This suggests that the
EDC, and partially also the SUV A;s4, are reasonable qualitative indicators for the reactivity of
organic matter with trichloramine and that dissolved organic matter loses its reactivity to

trichloramine with increasing exposure to free chlorine.

2.3.5 Trichloramine reactivity in swimming pool water

Trichloramine in swimming pool water can either react with compounds from the filling water
(mainly dissolved organic matter) or from the bather input (mainly nitrogenous compounds). In
previous studies, various body fluid analogues (BFAs) were used to imitate the input of bathers
to swimming pools (Borgmann-Strahsen, 2003; Judd and Bullock, 2003; Goeres et al., 2004;

Kanan and Karanfil, 2011). To assess the contribution of the individual compounds of the BFAs
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to the trichloramine degradation in pool water, the reactivity of trichloramine with components
of BFAs was calculated (SI, Table D.1). For a better comparability, the concentrations of the
BFA components were normalised to 1 mg L™ of urea, which is the guideline value for urea in
pool water in Switzerland (SIA, 2013). Two BFAs contain a small molar ratio of uric acid (1 %
of urea on a molar basis) which has a high reactivity with trichloramine (> 10* M s™") (SI, Text
and Figure D.2). Accounting for the reactivity of the various compounds in the normalised BFA
with trichloramine, uric acid dominates trichloramine consumption (> 99 %) (SI, Table D.1).
The calculated consumption rate of trichloramine by uric acid in the normalised BFASs (kobs, pri7

= 1-2s", t;, = 0.35-0.7 s) is much higher than for creatinine (kobs, pH7 = 2.9-6.4 X 107 s, 11

110-240 s) (SI, Table D.1), which is the second most important trichloramine consumer. The
trichloramine decay rate in pool water was previously measured to be 2-8 x 107 s (t;, = 2.4—
9.6 h), which is within or slightly above the range of trichloramine self-decay (kgecay = 0.75—4 X
10° s™) (SI, Figure B.1) (Saguinsin and Morris, 1975; Kumar et al., 1987; Soltermann et al.,
2014a). The difference between the calculated reactivity of trichloramine with the normalised
BFA and the measured trichloramine decay in pool water might be explained by the fact that
trichloramine is in competition with free chlorine. Commonly, trichloramine represents only <
10 % of the molar free chlorine concentration (Weaver et al., 2009; Soltermann et al., 2014a).
As shown in the previous sections, free chlorine has a higher k,pp, pr7 than trichloramine for
many model compounds. The chlorination of potential reaction partners for trichloramine
lowers their reactivity with trichloramine significantly as it was shown for uric acid, secondary
amines, fulvic acids and UV-irradiated pool water (SI, section D and Soltermann et al.
(2014b)). This is possibly the reason why trichloramine is more stable in pool water than

calculated from its reactions with non-chlorinated BFAs.
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2.4 Conclusions

The disinfection by-product trichloramine can cause adverse health effects to swimmers and
attendants of indoor swimming pools. Although these effects are linked to the trichloramine
concentrations in air, it is crucial to understand the trichloramine formation and degradation in
pool water. Measurements of the trichloramine reactivity at pH 7 showed that trichloramine
reacts slowly with ammonia, amides and primary amines and faster with secondary amines.
Other compounds such as uric acid or hydroxylated aromatic compounds react more than two
orders of magnitude faster with trichloramine than primary and secondary amines. For many of
the selected compounds, the second order rate constants for the reaction with free chlorine are

equal or higher than for trichloramine.

The calculated first order rate constants for the reaction of trichloramine with body fluid
analogues (BFAs), at concentrations they are realistically introduced in swimming pool water,
are much higher than the measured trichloramine decay in pool water. This might be explained
by the reaction of free chlorine (usually present at a ~10 times higher molar concentration in
pool water than trichloramine) with the BFA. The resulting chlorinated compounds react much
slower with trichloramine than the parent compounds, wherefore the presence of free chlorine

increases the stability of trichloramine in pool water.

Trichloramine has the ability to undergo electron transfer and electrophilic substitution
reactions. Disinfection by-products such as chlorinated aromatic compounds or chloroform
from the reaction of trichloramine with model compounds (resorcinol and phenol) were
detected in this study. Chloroform was formed with similar yields and kinetics from the
reaction of trichloramine with resorcinol as from the reaction of free chlorine with resorcinol.
Since the trichloramine concentration is commonly small compared to the free chlorine
concentration, its contribution to chlorinated disinfection by-product formation in pool water is
assumed to be minor. However, it might be significant for disinfection by-products formed
from a few compounds for which their higher reactivity with trichloramine compared to free
chlorine can compensate for the lower trichloramine concentration (e.g. phenolic compounds

and trimethylamine).

Conclusively, the presence of free chlorine plays an important role for the stability of
trichloramine since it has a higher reactivity than trichloramine with many constituents of the
pool matrix and the chlorination of these compounds lowers their reactivity with trichloramine.

This was shown exemplarily by the reaction of trichloramine with chlorinated SRFA and
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PLFA, which revealed that the trichloramine reactivity decreased with the degree of

chlorination.
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A Additional information on chemical substances

Text A.1.

Acetamide, acetamidine hydrochloride, acetic acid, creatinine, dimethylamine, glycine, L-
alanine, L-histidine, methylamine, morpholine, resorcinol, sodium hypochlorite (6-14 %),
trimethylamine, urea, uric acid, 2-chlorophenol and 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS) were purchased from Sigma-Aldrich. Ammonium chloride, hydrogen
peroxide (35 %), hydroquinone, ortho-phosphoric acid, phenol, sodium sulfite anhydrous, 1,4-
benzoquinone, 2,6-dichlorophenol and 4-chlorophenol were obtained from Fluka. Disodium
hydrogen phosphate dihydrate, L-ascorbic acid, pyrocatechol (catechol), perchloric acid,
sodium dihydrogen phosphate monohydrate, sodium acetate trihydrate and sodium hydroxide
pellets were purchased from Merck. Other chemicals were 2,4-dichlorophenol from Riedel-de
Haén, methanol from Fisher Scientific and trihalomethan calibration mix from Supelco. All

chemicals were analytical grade and used without further purification.
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Figure A.1. Chemical structures of the model compounds for which the reactivity with

trichloramine was measured.
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B Details on the experimental procedure

Text B.1.

Figure B.1 shows the evolution of the signal 84 m/z (main fragment of trichloramine) for two
series of trichloramine measurements, one representing the trichloramine wash out and one the
self-decay. In both series, ultrapurified water was flowing initially in front of the membrane
(signal at time < 500 s, which corresponds to the baseline). Thereafter, the inlet valve was
switched to trichloramine (~1 pM, 25 °C, aspired from the bottom of a 1L bottle), whereby the

signal 84 m/z increased until it reached a steady-state (within ~12 minutes).

In the first series, the valve remained on the trichloramine position for the rest of the
measurement (Figure B.1) to investigate the decrease of the trichloramine signal due to self-
decay and outgassing. For this series, the trichloramine signal was stable for 40 minutes before
it started to decrease (Kgecay = 4 % 10° s'l). The decrease of the trichloramine concentration to
determine the rate constants was commonly not measured for more than 40 minutes. To ensure
that there is no impact of the trichloramine self-decay on the observed rate constants (kobs), only
kobs values higher than 4 x 10* s were considered for the calculation of the apparent second

order rate constant (kgpp).

For the second series, the inlet valve was switched back to water after the steady-state signal
was reached. The signal 84 m/z dropped rapidly (kwashout = 1.4 * 107 s™). However, the signal
did not drop immediately to the baseline because residual trichloramine in the tubing, in the
dead volume attached to the membrane and in the membrane had to be washed out first.

Therefore, kops values higher than 5 X 102 s

were rejected for the calculation of the kqpp.
Trichloramine reactions with high concentrations of fast reacting compounds (e.g. resorcinol)
resulted in an even faster decrease of the trichloramine signal than during the washout since
trichloramine was not only washed out by convection but also degraded in the system.
Nevertheless, for the calculation of the k., only values of 5 102 s> kyps > 4 x 107 s were

considered to avoid an impact of the out washing on kops.
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Figure B.1. Evolution of the trichloramine signal 84 m/z after switching the valve to the
trichloramine solution (1 pM) followed by a wash out (red triangles) or by a continuous
measurement of the self-decay (blue circles). The green lines show the boundary conditions

used to determine trichloramine kinetics.
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C Trichloramine reactivity with model substances

Text C.1.

Measured apparent second order rate constants (kpp) of a few model substances (such as L-
histidine or phenol) showed a dependence on the concentration of the model compound (Figure
C.1). To evaluate whether this is an artefact of the MIMS measurements and to determine an
unbiased second order rate constant, ku,, of the reaction of trichloramine with phenol was
measured in three different ways at room temperature (22 + 1 °C) and pH 5 (acetate buffer, 10
mM) (Figure C.1):

(1) kapp was determined as described previously for the model compounds (phenol in excess,
trichloramine (0.2-2 uM) and analysis with MIMS) but with acetate buffer (pH 5, 10 mM)
since the buffer capacity of phosphate buffer at pH 5 was not high enough. Signal 86 (m/z) was
used for the trichloramine analysis because signal 84 (m/z) and 88 (m/z) showed interferences if
the reaction was performed in acetate buffer.

(11) kapp was measured with phenol in excess and at room temperature by measuring the
trichloramine decrease with 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS).
Trichloramine (1 pM) was added to a phosphate buffered solution (pH 5, 5 mM). Because the
trichloramine stock solution may contain free chlorine which interferes with ABTS (Gazda et
al., 1995; Pinkernell et al., 2000), hydrogen peroxide (10 uM) was added 5 minutes prior to the
reaction since hydrogen peroxide reacts very slowly with trichloramine (too slow to be
differentiated from trichloramine self-decay, McKay et al. (2013)) but quickly with free
chlorine (HO, + HOCI (kas o«c = 4.4 x 10’ M s™), Held et al. (1978)). Thereafter, phenol (25—
500 uM) was added to the trichloramine solution. The trichloramine decrease was monitored by
measuring the absorbance (A = 405 nm) of the ABTS' ~ which is formed by the reaction of
trichloramine with ABTS (50 uM). The absorbance was immediately (< 30 seconds) measured
after mixing with ABTS because the absorbance is not stable at this pH (Soltermann et al.,
2014).

(iii) kapp for the reaction of trichloramine with phenol (2-10 pM) in excess of trichloramine
(20-180 uM) was measured at room temperature. Trichloramine was added to an acetate
buffered solution (pH 5, 10 mM) in presence of hydrogen peroxide (550 uM). After 5 minutes,
phenol was added and the kinetics of the reaction were determined by quenching the reaction

with ascorbic acid at various time points followed by phenol analysis with HPLC.

The results in Figure C.1 show that there is a dependence of the k,, on the phenol

concentration at low phenol concentrations for both analytical methods (MIMS and ABTS).
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The kypp showed a trend towards 2-3 M™' s for higher concentrations, which corresponds to the
measured k,p, with phenol in excess. Conclusively, it can be assumed that the increase of the
kapp With decreasing phenol concentration is not an artifact of the MIMS analysis. An
explanation for this effect might be that primary or secondary reaction products undergo
competitive reactions to the reaction of trichloramine with phenol. Therefore, k.p, can only be
measured in presence of sufficiently high phenol concentrations, which prevent the reaction of
trichloramine with primary or secondary reaction products. Dichloramine is not important in
this context, because the measured k,y, for its reaction with phenol (kupp, pri49 = 4.6 x 10° M
s, this study) was too low.

The kypp, derived from the experiment in excess of trichloramine, is similar to the kapp at high
phenol concentrations (Figure C.1). Therefore, it is assumed that k., for the reaction of

trichloramine with phenol corresponds to the value obtained at high phenol concentrations.
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Figure C.1. (a) Reaction of trichloramine with L-histidine: Dependence of ku,, on the
concentration of L-histidine. (b) Measurement of k., for the reaction of trichloramine with
phenol in excess of phenol (squares and triangles, measured with MIMS and ABTS) and in
excess of trichloramine (circles, measured with HPLC). The k,, determined in excess of phenol

showed a dependence on the phenol concentration. For experimental conditions see Text C.1)
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Text C.2.

The reactivity of various model compounds with trichloramine was measured with MIMS.
Thereby, trichloramine (~1 pM) was added to a phosphate buffered solution (5 mM) at pH 7
and pH 5 for slow reacting compounds and fast reacting phenols, respectively. After the
trichloramine signal reached a steady-state (~12 min), the model compound was added to the
trichloramine solution. The decrease of the trichloramine concentration was continuously
monitored by MIMS. These measurements were conducted at different concentrations, always
in excess of the model compound. In few experiments, the initial trichloramine concentration
was lower than ~1 uM to ensure an excess of the model compound. The k,p, values given in
Table 1 of the main text are the averages of the measured k,p,p at different concentrations. For
some model compounds, the ku,, values showed a dependence on the concentration of the
model compound (SI, Text C.1) with increasing k., values at low model compound
concentrations. If this was the case, the k,,, was calculated from the values at high model
compound concentrations (for explanation, see SI Text C.1). For few model compounds, the
buffer capacity of the phosphate buffer was not high enough to keep the pH constant after the
addition of the model compound (ammonia and methylamine). In these cases, the k,,, for pH
7.0 was derived from a linear regression of kup, versus pH (from experiments using different

concentrations of the model compound).

The figures below show the measured k,, as a function of compound concentration.
Furthermore, information about the experimental conditions are given for each compound. The
red lines (circles for ammonia and methylamine) in the plots correspond to the determined kqpy,
given in Table 2.1 of the main text. This value is assumed to be the best fit considering various
factors such as concentration effect (SI, Text C.1), pH changes and interferences. The standard
deviations are plotted in dashed red lines and correspond to the standard deviations given in
Figures 2.1 and 2.3 in the main text, which show the £k, for the reaction of trichloramine with
model compounds and compare them to the &y, for the reaction of free chlorine with the model

compounds, respectively.
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Remarks:

- [NCls]o: ~1 uM, pH 7, molar ratio
NCljs:acetamide: 1:10°000-1:75°000.

- Unstable pH, dropped to 6.9 for high
acetamide concentrations.

- Acetamide (10 mM): Kqps < 4x 10 s"l,
therefore not considered for the mean
calculation.

Remarks:
- [NCls]o: ~1 uM, pH 7, molar ratio
NCljs:acetamidine: 1:25-1:250.

Remarks:

- [NCls]o: ~1 uM, pH 7, molar ratio
NCl;:L-alanine: 1:1000-1:4000.

- The two lowest concentrations were
omitted for the mean calculation of

kapp.
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Ammonia
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Remarks:

- [NClz]o: ~1 uM, pH 7, molar ratio
NClsz:ammonia: 1:25°000-1:125’000.

- pH varied from 6.7-6.9 for Cy of ammonia
25-125 mM, although the pH of the
ammonia solution was lowered with
perchloric acid prior to the experiment.

- lonic strength might have an effect on the
reaction.

- Calculation of kapp pr7 With linear regression.
(red circle).

Remarks:

- [NCls]o: ~0.5 uM, pH 5, molar ratio
NCli:catechol: 1:10-1:40.

- pH unstable (4.9-5.0).

Remarks:

- [NClz]o: ~1 uM, pH 7, molar ratio
NClj:creatinine: 1:50-1:400.

- The two lowest concentrations were omitted
for the mean calculation of fypp.
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Dimethylamine
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Remarks:
- [NCls]o: ~1 uM, pH 7, molar ratio
NCls:dimethylamine: 1:10-1:50.

Remarks:

- [NCls]o: ~1 uM, pH 7, molar ratio
NCls:glycine: 1:1000-1:10°000.

- The two lowest concentrations were omitted
for the mean calculation of k.

Remarks:

- [NCls]o: ~1 uM, pH 7, molar ratio
NCl;:L-histidine: 1:50-1:2500.

- The three lowest concentrations were
omitted for the mean calculation of kqpp.

- The range used for the mean calculation
showed a slight dependence on the
L-histidine concentration.

75



Chapter 2

Hydroquinone
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Remarks:
- [NCls]o: ~1 uM, pH 5, molar ratio
NCls:hydroquinone: 1:10-1:50.

Remarks:

- [NCls]o: ~1 uM, [methylamine]:
0.25—1 mM, molar ratio NCl;:methylamine:
1:250-1:1000.

- pH unstable (7.05-7.3).

- Calculation of kypp pr 7 With linear regression
(red circle).

Remarks:
- [NCls]o: ~1 uM, pH 7, molar ratio
NCls:morpholine: 1:15-1:30.
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Phenol
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Remarks:

- [NCls]o: ~1 uM, pH 5, molar ratio
NCls:phenol: 1:100-1:800.

- pH values for concentrations > 400 pM were
slightly below 5 (4.93—4.95).

- The range used for the mean calculation
showed a slight dependence on the
phenol concentration.

Remarks:

- [NCl3]p: ~0.1-0.5 uM, molar ratio
NCls:resorcinol: 1:10-1:25.

- pH unstable: 5.0-5.1.

- The measurements of resorcinol at 4 and 5
UM had a kqps > 5% 107 s! and were therefore
not considered for the mean calculation.

Remarks:
- [NCls]p: ~0.1 uM, pH 7, molar ratio
NClj:trimethylamine: 1:10—1:15.
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Remarks:

- [NCls]o: ~1 uM, pH 7, molar ratio
NCls:urea: 1:10°000-1:100°000

- The three lowest concentrations were
omitted for the mean calculation of kqpp.

- The range used for the mean calculation
showed a slight dependence on the urea
concentration.
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D Reactivity of trichloramine with chlorinated uric acid and calculated reactivity with

bather fluid analogues (BFAs)

Text D.1.

A uric acid (structure in Figure D.1) stock solution (5 mM) was chlorinated with free chlorine
at various molar ratios (Figure D.2). The solution was stored for > 10 minutes to guarantee
complete reaction. Thereafter, the reactivity of trichloramine (1 uM) with chlorinated uric acid
(2.5-75 uM) was investigated at pH 7. Due to its fast reaction, the solutions with a ratio < 2:1
(free chlorine:uric acid) were too fast to be accurately measured with MIMS without influence
of the trichloramine washout. Therefore, the expected k,p, for these ratios are higher than the
measured ones.

The results in Figure D.2 show that non-chlorinated or low chlorinated (molar free chlorine:uric
acid ratios of 1:1 and 2:1) uric acid has a high k,,p, Which is comparable to the range of &y, for
hydroxylated aromatic compounds. This might be due to the conjugated double-ring structure
of the molecule. If uric acid is more chlorinated (molar free chlorine:uric acid ratios of 3:1 and
4:1), it has a reactivity with trichloramine in the range of other secondary amines (10'-10° M
s). It is assumed that at this degree of chlorination the electrons cannot move freely in the ring
system. At the same time, not all of the nitrogen in the molecule are chlorinated wherefore the
uric acid reacts similar to secondary amines. At a higher extend of chlorination (free
chlorine:uric acid ratios of 5:1 and 6:1), the uric acid is almost unreactive towards trichloramine
similar to primary amines or amides (see Figure 1, main text).

OH
H

N NH
o= | /K
N
N 0
H H

Figure D.1. Structures of the two uric acid tautomers.

N X
N
HO—</ |
N N/ OH
H
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m k,_within measurable range
o k. influenced by wash out g o
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Figure D.2. Measured k,,, for the reaction of chlorinated uric acid (2.5-75 puM) with
trichloramine (1 uM) at pH 7 for various free chlorine:uric acid ratios. The kinetics of the ratios
0:1, 1:1 and 2:1 were too fast to be measured without influence of the trichloramine out
washing. The uric acid concentration was only in a small excess (2.5 times) to trichloramine for

the measurements at the ratios 0:1 and 1:1.
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Table D.1

Concentrations and calculated contributions of bather fluid components to the trichloramine
degradation for three different body fluid analogues BFA (G) (Goeres et al., 2004), BFA (B)
(Borgmann-Strahsen, 2003) and BFA (J) (Judd and Bullock, 2003). The kapp, pu7 for uric acid

(red) is an estimated value for the non-chlorinated uric acid.

concentration normalised to molarmass norm.conc. Kapp pn7  Kobs,pi7 contribution to NCls-

BFA (G) -1 -1 -1 -1 11 -1 :

(mglL") lmglL urea (gmol”) (mmoll’) (M's™) (s7) degradation (%)
urea 62.6 1.00 60.1 16.65 3.4E-02  5.7E-04 0.04%
creatinine 4.3 0.07 113.1 0.61 6.0E+00  3.6E-03 0.25%
uricacid 1.5 0.02 168.1 0.14 1.0E+04  1.4E+00 99.70%
lactic acid 33 0.05 90.1 0.59
albumin 9.7 0.15
glucuronic acid 1.2 0.02 194.1 0.10
ammonium chloride 7 0.11 53.5 2.09 1.9€-02  3.9E-05 0.00%
sodium chloride 22.1 0.35 58.4 6.04
sodium sulfate 35.3 0.56 142.0 3.97
sodium bicarbonate 6.7 0.11 84.0 1.27
potassium phosphate 11.4 0.18
potassium sulfate 10.1 0.16 174.3 0.93

sum 1.4E+00
BFA (B concentration normalised to molarmass norm.conc. Kapp pn7  Kobs,pi7 contribution to NCls-
(8) (mgL?) imgLturea (gmol®) (mmoll?) (M*sh) (sh degradation (%)
urea 23000 1.00 60.1 16.65 3.4E-02  5.7E-04 15.19%
creatinine 1250 0.05 113.1 0.48 6.0E+00  2.9E-03 77.00%
glutamicacid 300 0.01 147.1 0.09
asparticacid 830 0.04 133.1 0.27
glycine 450 0.02 75.1 0.26 2.6E-01  6.8E-05 1.83%
histidine 200 0.01 155.2 0.06 4.0E+00  2.2E-04 5.98%
lysine 75 0.00 146.2 0.02
sum 3.7E-03

BFA (J) concentration normalisedto molarmass norm.conc. kg pi7  Kobs pu7 contribution to NCls-

(mgLh) 1mgLl urea (gmol™) (mmoll?) (M*s) (s degradation (%)
urea 14800 1.00 60.1 16.65 3.4E-02  5.7E-04 0.03%
creatinine 1800 0.12 113.1 1.08 6.0E+00  6.4E-03 0.33%
uricacid 490 0.03 168.1 0.20 1.0E+04  2.0E+00 99.54%
citricacid 640 0.04 192.1 0.23
histidine 1210 0.08 155.2 0.53 4.0E+00  2.1E-03 0.11%
hippuric acid 1710 0.12 179.2 0.64
ammonium chloride 2000 0.14 53.5 2.53 1.9e-02  4.7E-05 0.00%
sodium phosphate 4300 0.29

sum 2.0E+00
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E Reactivity of chloramines with dimethylamine, phenol, chlorophenols, hydroquinone

and benzoquinone

kapp, pH7 = /Cl app pH 5
g 93 M- s
HaC—NH 29 M s HaC—N_
CHs3 NC|3 CHs NCI3
. . chlorinated

dimethylamine dimethylamine

a)

hydroqumone benzoqumone
Cc
) OH
app pH 5 Cl Cl kapp pH5 =
8.2 M's 133 M s
—> > ——— > products
OH NCl, NCl,
kapp, pH5 2-chlorophenol 2,6-dichlorophenol
28 M's
NCl, OH
=—> =
phenol app pH 5 Cl kapp, pH5
1g-1 -1 -1
19M's > 45M's products
NCl,
Cl
4- chlorophenol 2,4-dichlorophenol

Figure E.1. Major reaction pathways for the reaction of trichloramine with (a) dimethylamine,
(b) hydroquinone and (c) phenol. The kg, in (a) and (b) are the measured values at pH 7 and 5,
respectively. The k,pp 1in (c) correspond to the values used in the model for the reaction of

trichloramine with phenol at pH 5 and room temperature (22-23 °C).
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Figure E.2. Measured benzoquinone formation from the reaction of hydroquinone (100 pM)
with (a) trichloramine and (b) free chlorine. The slope of the measured benzoquinone formation
depends on the trichloramine concentration and reveals that the benzoquinone yield was about
80% for the reaction of trichloramine with hydroquinone. The same conclusion cannot be
drawn for the free chlorine reaction since benzoquinone was not stable in presence of free
chlorine (Figure E.3). (¢) The reaction of trichloramine (7.4 uM) with hydroquinone (100 uM)
leads to a fast, immediate benzoquinone formation and a slower benzoquinone formation

thereafter, which might be induced by primary or secondary reaction products.
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Figure E.3. Evolution of the absorbance of benzoquinone (10 uM) in presence of (a)
trichloramine (100 uM) and (b) free chlorine (150 uM) at pH 7 (phosphate buffer, 5 mM). The
spectrum of benzoquinone (10 uM) is shown by the red line. The spectrum of the reaction
product in (a) is corrected for the trichloramine absorbance (100 uM). Due to the high
absorbance of trichloramine at wavelengths < 230 nm, the spectrum was out of measurable

range of the instrument for A <230 nm and should therefore not be considered.
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Figure E.4. Evolution of the absorbance after the reaction of (a, b) monochloramine (145 uM)
and (c, d) dichloramine (~40 puM) with hydroquinone (10 pM) and benzoquinone (10 uM) at
pH 7 (phosphate buffer, 5 mM). The red lines represent the absorbance of hydroquinone (10
uM) and benzoquinone (10 pM), respectively. All spectra were corrected for the absorbance of
(a, b) the monochloramine (145 uM) and (c, d) the dichloramine (~40 uM) absorbance. The
insets show the evolution with time, note that the y-axes have different scales. The
dichloramine solution was produced by lowering the pH of a monochloramine solution but
keeping the pH constantly above 4.5 to avoid trichloramine formation. The dichloramine

solution still contained a small portion of monochloramine, which could interfere in the

measurements.
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Chapter 3

Abstract

Membrane inlet mass spectrometry (MIMS) is a widely used technique to measure volatile and
semi-volatile substances in environmental samples. It allows for online and on-site
measurements of multiple analytes. To measure and analyse multiple samples over a long time-
period, it is essential to control automatically the inlet valve of the MIMS and to record the
temporal sequence of the valve position. The data of the mass spectrometer (MS) must be
analysed in connection to the valve position. A software (MIMS-VICI Driver) was developed to
operate the inlet valve of a MIMS device (MIMS 2000) manually or with a defined method.
Furthermore, the software monitors continuously the valve position. A second software
(MIMS-VICI Analysis) was developed to facilitate the analysis of the MS data for the three
standard measurement techniques (flow-injection, steady-state and continuous-flow
measurements). Thereby, the original data set is reduced drastically to an essential data set
without work-intense and arbitrary data processing such as manual peak finding and analysis.
Both programs were successfully tested in the laboratory and in a field campaign with long-

term measurements.
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3.1 Introduction

Membrane introduction mass spectrometry (MIMS) is an analytical technique with broad
applications in the field of environmental chemistry and biology due to its ability to measure
volatile and semi-volatile compounds in gaseous, liquid and solid samples (Ketola et al., 2010;
Michler et al., 2012). The technique is based on the coupling of a mass spectrometer (MS) with
a membrane inlet, which separates the sample from the vacuum chamber of the MS.
Commonly, a peristaltic pump aspires the sample and pumps it via the inlet valve to the
membrane. The analyte pervaporates through the membrane, a process which consists of the
adsorption of the analyte on the membrane, the permeation through the membrane and the
desorption into the vacuum (Johnson et al., 2000). The diffusion of the analyte through the
membrane is often the rate limiting step. The maximal analyte response depends on the steady-

state permeation of the analyte through the membrane which can be calculated with Fick’s Law

I,(x,t) = —AD (“’g—i’“”) G.1)

where I,,(X,t) is the analyte flow (mol sec™), A the membrane surface (cm?), D the diffusivity
(cm® sec™), which is a property of the analyte and the membrane, and C,,(x,t) is the

concentration of the analyte m at time # and depth x in the membrane (Johnson et al., 2000).

Cm(

. . . CyH(x,L) . _,
Hence, the gradient of the concentration of the analyte in the membrane ”;—XXU is decisive for

the analyte flow through the membrane. This gradient can also be expressed using Henry’s Law
(Cm = SPn) which results in an equation for the total fluence of the analyte m

(Itotalm (mol s™1)) as follows
Itotal,m = ADS(P,/L) (3.2)

where S is the solubility of the analyte (mol atm™ cm™), P,, the partial pressure (atm) of the
analyte m (Johnson et al., 2000) and L the membrane thickness (cm). The most frequently used
membrane in MIMS analysis is a silicon membrane, which renders MIMS an appropriate
technique for the measurement of volatile, nonpolar substances. Equation 3.2 also illustrates
that the fluence of the analyte into the vacuum chamber of the MS is positively correlated to the
membrane surface and negatively to the membrane thickness. Several interfaces are known for

the membrane introduction, whereof the most frequently used are shown in Figure 3.1.
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Figure 3.1: Examples of interfaces for membrane (gray) introduction with (a) a flat sheet
membrane, (b) a sample flow through the membrane tube and (c) a sample flow around the

membrane tube.

A thin membrane with a high surface increases the flux of the analyte and consequently its
signal in the MS. Increasing temperature can also maximize analyte flux since diffusivity,
solubility and partial pressure are dimensions which strongly depend on temperature. However,
all aforementioned parameters must be optimized because an increased analyte flux is always
accompanied by an increased flux of the sample matrix through the membrane. Under
optimized conditions a high analyte flux is reached, while the membrane still discriminates the
sample matrix. This results in a high signal-to-noise ratio. A last factor is the sample flow
velocity. High sample flow in front of the membrane ensures that there is no analyte
concentration drop on the membrane surface due to the permeation into the membrane. Low
sample flow improves the contact with the membrane surface. In this study, MIMS was

operated with a sample flow of 5-15 mL min™".

The MIMS differs from more conventional MS systems such as liquid chromatography-MS
(LC-MS) or gas chromatography-MS (GC-MS) mainly by the fact that there is no
chromatographic separation. Furthermore, no sample pre-treatment, such as for instance salt
addition to the sample, is necessary and using a flat sheet membrane allows for measurements
without a carrier gas. This results in a number of advantages and disadvantages comparing
MIMS with conventional MS systems (Table 3.1). MIMS facilitates online and on-site
measurements with a temporal resolution, which is only restricted by the membrane transport
rate. The price for the fact that online measurements are feasible is that there is no separation of
the compounds. Therefore, analytes can only be measured if they have specific ions m/z which
are free of interferences. If this is the case, multiple analytes can be measured simultaneously
by monitoring the corresponding ions. MIMS measurements are commonly conducted by one
of the three following analysis methods: (i) flow-injection, (ii) steady-state or (iii) continuous-
flow measurements (Figure 3.2). (i) In steady-state measurements, the sample is measured

when a steady-state signal is reached (Figure 3.2a). The time to reach a steady-state depends on
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Table 3.1: Comparison of membrane inlet systems with systems containing a chromatographic

separation prior to the MS.

Strenghts Weaknesses
- no sample pre-treatment - requires a compound specific ion
. . - on-line, continuous - resolution time limited by permeation
Membrane introduction . .
- on-site possible through membrane
- small matrix effects - requires considerable sample volume
- analyte seperation - limited by compound stability in the
Liquid / gas-chromatography - measurement of the ion with chromatography
the highest abundance - discrete measurements

the analyte as well as on its concentration and on parameters such as membrane temperature
and sample flow. (i1) Flow-injection is a method in which the sample is flowing in front of the
membrane for a short, defined time period, which is commonly in the range of 30—180 s (Figure
3.2b). Thereafter, the sample is washed out by water. The MS signal increases in the first phase
and decreases again during the washing out. The analyte is quantified by analysing the peak
height. This method is used to measure analytes which need a long time to reach a steady-state
signal or which are present in high concentrations. Additionally, this method is an option for
measurements with restricted sample volume. (iii) Continuous-flow measurement means that
one sample is continuously measured for a longer time period (Figure 3.2c). Changes in the
signal correspond directly to changes of the analyte concentration in the sample if the temporal
variation of the concentration is not faster than the transport of the analyte through the
membrane. This allows to monitor the evolution on an analyte in the sample with a high

temporal resolution.

Because of its ability to measure multiple analytes online and without sample pre-treatment,
MIMS analyses are used in a wide field of applications such as bioreactor studies on
microbiological and enzymatic activity (i.e. medical research, pharmaceutical production and
environmental sciences), measurements of volatile and semi-volatile contaminants in the
environment and monitoring of industrial processes or disinfection by-products in pool water

(Johnson et al., 2000; Kristensen et al., 2010; Soltermann et al., 2014Db).

Because many of these applications require measurement times in the order of hours and days
and the MS measures one ion every 100-1000 ms, an efficient data processing is essential. The
MIMS used in this study was a commercially available device named MIMS 2000, which is
suited for on-site measurements. Unfortunately, only a software to operate the MS (Quadera)

and a very basic software to control the inlet valve were delivered. As a consequence, three
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important requirements for efficient measurements were not met by the MIMS 2000 and the
associated software: (i) the operation of the inlet valve was not user-friendly, (ii) the MS data
could not be linked with the corresponding position of the inlet valve, which is mandatory to

interpret the MS data when measuring multiple samples and (iii) no automatic data analysis
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Figure 3.2: MS-signal during (a) the calibration of monochloramine (0—10 uM) with a steady-
state measurement, (b) the calibration of trichloramine ((0—4 pM) with a flow-injection
measurement and (c) a continuous-flow measurement of a changing monochloramine solution.
One ion is measured each 0.5 s. The red dots are the computed results with the software MIMS-

VICI Analysis. For the continuous-flow measurement (c) an interval of 20 s was chosen.
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such as peak finding or analysis of steady-state signals was provided. Therefore, two software
were engineered to facilitate a routine control of the inlet valve and to perform efficient data

analysis without work-intense and arbitrary manual peak recognition or mean determination.
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3.2 Materials and Methods

3.2.1 Programming environment

MIMS-VICI Driver and MIMS-VICI Analysis were developed in a programming environment
called Laboratory Virtual Instrument Engineering Workbench (LabView, National
Instruments). LabView has a visual programming language which supports the development of
software for data processing, instrument control and automation of processes. LabView allows

for a user-friendly software handling since it facilitates the creation of user interfaces.

3.2.2 Overview of MIMS 2000 and its associated software

MIMS 2000 is composed by a sampling device (8-position inlet valve), a membrane inlet
(temperature-controlled by a thermostat) and the MS-part (consisting of an electron ionization
source, a quadrupole, an amplifier and a detector) (Scheme 3.1). This hardware is controlled by
two programs: (i) The MIMS-VICI Driver software operates the inlet valve and (i1) the Quadera
software controls the MS. Both software have an own user interface and work independently.
Data on temporal positions of the inlet valve were generated and saved with the MIMS-VICI
Driver while data on analyte signals are collected and saved with the Quadera software. The
MIMS-VICI Analysis software enables to link both data. After loading the two data sets,
MIMS-VICI Analysis also facilitates the data processing by automation of peak finding or
steady-state analysis. Computed results can be saved as a spreadsheet file and used for further

treatment (e.g., with excel).
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Membrane Introduction Mass Spectrometer (MIMS)

Sampling Device Membrane Mass Spectrometer
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Scheme 3.1: Overview of MIMS 2000 and its associated software (from Soltermann et al.
(2014a)). The programs MIMS-VICI Driver and MIMS-VICI Analysis were developed in this

study while Quadera is a commercially available software.
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3.3 Results and Discussion

3.3.1 MIMS-VICI Driver

The software MIMS-VICI Driver consists of two interfaces to operate the inlet valve
(‘Manually’ and ‘Method’, SI Figure A.1 and A.2) and one interface which allows to export a
logbook of the valve positions. The inlet valve can be controlled by three means: (i) directly on
the front panel of the device, (ii) manually or (iii) automatically with the software MIMS-VICI
Driver. On the interface ‘Manually’, the positions of the inlet valve can be named and the inlet
valve can be manually set to a position. Additionally, the front panel can be locked to prevent
unwanted interactions. On the interface ‘Method’, a method can be defined which sets the inlet

valve automatically to the desired position for a defined time period.

Figure 3.3 shows the interface ‘Logbook’ on which data about all the changes of the inlet valve
position are recorded (absolute time, time on this position, position, position name, type of
change (front panel, manually, method)). This data can be exported (as .txt and .bims) to be
used by other software such as Excel or MIMS-VICI Analysis.

“E MIMS-VICI Driver 3.3.0.vi

MIMS-VICI Controller
MIMS-VICI Driver 3.3.0

et | Losbock. | Morualy
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6012014 J00:00:50.4 3 oo Jblank  Jdesrvicr

11:19:20.157 :
16.01.2014 21w Manualy
11:20: 10,490

16.01.2014 4 bk

11:21:14.931 -
16.01.2014 s | ETE R T

11:21:20.300
16.01.2014 4 bk

11:21:41.953 -
16.01.201% 1 ok
11:21:51.230 -
16.01.201% 1 ok

11:21:57.614 -
16.01.2014 2 5 | Jmono25 Manualy

Figure 3.3: The interface ‘Logbook’ shows a record of data about all valve positions during the

running time of the software MIMS-VICI-Driver.
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3.3.2 MIMS-VICI Analysis

The software MIMS-VICI Analysis helps to combine and treat data of the mass spectrometer
(Quadera) and the inlet valve (MIMS-VICI Driver). On the first two interfaces, data from
Quadera and MIMS-VICI Driver can be loaded, illustrated and labelled (SI, Figure B.1 and
B.2). These two data sets are linked and illustrated in one single graph on the next interface

(Figure 3.4).

This facilitates decisively the interpretation of the MS data of long-term measurements with
several samples. With the software provided by the manufacturers, no information on the valve
position is automatically gathered although no analysis of the MS-signal is possible without

knowing the corresponding valve position.

Raw data of long-term measurements with MIMS consist of large data matrixes since
commonly several ions are measured in various samples. According to the settings of the MS,
one ion is measured every 100-1000 ms. This tremendous amount of data can be significantly

reduced by performing a steady-state, flow-injection or continuous-flow analysis, which are
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Figure 3.4: This interface shows a graph including the MS signal (red, green and blue lines) as
a function of time and the corresponding valve position (colored bars at the bottom of the
graph). Changes of the valve position are indicated with yellow lines. Samples which are
considered as baseline measurements are shown in white. Calculated mean values for each ion

and sample are marked with a white dot.
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supported by the software (SI, Text B.1). Furthermore, the data processing is less arbitrary than
by a manual analysis. In the case that one sample shows some irregularities during the
measurement, the software offers in the second last interface the option to manually analyse the
data for individual samples (SI, Figure B.3). The results of the analysis are summarized in the
last interface, which also allows for saving the performed data treatment and for exporting the

result table (SI, Figure B.4).

3.3.3 Application

The two software were successfully applied during several experiments in the laboratory and a
field campaign (Soltermann et al., 2014a; Soltermann et al., 2014b). Especially during a
sampling campaign, the software MIMS-VICI Driver simplified the data collection by the
automatic valve control and provided data on the valve position at any time. The campaign
lasted for about one month, which resulted in a four dimensional (time, valve position, ion, ion
signal) data matrix with about one million data points. Figure 3.5 shows the data of one
sampling day and how this four dimensional data is illustrated with the software MIMS-VICI
Analysis. The top graph in Figure 3.5 shows the whole data set with the measured ion currents
for selected ions (colored lines) and the corresponding valve positions (colored bars at the
bottom of the graph) as a function of time. The results of the performed steady-state analysis
are included in the same graph (dots). To illustrate this better, the middle graph of Figure 3.5
provides a zoom into a section of the whole data set (27595.9-34416.8 s). In this graph, the
mean values calculated from the steady-state analysis (white dots) are better visible. These
computed results can be exported to an Excel table, which facilitates an efficient treatment of
the reduced data set. The bottom graph of Figure 3.5 gives an example of how the reduced data
can be illustrated. It shows the evolution of the signal for the ion 83 m/z for the samples of the 5

different valve positions.
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Figure 3.5: The top graph shows a one-day data set of the sampling campaign in a swimming
pool facility. 5 samples were continuously measured for 12 minutes each and 14 ions were

analysed for each sample (0.5 s measurement period). The middle graph shows a zoom into the
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data set (27595.9-34416.8 s). The coloured lines show the evolution of the ion current for the
measured ion. The colours at the bottom of the graph indicate the valve position. The dots show
the automatically calculated mean values for the steady-state conditions. The mean values are
exported to an Excel table. The bottom graph gives an example of the data analysis showing the
evolution of the signal for the ion 83 m/z (representative for trihalomethanes) for the 5 different

samples.
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3.4 Conclusions

Membrane introduction mass spectrometry (MIMS) is a widely used method to analyse apolar,
volatile compounds in environmental and laboratory samples. It is a suitable method for
continuous and on-line monitoring of systems such as bioreactors or abiotic chemical reactors.
However, so far measurements with MIMS 2000 suffered strong restrictions because data on

the position of the inlet valve were not registered.

The software MIMS-Driver allows for an easy control of the inlet valve and monitors
continuously the position of the inlet valve. This data facilitates the software MIMS-VICI
Analysis to perform three types of data analysis: steady-state, flow injection and continuous-
flow analyses. All three types of data analyses reduce significantly the data volume, which
enables to analyse data of long-term measurements of multiple samples. Measurements in the

laboratory and during a field campaign showed the necessity of the two software.

The case of the MIMS 2000 clearly shows that analytical devices are not always limited by
their hardware. Often a large amount of data is quickly generated but its analysis requires a lot
of tedious work. An automation of this work with a software provides the advantage of more

efficiency and less arbitrariness.
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A Software “MIMS-VICI Driver”

2 MIMS-VICI Driver 3.3.0.vi

Figure A.1. The interface “Manually” of the MIMS-VICI Driver offers the option to define
information on the inlet valve, to set the inlet valve position and to name the valve positions.

Furthermore, the front panel on the hardware of the MIMS can be locked or unlocked.
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Figure A.2. The interface “Method” of the MIMS-VICI Driver offers the option to
automatically control the inlet valve by defining a sequence of measurement steps (measurment
time, turning direction t, valve position and sample name) and the number of repetitions of the

sequence.
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Figure B.1. Data of the MS signals can be loaded and plotted on this page.
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: MIMS-VICT Analysis 3.3.0.vi

Figure B.2. The logbook on the inlet valve position can be loaded and the names of the valve
positions adjusted. Furthermore, the valve position(s) of the blank sample(s) can be defined as

baseline(s).
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Figure B.3. The software offers the option to individually treat analysis of the steady-state

signal by adjusting the limits for the mean calculation (green lines).
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treated data.
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Text B.1. Procedure for the computation of flow-injection, steady-state and continuous-

flow analysis, inclusive baseline values.

The software “MIMS-VICI Analysis” supports three types of data analyses: flow-injection,
steady-state and continuous-flow analyses. All three methods have in common that the signal
height/intensity is calculated by subtracting a baseline value from the signal peak. The user of
the software defines which samples are treated as baseline values. In these samples, the baseline
is calculated by adding 26 (o = standard deviation of the sample) to the minima of the sample
signal, which is found with a quadratic fit algorithm. The signal values for the three analyses

types are computed as follows:

Flow-injection analysis: A quadratic fit algorithm is used to find the maxima of the sample
peak. The user can set a parameter to define the number of points that are used in the fit

algorithm.

Steady-state analysis: The sample peak is the mean value of the sample signals during the
second half of the sampling period. The software offers the option to manually set the borders

for the mean calculation if necessary.

Continuous-flow analysis: The user defines for which time-interval the samples are analysed.

A signal value is extracted after every time-interval.
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Abstract

Trichloramine is a hazardous disinfection by-product, which is present in chlorinated swimming
pools. Although it is primarily taken up by inhalation, the concentration in pool water is
important to monitor pool water quality and to assess trichloramine mitigation strategies. To
date, scarce data is available on trichloramine concentration in pool water due to the lack of a
suitable and easily applicable analytical method. This study presents a novel low cost,
colorimetric method which is easy to operate and suitable for on-site measurements of
trichloramine concentrations > 0.05 uM (> 0.01 mg L™ as Cl,). The analytical method (termed
“extraction-based ABTS method”) consists of, (i) trichloramine stripping from pool water
samples, (ii) passing it through a solid phase filter, composed of silica gel impregnated with
sulfamic acid to eliminate interferences and (iii) trichloramine reaction with the indicator 2,2-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) to produce the
colored ABTS' ™ radical, which is measured at A = 405 nm to determine the trichloramine
concentration in the pool water sample. A comparison of the extraction-based ABTS method
with membrane introduction mass spectrometry (MIMS) for 28 pool samples revealed a good

correlation of the two methods.

The trichloramine concentration in pool samples is correlated to HOCI, which is the most
important factor for its formation. Other parameters such as combined chlorine and pH play a
minor role while no correlation between trichloramine and the urea or the TOC concentration
was observed. On-site measurements with MIMS in a wading pool over 6 days with a time
resolution of 1 h confirmed that trichloramine concentrations strongly responded to changes in
free chlorine concentrations. A diurnal measurement of trichloramine with a time resolution of
20 min revealed that trichloramine concentrations reacted quickly and sensitively to the bather

load and that urea is probably not the main precursor for its formation.
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4.1 Introduction

Swimming is popular worldwide for recreation and sport. To provide safe pool water for
customers, pool facilities face an optimization problem: to lower the formation of undesired
disinfection by-products (DPBs) they have to reduce the disinfectant dose, with the
consequential risk of hygienic problems. The variety of potential DBPs in pool waters is large
(e.g. haloamines, nitrosamines, trihalomethanes, haloacetic acids) (Walse and Mitch, 2008;
Richardson et al., 2010). Among these DBPs, the volatile trichloramine is of particular concern
in indoor swimming pools since this malodorous compound is assumed to cause skin and eye
irritations as well as irritations of the respiratory tract and possibly asthma (Massin et al., 1998;

Bernard et al., 2003; Schmalz et al., 2011b).

Because the adverse health effects of trichloramine are mainly related to its presence in air,
different methods for trichloramine measurement in the air of indoor pools were developed.
Henry et al. (1995) introduced a method in which air is first aspirated through a filter (silica gel
impregnated with sulfamic acid) to eliminate potential interferences from free chlorine and
other chloramines before trichloramine is reduced to chloride by diarsenic trioxide. The
trichloramine concentration is quantified by measuring the chloride concentration by ion
chromatography (IC) after 180 minutes of continuous sampling. This method was adopted as a
standard by the National Research and Safety Institute, France (INRS) and then used in various
studies (Massin et al., 1998; Parrat et al., 2012). More recently, alternative methods such as
colorimetric impinger methods (based on N,N-dipropyl-p-phenylene-diamine (DPD), which
avoids the use of toxic diarsenic trioxide and IC analysis) were presented and applied for
trichloramine measurement in indoor pool air (Schmalz et al., 2011b; Weng et al., 2011;

Predieri and Giacobazzi, 2012; Fantuzzi et al., 2013).

Several studies reported trichloramine concentrations in indoor pool air of up to 2 mg m™ but
with most values below 0.5 mg m™, which is the recommended maximum level by the INRS
and the World Health Organisation (WHO) (Héry et al., 1995; WHO, 2006; INRS, 2007; Weng
et al., 2011; Parrat et al., 2012). It has been shown that trichloramine concentrations in indoor
pool air depend on air ventilation and on the mass transfer from water to air induced by bather

activity (Schmalz et al., 2011a; Weng et al., 2011).

Since trichloramine is formed in the pool water, it is essential to measure it in the aqueous
phase to evaluate pool water quality and to develop mitigation strategies. Trichloramine in pure
solution and at a high concentration is commonly quantified by direct spectrophotometry (¢ =

190 M cm™ at A = 336 nm) (Gazda et al., 1995), but multiple methods are available to measure
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low concentrations of chloramines in real waters (Kinani et al., 2012). However, only a few of
these methods are free of interferences and sensitive enough to measure trichloramine
concentrations in pool water. Most of the methods suited for trichloramine analysis take
advantage of the marked volatility of trichloramine, since its Henry’s constant (mole fraction in
the air / mole fraction in the water) of 435 is much higher than for the interfering species (e.g.
NH,CI: 0.45, NHCl,: 1.52, HOCI: 0.043) (Holzwarth et al., 1984). Gérardin et al. (2005)
measured trichloramine in pool water by stripping trichloramine from pool water followed by
trichloramine measurement in air with the diarsenic trioxide method. The sampling time was 1—
2 hours in order to accumulate sufficient chloride for analysis by IC. In other studies, mass
spectrometry (MS) was used in two different combinations, namely gas chromatography-MS
(GC-MS) and membrane introduction MS (MIMS), to quantify trichloramine in drinking water
and pool water (Shang and Blatchley, 1999; Weaver et al., 2009; Kosaka et al., 2010). GC-MS
measurements have the advantage to minimize interferences due to the separation by the
column. MIMS is favourable because it separates volatile, nonpolar compounds from others
through a membrane, which facilitates on-site and online measurements without sample pre-
treatment. However, only substances with unique fragments (m/z signals) can be analysed,
otherwise interferences must be subtracted from the signal (Johnson et al., 2000). For
trichloramine, only the fragment 88 m/z is assumed to be free of interferences in pool water, but
this fragment occurs with low abundance (Weaver et al., 2009). A drawback of MS-based
methods is that they rely on expensive equipment and can only be operated by skilled
personnel. N, N-diethyl-p-phenyldiamine (DPD)-based standard methods for chloramine
analysis are inexpensive alternatives which can also be conducted by pool attendants (APHA,
2005). However, trichloramine concentrations are usually near or below the measurable range
of DPD-based methods. Furthermore, it has been shown that the DPD methods suffer from
interferences by the other inorganic chloramines (NH,Cl, NHCl,) and it is difficult to
individually quantify the three inorganic chloramines by these methods (Shang and Blatchley,
1999; Shang et al., 2000).

Due to these analytical challenges, trichloramine concentrations in pool waters have only been
measured in few studies, which yielded levels of up to 150 pg L™ as Cl, (~0.7 pM), with most
values in the 20100 pg L™ range (0.1-0.5 pM) (Gérardin et al., 2005; Li and Blatchley, 2008;
Weaver et al., 2009).

Although various potential precursors are present in pool water, several studies suggest that
trichloramine is mainly formed through the reaction of urea with molecular chlorine and

hypochlorous acid (eqs. 4.1-4.3) (Blatchley and Cheng, 2010; De Laat et al., 2011; Schmalz et
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al., 2011a). Thereby, it is assumed that the amide nitrogen of urea is first chlorinated by
molecular chlorine (Cl,, present in small concentrations during chlorination) and then further
chlorinated by hypochlorous acid before trichloramine is released (Blatchley and Cheng, 2010).
NCl in eq. 4.3 is a hypothetical intermediate, which further reacts to more stable nitrogenous

species such as nitrous oxide (N,O).

CO(NH,), + Cl, » H,NCONHCL + Cl~ + H* (4.1)
H,NCONHCL + 3 HOCl - CO(NCLy), + 3 H,0 (4.2)
CO(NCLy), + HOCl - NCl; + H* + Cl™ + CO, + NCI (4.3)

Because urea concentrations in pool water are typically in the lower mg L™ range (10-50 pM),
it is in excess on a molar basis relative to free chlorine (HOCI/OCI', Cl,), which is regulated at
0.2-0.8 mg L' as Cl, (3—11 uM) in Switzerland (De Laat et al., 2011; Schmalz et al., 2011a;
SIA, 2013). However, conditions in small pools such as wading pools can change quickly due
to temporal changes of bather load and chlorine addition. Schmalz et al. (2011a) assumed that
under pool water conditions, only about 1 % of the urea is converted to trichloramine. They
showed that the yield of trichloramine formation depends on the chlorine:urea ratio and the pH.
An increasing trichloramine formation with decreasing pH for a constant free chlorine
concentration was reported in other studies (Blatchley and Cheng, 2010; Hansen et al., 2012).
Blatchley and Cheng (2010) also showed that trichloramine formation from the reaction of free
chlorine with urea is a slow process. Furthermore, trichloramine concentrations might be related
to combined chlorine concentrations since monochloramine can be chlorinated to trichloramine
and trichloramine dechlorinated to monochloramine (Jafvert and Valentine, 1992). To date it is
not entirely clarified which parameter (free chlorine, pH, precursor or combined chlorine) is
mainly influencing the trichloramine concentration. It is only assumed that outgassing
marginally affects the trichloramine mass balance in a swimming pool unless it is a shallow
pool with high bather activity (wading pool) or with an unconventional water inlet (e.g.

artificial waterfall, fountain) (Schmalz et al., 2011a; Weng et al., 2011).

To overcome the aforementioned problems of the currently available trichloramine
measurement methods, this study aimed to develop a fast, robust and low-cost method for on-
site trichloramine analysis, suitable for pool personnel. This method has a unique design and is
based on the oxidation of 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS), an indicator which was previously used for free chlorine and monochloramine
measurements (Pinkernell et al., 2000). The method was validated by comparison with MIMS

analysis using ultrapurified water and pool water samples. Furthermore, additional parameters
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such as pH, free and combined chlorine and urea were measured to investigate their relationship
to trichloramine concentration in pool water. In addition, on-line measurements were conducted

in a pool facility to gain more information about trichloramine dynamics in swimming pools.
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4.2 Materials and Methods

4.2.1 Reagents

Chemicals

All chemicals were analytical grade and used without further purification. Sodium hypochlorite
(6—14 % active chlorine), ammonium chloride, ortho-phosphoric acid, silica gel 60, sulfamic
acid and 2,2’-azino-bis(3-ethyl-benzothiazole-6-sulfonic acid) diammonium salt (ABTS) were
purchased from Sigma-Aldrich. Sodium dihydrogenphosphate, sodium hydroxide pellets,
hydrochloric acid, perchloric acid, titriplex III, urea and urease were obtained from Merck.
Glass wool (silane treated) was purchased from Supelco. A “Barnstead nanopure” water

purification system from Thermo Scientific was used to produce ultrapurified water.

Chloramine, ABTS and buffer solutions

Monochloramine (NH,ClI) stock solutions were produced as described previously (Soltermann
et al., 2013). Dichloramine (NHCI,) stock solutions were produced freshly prior to each
experiment by lowering the pH of a monochloramine solution. Perchloric acid was added
dropwise to a stirred monochloramine solution until the pH remained almost stable, slightly
above pH 4. Dichloramine was aged for more than one hour until the reaction was complete.
During that time, dichloramine formation was monitored spectrophotometrically with a method
described by Schreiber and Mitch (2005) in which absorptions at A = 245 and 295 nm (NH,Cl:
Ea4snm = 445 Mlem™, 2050m = 14 M'em™; NHCL: €245nm = 208 M'em™, €05nm = 267 M 'em™)
were used for quantification. Trichloramine solutions were prepared by mixing ammonium
chloride (5 mM) and hypochlorous acid (15 mM) with a dual syringe pump with a T-mixing
system at pH 3.5. Perchloric acid was used to adjust the pH of the stock solutions.
Trichloramine solutions were aged for at least 20 hours to ensure completion of the reactions.
Trichloramine yield was constantly 42—46 % and analysis of the absorption spectra suggested
that the solution did not contain NHCl,. Trichloramine solutions were produced weekly and
they were monitored spectrophotometrically (€ 336nm = 190 M'em™ and €360nm = 126 M'em™)
before each experiment (Schurter et al., 1995). ABTS stock solutions (5 mM) were produced
freshly daily. If not stated otherwise, phosphate buffer (0.1 M, pH 2.6) was used for the
extraction-based ABTS method.
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Filter production (impregnated silica gel)

Silica gel (particle size: 35-75 um) was washed with ultrapurified water. 200 mL of a sulfamic
acid solution (25 mg L") was added to 125 g of silica gel (dry weight). This mixture was dried
with a rotary evaporator at 58°C and ~75—110 mPa until it became solid. Afterwards, the silica
gel was dried overnight in an oven at 60 °C until the tap density (weight of silica gel in a mass
flask after knocking several times on the mass flask) was ~0.77 g cm™ (tap density prior to
impregnation was around 0.50 g cm™). To control the tap density after the drying process is
important as silica gel retains trichloramine at low concentrations more efficiently under dryer

conditions.

4.2.2 Apparatus

ABTS module

The equipment for trichloramine measurement with the extraction-based ABTS method, except
for the spectrophotometer, was placed in a box (40 cm x 32 cm x 30 cm) to make it suitable for
transportation and on-site measurements. This device consists of four main parts (Figure 4.1):
(1) an air pump and a pressure-reducing valve to provide a constant and adjustable air flow, (ii)
an extraction impinger to strip trichloramine from the sample, (iii) a filter to reduce
interferences by free chlorine and other chloramines, and (iv) a collection impinger containing

an ABTS solution to quench and quantify trichloramine.

The air pump (Type N86KN.18, pmax 2.4 bar, KNF, Balterswil, Switzerland) provided a
constant air pressure and with the help of the reducing valve (Type FDV 30 KPZ, 0.5-2.5 bar,
Balterswil, Switzerland), the air flow through the impingers was regulated. The resulting air
flow was controlled with an air flow meter (Fisher Control). The pressure in the extraction
impinger was above one bar due to the resistance of the frits in the impingers. A gate valve was
installed before the first impinger to start and stop the air flow and to prevent a backflow of the
liquid after stopping the pump. The impingers were 25 cm long and had an inner diameter of 16
and 14 mm for the extraction and the collection impinger, respectively. The frits (diameter: 8
mm, P 40 = 16—-40 pm) were inclined to prevent the formation of big bubbles. The extraction
and the collection impingers were connected with a U-shaped glass tube (inner diameter: 8 mm)
which contained the filter material (impregnated silica gel). The filter material was filled into
the glass tube and blocked on both sides with a ball of silane treated glass wool. The glass wool
commonly absorbed trichloramine in the first measurements but could be recycled afterwards
without influencing the trichloramine measurements. PVC tubing was used before the

extraction impinger and after the collection impinger.
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Figure 4.1: Scheme of the device for trichloramine measurements with the extraction-based
ABTS method. Trichloramine is stripped from the pool water sample (extraction impinger) and
enters the collection impinger where it reacts with ABTS. Trichloramine is quantified by
measuring the absorbance change of the ABTS solution at A = 405 nm. Potential interferences

are eliminated by the filter.

Analytical devices

Membrane introduction mass spectrometry (MIMS) measurements were performed with a
MIMS 2000 (Microlab, Aarhus, Denmark). Spectrophotometric measurements in the laboratory
were conducted with a Cary 100 Scan (Varian) or a UVIKON 940 (Kontron Instruments)
spectrophotometer, while for the determination of urea (see section 4.2.3.) a Beckman DU 640
spectrophotometer was utilized. A 632 pH-meter (Metrohm) was used for pH measurements
and was calibrated with standard solutions at pH 4, 7 and 9, daily. Free and combined chlorine
were measured using a DPD method-based test kit (Chematest 20 S) for grab samples, and with
an on-line measurement device (Analyzer AMI Codes II-CC) from SWAN Analytical
Instruments AG, Hinwil, Switzerland for the on-site study. Total organic carbon (TOC) was

analysed with a Phoenix 8000 Analyzer (Tekmar-Dohrmann).

121



Chapter 4

4.2.3 Analytical methods

Trichloramine

Trichloramine measurement with the extraction-based ABTS method is described in detail in
sections 4.3.1 and 4.3.2. For trichloramine analysis with MIMS, the membrane inlet
temperature was set to 40 °C and the sample flow rate to 8 mL min". Trichloramine
quantifications in pool water were performed analysing the signal of fragment 88 m/z assuming
that this fragment is the only trichloramine fragment free of interferences from other substances
in pool water (Weaver et al., 2009). This assumption could be validated by trichloramine
analysis with the second, independent trichloramine measurement method (extraction-based
ABTS method). The steady-state signals in MIMS analysis were reached after a few minutes
and measured for about 8—12 minutes. The analyses of the steady-state signals and the control

of the inlet valve were done by a self-engineered software (SI, section A).

Free chlorine, chloramine and urea analysis

Free and combined chlorine in the laboratory and on-site were measured with commercially
available test sets based on the colorimetric DPD method (APHA, 2005). Urea analyses were
performed by enzymatic cleavage of urea to ammonia by urease followed by the photometric

measurement of ammonia by the reaction with sodium dichloroisocyanurate (FOPH, 2007).

4.2.4 Pool water samples

Pool water samples were collected to compare the extraction-based ABTS method with MIMS
and to investigate the correlation of trichloramine concentrations with various parameters (free
chlorine, pH, urea and TOC). Single samples were collected from 30 different pools. Each pool
had an individual water treatment (partly enhanced with UV treatment or ozonation) except for
three pools which shared the water treatment (SI, Table C.1). The samples were taken by filling
a 2 L glass bottle 30-40 cm below the water surface. The bottles were brought to the laboratory
in an insulating box within 1-3 hours. Free and combined chlorine as well as pH were
measured on-site and also in the laboratory simultaneously to trichloramine. In most cases,
trichloramine was measured by MIMS and the extraction-based ABTS method sequentially
from the same bottle while in a few cases trichloramine was measured simultaneously from two
different bottles. Samples for urea and TOC measurements were quenched with sodium
thiosulfate (40 uM) and titriplex IIT (100 pM) after the arrival in the laboratory, stored at 4 °C
and analysed within 4 days.
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4.2.5 Pool facility for on-site measurements

On-site trichloramine measurements were conducted at a pool facility with three pools: a
wading pool (56 m®), a swimming pool (1’580 m®) and a diving pool (370 m®). The pools had a
common water treatment which included fresh water addition. Chlorination of the pools was
individual and residence time differed for each pool (~1, ~3 and 4-5 hours for the wading,
diving and swimming pool, respectively). Further information on the pool facility is given in

the supporting information (SI, section E)
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4.3 Results and Discussion

4.3.1 Extraction-based ABTS method

General approach

The extraction-based ABTS method was designed to be a fast, simple and low-cost method for
trichloramine measurement in pool water. The method works as follows: trichloramine is
stripped from the pool water sample (extraction impinger) and passes through a filter, which
eliminates potential interferences from free and combined chlorine (Figure 4.1). Then,
trichloramine enters the collection impinger where it oxidizes ABTS®™ to the greenish ABTS' ~
radical. Trichloramine is quantified by measuring spectrophotometrically the absorbance of
ABTS’ ™ at A = 405 nm, immediately after stripping. Calibrations with trichloramine solutions
were performed daily before the measurements and found to be constant (SI, Table B.2) which

potentially allows for measurements without daily calibrations.

Extraction procedure

Water samples (35 mL) were cautiously added from a bottle containing pool water with a
dispenser to the extraction impinger. A phosphate buffered solution (0.1 M, pH 2.6) and 250 pL
of the ABTS stock solution were added to a 25 mL volumetric flask and poured into the
collection impinger. After mounting the filter, the water sample was stripped for 5 minutes with

a gas flow of 100 mL min™".

Extraction impinger (trichloramine stripping)

To lower the detection limit, a high ratio of pool sample (extraction impinger) to ABTS solution
volume (collection impinger) is desirable. However, by increasing the sample volume, either
the stripping time or the air flow must be increased to result in a similar stripping efficiency.
The optimization of the stripping time and the air flow revealed that a reasonable stripping
efficiency of 86 + 4 % was reached with an air flow of 100 mL min" during 5 minutes (SI,
Figure B.1 and Table B.1). Under these conditions, ~95 % of the trichloramine entering the
collection impinger reacted with ABTS* to ABTS'~ (SI, Figure B.4).

To avoid the little interference from pool air, measurements should not be performed next to the
swimming pool. Trichloramine concentration in swimming pool air is regulated to 0.2 mg m™
in Switzerland (SIA, 2013). Such a level is expected to increase the aqueous trichloramine
concentration measured with the extraction-based ABTS method by < 0.011 pM (2.3 pg L™ as
Ch).
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Filter (elimination of interferences from pool water)

Oxidants such as free chlorine, monochloramine and dichloramine oxidize ABTS? to the
greenish ABTS' ™~ radical (Pinkernell et al., 2000). Although these chlorine species have a much
lower Henry’s constant than trichloramine, they can be substantially stripped from pool water
(Holzwarth et al., 1984). Similar to filter systems described previously, a filter consisting of
impregnated silica gel (3 g) was introduced to eliminate these interferences (Héry et al., 1995;
INRS, 2007). The filter efficiently eliminates interferences of HOCI / OCI™ (< 10 uM (0.7 mg
L as Cly)), NH,Cl (< 50 pM (3.5 mg L™ as Cl,)), and NHCI, (< 5 pM (0.7 mg L™ as Cly)) (SI,
Figure B.2). In Swiss pool water, concentrations of these substances are below the
aforementioned limits if standards are met (SIA, 2013). The filter also affects the trichloramine
concentration with a loss of about 45% which is accounted for by the calibration.
Trichloramine elimination was even higher if the impregnated silica gel was dried completely
after the impregnation. The trichloramine loss in the filter did not affect the good
reproducibility of the method (Figure 4.3 and SI, Figure B.2) if the silica gel was produced

according to the description in section 4.2.1.

Collection impinger (trichloramine quantification)

For the quantitative absorption of trichloramine, the indicator in the collection impinger has to
fulfil the following criteria: (i) a very fast reaction with trichloramine, (ii) the reaction product
exerts a high molar absorbance, (iii) the reaction of the quenching agent with trichloramine has
a constant stoichiometric factor and (iv) the product of the reaction between trichloramine and

the quencher has sufficient stability, at least several minutes.

ABTS has been chosen as an indicator in the collection impinger because trichloramine
oxidizes ABTS® very quickly to its radical form (ABTS’ ) which has a high molar absorption
coefficient (€405 nm = 317600 M'cm™) (Pinkernell et al., 1997). Requirements (iii) and (iv) are

only met under optimized and well-defined conditions as outlined below.

Trichloramine addition (0.55 uM) to an ABTS solution (50-200 uM) with phosphate buffer
(pH 2.6, 0.1 M) revealed that the absorbance depended on the ABTS concentration (Figure
4.2a) even if ABTS was in high excess (~100—400-fold). Since increasing ABTS concentration
increased the absorbance of the blank even more than that of the sample, lowering the ABTS
concentrations improves the sensitivity. Figure 4.2b shows the absorption of a buffered ABTS
solution (pH 1.6-5), measured immediately after the addition of trichloramine. The buffer stock
solution had a pH of 2.5 which was adjusted with H,SO4 or NaOH prior to the reaction. The

absorbance of the ABTS solution after the reaction with trichloramine decreased with
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Figure 4.2: (a) Absorbance (1 cm path length) measured immediately after mixing
trichloramine (0.55 uM) with ABTS (50-200 uM) and phosphate buffer (0.1 M, pH 2.6). (b)
Absorbance (5 cm path length) measured immediately after mixing trichloramine (0.53 uM)
with ABTS (125 uM) and phosphate buffer (0.1 M, pH 2.5) and adjusting the pH in the range
of 1.6-5 with H,SO4 or NaOH.

increasing pH. Hence, pH, ionic strength, sulfate and buffer concentrations may potentially
influence the absorbance of the ABTS solution. Furthermore, only buffer solutions with pH of
2.6-3 resulted in a stable absorbance while the absorbance increased with time for ABTS
solutions with pH < 2.5 and decreased for solutions with pH > 3 (SI, Figure B.3).
Stoichiometric factors of the reaction of trichloramine with ABTS shown in Figure 4.2a and
4.2b were calculated to be ~2—3. If a complete reduction of chlorine in trichloramine (C1" to
CI™) induced an oxidation of ABTS* to ABTS’ ~, the maximal stoichiometric factor would be
6. It has been found previously that trichloramine does not react quantitatively with reducing

agents (e.g. iodide) (Kumar et al., 1986).

Nevertheless, a constant stoichiometric factor for the reaction of trichloramine with ABTS is
only reached if the ABTS concentration, pH and the buffer concentration are kept constant.
Therefore, the conditions in the collection impinger were set to ABTS concentration = 50 uM

and phosphate buffer = 0.1 M at pH 2.6.

To check whether trichloramine reacts to completion in the collection impinger, a second
impinger (backup impinger) containing an identical ABTS solution was added at the outlet of
the collection impinger. Based on the trichloramine concentrations in the collection and the
backup impinger, about 95 % of the trichloramine was captured in the collection impinger for
an air flow of 100 mL min™' (SI, Figure B.4). This high yield was achieved because of the small

bubble size in the collection impinger. Besides the small pore size of the frit and the low air
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flow, two other factors are important for the bubble size: (i) the addition of the backup impinger
increased the pressure in the collection impinger and (ii) the high concentration of the
phosphate buffer (0.1 M) increased the surface tension and the viscosity of the solution. Based
on this optimized procedure the volume of the ABTS solution could be minimized to 25 mL,

which leads to an enrichment factor of 1.4 for trichloramine (volume of extraction is 35 mL).

4.3.2 Comparison of the extraction-based ABTS method with MIMS:

standard solutions and standard addition

A first assessment of the extraction-based ABTS method and the MIMS was done by checking
the signal response and the accuracy of trichloramine measurements. Trichloramine solutions
(0.05-0.5 uM) in ultrapurified water were measured in triplicate with MIMS and the extraction-
based ABTS method (Figure 4.3). For trichloramine analysis with MIMS, fragment 86 m/z was
analyzed because this fragment has a higher signal intensity than fragment 88 m/z (SI, Figure
B.7) and is free of interferences in pure solutions (but not in pool water). Both methods
performed with good linearity and with little standard deviation. In the extraction-based ABTS
method, linearity was only observed for trichloramine concentrations > 0.05 pM (0.01 mg L™
as Cly). This sensitivity is sufficient to measure Swiss pool water since only 3 of 30 pool water
samples had a trichloramine concentration < 0.05 uM (SI, Table C.1.). The sensitivity of the
MIMS varied slightly and depended on the operational setting, but it was comparable to that of
the extraction-based ABTS method.
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Figure 4.3: Trichloramine standards (0.05-0.5 pM (0.01-0.11 mg L as Cl,)) measured with
the extraction-based ABTS method (10 cm path length) and MIMS in ultrapurified water. Each
sample was measured in triplicate with the extraction-based ABTS method and with MIMS

(error bars show standard deviation).
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Figure 4.4: Trichloramine calibration curves in ultrapurified and pool water with (a) the
extraction-based ABTS method (absorbance of ABTS ™, 10 cm cell) and (b) MIMS. Pool water
was taken from a pool, which was regulated to pH 7.2 and to a free chlorine concentration of

0.45 mg L' as CL,.

To assess whether pool water matrices affect trichloramine measurements with the ABTS
method or with MIMS, calibrations in ultrapurified water were compared to standard additions
in pool water (Figure 4.4). Pool water samples with standard addition were first measured with
MIMS and less than 15 minutes later with the extraction-based ABTS method. A comparison of
the performed calibrations revealed that slopes (i.e. absorbance increase with concentration) in
the extraction-based ABTS method were similar in ultrapurified water and in pool water
(Figure 4.4a). In contrast, the slope in the calibration with MIMS was clearly lower in pool
water than in ultrapurified water (Figure 4.4b). This suggests that MIMS measurements are
affected by the matrix. This effect is likely not related to changes in salinity or temperature (SI,
B.5) but it shows that trichloramine in pool water can only be quantified if calibrations are

performed by standard addition to pool water.

4.3.3 Comparison of the extraction-based ABTS method with MIMS: pool

water samples

Three trichloramine measurement series with 9-10 different pool water samples each were
conducted to further assess the effect of the pool water matrix and to compare the performance
to the two methods (Figure 4.5). For two series (a) and (b), MIMS calibrations were performed
with trichloramine solution in ultrapurified water. The MIMS calibration in series (c) was
derived from standard addition to pool water. The results in Figure 4.5 show that there was a
good linearity between the two methods for all series. However, trichloramine concentrations

measured with the extraction-based ABTS method were consistently about a factor of 1.4
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Figure 4.5: Comparison of trichloramine concentrations in pool water measured by the
extraction-based ABTS method and by MIMS (28 pool waters). For series (a) (closed triangles)
and (b) (closed squares) (for explanation, see text): MIMS calibration was performed with
trichloramine in ultrapurified water. MIMS measurements of series (b) were corrected with a

factor to consider the matrix effect of the pool water (open squares). Calibration for series (c)

(open diamonds) was conducted with a trichloramine standard addition to pool water.

higher than with the MIMS for series (a) and (b). In series (b), pool samples were also spiked
with a known trichloramine concentration and measured again with MIMS. The measured
increase of the MIMS signal after trichloramine addition was systematically a factor of ~1.4
lower than expected from calibration in ultrapurified water (SI, Table B.3). Dividing each
trichloramine concentration measured with MIMS in series (b) by this factor, trichloramine
concentrations fit well to trichloramine concentrations measured with the extraction-based
ABTS method. In series (c), trichloramine calibration was performed in pool water with
standard addition (signal 83 m/z is independent from trichloramine addition and was therefore
used as an internal standard to overcome the MIMS instability (SI, B.7)) and a good agreement

between the extraction-based ABTS method and MIMS was observed for this case.

Although it seems necessary to do a trichloramine calibration in pool water, one should be
aware of some restrictions: (i) Because a calibration of the MIMS with steady-state signals
requires at least 40 minutes, only pool waters with stable trichloramine signals can be used.
Trichloramine concentrations in pool water are rather stable, except for pool waters with low
free chlorine concentrations (SI, B.6). (ii)) Signal 83 m/z, which represents mainly
trihalomethanes (chloroform and dichlorobromomethane), can be used as internal standard for

calibrations with MIMS. The signal is assumed to be equal in all calibration solutions since
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trihalomethanes are fairly stable in pool water. However, one should be cautious because signal

83 m/z needs slightly longer to reach a steady-state.

4.3.4 Factors influencing trichloramine concentrations

It has been shown previously that there are various potential N-precursors for trichloramine
formation in pool water, and urea is considered to be a dominant source (Blatchley and Cheng,
2010; De Laat et al., 2011; Schmalz et al., 2011a). However, other studies showed that
trichloramine can also be formed from the chlorination of ammonia, monochloramine or
dichloramine (Soulard et al., 1981). These compounds may interconvert, depending on the CI:N
ratio and pH. A low pH and high free chlorine concentration do not only shift the degree of
chlorination toward trichloramine, but also enhance trichloramine formation from urea (see eqgs.

4.1-4.3)).

Figures 4.6a—d show trichloramine concentrations of different pool waters in relation to free
chlorine, HOCI, combined chlorine (NH,CI, NHCl,, NCl;), pH and urea concentrations. A first
glance at the data reveals that the trichloramine concentration correlates most strongly with the
HOCI concentration. Two samples are regarded as outliers: (i) A sample from a small whirlpool
(3 m®), in which the trichloramine concentration was much lower than expected from the HOCI
concentration. This was likely due to the increased outgassing during use of the whirlpool. (ii)
The second sample originates from a pool facility whose pH control was not running properly,
with a pH of 5.5 which is much lower than the regulatory range (6.8-7.6) (SIA, 2013).
Therefore, the trichloramine concentration in this pool was elevated and the MIMS analysis
suggested that dichloramine represented a higher share of the combined chlorine in comparison

to the other samples.

Multiple linear regression models (t-test) of the data with the statistics program R (Team R
Developement Core, 2013) revealed the following (SI, section C): (i) Trichloramine shows a
clearly significant correlation with the HOCI concentration measured in the laboratory. This
correlation is stronger than the correlation with free chlorine, which suggests that trichloramine
is rather formed by the reaction with HOCI than with OCI™ (Figure 4.6 and SI, Table C.2, model
1 + 2) as expected for typical chlorination reactions (Deborde and von Gunten, 2008).
(i1) Trichloramine reacted rather quickly to changes in the HOCI concentrations. This
conclusion is derived from the observation that the HOCI concentrations measured on-site were
constantly higher than those measured in the laboratory (SI, Figure C.1) and that the correlation
between trichloramine and HOCI measured on-site improved by inserting a term into the

statistical model which describes the HOCI loss during the sample transport to the laboratory
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Figure 4.6: Correlation of trichloramine concentrations with a) free chlorine (closed symbols)
and HOCI (open symbols), b) pH, ¢) combined chlorine and d) urea in 30 pool samples. Two
outliers (triangles, samples of whirlpool and at pH 5.5) were not considered in the linear

regressions.

(SI, Text C.1 and Table C.2, model 3 + 4). Because this term did not improve the model with
the HOCI measured in the laboratory, trichloramine concentrations were rather related to the
actual HOCI concentration in the laboratory and not to the HOCI concentration in the
swimming pool (SI, Table C.2, model 2 + 5). Therefore, trichloramine concentrations decreased
similarly to free chlorine concentrations, and concentrations measured in the laboratory might
be slightly lower than the effective trichloramine concentrations on-site. (iii)) Small pH
variations as observed in the pool water samples (pH 7-7.5) did not significantly influence
trichloramine levels (Figure 4.6b and SI, Table C.2, model 6). (iv) Measured combined chlorine
also includes trichloramine. To investigate the influence of combined chlorine on the
trichloramine concentration, combined chlorine concentrations were corrected by subtracting

the measured trichloramine concentration (Figure 4.6¢). This corrected combined chlorine
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concentration was slightly significantly correlated to trichloramine in a statistical model
including interactions but not in other models (SI, Table C.2, model 7). (v) Urea and TOC
concentrations did not significantly correlate with the trichloramine concentration in any of the
models (Figure 4.6d and SI, Table C.2, model 8). This finding is supported by the fact that four
pool samples, whereof three were from pool facilities with ozone treatment, had urea
concentrations below the detection limit (0.05 mg L) and did not have especially low
trichloramine concentrations. However, combined chlorine levels were remarkably lower in
these three cases. Urea concentration in the other pool samples was < 1.3 mg L™ with an
average concentration of 0.67 mg L. A total of 12 pool water samples were additionally
analysed with size exclusion chromatography coupled to organic carbon and organic nitrogen
detection (SEC-OCD-OND) (SI, section D). This analysis revealed that urea accounted on
average for 66% (ranging from 37 to 85%) of the organic nitrogen in the swimming pool
samples (SI, Table D.1). Hence, urea represents the major fraction of organic nitrogen but is

likely not the dominant trichloramine precursor.

4.3.5 Field study on parameters affecting trichloramine concentration

To test the findings from section 4.3.4, a MIMS and an online analyzer for free and combined
chlorine (Analyzer AMI Codes II-CC, SWAN Analytical Instruments AG) were installed in a
pool facility with a wading, diving and a swimming pool (SI, section E). Figure 4.7 shows the
evolution of trichloramine, free chlorine, combined chlorine and urea concentrations in the
wading pool during a period of eight days. The free chlorine concentration was intentionally
lowered (from 0.35 to 0.2 mg L") for three days (days 4—6), while the pH was controlled at 7.2.
The urea concentration was observed to be often elevated in the afternoons but usually dropped
to a constant level overnight (0.55-0.65 mg L™"). The increased free chlorine concentration on
day 2 may have been caused by a problem with the chlorine regulation while the short increase
before the period with low free chlorine concentration was an operational error. Trichloramine
showed a very good correlation with the free chlorine concentration, especially during the night
when the pool water was not influenced by changing inputs from the bathers. Even short term
changes in the free chlorine concentration were followed by changes in the trichloramine
concentration. This correlation does not coincide with a study by Weng and Blatchley (2011)
who found that free chorine concentrations decreased during heavy use of a swimming pool

leading to increased trichloramine concentrations.

Combined chlorine concentrations also increased in the afternoons but less pronouncedly.

Trichloramine and combined chlorine concentrations were often correlated leading to distinct
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Figure 4.7: Evolution of trichloramine (circles), free chlorine (grey line), combined chlorine
(black line) and urea (triangles) in a wading pool over eight days. The free chlorine level was

lowered from day 4 to 6 from 0.35 to 0.2 mg L™ as Cl,.

peaks in the afternoons. Evolution of trichloramine in the swimming pool was much less
dynamic than in the wading pool since the water volume was 30 times higher, which ensured a
better dilution because of the lower bather density. The trichloramine concentration in the
swimming pool was the highest from 15:00-20:00 when bather load was highest (SI, Figure
E.3). Interestingly, trihalomethanes (signal 83 m/z) had an opposite daily pattern with the
lowest concentration during the period with the highest bather attendance (SI, Figure E.3). This
suggests that trihalomethanes were not or not immediately formed from precursors introduced
by bathers and that their concentrations were influenced by the outgassing caused from bather
activity. A more detailed diurnal pattern of the trichloramine concentration is illustrated in
Figure 4.8. The trichloramine and urea concentrations reacted quickly and sensitively to
bathers. Previous studies revealed that free chlorine reacts rather slowly with urea (Blatchley
and Cheng, 2010; Schmalz et al., 2011a). Therefore, the immediate increase of the
trichloramine concentration in the pool water is likely due to other precursors than urea. The
increase might be more pronounced in a wading pool of which the water treatment is not

connected to a large swimming pool as in this study.
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Figure 4.8: A typical diurnal pattern of free chlorine, trichloramine and urea concentrations in
relation to the number of bathers in the wading pool. The trichloramine concentration was
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4.3 Conclusions

Trichloramine is one of various disinfection by-products with adverse health effects that is
present in chlorinated swimming pools. Until now, there are only few studies on trichloramine
concentrations in air and even less information on trichloramine in pool water. This is due to
the lack of a suitable method which is sensitive enough for trichloramine measurements free of

interferences in pool waters.

In this study, an accurate, fast, easily applicable and low cost method for trichloramine analysis
in water was developed, which is suitable for on-site measurements in pool facilities. The
method is based on stripping of trichloramine, passing it through a solid phase filter to reduce
interferences from other chlorine species (HOCI, NH,Cl, NHCL,) and its reaction with ABTS*
producing the coloured product ABTS' . Trichloramine was accurately measured in Swiss pool
waters with a quantification limit of 0.05 pM (0.01 mg L™ as Cl,). Comparison with MIMS
measurements revealed that the developed method was free of interferences and represents
therefore a wvalid option for routine measurements of trichloramine in pool water.
Measurement of 30 different pool samples showed that the trichloramine concentration was
strongly linked to the HOCI concentration and responded quickly when this changed.
Therefore, transport of pool samples to the laboratory can affect trichloramine concentrations.
Other parameters such as combined chlorine or pH were much less, and urea and TOC not
correlated to the trichloramine concentration. On-site measurements in a wading pool
confirmed the close relationship between the trichloramine and the free chlorine concentration
at a constant pH. Similar to urea, trichloramine responded quickly to the bather load. However,
because the formation of trichloramine during chlorination of urea is a slow process, it can be
assumed that trichloramine in the wading pool is formed from the reaction of chlorine with
other nitrogen-containing precursors. Lowering the free chlorine concentration is an effective

means for trichloramine mitigation, however may lead to a limited disinfection.
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A Valve inlet control and signal analysis of MIMS 2000

Text A.1.

The MIMS 2000 apparatus (Microlab Aarhus, Denmark) is commonly delivered with a multi-
port valve to facilitate automatic measurement of multiple samples. The inlet valve can be
controlled by a basic software which has the disadvantage that it does not log the valve
positions. Such a log-book is crucial since the control and data acquisition software of the mass
spectrometer (QUADERA) is completely independent from the valve control software. An
interpretation of the MS signals requires that signals can be linked to changes of the valve
position. Therefore, a new software (MIMS-VICI driver) to conveniently control the inlet valve

and to log the valve position was developed (Scheme A.1).

A second new software (MIMS-VICI Analysis) was engineered to link the MS signals exported
from QUADERA with the logged data of the valve position. This software illustrates the
combined data graphically. Additionally, the software facilitates data processing and analysis
which is essential since data volume increases rapidly with duration of the measurement
(commonly one measurement is performed every 500 ms). The software reduces the data
volume tremendously by analysing steady-state measurements (extraction of mean values),
flow-injections (extraction of peak values) and continuous measurements (extraction of signals
after defined time-steps). The reduced data can be exported in tables as .txt-files containing

measurement time, sample ID and compiled values for the different ions (Scheme A.2).

Results used in this study were all based on steady-state measurements. The implemented
algorithm in the software averages the values over the second half of the measurement period.
The resulting average is plotted in a graph with the signal. If the steady-state signal is not
reached after half of the measurement or the MIMS measurement is influenced by air bubbles
or other problems, the user has the option to manually set the ranges for the steady-state

analysis.
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Membrane Introduction Mass Spectrometer (MIMS)
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Scheme A.1. Overview of the software used for MIMS measurements.
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Scheme A.2. Chronological overview of the procedure for MIMS measurements.
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B Further information on the extraction-based ABTS method and on trichloramine
analysis with MIMS
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Figure B.1. Stripping efficiency (percentage of trichloramine stripped) with different air flows,
stripping time and volume of the extraction impinger. Stripping efficiencies near 90% were

reached with an air flow of 100 mL min™" and a 35 mL impinger.

Table B.1 Trichloramine concentration in ultrapurified water measured before and after
stripping (5 min, air flow 100 mL min™") by the direct reaction with buffered ABTS solution (5
uM ABTS, 0.05 M phosphate buffer with pH 2.6).

Run Absorbance (1 cm cell) Stripping
before stripping after stripping efficiency (%)

1 0.068 0.013 81
2 0.067 0.008 88
3 0.069 0.009 87
4 0.071 0.009 87
5 0.069 0.010 86
6 0.069 0.007 89
7 0.408 0.043 90
8 0.393 0.043 89
9 0.408 0.075 82
10 0.421 0.073 83
11 0.427 0.043 90
12 0.376 0.055 85
13 0.380 0.073 81
14 0.387 0.079 79
awverage 86
std.-dev. 4
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Figure B.2. Elimination of interferences with the filter (impregnated silica gel). Measurements
with the extraction-based ABTS method were conducted with solutions of potentially
interfering substances (HOCI (pH 3.3), OCI" (pH 8.9), NH,Cl and NHCI,) in the extraction
impinger. Absorption remained for all concentrations on the level of the blank absorption (no
interference) if the concentration was within the limits imposed by Swiss pool water regulations
(free chlorine: 0.2-0.8 mg L™ as Cl, equals ~3—10 uM HOCI or OCI’; combined chlorine: < 0.2
mg L™ as Cl, equals ~3 uM NH,Cl or 1.5 uM NHCL,) (SIA, 2013).

146



Supporting Information

0.8
%0.6— .lllll.....--
o -ll. ceoo00®
% i!. ...699..AAAAAA-
= II:OX:::AAAAAAAA.QQQQOO
804j!iiff:""'*’ggggvvvvvvv
c »bbbss;ittﬂf““““““‘
N 1 1 1111119994444 44¢dddds
: 3322221200000000000,
9 *hokkk ok kK

< 0.2+
00 T T T T T T T T
0 2 4 6 8 10 12

time (min)

pH 1.6
pH 2.0
pH 2.5
pH 2.6
pH 2.7
pH 3.0
pH 3.5
pH 4.0
pH 5.0

* @V A 64 H>onm

Figure B.3. Evolution of the absorbance of an ABTS solution (125 uM) with time after the

reaction with trichloramine (0.75 pM). Solutions were buffered with phosphate buffer (0.15 M)

at various pH values. The original pH of the buffer solution (2.5) was adjusted with 1 and 5 M
H,SO4 and 1 and 5 M NaOH. The results indicate that the ABTS solutions buffered at pH 2.6-3

gave the most stable readings.
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Figure B.4. Yield of the trichloramine reaction in the collection impinger (NCI; reacting in

collection impinger / (NCl; reaction in collection impinger + NCl; reaction in backup

impinger)). Different parameters, such as the volume of the collection impinger (inner diameter

of the impinger 14 or 16 mm), the volume of the ABTS solution (25 or 35 mL) and the air flow

(50 or 100 mL min™), were varied. The trichloramine concentrations in the extraction impinger

was ~1 uM.
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MIMS signal 88 m/z (pA)
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Figure B.S. Influence of sample (a) temperature and (b) conductivity on the trichloramine
signal (0.5 pM) measured with MIMS. The same amount of trichloramine was added
simultaneously to all samples which were measured successively. The conductivity was
adjusted by the addition of KC1 (525 mg L™ KCI corresponded a conductivity of ~1000 pS

cm™).

Table B.2. Slopes of the trichloramine calibration lines with the extraction-based ABTS

method. Data obtained from 5 calibrations on 3 different days with different solutions.

calibration slope

1 0.53

2 0.55

3 0.53

4 0.50

5 0.48
average 0.52
standard dev. 0.02

%-standard dev. 5%
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Table B.3. Ratio between expected (from calibration in purified water) and measured MIMS

signal for added NCl; (~0.4 uM) in 9 different pool waters.

Sample ratio expected / measured signal
1 1.53
2 1.45
3 1.40
4 1.41
5 1.65
6 1.27
7 1.22
8 1.45
9 1.46

average 1.43

Text B.1.

Trichloramine stability was measured by two different ways (Figure B.6.):

(1) 10 different pool waters (A, including a whirlpool sample (open symbol)) were spiked with
trichloramine (~1.5 pM) and trichloramine concentrations were regularly checked in the
untreated samples. Exponential decay rates (s") were deduced from these blank measurements
(R* values were commonly > 0.9). Decay rates clearly increased with decreasing initial free

chlorine concentration.

(i1) In 4 pool water samples (m), trichloramine concentrations were continuously measured with
MIMS. For these measurements, pool water was constantly withdrawn from the bottom ofa 2 L
bottle. The resulting decay rates were slightly lower than from the 10 samples measured in (i).
This might be a consequence of the potential trichloramine outgassing during the experiments
performed in (i), in which trichloramine solution was continuously taken from the 2 L bottle
with a dispenser resulting in an increased mixing of the trichloramine solution and an increased

headspace.

To investigate the effect of the free chlorine concentration on trichloramine stability, the
trichloramine concentration was measured continuously in one sample ((m), containing 0.25 mg
L' as Cl, ) after the addition of free chlorine (0.45 mg L™ as Cl,). Blank measurement (pool
sample plus free chorine, no trichloramine spiked) revealed that there was trichloramine
formation induced by the free chlorine addition. Trichloramine stability in the pool water

increased with the addition of free chlorine. If the induced trichloramine formation (determined
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from the blank experiment) was subtracted (O0), trichloramine stability was similar to the one in
the sample without free chlorine addition. Hence, the increased trichloramine stability was

mainly due to the chlorine-induced trichloramine formation.

Conclusively, it seemed that trichloramine decay was enhanced for low free chlorine
concentrations but reached a value of 2-5x10” s™ for higher free chlorine concentrations. This
is in agreement with two different studies reporting trichloramine decay rates of 7.5x10° s™ and
3.4x107 s in phosphate buffered and purified water, respectively (Saguinsin and Morris, 1975;
Kumar et al., 1987).

2.0x10™
- A measurement of blank samples
"o 1 A A measurement of blank sample (whirlpool)
% 1.5x10* ®  coniinuous measurements MiMS
% B continuous meas., HOCI added MIMS
é 1 ‘ continuous meas. HOCI added, corr. MIMS
g P
& 1.0x10™
]
£
g J
© A
S 5 |
B 5.0x10
= \
|
0.0 : , : T : T : T . I
0.0 0.2 0.4 0.6 0.8 1.0

free chlorine (mg L as Cl,)

Figure B.6. Experimental decay rates for spiked trichloramine in pool water as a function of the
free chlorine concentration for the two measurement methods: 1. Trichloramine decay was
measured regularly (5 times within 2 hours) in the blank samples of experiments and 2.

trichloramine decay was measured continuously with MIMS from a 2 L bottle.
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Figure B.7. Trichloramine calibration with standard addition of trichloramine (0, 0.2, 0.3, 0.4
and 0.6 uM) to pool water. The absolute MIMS signals depend strongly on the setting of the
amplifier while the ratios remain constant. Signal 88 m/z is much weaker than signals 86 m/z
and 84 m/z. However, trichloramine in pool water was always analysed with signal 88 m/z
since it is the only one which is assumed to be free of interferences. Signal 83 m/z (assumed to
represent chloroform and dichlorobromoform) was stable since THM concentrations remained
unchanged by the trichloramine addition. Therefore, it can be used as an internal standard to

correct for short term variations in MIMS sensitivity.
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C

Statistical analysis of data from pool sample measurements

Text C.1. Statistical analysis of the pool water samples was performed with the software “R”

(Team R Developement Core, 2013). Data from Table C.1. were analysed with the following

procedure:

152

All samples containing NA (not available) for one parameter were omitted.

Whirlpool sample “O 12” was omitted (outlier, probably because the whirlpool was
used right before sampling — NCl; might have been stripped).

Sample “OB 2” was omitted (outlier, which had a very low pH (5.5) because of a
malfunctioning pH control of the pool water).

Urea concentrations below the detection limit (< 0.05 mg L) were set to 0.025 mg
L

A parameter describing the relative loss of free chlorine during the transportation to the
laboratory was introduced (c.loss = free chlorine in the laboratory / free chlorine on-
site).

A parameter describing the combined chlorine concentration without trichloramine was
introduced (combined chlorine (mg L™ as Cl,) — trichloramine (mg L™ as CL,))

Analysis was performed with a stepwise reduction of the parameters starting from a
model containing all parameters. Parameters were taken either from on-site
measurements or from measurements in the laboratory but no model was calculated by
mixing parameters measured on-site and measured in the laboratory (e.g. free chlorine
laboratory and free chlorine on-site).

Analysis was performed with/without transformation according to standard statistical
practice (concentrations = log-transformation, ratios = root-square-transformation, pH =

no transformation) and with/without interactions (not more than two-way interactions).
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m Table C.1. Data set used for statistical analysis with R (T.ABTS = trichloramine measured with ABTS method (uM), fc = free chlorine
=
m (mg L as Cly), cc = combined chlorine (mg L as Cl,), cc.corr = combined chlorine - trichloramine conc. (mg L™ as Cl,), HOCI =
Q
M calculated from fc and pH (mg L™ as Cl,), c.loss = calculated free chlorine loss (fc / fc.os), fc.os = free chlorine on-site (mg L™ as Cl,),
mu cc.os = combined chlorine on-site (mg L' as Cl,), pH.os = pH on-site, HOCl.os = calculated from fc.os and pH.os (mg L' as Cl,), toc =
2. total organic carbon (mg C L) and NA = not available). The last three pools in the list had a shared water treatment.
ml
w2
sample T.ABTS fc cc cc.corr pH HOCI urea c.loss treatment pool.type fc.os €C.0S pH.os HOCl.os toc
PF 2 0.09 0.08 0.23 0.22 7.51 0.04 0.4 0.4 Filter beginner 0.19 0.24 7.35 0.11 1.5
PF12 0.19 0.23 0.12 0.11 7.55 0.11 0.3 0.7 ozone - activated carbon  non-swimmer 0.33 0.11 7.3 0.21 1
HK 4 0.03 0.03 0.16 0.16 7.48 0.02 1.8 0.4 Filter swimmer 0.08 0.17 7.25 0.05 2.2
HK 12 0.32 0.29 0.14 0.12 7.09 0.21 1.3 0.7 uv whirlpool 0.43 0.15 6.9 0.35 34
K1 0.38 0.45 0.11 0.08 7.32 0.28 1 0.8 uv swimmer 0.55 0.08 7.1 0.4 1.5
K2 0.19 0.15 0.14 0.13 7.33 0.09 1.6 0.4 uv non-swimmer 0.36 0.15 7.2 0.25 2
D8 0.23 0.24 0.11 0.09 7.12 0.18 0.4 1 Filter swimmer 0.23 0.06 6.9 0.19 1.2
Wa 6 0.04 0.03 0.1 0.10 7.38 0.02 0.2 0.6 uv beginner 0.05 0.14 7.2 0.03 1.2
B9 0.2 0.29 0.09 0.08 7.36 0.17 0.2 0.9 aggragation filter swimmer 0.33 0.09 NA NA 0.6
B 10 0.32 0.3 0.12 0.10 7.4 0.17 0.7 0.9 aggragation filter non-swimmer 0.35 0.17 NA NA 1.1
o1 0.17 0.14 0.16 0.15 7.29 0.09 1.1 1.4 Filter non-swimmer 0.1 0.24 7.19 0.07 1.1
012 0.48 1 0.16 0.13 7.54 0.49 0.5 1 Filter whirlpool 0.96 0.15 8.02 0.23 0.8
T4 0.02 0.01 0.21 0.21 7.34 0.01 0.1 0 ozone - activated carbon  non-swimmer 0.25 0.16 7.15 0.18 0.5
T6 0.17 0.21 0.05 0.04 7.44 0.11 0.025 0.5 ozone - activated carbon  therapie pool 0.42 0.07 7.25 0.28 0.4
T10 0.39 0.26 0.22 0.19 7.26 0.17 1.3 0.6 uv non-swimmer 0.45 0.15 7.1 0.33 1.8
OB 2 0.13 0.03 0.43 0.42 5.53 0.03 0.8 0.2 Filter beginner 0.15 0.4 5.6 0.15 1.9
OoB4 0.14 0.17 0.21 0.20 7.46 0.09 0.7 0.6 Filter beginner 0.3 0.2 7.25 0.2 1.2
OB6 0.47 0.33 0.23 0.20 7.22 0.22 0.5 0.7 multilayer filter beginner 0.5 0.15 6.9 0.41 1.5
E4 0.2 0.16 0.2 0.19 7.47 0.09 0.45 0.6 Filter multiple use 0.25 0.15 7.3 0.16 1.2
E6 0.24 0.13 0.13 0.11 7.08 0.1 0.3 0.7 Filter beginner 0.2 0.12 6.9 0.16 0.6
E8 0.12 0.15 0.16 0.15 7.56 0.07 0.025 0.5 ayer filter swimmer 0.3 0.12 7.4 0.17 1.7
RE 2 0.43 0.22 0.35 0.32 6.98 0.17 0.3 0.5 aggragation filter beginner 0.48 0.28 6.8 0.4 1.3
RE4 0.16 0.12 0.06 0.05 7.48 0.06 0.025 0.3 ozone - activated carbon swimmer 0.36 0.05 7.25 0.24 0.3
RE6 0.2 0.29 0.07 0.06 7.57 0.14 0.025 0.7 ozone - activated carbon warm water 0.4 0.06 7.35 0.24 0.4
RE8 0.28 0.3 0.25 0.23 7.38 0.18 0.55 0.7 aggragation filter multiple use 0.42 0.21 7.2 0.29 1.2
RE 10 0.14 0.15 0.14 0.13 7.45 0.08 0.7 0.6 uv swimmer 0.25 0.13 7.3 0.16 3.5
RE 12 0.27 0.24 0.16 0.14 7.54 0.12 0.25 0.5 multilayer filter non-swimmer 0.46 0.17 7.35 0.28 0.9
Ws 0.44 0.54 0.19 0.16 7.44 0.3 NA NA uv swimmer NA NA NA NA NA
W ch 0.33 0.54 0.16 0.14 7.53 0.27 NA NA uv non-swimmer NA NA NA NA NA
Wd 0.35 0.41 0.18 0.16 7.44 0.22 NA NA uv jump NA NA NA NA NA
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Table C.2. Selection of results for model 1-9 indicating the included model parameters, the R?
of the model and the significance of the parameters (significance codes: 0 <'***'<(.001 <'**'

<0.01 <™'<0.05<.'<0.1<"'<1).

Comparison free chlorine vs. HOCI

model 1 R? Pr(>|t])

log (T.ABTS) ~ log (fc) 0.89

log (fc) 1.9E-11  **=
model 2 R? Pr(>|t])

log (T.ABTS) ~ log (HOCI) 0.93

log (HOCI) 6.2E-14 =

Effect of free chlorine loss

model 3 R? Pr(>t|)

log (T.ABTS) ~ log (HOCI.o0s) 0.55

log (HOCI.o0s) 5.4E-05 o
model 4 R? Pr(>[t))

log (T.ABTS) ~ log (HOCIl.os) + sqrt (c.loss) 0.92

log (HOCI.o0s) 9.8E-11 bl
sqrt (c.loss) 3.5E-09 e
model 5 R? Pr(>[t))

log (T.ABTS) ~ log (HOCI) + sqrt (c.loss) 0.94

log (HOCI) 1.1E-11 o
sqrt (c.loss) 2.7E-01

Influence of pH

model 6 R? Pr(>[t))

log (T.ABTS) ~ log (HOCI) + pH 0.94

log (HOCI) 8.1E-13
pH 3.3E-01

Influence of combined chlorine

model 7 R? Pr(>|t))

log (T.ABTS) ~ log (HOCI) * log (cc) 0.95

log (HOCI) 8.0E-06 o
log (cc) 1.7E-02 *
log (HOCI) : log (cc) 3.4E-02 *

Influence of urea and toc

model 8 R? Pr(>[t))

log (T.ABTS) ~ log (HOCI) + log (urea) + log (toc) 0.95

log (HOCI) 9.2E-13 o
log (urea) 6.2E-01

log (toc) 4.1E-01
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Figure C.1 Comparison of on-site and laboratory measurements of (a) free chlorine, (b)

combined chlorine and (c) pH.
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D Further information on pool samples

Text D.1.
Analytical procedure of SEC-OND measurements

The samples were quenched with thiosulfate before electrodialysis was performed in order to
reduce the nitrate concentration (reduction of conductivity: 75 %). High nitrate concentrations
as found in pool water can lead to a big peak at the end of the SEC-OND chromatogram (low
molecular weight compounds) which overlaps with the organic nitrogen compounds (Chon et
al., 2013). After electrodialysis, samples were measured with an analytical system according to
Huber et al. (2011a; 2011b) to characterize dissolved organic matter (DOM) and urea. The SEC
column used (Toyopearl TSK HW-50S, 250 x 20 mm) had a fractionation range of 100—
20’000 D. The system was running with a phosphate- buffer as eluent (24 mM, pH 6.6) at a
flow rate of 1 mL min"'. Organic carbon was fully oxidized to CO,, whereas the organic
nitrogen components were oxidized to nitrate in parallel (Huber et al., 2011a; Huber et al.,
2011b). Results were quantified and interpreted with a customized software (Fiffikus, Huber
Germany 2006). With an injection volume of 1 mL, the limit of detection (LOD) for organic
carbon was 10 pg C L', while for organic nitrogen the LOD was 5 ng N L.

Chromatograms SEC-OND

Project: ‘
Analysis: __.__.2012 |

Building Blocks |
[

Humics

LMW Acids

—+—Urea in NPW < 1mg/L (1/1000) and LMW Humics

Neutrals | |

Pool sample 1, 05.12.12

Pool sample 2, 5.12.2012

——Pool sample 3, 6.12.2012

——Pool sample 4, 6.12.2012, 111

——Pool sample 5, 7.12.2012, 111

Rel. signal response

Pool sample 6, 7.12.2012

Sodium thiosulfate 38.88mg/L NPW

Biopolymeres

25 35 45 55 65 75 85
Retention time (min)
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Chromatograms SEC-OND

Rel. signal response
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—— Pool sample 7,12.12.12
—— Pool sample 8,12.12.12
Pool sample 9, 13.12.12
—— Pool sample 10, 13.12.12

—— Pool sample 11, 14.12.12

Pool sample 12, 14.12.12

—— Sodium thiosulfate 38.88mg/L NPW

Biopolymeres

Humics,

25 35

Building Blocks
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and LMW Humics

Retention time (min)

85

Figure D.1. SEC-OND chromatograms of 12 pool samples showing the different fractions

(size) of the dissolved organic nitrogen in the swimming pool samples. The chromatograms of

solutions of urea and sodium thiosulfate in pure water (NPW) are also shown for comparison.

Table D.1. Ratio of urea on the total dissolved organic nitrogen (DON) concentration for 12

pool samples, measured with SEC-OND. The concentrations of urea (ppb N) and DON (ppb N)

were derived from the chromatograms in Figure D.1. The concentration of DON without urea

as well as the fraction of urea relative to total DON (% N) are also given.

Pool sample

Urea (ppb N)

Total DON (ppb N)

Total DON - Urea (ppb N)

Fraction of urea (% N)

1

© 00 N O g b~ WODN

_ A A
N = O

120
313
448
598
553
360
143
123
68

246
245
180

164 44
678 365
529 81

810 212
700 147
501 141
277 134
266 143
186 118
414 168
289 44

212 32

73%
46%
85%
74%
79%
72%
52%
46%
37%
59%
85%
85%
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Figure D.2. Comparison of urea concentrations in 12 pool water samples measured with SEC-
OND and the colorimetric method described in the main text. The two distinct analytical
methods showed a very good correlation (R* = 0.98) except for two outliers for unknown

reasons.
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E Additional information on pool facility and on-site measurements

Text E.1.

Further information on the pool facility and the conduction of the measurements with MIMS
are given elsewhere (Soltermann et al., 2014). A summary of the essential information for this

manuscript is given in the following.

Pool facility and water treatment part

The pool facility in which the on-site measurements were conducted included three pools: a 50
m swimmer pool (1’580 m’), a diving well (370 m’) and a wading pool (56 m’). The turn-over
times were estimated to be 1 h for the wading pool and 4.5 h for the swimming pool. The water
from all pools was treated in a common treatment part including a collecting basin, a multilayer
filter and a UV treatment for the swimming pool and one for the wading and diving pool. Free

chlorine concentration and pH were controlled in each pool separately.

MIMS sampling ports

The sampling ports in the wading pool and in the swimming pool were located 30-40 cm below
the water surface in the middle of the longitudinal side of the pool. Samples flow was gravity-
driven from the sampling ports to the control gauge (pH and free chlorine). An intersection
right before the gauge lead a side stream to a 200 mL volumetric flask for MIMS analysis. The
sample flow was constantly between 2040 mL min™ resulting in an average residence time of
5-10 minutes in the volumetric flask. The sample was withdrawn by the MIMS from the
bottom of the volumetric flask. Control measurement with pool water taken with a 2 L bottle
directly from the wading pool revealed that there was no trichloramine outgassing or loss

during the sampling procedure.

MIMS calibration

According to the findings in the main text, trichloramine calibrations were performed every 2—4
days with trichloramine standard addition to pool water. During the sampling campaign a loss
of sensitivity (1-2 % per day) and a temporal increase of the background of the MIMS was
observed. Considering these facts, data were analysed by using interpolated values of the

steepness and the intercept for the calibration line.
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Figure E.3. Daily evolution of (a, c¢) signal 83 m/z and (b, d) the trichloramine concentration
over a period of 3—4 days. The signals were normalized to the signal at 4:00 a.m. of the same

day.

Trichloramine concentrations typically increased with bather presence in the afternoon while
the contrary was the case for signal 83 m/z. This effect was more pronounced in the wading

pool, where the bather density was clearly higher.
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Chapter 5

Abstract

Trichloramine, one of the three inorganic chloramines (mono-, di- and trichloramine), is a
problematic disinfection by-product in recreational pool water since it causes skin and eye
irritations as well as irritations of the respiratory tract. The most commonly used chloramine
mitigation strategy in pool water is UV treatment. Experiments with membrane inlet mass
spectrometry (MIMS) confirmed that inorganic chloramines are effectively degraded by UV
irradiation with low-pressure (LP) and medium-pressure (MP) mercury lamps (apparent
quantum yields (QY): NH,CI = 0.50 (LP) and 0.31 (MP) mol einstein”, NHCl,: 1.06 (LP) and
0.85 (MP) mol einstein). Trichloramine showed the fastest depletion with a quantum yield
slightly above 2 mol einstein” in purified (LP and MP) and pool water (MP). This high
quantum yield can partly be explained by reactions involving "OH radicals (purified water) and
the reaction of trichloramine with moieties formed during UV irradiation of pool water. The
presence of free chlorine affects trichloramine degradation (QY: ~1.5 mol einstein™) since it
scavenges OH radicals and competes with trichloramine for reactive species (e.g. organic

amines).

Measurements in a pool facility revealed that the installed UV reactors degraded trichloramine
by 40-50 % as expected from laboratory experiments. However, trichloramine reduction in the
pools was less pronounced than in the UV reactors. Model calculations combining pool
hydraulics with formation/abatement of trichloramine showed that there was a fast
trichloramine formation in the pool from the residual chlorine and nitrogenous precursors. The
main factors influencing trichloramine concentrations in pool water are the free chlorine
concentration and the UV treatment in combination with the recirculation rate through the water

treatment system.
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5.1 Introduction

Disinfection of recreational pool water is necessary for hygienic safety reasons. Since the turn-
over time of pool water is in the order of several hours, the presence of a residual disinfectant in
the pool is statutory in most countries. Commonly, free chlorine is used for disinfection of pool
water, with the consequence that numerous chlorinated disinfection by-products (DBP) are
formed (Richardson et al., 2010). Inorganic chloramines (mono-, di- and trichloramine) belong
to this group of undesired DBPs. Mono- and dichloramine are not known to have serious
adverse health effects but to act as precursors for more potent DBPs such as nitrosamines
(Schreiber and Mitch, 2006; Soltermann et al., 2013). In contrast, trichloramine can provoke
skin and eye irritations and is suspected to cause inflammation of the respiratory tract and
potentially also asthma (Bernard et al., 2003; Schmalz et al., 2011b; Parrat et al., 2012).
Trichloramine is clearly more volatile than mono- and dichloramine, hence uptake via

inhalation is the dominant pathway of exposure.

The legal threshold for inorganic chloramines, also referred to as combined chlorine, in Swiss
and German pool water is 0.2 mg L as Cl, (DIN, 2012; SIA, 2013). In Switzerland a
regulatory value for trichloramine exists only for indoor pool air (0.2 mg m™) but not for pool
water (SIA, 2013). This standard was exceeded in 10—15 % of the pool facilities in two studies
considering a total of more than 100 facilities with different pool types in Germany and
Switzerland (DGUYV, 2009; Parrat et al., 2012). Data on trichloramine levels in pool water is
very limited due to the lack of adequate analytical methods. Measured trichloramine
concentrations reported in literature were mostly between 0.1 and 0.5 uM (0.02-0.1 mg L™ as
Cl,) but reached up to ~1 uM (0.2 mg L™ as Cl,) (Gérardin and Subra, 2004; Weaver et al.,
2009; Soltermann et al., 2014).

A substantial fraction of trichloramine in pool water is assumed to originate from the pH-
dependent reaction of free chlorine with urea (Blatchley and Cheng, 2010; Schmalz et al.,
2011a; Hansen et al., 2012). However, the reaction of free chlorine with urea is very slow under
swimming pool conditions and there is no kinetic data available on the trichloramine formation
from other nitrogenous precursors than urea. Even if other precursors have lower concentrations
than urea, they can significantly contribute to the trichloramine formation if they react quickly
with free chlorine. Measurement of trichloramine concentrations in various pool waters and on-
site measurements revealed that the trichloramine concentration is strongly linked to residual
chlorine and quickly changes with bather load while pH variations (7-7.5) and urea

concentration play a minor role (Soltermann et al., 2014).
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Because combined chlorine is photosensitive, a common strategy for combined chlorine
mitigation in pool water is UV treatment. This approach is based on various studies
investigating the photolysis of combined chlorine with a focus on monochloramine (Cooper et
al., 2007; Watts and Linden, 2007; Li and Blatchley, 2009; De Laat et al., 2010; Hansen et al.,
2013). Li and Blatchley (2009) found that higher chlorinated chloramines are more
photosensitive. The apparent photolysis rate constants depend on the irradiation wavelength due
to the wavelength-dependence of the molar absorption coefficients and the quantum yields.
Especially for di- and trichloramines, quantum yields > 1 hinted at the reaction of these species
with photolysis products. Field studies confirmed that UV treatment with low-pressure (LP) and
medium-pressure (MP) lamps reduced combined chlorine concentration in pool water by about
50-70 % while no clear effect on trichloramine concentration could be observed (Gérardin et
al., 2005; Cassan et al., 2006; Kristensen et al., 2009). Furthermore, a significant increase of
trihalomethane concentrations was linked to UV treatment in some studies (Gérardin et al.,

2005; Cassan et al., 20006).

In this study the photolysis (quantum yields, kinetics) of chloramines (NH,Cl, NHCl,, NCls)
with LP and MP irradiation was investigated. In addition, trichloramine photolysis was studied
in different pool waters to elucidate matrix effects. Furthermore, on-site measurements of
trichloramine and combined chlorine were conducted in a pool facility to investigate the
performance of MP UV lamps and their effect on trichloramine and combined chlorine
concentrations in pool water. Based on this a model was developed to test the influence of

various operational parameters on trichloramine concentrations.
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5.2 Materials and Methods

5.2.1 Reagents

All chemicals were analytical grade and used without further purification. Sodium hypochlorite
(6—14 % active chlorine), dimethylamine (DMA), tert-butanol (t-BuOH), morpholine (Mor),
ammonium chloride and ortho-phosphoric acid were obtained from Sigma-Aldrich. Sodium
dihydrogenphosphate, sodium hydroxide pellets, hydrochloric acid and perchloric acid were
purchased from Merck. Atrazine was obtained from Riedel-de Haén. Ultrapurified water was
produced by a “barnstead nanopure” water purification system (Thermo Scientific). Ready-to-
use DPD-, buffer- and KI-solutions for free and combined chlorine analysis were provided by
SWAN Analytical Instruments AG (Hinwil, Switzerland). Chloramine stock solutions (NH,Cl:
25 mM, NHCI, and NCl;: ~2 mM) were produced as described elsewhere (Soltermann et al.,
2014).

5.2.2 Analytical methods

Chloramine analyses were performed with a membrane inlet mass spectrometer (MIMS 2000
from Microlab, Aarhus). The inlet temperature was fixed at 40 °C and the sample flow rate was
about 8 mL min™. In purified water, the signals of the ions (m/z) NH,’'CI"" (53), NH>*CI’’CI"*
(87) and N*>CI*’CI™" / N*’CIP’CI™" (86 / 88) were used to quantify mono-, di- and trichloramine,
respectively. Trichloramine in pool water samples was measured by analysing the 88 m/z ion
signal (Weaver et al., 2009). During the field study in the pool facility, signal 83 m/z was
analysed, which presumably represents the trihalomethane concentration (ion HC*CI*>CI™
from chloroform and monobromodichloromethane) with potentially slight interferences from
other substances. Since in Switzerland the filling water of the pools and the hypochlorite
solution used for disinfection contain typically very small bromide concentrations, signal 83
m/z mainly represents chloroform (von Gunten and Salhi, 2003). Trichloramine calibrations
were performed in purified water for laboratory experiments and with standard additions to
pool water for on-site trichloramine measurements. It was demonstrated that the pool water
matrix affects trichloramine measurement with MIMS (Soltermann et al., 2014). During the
field campaign in the pool facility, MIMS calibrations (performed every 2—4 days) revealed a
continuous loss of sensitivity. Therefore, trichloramine concentrations were calculated with an
interpolated slope. Further information on MIMS analysis (interpolations of calibration slope

and baseline) is given in the supporting information (SI, section E).
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Free and combined chlorine measurements in the laboratory were performed with a DPD test
kit (Chematest 20 S, SWAN Analytical Instruments AG, Hinwil, Switzerland). On-site
measurements were conducted with both the test kit (Chematest 20 S) and an on-line
measurement system (Analyzer AMI Codes II-CC, SWAN Analytical Instruments AQG).
Spectrophotometrical measurements were performed with a Cary 100 Scan (Varian), and pH
was measured with a 632 pH-Meter (Metrohm). A high performance liquid chromatography
(HPLC, Agilent 1100 series) coupled with a UV-visible diode array detector was used for
atrazine analysis. Urea measurements were performed by the enzymatic hydrolysis of urea to
ammonia with urease. Thereafter, ammonia was quantified according to the recommendations
of the Federal Office of Public Health (FOPH) (FOPH, 2007) using a Beckman DU 640

spectrophotometer.

5.2.3 UV irradiation experiments

Photoreactor and actinometry

UV irradiation experiments were performed with a low-pressure (LP) (Heracus Noblelight,
TNN 15/32) and a medium-pressure (MP) mercury lamp (Heraeus Noblelight, TQ 150) in a
temperature controlled (25 + 0.2° C) merry-go-round photoreactor. To lower the fluence rate of
the MP lamp independently of the wavelength by about 75 %, two stainless-steel wire cloths
were wrapped around the quartz cooling jacket. Atrazine (5 pM, buffered at pH 7.0 with 2 mM
phosphate buffer) was used as chemical actinometer to regularly determine the UV lamp

intensity. Thereby, the fluence rate of the UV lamp was calculated using equation 5.1:

ES(238 — 400 nm) = Kpatrazine (5.1)

2.303Xdgrrazine XX 1=238 nm(fp,l ><£atrtlzz'ne,))

where the subscript A indicates the wavelength of light, ES (238—400 nm) is the photon fluence
rate (einstein m> s'l) in the wavelength range of 238—400 nm, k; arazine 1 the pseudo first-order
rate constant of atrazine photolysis (s), Qarazine is the quantum yield of atrazine photolysis
(0.046 mol einstein” (Hessler et al., 1993), assumed to be A-independent), f, 1s the emission
spectrum of the UV lamp (according to the manufacturer) normalized to the wavelength
interval of 238—400 nm and €,razine 1S the spectral molar absorption coefficient of atrazine (m2
mol'). UV doses were calculated from E{,’ (238—400 nm) under consideration of the
wavelength-dependent photon energy because the manufacturer did not quantitatively report a
UV lamp emission for A < 238 nm. However, there seems to be a slight light emission at A <

238 nm according to the emission spectra of the lamp (SI, Figure A.1). This emission might be
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partly eliminated by the absorption of the cooling jacket. Apparent quantum yields ¢; (mol
einstein) for mono-, di- and trichloramine were calculated using equation 5.2, in which the
symbols are defined analogously as for equation 5.1, the subscript i indicating each one of the

individual chloramines. The fluence-based rate constant ko (cm® mJ") was calculated with

equation 5.3 in which E° (238—400 nm) is the fluence rate (mJ cm™ s™).

¢; = 0 “ot 400 nm (5.2)
2.303x Ep(238-400 nm)x¥ 32558 m(fp.a X€i2)
k .
ko =——"-2—— 53
E® ~ E0 (238-400 nm) (5.3)

Information about the emission spectra of the MP UV lamp and the measured absorption
spectra of the inorganic chloramines and atrazine is provided in the supplementary information
(SI, section A). It must be considered that the quartz cooling jacket as well as the quartz tubes
might have slightly shifted the spectra of the light reaching the sample in comparison to the
emitted light. This would approximately increase the quantum yield by < 5 % and the fluence
by < 20 %. Since this potential effect was a systematic error, relative comparisons are not
affected. The photoreactor and the procedure of the actinometry are described in detail in

Canonica et al. (2008).

Apparent quantum yield experiments

Immediately before irradiation, solutions of the target substance or pool samples (18 mL) were
filled from a 2-liter bottle into quartz tubes (inner diameter: 14 mm) using a dispenser. Since
about 60 mL of sample was needed to reach a steady-state signal for MIMS analysis, several
tubes were measured in series for each irradiation step. To account for the slight decrease of the
concentration in the stock solution (outgassing and decay), blank measurements for each
irradiation step were performed with samples that experienced the same treatment but without
UV irradiation. Sample analyses were completed within 10 minutes after the end of the
irradiation. MIMS measurement gave constant signals during trichloramine analysis, indicating
that trichloramine degradation was not significant except for pool samples containing < 0.1 mg
L' as Cl, free chlorine. A previous study showed that monochloramine photolysis depends on
the presence of dissolved oxygen (De Laat et al., 2010). The present experiments were
performed in aerated solutions, and the oxygen concentration, as measured by MIMS for

several runs, was stable during the irradiation.
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5.2.4 Experiments on trichloramine reactivity

Trichloramine (0.5—-1 uM) in buffered solution (pH 7, 2 mM phosphate buffer) was measured
with MIMS from the bottom of a completely filled, stirred 1-liter bottle. After reaching a
steady-state signal, a reactant (secondary amine, chlorinated secondary amine or UV treated
chlorinated secondary amine solution) was added in molar excess (10-100-fold) to create
pseudo first-order conditions (at least with respect to the parent reactants). Depletion of
trichloramine was analysed to determine a pseudo first-order rate constant. Because
trichloramine washing out of the membrane (90 % washed out) took about 3-4 minutes, reactant
concentrations were chosen to result in sufficiently high half-lives of trichloramine to minimize
interference by this memory effect. Secondary amines were chlorinated by mixing them with
free chlorine (1:1 molar ratio). UV-treated (up to about 2°000 mJ cm™) chlorinated secondary

amines were produced to test their reactivity with trichloramine.

5.2.5 Pool facility for field study

Pool dimensioning and water treatment

The field study on trichloramine photolysis was performed in a pool facility with a swimming, a
diving and a wading pool with volumes of 1’580 m’, 370 m® and 56 m’, respectively (Scheme
5.1). All pools had a shared water treatment which consisted of a collection basin and a
multilayer filter. After the multilayer filter, the water was split into two streams leading (i) to
the swimming pool (360 m® h™") and (ii) to the diving and the wading pool (180 m® h™"). Each
stream was equipped with a Barrier M900 (Siemens) or a Barrier M525 (Siemens) UV reactor
for the swimmer or the diving/wading pool, respectively. According to the calibration
performed by the supplier, the UV reactors (swimming pool and diving / wading pool) provided
a UV dose of 55 and 50 mJ cm™, respectively, considering the wavelength range of 200—300
nm. This UV dose corresponds to a dose of 110 and 100 mJ cm™ considering the emission
spectra of the UV lamp used in the laboratory from 240 to 400 nm (SI, Table A.1), as it was
done for the chloramine photolysis in this study. The reactors had an internal fluence
measurement and control system. However, the actual UV dose can deviate from the theoretical
values because the water flows were adjusted manually by throttle valves and not measured.
Chlorination and pH regulation were performed separately for each pool, according to a
continuous measurement of pool water with electrodes (AMI Trides 2, SWAN Analytical
Instruments AG (Hinwil, Switzerland)). The water flow from the sampling ports (located 30—40
cm below the water surface in each pool) to the gauges for pH and free chlorine measurement

(located in the treatment facility below the pools) was gravity driven with a tube length of about
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Scheme 5.1: Pool size, water flow and sampling ports in the pool facility. Fluxes and hydraulic

mulitlayer

residence times (t) are based on the dimensioning and were not measured in this study. Ports (i)
and (i1) to measure free chlorine concentration and pH were located in each pool 30—-40 cm

below the water surface.

10-20 meters. Fresh water addition (on average ~10 m® per day) was adjusted according to the
number of visitors, and after a weekly filter backwashing (20-40 m’® per backwashing) (SI,
Figure D.1). Fresh water addition and visitor frequency was quite constant during the time of

the field study (SI, Figure D.2).

Sampling ports for pool water analysis

Water samples were taken from 5 ports (Scheme 5.1): (i) The swimming pool, (ii) the wading
pool, (iii) the pipe leading to the UV reactors, after the UV reactors leading to (iv) the
swimming pool and (v) the wading pool. The water flowed (1040 mL min™) from the
sampling ports to volumetric flasks (200 mL) which served as an overflow system (SI, Scheme
E.1). For the connection of the ports (i) and (ii) with the sampling flasks, the already existing
tubing to the chlorine and pH gauges was used. Because the water for MIMS analysis was
withdrawn from the bottom of the flask, where the pool sample entered, it had only a short
residence time of a few minutes before the analysis. Measurement of signal 83 m/z, acting as a
proxy for the chloroform concentration, confirmed that there was no loss due to outgassing
because signal 83 m/z was almost equal in samples from all ports. The signal from the wading

pool was constantly slightly below the others, which might be explained by the higher
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outgassing in the wading pool caused by an inlet via a fountain and by the high surface to

volume ratio.

Although there was no trichloramine loss due to outgassing, trichloramine concentrations
measured in the sampling flask of the swimming pool were only 63+6 % (n = 5 on 4 different
days) of the concentrations measured in samples taken directly from the pool. Additionally, free
chlorine concentrations measured in the pool were usually 0.40-0.50 mg L, although free
chlorine concentration measured at the regulation gauge was always about 0.32 mg L. This
revealed that there was a constant free chlorine consumption in the tubing from the sampling
port in the swimming pool to the sampling flask (flow time of a few minutes) which was similar
to the observed trichloramine loss. Trichloramine and free chlorine concentrations measured in
the sampling flask of the wading pool (port ii) corresponded to the concentrations measured

directly in the pool (97+4 %, n = 5, measured on 3 different days).

5.2.6 Modelling of the swimming pool system with AQUASIM

The software AQUASIM (www.aquasim.eawag.ch ) is a model environment which supports
the simulation of systems containing multiple, linked compartments (Reichert, 1994). The
compartments can be modelled amongst others as plug-flow and mixed reactors, biofilm
reactors, advective-diffusive reactors or stratified reactors. Various types of formation and
degradation can be defined in a compartment and the compartments can be linked with an
advective or diffusive flow. To model the trichloramine concentration in the pool system, for
certain compartments (pools) formation and degradation rates were used while in other
compartments (e.g. UV lamp) degradation was described as a relative loss in the compartment

(loss = concentration output / concentration input).
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5.3 Results and Discussion

5.3.1 Photolysis of inorganic chloramines in purified water with LP and MP

lamps
Fluence-based rate constants and quantum yields

Monochloramine (12—15 uM), dichloramine (10-15 uM) and trichloramine (0.7-1.5 uM)
solutions were irradiated with UV light from LP and MP lamps. Figure 5.1 illustrates the
relative chloramine depletion as a function of the UV dose. No significant difference was
observed between unbuffered chloramine solutions and solutions containing phosphate buffer
(500 uM, pH 7). Photodegradation rates of mono- and dichloramine were similar for irradiation
with an LP lamp whereas the rate for trichloramine was higher. For MP irradiation, chloramine
depletion rates increased in the order monochloramine < dichloramine < trichloramine. The
required UV dose for chloramine abatement was higher with the MP lamp than with the LP
lamp. This is reflected in the fluence-based rate constant (kyo), which considers the quantum
yield and the absorption at given wavelengths (Table 5.1, eq. 5.1). Measured apparent quantum
yields for LP irradiation (Table 5.1) of monochloramine (0.50 + 0.04 mol einstein”) and
trichloramine (2.11 + 0.13 mol einstein™) photolysis were in agreement with values from the

literature (0.26—0.62 and 1.85 + 0.11 mol einstein™, respectively) while the apparent quantum
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Figure 5.1: Photolysis of mono-, di- and trichloramine with (a) low-pressure and (b) medium-

pressure lamps. Three series were measured and illustrated together for each species and lamp.

Initial concentrations were 12—15 uM, 10—15 uM and 0.7-1.5 uM for mono-, di- and

trichloramine, respectively.
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Table 5.1: Apparent quantum yields ¢ of chloramine photolysis with LP and MP lamps in the
absence and presence of t-BuOH (250 uM) or free chlorine (0.1-0.8 mg L as Cl,) and the

fluence-based rate constant kyo.

¢ (mol einstein™) keo (cm’ mJ™)

Compounds LP lamp MP lamp LP lamp MP lamp

Monochloramine 0.50 +0.04 0.31 £0.02 9.0+0.7x10* 1.8+0.1x10"
Dichloramine 1.06 £+0.10 0.85 +0.10 9.1+0.7x10* 6.5+0.7x10"*
Dichloramine + t-BuOH 0.73 +£0.01 5.6+0.1x10*
Trichloramine 211 +£013 230 £020 45+0.2x10° 3.2+0.3x10°
Trichloramine + t-BuOH 1.39 +0.13 1.9+0.2x10°
Trichloramine + HOCI 146 +0.12 2.0+0.2x10°

yield for dichloramine (1.06 + 0.1 mol einstein™) was lower than reported in literature (1.80 +
0.10 mol einstein™) (Cooper et al., 2007; Watts and Linden, 2007; Li and Blatchley, 2009; De
Laat et al., 2010). Monochloramine had a slightly lower apparent quantum yield (0.31 £+ 0.02
mol einstein™) for MP irradiation than for LP irradiation, while di- and trichloramine’s apparent
quantum yields remained almost constant (0.85 + 0.10 and 2.30 + 0.20 mol einstein™,

respectively).

Previous studies showed that quantum yields of chloramine photolysis are strongly wavelength-
dependent, especially for mono- and trichloramine. An almost 20 times higher quantum yield
for monochloramine at A = 222 nm than at A = 282 nm and the contrary for trichloramine was
suggested (Li and Blatchley, 2009). Because UV light from MP lamps is composed of various
wavelengths below and above A = 254 nm (SI, Figure A.2), different quantum yields were
expected for mono- and trichloramine with LP and MP irradiation. However, quantum yields
only differed slightly between LP and MP irradiation and the apparent quantum yield for
trichloramine with MP irradiation (2.30 + 0.20 mol einstein") was clearly lower than previously
measured at 282 nm (9.5 + 0.35 mol einstein™) (Li and Blatchley, 2009). Although apparent
quantum yields for di- and trichloramine measured in this study were lower than reported

values , they still suggest that indirect processes are relevant.

Impact of "OH radical scavenging on trichloramine photolysis

It is hypothesized that irradiation of trichloramine cleaves the N—ClI bond in a first step, leading
to a CI" and a NCI,’ radical (Li and Blatchley, 2009). In aqueous solution, CI" can react with
H,0 (k (C1" + H,0) = 2.5x10° s, Buxton et al. (1998)) to form ‘OH or react as an oxidant with
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Figure 5.2: Trichloramine (0.7-1.5 uM) photolysis in absence and presence of t-BuOH (~250
uM) or free chlorine (Cipigai: 0.1-0.9 mg L™ as Cl,) at pH 7.

other species. The further degradation pathway of NCl," is not fully understood yet but nitrate
was shown to be the end product and NO and nitrite were assumed to be intermediates (Li and
Blatchley, 2009). NHCI,', CI', ‘'OH or further reaction products could cause apparent quantum
yields > 1 for trichloramine photolysis in pure solutions by their reaction with trichloramine. To
investigate the role of ‘OH radicals or its reaction products in trichloramine photolysis, t-BuOH
(~250 puM), an "OH radical scavenger (k ((OH + t-BuOH) = 6x10°* M s, Buxton et al. (1988)),
was added to trichloramine solutions (0.7—-1.5 uM) (Figure 5.2). The concentration of t-BuOH
was set high enough to quench > 90 % of the 'OH radicals (assuming a diffusion-controlled
reaction of ‘OH with trichloramine (k (‘OH + NCls) = 10'° M s)). Under these conditions, CI'
is partly (~40 %) scavenged by t-BuOH (k (CI'+ tert-BuOH) = 6.5x10° M s) before it can
form ‘'OH (Buxton et al., 1998). The presence of t-BuOH inhibited trichloramine photolysis
significantly and the quantum yield decreased from 2.30 + 0.20 to 1.39 + 0.13 mol einstein™.
Since OCI is also known to act as an ‘OH radical scavenger (k (OH + OCl)) = 9x10° M s
'(Buxton and Subhani, 1972) ), a similar effect was expected for the range of OCI
concentrations in pool water (~ 0.1-0.4 mg L as Cl,, respectively 1.5-6 uM). However, the
lowest free chlorine concentration had a 50 times lower scavenging rate (2.9x10° s™) than t-
BuOH (1.5x10° s™), and HOCI photolysis can also result in the formation of ‘OH radicals
(Watts and Linden, 2007). The data in Figure 5.2 illustrate that the presence of free chlorine
(Cinitial: 0.1-0.9 mg L' as CL,) buffered at pH 7 caused a similar decrease in photodegradation
as t-BuOH (250 puM). This suggests that in purified water even the lowest free chlorine

concentration effectively quenched the ‘OH radicals and thereby decreased the apparent
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quantum yield of trichloramine to 1.46 &+ 0.12 (Table 5.1). Another possible explanation for the
decreased apparent quantum yield could be a fast trichloramine re-formation from the reaction
of trichloramine photolysis products with chlorine. MIMS measurements revealed that there
was no slow (10-20 minutes after the irradiation) trichloramine formation in the irradiated
samples with free chlorine, but a fast re-formation during or shortly after the irradiation cannot

be excluded.

5.3.2 UV-induced formation of trichloramine-reactive products in pool

water

In addition to the enhancement of trichloramine degradation by a photo-induced chain reaction,
products from the photolysis of other substances in the pool may lead to a further consumption
of trichloramine. To illustrate this effect, the stability of spiked trichloramine was investigated
in (1) untreated pool water, (ii) irradiated pool water (1’060 mJ cm™, MP lamp) and (iii) in
irradiated plus re-chlorinated (to a level of 0.23 mg L™ as Cl,) pool water (Figure 5.3a). Spiking
and measurement of trichloramine occurred a few minutes after the treatment. Consequently,
short-lived photolysis products were no longer present during this experiment on trichloramine
stability. Pool water initially contained free chlorine (0.4 mg L™ as Cl,) which disappeared
during the UV treatment (1’060 mJ cm™). The same procedure was performed with a sample in
which free chlorine was initially quenched with ammonium to < 0.05 mg L as Cl, (Figure
5.3b). Thereby, the monochloramine concentration in the pool water sample increased. Figure
5.3 illustrates that trichloramine decay was much faster in irradiated pool water (no treatment
vs. UV). Trichloramine was less stable in the chlorine-free pool water, but the effect of UV
irradiation remained considerable (NH;" vs. NH," + UV). Conclusively, UV irradiation of pool
water leads to the formation of NCls-reactive moieties. However, results in Figure 5.3 also
reveal that this effect could be partially reversed by the addition of free chlorine (UV vs. UV +
HOCI). Blank experiments (no trichloramine spiked) revealed that an addition of free chlorine
after UV irradiation induced trichloramine formation. This is in agreement with a previous
study showing that UV treatment increases the trichloramine formation from chlorination of
chlorocreatinine (Weng et al., 2013). However, this increased trichloramine formation could
only explain a minor part of the apparently regained trichloramine stability, which suggests that
trichloramine and free chlorine compete for the same reactive sites and that their chlorination

impedes the reaction with trichloramine.
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Figure 5.3: (a) Trichloramine decay after spiking it to pool water, UV treated pool water (UV)
and UV treated re-chlorinated pool water (UV + HOCI). (b) The same experimental procedure
was repeated with pool water in which free chlorine was quenched with ammonium prior to the

different treatments.

The formation of nitrite and ammonium from chloramine irradiation is an example for a UV-
induced formation of substances that act as a trichloramine sinks (Li and Blatchley, 2009).
However, ammonium levels were only slightly increased after the irradiation of pool water (8.5
ng N L) (UV) and trichloramine stability was much higher in the NH; -quenched sample with
a high ammonium concentration (12 pg N L). Therefore, other mechanisms must be
responsible for the reduced trichloramine stability after irradiation. To further elucidate this
effect, trichloramine stability was tested in untreated and UV-treated solutions containing
secondary amines (dimethylamine and morpholine) and their chlorinated forms (Table 5.2).
Trichloramine (0.5-1 uM) was quickly degraded by the reaction with dimethylamine (5-50
uM) and morpholine (5-25 pM) in buffered solution at pH 7 (kapp = 25 £ 3 and 160 + 12 M !
for dimethylamine and morpholine, respectively (SI, Figure B.1)). In pool water, secondary
amines are mainly present in their chlorinated form, since they quickly undergo reactions with
free chlorine (kap, = 350-61°000 M s at pH 7, Deborde and von Gunten (2008)). Chlorinated
secondary amines have a lower reactivity with trichloramine (Table 5.2). It is likely that UV
irradiation of chlorinated secondary amines breaks the N-CI bond, which renders the products
again accessible for a reaction with trichloramine. This could explain why trichloramine
showed an increased reactivity with UV-treated chlorinated secondary amines (Table 5.2 and

SI, Figure B.2)
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Table 5.2: Apparent second-order rate constants Kapp M™ s at pH 7 for the reaction of
trichloramine (0.5-1uM) with secondary amines (dimethylamine (5-50 pM), morpholine
((5-25 uM), their chlorinated form (kapp, chiorine) and their chlorinated form after UV treatment

(Kapp, chiorine+uv) (MP lamp, ~2°200 and 1°700 mJ cm™ for dimethylamine and morpholine,

respectively).
Compound kapp kapp, chlorine kapp, chlorine+UV
DMA 25+3 26+1.8 9.6
Morpholine 160 £ 12 29+8 65

Thus, the presence of free chlorine can reduce trichloramine photolysis in pool water by
quenching ‘OH radicals or by reacting with potential UV-induced reaction partners of

trichloramine.

5.3.3 Quantum yields measured in pool water samples

Trichloramine (~1.5 pM) was spiked to 9 pool water samples and apparent quantum yields
were measured analogously to pure trichloramine solutions by performing measurements of
blanks and irradiated samples simultaneously (information on pool water samples, SI, Table
C.1). Figure 5.4 shows the apparent quantum yields in relation to the corresponding free
chlorine concentration (prior to irradiation) in pool water. Apparent quantum yields for
trichloramine in pool water containing common free chlorine concentrations (0.2—0.5 mg L™ as
Cl,) were between 2 and 3 mol einstein” and thus comparable to pure solution (2.30 + 0.20 mol
einstein™). The sample with an initial free chlorine concentration < 0.1 mg L™ as Cl, had a
clearly increased quantum yield of 4.3. A whirlpool sample containing a high free chlorine
concentration (1 mg L as Cl,) had an apparent quantum yield of 1.5 mol einstein” which was
close to the value in the presence of t-BuOH or free chlorine (~1.4-1.5 mol einstein™, see
above). These results are in agreement with the effects described in the previous section which
suggest a free chlorine dependence of the trichloramine photolysis. Low free chlorine levels are
not sufficient to quench all the NCls-reactive moieties and ‘'OH radicals formed by UV-
irradiation while high free chlorine levels can effectively consume both. Apparent quantum
yields in pool water treatment are assumed to be in the range of 2—-3 mol einstein™ since pool

water commonly contains sufficient residual chlorine after the filtration step.
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Figure 5.4: Apparent quantum yields of spiked trichloramine (~1.5 uM) in pool water samples

as a function of the initial free chlorine concentration (mg L™ as Cl,).

5.3.4 Full-scale study

Effect of MP UV treatment on trichloramine concentrations in an indoor swimming pool

UV reactor

Results in Figure 5.1 reveal that typical UV doses applied in Swiss pool water treatment (60—
100 mJ cm™ for LP and 120-200 mJ cm™ for MP (A = 238-400 nm)) would barely affect mono-
and dichloramine concentrations while trichloramine would be decreased by about 20-50 % in
one treatment cycle. To evaluate these findings, water samples were analysed for trichloramine
before and after the UV reactors in a pool facility. Since MIMS analyses took about 15 minutes
for each sample, fast changes in trichloramine concentration, as occurring in the wading pool,
affected the accuracy of the calculated trichloramine reduction by the UV reactor ([NCls] after /
[NClIs] before). The trichloramine reduction was calculated exclusively with night time values
(00:00 — 06:00), since trichloramine concentrations were relatively stable during the night.
The impact of UV irradiation on trichloramine concentration was assessed during two periods
of 8 days, each with a treatment sequence of “UV on” / “UV off” / “UV on”. Results in Figure
5.5 show that 40-50 % of trichloramine was degraded in the UV reactor when the UV lamps
were turned on. The trichloramine elimination was slightly higher than expected (~30 %) from
the applied UV dose. This deviation might be explained by (i) the uncertainty of the UV dose,
(i1) a different spectral distribution of radiation of the pool and laboratory MP lamps and (iii)
the fact that the free chlorine concentration passing the sand filter was lower than in the pools,

which may slightly increase the apparent quantum yield.
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Figure 5.5: Relative reduction of the trichloramine concentration upon UV treatment ([NCls]
after / [NCIs;] before) for (a) the wading pool and (b) the swimming pool during two
measurement periods of 8 days (x-axis: 3d = 3 days). UV treatment was switched off and on for
several days during each period (x-axis). The high variation in the efficiency of the UV reactor
of the wading pool in the first period was due to a malfunction of the UV reactor which

switched the UV lamps on and off frequently.

Trichloramine in swimming pools

To investigate the effect of UV treatment on the concentration of trichloramine in pool water,
trichloramine was measured at the inlets and within the swimming and wading pools (Figure
5.6). UV treatment ran for 3 days, was switched off for 3 days and was then turned on for
another 2 days. The free chlorine concentration was maintained at a constant concentration of
0.32 and 0.35 mg L as Cl, for the swimming and the wading pool, respectively. Due to the
aforementioned free chlorine consumption before the regulation gauge of the swimming pool
(section 5.2.4), this resulted in a mean free chlorine concentration of ~0.45 and 0.35 mg L™ as
Cl; in the swimming and the wading pool, respectively. Similarly, the shown trichloramine
concentration of the swimming pool (Figure 5.6) was only about 60% of the effective
concentration in the swimming pool due to the loss in the tubing between the sampling port and
the sampling flask (section 5.2.4). The urea concentration increased in the wading pool during

the day (~1 mg L") for short periods but dropped to lower levels (0.55-0.70 mg L") each night.
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Figure 5.6: Trichloramine concentration in the pools (black) and their inlets (gray) for (a) the

wading pool and (b) the swimming pool as a function of the UV treatment.

Trichloramine concentrations at the pool inlets were significantly lower during the period with
UV treatment than without UV treatment. However, the trichloramine concentration in the
wading pool was only slightly affected by UV treatment (~20 % decrease) while the
trichloramine concentration within the swimming pool remained almost unchanged after
switching off the UV light and slightly decreased (~10 %) after switching on the UV light.
Changes in UV treatment affected trichloramine concentrations quickly (within one day) and no
cumulative long-term effect was observed for the 3 day period. The UV treatment was more
effective in the wading pool with a shorter turn-over time of about 1 h. Even for this short
residence time, the trichloramine concentration increased from the concentration at the inlet to a
higher steady-state concentration in the pool. This suggests that trichloramine formation is a
rather fast process and that UV treatment does not considerably affect trichloramine
concentrations in pools with turn-over times of several hours and similar chemical conditions
and UV doses as in the investigated pool. This is in agreement with other studies and will be
discussed in more detail with model calculations in section 5.3.4 (Gérardin et al., 2005;

Soltermann et al., 2014).

In another campaign, the evolution of the trichloramine concentration was measured in the
swimming and the wading pools during one day and the UV reactors were turned off at 22.30
when trichloramine concentrations were stable and not influenced by changing bather loads
(Figure 5.7). Trichloramine concentrations showed typical evolutions with little variations in
the swimming pool and a clear increase in the wading pool during periods of heavy use

(morning, afternoon). The slight increase of the trichloramine concentrations in both pools
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Figure 5.7: Trichloramine evolution in the wading and the swimming pool from 6:00-3:00. UV
treatment was stopped at 22:30 (dashed line). The trichloramine concentration was smoothed by

plotting the moving average of 3 measurements.

around 21:00 might have been caused by the cleaning of the pool facility, during which the
circulation through the water treatment was interrupted. After turning off the UV reactors,
trichloramine concentrations increased in both pools, more pronounced in the wading pool
(~20 %) than in the swimming pool (~10%). Hence, UV treatment clearly affected

trichloramine concentrations in the wading pool which had a shorter turn-over time.

Simultaneously to trichloramine, combined chlorine was measured on-line in either the
swimming pool or the wading pool. The obtained results suggest that combined chlorine
concentrations respond much slower to changing UV treatment (SI, section F). According to the
applied UV dose and the monochloramine photolysis in pure solution (section 5.3.1), combined
chlorine is only marginally degraded in one treatment cycle. However, combined chlorine
concentrations seemed to increase for several days after ceasing UV treatment and decreased
accordingly after switching on the treatment. This suggests a cumulative, long-term effect of

UV treatment on the combined chlorine concentration.

Signal 83 m/z remained on the same level before and after the UV reactor which implies that
chloroform was not degraded during UV treatment. At first glance, signal 83 m/z seemed to
decrease in pool water when the UV lamp was turned off and increased after switching it on
(SI, section F.2). However, further measurements revealed that mainly backwashing the filter —
and not switching off the UV lamps — was causing the chloroform decrease. Therefore, no clear

assessment of the effect of UV treatment on trihalomethanes is possible at this point.

182



Results and Discussion

Modeling of trichloramine formation, decay and photodegradation in an indoor swimming
pool

To estimate the trichloramine formation rate in pool water and to investigate the influence of
pool water treatment parameters (e.g. UV treatment, residence time, fresh water addition) on
the trichloramine concentration in pools, a simplified model of the pool facility in Scheme 5.1
was developed. The model was set up with the software AQUASIM (Reichert, 1994) as

follows:

- Pools were modelled as completely mixed reactors with the volumes and the
approximated fluxes according to Scheme 5.1. Previous literature suggests that this
scenario is not always met and that some swimming pools might be stratified during the
day (Weng and Blatchley, 2011).

- The free chlorine concentration was kept constant at 0.45, 0.35 and 0.30 mg L™ as Cl,
for the swimming, wading and diving pool, respectively, at pH 7.2.

- Three processes reducing trichloramine concentration were implemented in the model:
(1) Trichloramine degradation in the UV reactor was estimated to be 40 % (Figure 5).
(2) The trichloramine decay rate in pool water was estimated to be 7x10™ s™'. This value
was deduced from fitting the model to measured changes in trichloramine
concentrations after turning off the UV treatment. This rate is within the range of
measured decay rates of trichloramine in pool water (~2-8x10™ s, (Soltermann et al.,
2014)). Previous studies measured trichloramine decay rates of 3.4x10” s and 7.5x10™°
s™ in pure and phosphate buffered solutions, respectively (Saguinsin and Morris, 1975;

Kumar et al., 1987) or estimated a decay rate of 2.9x107 s™

at temperatures slightly
lower than in indoor swimming pools (McKay et al., 2013).

(3) A trichloramine loss of 40 % was implemented in the model between the pool
effluent and the UV reactors. Measured concentrations in the sampling flasks of the
swimming pool and before the UV lamp were similar. While there was no loss in the
tubing from sampling port (iii) before the UV lamp to the mass flask, trichloramine
decreased by about 40 % in the tubing from port (i) in the swimming pool to the
sampling flask (section 5.2.4, Figure 5.6 and SI, section E). Based on this, it can be
concluded that the trichloramine concentration in the swimming pool was constantly
about 40 % higher than before the UV lamp. The decrease in trichloramine
concentration between the swimming pool and the UV treatment might be caused by

trichloramine outgassing at the pool surface and the spillway or by degradation in the

multilayer filter. Trichloramine outgassing at the pool surface was not implemented in
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the model since Schmalz et al. (2011a) showed that the mass balance of trichloramine in
the pool water is hardly affected by the outgassing at the pool surface of a competition
swimming pool.

- Trichloramine was assumed to be formed by the reaction of HOCI with a nitrogen-
containing precursors (N-precursor) (eq. 5.4). Assuming a constant precursor
concentration, an effective rate constant ke (ker = AX[N-precursor]) for the
trichloramine formation can be estimated by fitting model results to the measured

concentrations in the pool facility.

k
HOCI + nitrogenous precursor — NCl3 (5.4)

Figure 5.8 shows modelled trichloramine concentrations in the swimming and the wading pool
over a period of three days by modelling a hypothetical trichloramine degradation in the UV
reactor of 40 %, 0 % and 90 % for the first, second and third day, which represent a common,
no and a very high UV degradation, respectively. To match model results with the measured
concentrations in Figure 5.6 and 5.7, trichloramine formation was fitted (kegr = 10° s). The
resulting trichloramine formation rate is much higher than expected given the rate limiting step
of the reaction of free chlorine with urea (k = 2.35x10* M"' s at pH 2, Blatchley and Cheng
(2010)). Based on this value and neglecting subsequent chlorination steps, the modelled
trichloramine was ~2—5x10® M which is 100 times lower than the measurements (SI, Figure
G.1). Trichloramine was also modelled with the chlorine depletion (k = 4.58x10° s) in excess
of urea (3.3x10° M ~ 1 mg L") and a 1:1 reaction to trichloramine (Schmalz et al., 2011a). The
resulting trichloramine concentration (0.5-2x10® M) was about 20 times lower than the
measured concentration in the pools (SI, Figure G.2). It is hypothesized that urea is not the
main trichloramine precursor, which is in agreement with another study (Soltermann et al.,

2014).
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Figure 5.8: Modelled (lines) and measured (boxplots) trichloramine concentrations in the
swimming (black) and the wading pool (grey) during periods with a hypothetical trichloramine
degradation of 40 %, 0 % and 90 % in the UV reactors. The measured concentrations were
averages from Figure 5.6 (excluding days 1-3 for the swimming pool) which were corrected by

a factor of 0.63 for the swimming pool as described in section 5.2.4.

Setting a trichloramine reduction of 40 % in the UV reactors lowered the trichloramine
concentration in the swimming pool by 13 % and in the wading pool by 33 % (Figure 5.8).
Since the effect of UV treatment was less pronounced in the field study and the new
equilibrium concentrations were reached even faster, trichloramine formation and decay must
have been slightly faster in the field than in our model. The effect of a trichloramine reduction
of 90 % in the UV reactor, which would require a 5 times higher UV dose than for a reduction
of 40 %, lowered the trichloramine concentration only by 23 % and 63 % in the swimming and
the wading pool, respectively (Figure 5.8). Thus, mitigation of trichloramine in pool water by
increasing the UV dose is limited. Doubling the flow through the water treatment would halve
the UV dose per cycle because of the shorter residence time in the UV reactor. Due to the
additional trichloramine mitigation on the spillway and in the multilayer filter, trichloramine
concentrations in the pools would drop (to a level of 79 % and 88 % for the swimming and
wading pool, respectively) with an increased treatment flow even if the UV degradation was
reduced by 50 % (SI, Figure G.4). An increase in the water flow with a constant UV dose in the
UV reactors would lower trichloramine concentrations even more significantly (72 % and 68 %
for the swimming and wading pool, respectively) (SI, Figure G.5). However, it must be

considered that a constant trichloramine elimination by outgassing on the pool water surface,
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the spillway and the inlet in the collection basin or by the degradation in the multilayer filter
was assumed. It was not confirmed by on-site measurements that this elimination is constant at
high flow rates and this elimination can be different in other pool facilities. Nevertheless,
increasing the flow rate improves the effectiveness of the UV treatment since more water is

treated and the reduced residence time does not allow for the same trichloramine formation.

Further runs with the model showed that changes in free chlorine or precursor concentration
resulted in a fast and linear change of the trichloramine concentration and therefore represent an
effective tool for trichloramine mitigation (SI, Figure G.6 and G.7). An increase of the fresh
water addition by a factor of 10 did not greatly affect trichloramine concentrations in the pool
since the dilution was still only 6 % per day (SI, Figure G.8). Conclusively, the most effective
strategy to lower trichloramine concentration in pool water is to increase the recirculation flow
while keeping the UV dose at the same level, which implies a proportional increase of the
fluence rate. After considering all of the factors including UV dose, recirculation rate, free
chlorine concentration, fresh water addition and bather load, lowering of the free chlorine

concentration might be the most viable option to decrease trichloramine concentrations.
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5.4 Conclusions

Trichloramine, a hazardous disinfection by-product of pool water chlorination, is formed by
reactions of free chlorine with nitrogenous precursors. Because inorganic chloramines are
susceptible to UV irradiation, an increasing number of pool facilities augment their treatment
with this technology to abate chloramines. Experiments in pure aqueous solutions revealed that
the apparent rate constants of chloramine photolysis increased with the number of N-CI bonds
for medium-pressure (MP) UV irradiation while mono- and dichloramine were equally
degraded by low-pressure (LP) UV irradiation. For trichloramine phototransformation apparent
quantum yields > 1 mol einstein” for LP and MP irradiation were found, indicating that
secondary processes, probably involving "‘OH radicals, are important for trichloramine
degradation. Trichloramine quantum yields in pool water samples increased for decreasing free
chlorine concentrations. Pre-treatment of the pool water matrix with UV enhanced its reactivity
with trichloramine, whereas chlorine addition after UV irradiation increased trichloramine

stability.

UV reactors in this pool study mitigated about 40-50 % of trichloramine in the recycled water.
Although this is quite considerable, the effect of UV treatment on trichloramine concentration
in pools depends on the pool size and the recirculation rate. For pools with a fast turn-over (~1
hour), trichloramine elimination by UV at the inlet clearly affected the concentration in the pool
whereas for a turn-over of 4-5 hours, trichloramine concentrations were not lowered

considerably.

Consequently a high recirculation rate is required to lower the trichloramine concentration.
Otherwise trichloramine will quickly reach a steady-state concentration similar to the one
without UV treatment. A model combining hydraulics with trichloramine formation and
abatement kinetics confirmed that an increase of the recirculation rate through the treatment
part could effectively lower trichloramine concentrations in the pools. However, most pool
operators might abandon this option because of limitations in the infrastructure and additional
energy costs. The model allowed for an assessment of other trichloramine mitigation strategies
(e.g. increased fresh water addition or lower free chlorine levels). Based on our results, lower
trichloramine concentrations in pool waters can be most effectively achieved by lowering the

free chlorine concentration. However, this strategy might be restricted due to hygienic reasons.
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A Additional information on actinometry and quantum yield calculations
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Figure A.1. Measured molar absorption coefficients (&) for mono-, di- and trichloramine.
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Figure A.2. Emission spectra of the medium-pressure (MP) mercury lamp (black line)
according to the supplier (Peschl Ultraviolet, online catalogue 2013, www.peschl-
ultraviolet.com). The red line corresponds to the emission of a low-pressure (LP) lamp. Values

for wavelength-dependent light emission can be found in Table A.1.
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Text A.1. The spectral molar absorption coefficients (¢) for mono-, di-, trichloramine and
atrazine were calibrated using the molar absorption coefficients for specific wavelengths given
in the literature. Mono- and dichloramine concentrations derived from the given molar
absorption coefficients at 243 and 294 nm (NH,Cl: €431m = 44.5 m> mol'l, €204nm = 2.7 m>
mol'l, NH,Cl: €430m = 24.5 m> mol'l, £43nm = 27.6 m’ mol'l). Trichloramine was quantified
using literature values for the molar absorption coefficient at 336 and 360 nm (NCls: €336nm =
19.0 m? mol'l, €360nm = 12.6 m> mol'l) and atrazine with the molar absorption coefficient at 254
nm (atrazine: €s4nm = 386 m? mol'l) (Hand and Margerum, 1983; Nick et al., 1992; Schurter et
al., 1995).

Table A.1. Wavelengths with corresponding emission intensities of the medium-pressure (MP)
lamp, normalized distribution function of the lamp emission, the wavelength-dependent energy

of a photon and normalized energy distribution of the MP lamp.

Peaks MP lamp Light emission " Normalized spectrum Energy per Normalized energy fo\* Energy

photon at A distribution per photon

(nm) (mmol quanta h™') f,\, normalized 238300 nm () (J photon™)  f) normalized 238-390 nm () (J photon™)
238-240 8 0.037 8.3E-19 0.048 3.1E-20
248 5 0.023 8.0E-19 0.029 1.9E-20
254 30 0.140 7.8E-19 0.168 1.1E-19
265 11 0.051 7.5E-19 0.059 3.8E-20
270 5 0.023 7.4E-19 0.026 1.7E-20
275 2 0.009 7.2E-19 0.010 6.7E-21
280 6 0.028 7.1E-19 0.030 2.0E-20
289 4 0.019 6.9E-19 0.020 1.3E-20
297 9 0.042 6.7E-19 0.043 2.8E-20
302 17 0.079 6.6E-19 0.080 5.2E-20
313 41 0.191 6.3E-19 0.186 1.2E-19
334 5 0.023 5.9E-19 0.021 1.4E-20
366 71 0.330 5.4E-19 0.276 1.8E-19
390 1 0.005 5.1E-19 0.004 2.4E-21
Total 215 1 9.6E-18 1 6.5E-19

" Source: Peschl Ultraviolet (online-catalogue, 2013)
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Table A.2. Molar absorption coefficients (€) of mono-, di-, trichloramine and atrazine used for

calculation of the quantum yields.

Peaks MP lamp €, NH.CI €, NHCI, €, NCI; €, atrazine

(nm) m? mol™ m? mol™ m? mol™ m? mol™

238-240 42.8 39.3 114.7 976.5
248 43.1 23.4 49.2 433.5
254 37.1 17.5 43.2 386.0
265 21.2 13.4 391 415.2
270 14.7 14.4 35.4 365.1
275 9.6 16.9 30.7 266.2
280 5.8 20.4 25.7 152.2
289 2.0 25.7 17.7 27.2
297 0.7 26.6 13.1 6.8
302 0.3 24.8 11.8 4.5
313 0.0 16.7 12.6 3.0
334 0.0 3.7 18.8 2.7
366 0.0 0.0 10.1 2.1
390 0.0 0.0 2.6 1.7
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B Reactivity of trichloramine
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Figure B.1. Reaction of trichloramine (0.5-1 uM) with (a) DMA (10-50 pM) and (b)

morpholine (5-25 uM) at pH 7.
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Figure B.2. Apparent second-order rate constants for the reaction of trichloramine with

chlorinated DMA (25 uM) and chlorinated morpholine (25 puM) at pH 7 in dependence of UV

treatment of the chlorinated amine prior to the reaction with trichloramine (0.5-1 puM).
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C Information on pool water samples used for quantum yield experiments

Table C.1. Characteristics of pool water samples used for quantum yield experiments.

Sample quantumyield pH NCl; before spiking free chlorine combined chlorine urea conductivity TOC
nr. mol einstein™  (-) (nMm) (mgLtasCly) (mgLtasCly) (mgl?)  (uSem™) mgcL?!
1 2.8 7.09 0.32 0.29 0.14 13 466 2.0
2 4.3 7.48 0.03 0.03 0.16 1.8 930 1.6
3 2.8 7.33 0.19 0.15 0.14 1.6 760 19
4 22 7.32 0.38 0.45 0.11 1 810 1.6
5 2.5 7.12 0.23 0.24 0.11 0.4 873 11
6 2.1 7.36 0.20 0.29 0.09 0.2 894 0.9
7 2.1 7.4 0.32 0.30 0.12 0.7 854 1.4
8 2.9 7.29 0.17 0.14 0.16 1.1 609 1.2
9 15 7.54 0.48 1.00 0.16 0.5 621 1.0
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D Additional information on the swimming pool facility
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Figure D.1. Fresh water addition to the three pools over the period of the field study.

a)
1200
| —=—adults
10004 tegnagers and seniors
| —*—children
= 800 —— total
g -
€ 600
=}
2 J
400
200
0 T T . T T . .
20.04 04.05 18.05 01.06 15.06
b)
1200 -
|—=— adults —— children —— total
1000 4 teenagers and seniors
Z 800 |
5 4 v v
Q v pM
g 600 - M . v
< 4 y v v v
Y & 3 = ;o
400+ ¥ ¥, ¥ . < v
41 = | S - Ia I
ga M= H i H
2004 m2 n 4 ‘ H ?
| i [} ; ] ? °
0—— | | T | T |
1 2 3 4 5 6 7

Figure D.2. (a) Visitor’s frequency
sorted by weekdays.

weekday (1 = sunday, 7 = saturday)

of the pool facility over the period of the field study and (b)
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E Information on MIMS measurements on-site.

] (i) (i) (iii) (iv) (v)
Sampling swimming| | wading before after UV after UV
ports pool pool uv swimming wading
Installed tubing, not afcesible
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chloring, _ 1 _ _ _ _ T T T
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Nyflon tubing 2
Sampling
flasks dB
(overflow system)

]

Tubing to MIMS inlet valve
1-2m
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Scheme E.1 Overview of the sampling system for trichloramine analysis. The water flow from
the sampling ports to the sampling flasks was controlled to be 10-40 mL min”'. The tubing
from the ports (i) and (ii) to the chlorine and pH gauges was a permanent installation. A free
chlorine and trichloramine loss of about 40 % was observed between the sampling port and the
sampling flask of the swimming pool (green line). All other connections between the ports and
the sampling flasks were of nylon tubing (diameter 1.9 mm, Palle Knudsen, Denmark) and free

of losses.

Text E.2

MIMS calibration

MIMS calibration for trichloramine measurements was performed every 2—4 days. The baseline
for signal 88 m/z was determined every 1-3 days. The MIMS was installed at the pool facility
for more than one month. The instrument lost about 1-2 % of sensitivity per day. After using a
new filament for ionisation, the background increased during the first 2—3 days. Results were
not analysed during that period. A similar increase of the background was observed at the end
of the sampling campaign for unknown reasons. Figure E.1 and E.2 show the changes of
sensitivity and background with time. Data were analysed by using the interpolated slope of the
calibration (Figure E.1) and the interpolated background at the end of the sampling campaign
(Figure E.2). The increase of the background for signal 88 m/z was compared to the constant

measurement of signal 171 m/z. This signal was assumed to represent the evolution of the
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background of the instrument since no substance in pool water was expected to give this signal.
Trichloramine concentration was calculated using the interpolated baseline during the phase of

increasing baseline.
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Figure E.1 Evolution and interpolation of the slope of the trichloramine calibration used for the

calculation of the trichloramine concentrations.
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Figure E.2 Evolution of the signal 171 m/z and the measured and interpolated baseline for

signal 88 m/z.

201



Chapter 5

F Effect of UV treatment on combined chlorine concentration and on signal 83 m/z
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Figure F.1 Evolution of free chlorine, combined chlorine and monochloramine in (a) the
swimming pool and (b,c) the wading pool after switching the UV reactor on and off. For the
wading pool, only data between 0:00 and 06:00 were plotted to reduce the impact of changing
bather load.
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Text F.1. Data in Figure F.1 on the combined chlorine concentration in the swimming pool (a)
show a slight but steady increase of the combined chlorine concentration after the UV reactor
was switched off and a decrease after it was turned on. Data on the wading pool (b and c) was
less clear. Generally, it seemed that combined chlorine and monochloramine concentrations
responded slowly to UV treatment and that 3 days were not enough to reach a new steady-state
condition (Figure F.1a). Therefore, it is assumed that combined chlorine stability in pool water
is high, leading to a cumulative effect of the UV treatment since pool water was treated every

4-5 hours on average.
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Figure F.2. Evolution of signal 83 m/z (which is assumed to represent chloroform) of the
swimming pool in relation to UV treatment and filter backwashing. Signal 83 m/z was
corrected with the trichloramine calibration (signal 83 m/z / slope of the trichloramine

calibration) to consider the loss of sensitivity of the MIMS.

Text F.2. The results in Figure F.2 show that signal 83 m/z dropped after each filter
backwashing for 2—-3 days before it increased again. It seemed that a steady-state concentration
was reached shortly before the weekly filter backwashing. Thus, backwashing of the filter
diminished chloroform formation in the pool water. This might either be due to the improved
filter capacity after the backwashing (less precursor in the pool water) or due to the cleaned

filter (less precursors present in the filter).

A previous study reported an increased trihalomethane formation when pool water was treated
with UV for one week (Cassan et al., 2006). The effect of UV treatment on signal 83 m/z

cannot be assessed conclusively. No change in signal 83 m/z was observed over the UV
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reactors. An interpretation of the long-term effect of the UV treatment on signal 83 m/z is not
possible since UV treatment was always stopped shortly before or after the filter was
backwashed. Since the filter backwashing caused a clear decrease of signal 83 m/z even when
the UV treatment was not switched off, it can be assumed that this, and not the UV treatment,
was the predominant reason for the signal drop when UV treatment was switched off

simultaneously to the filter backwashing.
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G Information on the pool facility model
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Figure G.1. Evolution of trichloramine concentration after switching on the UV treatment
(40 % degradation in the UV reactors) and turning it off 24 hours later. Trichloramine

formation was calculated using data from Blatchley and Cheng (2010).

Text G.1. Trichloramine concentration was modeled for two days with a trichloramine
degradation of 40 % in the UV reactors on the first day and no degradation in the UV reactors
on the second day. Trichloramine formation was calculated by assuming that the first
chlorination step of urea by Cl, is the rate limiting step (ku.co = 2.34x10* M s™) in the
trichloramine formation as suggested by Blatchley and Cheng (2010). Further chlorination with
HOCI was assumed to be fast and to result in a stoichiometric formation of one trichloramine
per urea (eq.1). The Cl, concentration was derived at pH 7.2 with the free chlorine
concentration (0.45 mg L, 0.35 mg L™ and 0.3 mg L™ for the swimming, wading and diving
pool, respectively) and the chloride concentration according to the equations 2 + 3 from
Deborde and von Gunten (2008) with & = 22.3 s™' and k.; = 4.3x10" M? s"'. The chloride
concentration was measured daily during one week (several weeks after the sampling
campaign) and showed almost no variation (156 + 6 mg L™). Urea concentration was set to a

constant concentration of 0.6 mg L™ for all pools.

ky- kchiorination

Cl, + urea =B N — chloroureq —=rmetonioq] NCl; (1)
k

Cl, + H,0 - HOCl+ H* + Cl~ (2)
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kj._
HOCL+ H* + ClI- =5 Cl, + H,0 (3)

The calculated trichloramine concentration was 100 times lower than the measured
concentration on-site. This suggests that either the reaction rate (which was measured at pH 2)
was significantly higher in pool water or trichloramine in pool water mainly originated from

other nitrogenous precursors than urea.

— swimming pool wading pool
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UV on UV off
2 2x10°-
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=
1x10°4  feesmmmTmmTmmmEeTT
0 T
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Figure G.2. Evolution of trichloramine concentration after switching on the UV treatment
(40 % degradation in the UV reactors) and turning it off 24 hours later. Trichloramine

formation was calculated using data from Schmalz et al. (2011).

Text G.2. A model was run with trichloramine degradation of 40 % in the UV reactors on the
first day and no degradation in the UV reactors on the second day. Trichloramine formation was
modeled using data from Schmalz et al. (2011) (eq. 4). Schmalz et al. (2011) deduced the
reaction rate from the free chlorine depletion in excess of urea (3.3 x 10 M) which allows to
calculate the second order rate constant for the reaction of HOCI with urea (kioci-urea = Kobserved /
[urea] = 4.58x10° s / 3.3x10° M = 0.14 M"' 5. Schmalz et al. (2011) found that at pH 7.1
about 76 % of the nitrogen in urea was converted to trichloramine. In the model, a complete
conversion of urea-nitrogen to trichloramine was assumed which would consume 3 HOCI

molecules per trichloramine formed (eq. 5).
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kO serve
HOCL + urea %% NCl; 4)
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6 HOCL + urea —=="% 2 NCl, (5)

The resulting trichloramine concentration was about 20 times lower than the measured
concentration on-site. This suggests that trichloramine formation from urea accounts only for
about 5% of the total trichloramine formation. To reach the measured trichloramine
concentrations, kqocl-urea N€€dS to be ~3.2 Mm! s'l, a factor 20 higher than derived from literature

data.
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Figure G.3 The hypothetical urea consumption as a function of time in a model with a slow
reaction of urea with free chlorine (according to Schmalz et al. (2011)), or a fast reaction of
urea with free chlorine (fitted value (Text G.2)) with a constant and variable urea concentration,

respectively.

Text G.3. Three model runs were performed to quantify the urea consumption in the swimming
pool. In the first two runs, the initial urea concentration was set to 10° M in the whole system
without further urea addition. Trichloramine formation was modeled according to Schmalz et
al. (2011) (i) with koclurea = 0.14 M 8™ (slow formation) and (ii) with kociues = 3.2 M 57!
(fast formation, see Text G.2). In a third run, the urea concentration was kept constant at 10° M
and trichloramine formation was modeled with Anocturea = 3.2 Mgt (fast formation). The
results in Figure G.3. show that the urea consumption was about 1 % and 18 % of the initial
concentration within 24 h in the runs without urea addition for slow and fast trichloramine
formation, respectively. The moderate urea decrease is in good agreement with the slow
trichloramine decrease over night, which was observed in the same pool facility (Soltermann et

al., 2014). A urea depletion of 18 % of 0.6 mg L' (10° M) urea in the total water volume of
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about 2x10° L implies a urea introduction of 200 g per day to maintain a constant urea level in
the pool facility. This results in an average urea introduction per visitor of 0.4 g since the
average number of visitors was about 500 per day. This urea input is in agreement with Weng

and Blatchley (2011) who calculated a urea input of 0.56—1.2 g per bather.
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Figure G.4. Modeled evolution of the trichloramine concentration after doubling the

recirculation rate through the water treatment system. The UV degradation was adjusted to the

higher flow through the UV reactor (degradation in the UV reactor: 20 %).

Text G.4. Water flow through the water treatment was doubled after 24 hours. Trichloramine
elimination in the UV reactors was assumed to be inversely proportional to the water flow
(resulting in a 20 % degradation of trichloramine in the UV reactors) because of the diminished
residence time of the pool water in the UV reactor. This assumption is an approximation which
is not true for all ranges of UV intensities. The results in Figure G.4. show that the
trichloramine concentration significantly decreased in the swimming pool due to the shorter

residence time and the trichloramine degradation in the spillway / multilayer filter.
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Figure G.5. Modeled evolution of the trichloramine concentration after an increase of the
recirculation rate through water treatment by a factor of two. Trichloramine degradation in the

UV reactor was set to 40 %.

Text G.S5. The recirculation rate through the water treatment system was doubled after 24
hours. Trichloramine reduction in the UV reactors was kept constant at 40 %. Especially
trichloramine concentration in the wading pool dropped more than in Figure G.4 where the UV

degradation was adjusted to 20 %.
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Figure G.6. Modeled evolution of the trichloramine concentration in a model run in which the
free chlorine concentration was lowered after 24 hours from 0.45 and 0.35 mg L™ to 0.3 and 0.2

mg L in the swimming and wading pool, respectively.
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Text G.6. A free chlorine reduction of about 33 % resulted in trichloramine reduction similar to
the free chlorine reduction. This is in a good agreement with other measurements in the same
pool facility and with samples from other swimming pools in which a linear correlation
between the free chlorine and the trichloramine concentration was found (Soltermann et al.,

2014).

7 | = swimming pool wading pool
5x1079 .. input swimming pool input wading pool
4x107 4
oo B 4
O ]
Z 7
2x107" 1
1x1074 7T B
0 ' T . i ' i :
0 6 12 18 24

time (hours)

Figure G.7. Modeled evolution of the trichloramine concentration within two periods (9:00—
12:00 and 14:30-18:00) of high urea concentration (1 mg L) in the wading pool and the

swimming pool.

Text G.7. Trichloramine concentrations in the wading and the swimming pool were modeled
for changing urea concentrations as they typically occurred in the pool facility: Urea was
assumed to be the only trichloramine precursor and to be at a constant level in all pools (0.6 mg
L") except for the wading pool (1 mg L") during the time of heavy use (9:00-12:00 and 14:30—
18:00). A similar increase was observed during heavy use of the wading pool (Soltermann et
al., 2014). Trichloramine formation was calculated using eq. 6, in which kyodel resulted from kegr

(10° s, see main text) from previous models and a constant urea concentration (0.6 mg L™).

HOC!l + urea ’M NCl; (6)

The modeled trichloramine increase was less pronounced than the measured increase of the
trichloramine concentration shown in Figure 7 (main text). This indicates that there was an even
stronger increase of other trichloramine precursors than urea. Trichloramine concentration in
the swimming pool remained unchanged by the higher trichloramine concentration in the
wading pool since the volume of the wading pool (56 m®) represents only a small fraction of the

total water volume in the three pools (~ 2’000 m?).
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Figure G.8. Modeled evolution of the trichloramine concentration after increase of the fresh

water addition by a factor of 10 after 24 hours.

Text G.8. Fresh water addition was increased from 0.13 to 1.3 L s’ after 24 hours.
Trichloramine concentrations in the swimming and the wading pool remained unchanged. The
model only reflects the dilution of the trichloramine concentration and not the dilution of the
nitrogenous precursors. The total volume of the system is around 2’000 m® wherefore a dilution
of 0.5% and 5.6 % per day resulted for the fresh water addition of 0.13 and 1.3 L s,
respectively. This dilution might be important for stable, slowly reacting substances but has
little effect on substances with a short half-life in pool water. An example of such moieties
would be precursors for trihalomethanes (THM) which are rather slowly reacting substances.
However, these substances were mainly introduced by the filling water and not by the bather
load. Therefore, an increased fresh water addition would not lower the THM precursor

concentrations in pool water.
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Chapter 6

Abstract

N-Nitrosamines, in particular N-nitrosodimethylamine (NDMA), are carcinogens which occur
as chlorine disinfection by-products (DBPs) in swimming pools and hot tubs. UV treatment is a
commonly used technique in swimming pools for disinfection and DBP attenuation. UV
irradiation is known to efficiently degrade N-nitrosamines. However, UV irradiation (at A = 254
nm) of chlorinated dimethylamine (CDMA) and monochloramine, two NDMA precursors
present in swimming pool water, resulted in a substantial UV-induced NDMA formation
(~1-2 % yield based on initial CDMA concentration) simultaneously to NDMA photolysis.
Maximum NDMA concentrations were found at UV doses in the range used for advanced
oxidation (350850 mJ cm™). Very similar behavior was found for other chlorinated secondary
amines, namely diethylamine and morpholine. Effectiveness of UV irradiation for N-
nitrosamine abatement depends on initial N-nitrosamine and precursor concentrations and the
applied UV dose. N-Nitrosamine formation is hypothesized to occur via the reaction of nitric
oxide or peroxynitrite with the secondary aminyl radical, which are products from the
photolysis of monochloramine and chlorinated secondary amines, respectively. Experiments
with pool water showed that similar trends were observed under pool water conditions. UV
treatment (UV dose: ~360 mJ cm™) slightly increased NDMA concentration in pool water

instead of the anticipated 50 % abatement in the absence of NDMA precursors.
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6.1 Introduction

Due to their carcinogenic properties, N-nitrosamines are of high concern in food products,
drinking water and every day products (e.g. cigarettes and cosmetics) (Ketola et al., 2002;
Huber et al., 2011). Although the main N-nitrosamine exposure occurs via food, nitrosamine
uptake via drinking water can be relevant (Kristensen et al., 2009). The most studied N-
nitrosamine is N-nitrosodimethylamine (NDMA) which is mutagenic with a life time cancer
risk of 10 for a concentration of 0.7 ng L™ in drinking water (Buxton and Subhani, 1972;
WHO, 2008; 2012). Nevertheless, only few regulatory agencies have established standards for
NDMA in drinking water of around 10 ng L™ (2013; 2013). The World Health Organisation
(WHO) sets a guideline value of 100 ng L' which was adopted as target value by Japan
(Canonica et al., 1995; WHO, 2008).

N-Nitrosamines were measured in drinking water, surface waters, and waste water effluent at
concentration levels of < 100 ng L™, < 60 ng L™, and 8400 ng L™, respectively (INRS, 2007;
Krauss et al., 2009; Bessonneau et al., 2011; SIA, 2011). Recently, concerns have arisen about
N-nitrosamine concentrations in swimming pool water. NDMA was measured in swimming
pools and hot tubs with concentrations of up to 450 ng L™ (Walse and Mitch, 2008; Jurado-
Sanchez et al., 2010). These findings were linked to epidemiological studies which showed a
correlation between swimming in pool water and risk of developing bladder cancer (Walse and

Mitch, 2008; Garcia et al., 2012).

NDMA is a disinfection by-product (DBP) in chlorinated and chloraminated water (Mitch and
Sedlak, 2002; Schreiber and Mitch, 2006; Schreiber and Mitch, 2007; Hansen et al., 2013). Its
formation in swimming pools is assumed to occur mainly through the slow reaction of
monochloramine with dimethylamine (DMA) via the formation of unsymmetrical
dimethylhydrazine (UDMH) as an intermediate (Scheme 6.1a, egs. 6.1, 6.2) or through the
faster reaction of dichloramine with DMA via the chlorinated UDMH (Scheme 6.1b, egs. 6.3,
6.4) (Schreiber and Mitch, 2006). Schreiber and Mitch (2006a) suggest that the major NDMA
formation in pool water occurs via the dichloramine pathway, which includes the oxidation of
chlorinated UDMH to NDMA by the incorporation of dissolved oxygen (Scheme 6.1b, eq. 6.4).
A much faster NDMA formation, with a parallel dimethylnitramine (DMNA) formation, occurs
at breakpoint chlorination involving nitrite, free chlorine and DMA as precursors (Scheme 6.1c¢)
(Schreiber and Mitch, 2007). Schreiber and Mitch (2007) did not reveal the exact reaction
mechanism, but assumed that the formation involves peroxynitrite and hydroxyl radicals ((OH)

rather than dinitrogen tetroxide as described in previous studies (Choi and Valentine, 2003).
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Other N-nitrosamine formation pathways were reported from the reaction of secondary amines
(e.g. morpholine) with nitrosating agents such as nitric oxide or peroxynitrite (APHA, 2005;
Canonica et al., 2008; Kinani et al., 2012). The formation via peroxynitrite was reported to
generate the corresponding N-nitramines as a side product to the N-nitrosamines (Scheme 6.1c,
egs. 6.6, 6.7) (Kinani et al., 2012). For morpholine, the ratio of N-nitramine and N-nitrosamine

formation depends on various factors such as pH or carbonate concentration (APHA, 2005).

a)
CH H H.C
N 7/ 6.1) 3 H
NH+G—N\ N— N
CH, H WC/ \H
UDMH
CH H H.C
3\N—N/ o ’ N N/O
6.2
CH;/ AN (6.2) Igc’/
NDMA
b)
CH cl H.C cl
’ 6.3) N 7
NH +CF—N\\ —_— N— N
CH, H mc/ Ny
Cl-UDMH
CH cl H.C
3\N—N/ % ’ N N/O
6.4
CH;/ N (6.4) HgC/
NDMA
Q) i (6.5) .
HOCI + 2 NO, —> Intermediates
H,C o
N—NZ
H,C

(6.6)
/////* NDMA
Intermediates + DMA
(6.7)

H,C

DMNA

Scheme 6.1: NDMA formation from (a) the slow reaction of NH,Cl and DMA via UDMH, (b)
the faster reaction of NHCI, and DMA via CI-UDMH and (c) the very fast formation at
breakpoint chlorination from HOCI, nitrite and DMA via peroxynitrite or other reactive

nitrogen oxides (adapted from Schreiber and Mitch (2006) and Schreiber and Mitch (2007)).
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While there are numerous N-nitrosamine formation pathways, only a few N-nitrosamine
mitigation strategies are considered to be effective (Davey et al., 2011). Various studies suggest
to prevent N-nitrosamine formation by precursor oxidation with O;, ClO,, Fe(VI) and Cl,
(Bogatu et al.; Yiin and Margerum, 1990; Hansen et al., 2013; Weng et al., 2013). After their
formation, photolysis is the most effective N-nitrosamine mitigation strategy, especially for
NDMA (Gérardin and Subra, 2004; Nawrocki and Andrzejewski, 2011; Weng et al., 2012;
Wang et al., 2013). Plumlee and Reinhard (2007) reported that many N-nitrosamines have
similar absorption spectra and quantum yields. The UV fluence-based rate constant of NDMA
hardly differs for low- and medium-pressure lamps but changes with pH and initial

concentration (Sharpless and Linden, 2003; Gérardin and Subra, 2004; Parrat et al., 2012).

In addition to disinfection, UV treatment in swimming pools is used to diminish the chloramine
concentration to reach regulatory standards and to prevent DBP formation. The required UV
dose for a 50 %-degradation of monochloramine, the dominant chloramine in pool water, is
reported to be about 700 mJ cm™ (A = 254 nm) (Plewa et al., 2008). This is at the lower end of
typical UV doses for pre-oxidation (~750-1500 mJ cm™) and above the ones for disinfection
(40-100 mJ cm™) (Shah et al., 2011; Hansen et al., 2013). In Switzerland, pool water is
recirculated through the treatment system and it is commonly irradiated with a UV dose of 40—
100 mJ cm™ per treatment cycle. The average number of treatment cycles that pool water
experiences can be calculated from the average residence time in the system and the hydraulic

residence time in the pool.

It has been demonstrated that UV treatment of chlorinated pool waters may also enhance the
concentration of other DBPs (e.g. THM, dichloromethylamine, dichloroacetonitrile, cyanogen
chloride) (Reichert, 1994; Cassan et al., 2006). Other studies showed that UV irradiation can
induce NDMA formation, for instance the irradiation of nitrate or nitrite in the presence of
dimethylamine (DMA) (Ohta et al., 1982; Lee and Yoon, 2007). However, the N-nitrosamine
yields in these studies were low and only relevant under extreme conditions. The fact that
NDMA photolysis forms its own precursors again (e.g. DMA and nitrite) is not problematic
since the NDMA vyield from these substances is very low (0.2 % after 24 h in the presence of
free chlorine) (Sharpless and Linden, 2003; Xu et al.,, 2009). Nevertheless, photolysis of
chloramines leads to a number of reactive nitrogen species such as aminyl radicals, nitric oxide,
peroxynitrite, and nitrite (Scheme 6.2) which may lead to N-nitrosamines in combination with
secondary amines (Li and Blatchley, 2009; De Laat et al., 2010; Kinani et al., 2012). Nitric
oxide can react to peroxynitrite in the presence of superoxide (‘O;") (Scheme 6.2, eq. 6.11,

Lobachev and Rudakov (2012)); ‘O, may be formed over numerous pathways during
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photolytic processes in natural waters (Liviac et al., 2010). Since the concentrations of
chloramines and secondary amines are significant in swimming pools, it can be hypothesized
that UV treatment may induce simultaneously the degradation of N-nitrosamines, which are

already in solution, and the formation of new N-nitrosamines.

The objective of this study was to investigate UV treatment as a mitigation option for N-
nitrosamines in chloraminated pool water. The UV-induced formation and abatement of
NDMA, a general model compound for N-nitrosamines was investigated in waters containing
monochloramine and chlorinated dimethylamine. Furthermore, the kinetics of the main UV-
induced NDMA formation pathway in pool water were elucidated and its validity for the
formation of other N-nitrosamines (N-nitrosodiethylamine, N-nitrosomorpholine) was assessed.
The relevance of the UV-induced N-nitrosamine formation was also investigated in pool water

samples.

NH,Cl %> NH, + CF
(6.8)

(6.9) y HNOOH —— NO" + H,0

NH, + O,
(6,1\0)A HNO + H,0,

NO,-
o (6a1) GV
NO' + 'O,” <— ONOO™ <—» NO, + 1,0,
Qo)

6.12) ‘NO, + CO;4"

Scheme 6.2: Potential N-nitrosamine and N-nitramine precursors derived from
monochloramine photolysis (adapted from Li and Blatchley (2009), Lobachev and Rudakov
(2012) and Uppu et al. (2005)).
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6.2 Materials and Methods

6.2.1 Reagents

All chemicals were analytical grade and used without further purification. Dimethylamine
(DMA), ammonium chloride, tert-butanol (t-BuOH), morpholine (Mor), diethylamine (DEA),
sodium hypochlorite (6—14 % active chlorine), and sodium nitrate were obtained from Sigma-
Aldrich. N-Nitrosodimethylamine (NDMA), N-nitrosodiethylamine (NDEA), and the N-
nitrosamine mix (EPA 8270 Appendix IX) including N-nitrosomorpholine (NMor) were
purchased from Supelco. Sodium sulfate, disodium carbonate, ascorbic acid, sodium
dihydrogenphosphate and disodium hydrogenphosphate were obtained from Merck. N-
Nitrodimethylamine (also known as dimethylnitramine (DMNA)) was purchased from
Cambridge Isotope Laboratories. Ultrapurified water was produced by the ‘“barnstead

nanopure” water purification system from Thermo Scientific.

The concentration of the hypochlorite stock solution was quantified spectrophotometrically at A
=292 nm (molar absorption coefficient = 350 M c¢m™) (Soulard et al., 1981). Stock solutions
of chlorinated secondary amines (chlorinated dimethylamine (CDMA), chlorinated
diethylamine (CDEA) and chlorinated morpholine (CMor)) were produced just before the
experiments by vigorously mixing the secondary amine with hypochlorite (molar ratio
N/CI 1:1) for a few seconds. Solutions were kept in closed bottles with little headspace to

prevent the loss by evaporation.

Monochloramine (NH,Cl) stock solutions were freshly prepared daily with a slightly modified
method of Shang and Blatchley (1999) by mixing ammonium chloride and hypochlorite (molar
ratio N/CI 1:1) with a dual syringe pump with a T-mixing system at pH 9.5. The NH,Cl
concentration was quantified using the method by Schreiber and Mitch (2005) considering the
absorption of NH,Cl and dichloramine (NHCI,) at A = 245 and 295 nm (NH,Cl: €450m = 445
M'lcm'l, €2950m = 14 M'lcm'l; NHCL: €450m = 208 M'lcm'l, €2950m = 267 M'lcm'l). To check for
the presence of trichloramine, the absorbance at 360 nm was analysed (€360nm = 126 M'lcm'l)
(Schurter et al., 1995). NH,Cl dissociation might be considerable if experiments are conducted
at neutral or acidic pH with high NH,Cl and phosphate buffer concentrations (Jafvert and
Valentine, 1992). Therefore, NH,Cl stability was kinetically modelled with data from Jafvert
and Valentine (1992) to verify that NH,ClI did not dissociate under the experimental conditions

(data not shown).
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6.2.2 Analytical methods

N-Nitrosamines and dimethylnitramine (experiments in ultrapurified water)

Concentrations of N-nitrosamines and dimethylnitramine (DMNA) in experiments with
ultrapurified water and atrazine samples for actinometry were analysed with a high performance
liquid chromatography (HPLC) coupled with a UV-visible absorbance diode array detector
(Agilent 1100 series and UltiMate 3000). N-Nitrosamine and atrazine separation were
conducted with a TSKgel G2500PWXL (Tosoh Bioscience) and a Nucleosil 100-5 C18
(Macherey-Nagel) column, respectively. N-Nitrosamines and atrazine were detected at 228 nm
and 254 nm, respectively. The limits of quantification were around 0.25 pM for the N-
nitrosamines and DMNA with a precision of about 5 %. N-Nitrosomorpholine (NMor)
calibration experienced interferences from the neighbouring peak in the N-nitrosamine mix.
Therefore, quantification was less precise than for the other two nitrosamines. However, NMor

peaks from experiments in ultrapurified water were free of interferences.

N-Nitrosodimethylamine in pool water

The analyses of pool water samples were conducted with an HPLC (UltiMate 3000) equipped
with a post-column Griess reagent system. Solid phase extraction (SPE) of N-nitrosamines was
performed before the analysis. The SPE procedure and the analytical system is described in
detail elsewhere (Bessonneau et al., 2011). For the method, limits of detection (3.4 X stdv.) and
of quantification (10 x stdv.) of N-nitrosodimethylamine are 0.08 nM and 0.22 nM, respectively
(Bessonneau et al., 2011). All samples in this study had a signal to noise ratio (S/N) > 3 (only
one sample with 2 < S/N < 3) and were in a range where the calibration showed a good

linearity.

NH,Cl and CDMA

Measurements of pure NH,Cl and CDMA solutions were performed on a Varian Cary 1E
UV/VIS spectrophotometer. NH,Cl was analysed as described above. CDMA depletion was
measured by monitoring the absorbance at Ayax = 265 nm (€265nm = 297 + 16 M'lcm']). Since the
absorption spectra of NH,Cl and CDMA interfere, they could not be measured when present in

the same solution.

PH
Measurements of pH were conducted with a pH electrode (Ross SemiMicro pH, Thermo

Scientific). Calibration was performed with buffer solutions of pH 7 and 9 (CertiPUR, Merck).
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6.2.3 Pool water samples

Pool water samples were collected from two different public indoor swimming pools (Table
6.1). In both pools, water treatment includes filtration and chlorination. Free chlorine and
combined chlorine were measured with a colorimetric, DPD-based test kit (Chemotest 25,
SWAN) on site. The pH was measured on site with a pH electrode and remained stable (+ 0.1)

from sampling until the end of the experiment.

Table 6.1: Characteristics of swimming pools and their waters.

volume hydraulic residence average residence pH combined chlorine free chlorine
(m®) timeinpool (h)  timeinsystem'(h) () (mgL'asCl) (mgL" as Cl,)

Pool A 650 4.5 26 7.7 0.15 0.25
Pool B 750 4.7 42 74 0.1 0.4

" based on fresh water addition

Sample preparation

Solid phase extraction was needed to quantify N-nitrosamines in pool waters (1 L). Irradiation
time of selected samples was 7.5 minutes (~360 mJ cm™). Since only about 150 mL of the
sample could be irradiated in the UV reactor in one turn, stepwise irradiation of the sample
lasted for almost two hours. Blank samples (without UV irradiation) were kept at room
temperature (23 = 1 °C) in the laboratory and quenched at the same time as the irradiated

sample. All pool water experiments were conducted within 12 hours after pool water sampling.

6.2.4 UV experiments

UV experiments were conducted with a low-pressure lamp emitting monochromatic light at A =
254 nm. All experiments were performed at 25 + 0.2 °C. The UV dose was regularly measured.
Details about the UV reactor and the performed chemical actinometry with atrazine can be

found elsewhere (Plewa et al., 2011).

Blank samples (without UV irradiation) were kept in stoppered volumetric flasks on the
laboratory bench at room temperature (23 + 1 °C) during the experiment. All samples
(irradiated and blanks) were quenched after irradiation with an excess of ascorbic acid to
prevent further N-nitrosamine formation. Thiosulfate was used in several previous studies to
quench N-nitrosamine formation (Kovacic et al., 1965; Xiao et al.,, 2012). However,
experiments showed that thiosulfate is not an appropriate quenching agent for N-nitrosamine
formation in the presence of nitrite and DMA since a significant thiosulfate-induced NDMA

formation was observed in such solutions (SI, section H).
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6.3 Results and Discussion

6.3.1 NDMA formation during UV irradiation

To investigate the UV-induced NDMA formation, the model precursors monochloramine
(NHCl) and chlorinated dimethylamine (CDMA) were irradiated. CDMA was chosen instead
of DMA because DMA chlorination is a fast process in pool waters treated with chlorine (k,p, at
pH 7 ~10* M''s™) (Deborde and von Gunten, 2008). Thus, it is likely that chlorinated amines
such as CDMA and not free amines such as DMA will be present under realistic conditions in
pool water. Rate constants for chlorination of other secondary amines also suggest that the
chlorinated forms will predominate for most secondary amines (Deborde and von Gunten,
2008). Hence, most commonly found secondary amines in swimming pools such as creatinine,

L-arginine or L-histidine are most likely present in their chlorinated form (Reichert, 1994).

UV irradiation of solutions containing CDMA and NH,Cl resulted in a temporarily high, UV-
dose dependent NDMA formation (Figure 6.1). NDMA concentration increased in a first phase
(UV dose < 350 mJ cm™) and remained on a high level (350 mJ cm™ < UV dose < 700 mJ cm™)
before it decreased. This evolution of NDMA is due to NDMA formation from products of
CDMA and NH,CI photolysis. At the same time, NDMA is also photolysed under the applied
UV conditions. Therefore, the NDMA concentration increased at low UV doses when the
NDMA formation was dominant. A peak was observed when the rate of NDMA formation and
NDMA degradation were equal. Thereafter, the NDMA concentration decreased because
NDMA formation from the photolysis of the precursors diminished due to their depletion and

only its photolytic degradation occurred (see also section 6.3.5 for modelling results).

To investigate the impact of pH on NDMA formation, irradiation experiments were conducted
at a single initial concentration of both NH,Cl and CDMA (2.5 mM) and different pH values
(6.5, 7, 7.5 and 8) (Figure 6.2). NDMA concentrations in irradiated samples showed almost no
pH-dependence, except for a slightly increased NDMA formation at pH 8 for UV doses below
500 mJ cm™. This suggests that neither the UV-induced NDMA formation nor the NDMA
degradation is strongly influenced by pH changes in the range of 6.5-8. Previous studies
reported an influence of pH on NDMA photolysis for more extreme pH values (pH 3 and 9.4)
(Gérardin and Subra, 2004; Parrat et al., 2012).
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Figure 6.1: Evolution of NDMA as a function of the UV dose for NH,Cl- and CDMA-
containing waters (pH 7.5 (filled symbols); pH 7.2 (open symbols)). Lines and dashed lines

represent model calculation (see section 6.3.5 for details).

However, pH-dependence of the NDMA formation in the blank (without UV irradiation) was
much more pronounced in the pH range 6.5-8, with a maximum at pH 7.5. This observation is
in agreement with previous studies (Mitch and Sedlak, 2002; Schreiber and Mitch, 2006). The
blank formation without UV irradiation depends on precursor concentrations and on the
reaction time, NDMA formation is slowed down at low concentrations. The UV-induced
formation depends on precursor concentrations and on the UV dose. Additionally, the NDMA
yield in the UV-induced NDMA formation might be slightly influenced by precursor
concentrations due to potential competitive reactions. In conclusion, it is assumed that UV-
induced NDMA formation gains importance at low precursor concentrations due to the slower

formation without UV irradiation.
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Figure 6.2: NDMA formation in irradiated samples containing [CDMA]y, = 2.5 mM and
[NH,ClI]p = 2.5 mM in dependence of pH (6.5-8). Blank samples were controls of the same
solutions without UV irradiation. NDMA concentration in irradiated samples for pH 7.5 and 8
could not be analysed for irradiation times higher than 1’200 mJ cm™ due to a significantly

interfering peak in the chromatogram.

6.3.2 NDMA formation as a function of precursor concentrations

The influence of precursor concentrations on NDMA formation at a UV dose of 830 mJ cm™
was investigated by varying the initial concentration of one precursor (0-5 mM) and keeping
the initial concentration of the second precursor constant (0.5 and 2.5 mM) (Figure 6.3). The
NDMA concentration increased linearly with the initial CDMA and NH,CI concentration for
stoichiometric ratios < 1. For monochloramine in excess, NDMA almost reached a plateau.
However, increasing CDMA concentrations in excess resulted in a continuous but reduced
increase of NDMA concentrations. The difference in the behaviour between NH,Cl and CDMA
might be explained by the fact that NH,CI photolysis is slower than CDMA photolysis (SI,
section B). Therefore, CDMA availability might still be the limiting factor even if it is initially
present in a slight excess. Additionally, irradiation of pure CDMA generates NDMA while this

is not the case for monochloramine.
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Figure 6.3: Dependence of NDMA concentration on initial NH,Cl and CDMA concentrations
(pH=7.2, UV dose = 830 mJ cm™). Squares: CDMA concentration constant (0.5 and 2.5 mM),
variation of NH,Cl concentration (0—5 mM). Circles: NH,Cl concentration constant (0.5 and

2.5 mM), variation of CDMA concentration (0—5 mM).

6.3.3 UV-induced NDMA formation pathway in chloraminated water

Initial step in NH2CIl and CDMA photolysis

The breakage of the N-Cl bond is assumed to be the initial step in NH,Cl photolysis (Li and
Blatchley, 2009; De Laat et al., 2010). The similar nature of the N-Cl bond in CDMA and the
similar absorption spectrum of CDMA suggests an analogous behaviour. The products of these
N-CI bond cleavages are "Cl atoms and the aminyl and dimethylaminyl radicals, respectively
(Schemes 6.2 and 6.3a, eqgs. 6.8, 6.14). This hypothesis was supported by experiments
measuring indirectly the "Cl atoms formation. "Cl atoms are in equilibrium with hydroxyl

radicals ("OH ) in aqueous solutions by reaction with H,O (eq. 6.13) (Buxton et al., 1998).
Cl'+H,0 == H,0Cl' == HOCI'"+H" == OH+ Cl” + H* (6.13)

At circumneutral pH the equilibrium shown in eq. 6.13 is strongly on the right. ‘OH can be
scavenged with dimethylsulfoxide (DMSO) (Buxton et al., 2000) and the reaction products,
namely methansulfinate, methansulfonate and sulfate, can be used for their quantification (Lee
et al., 2004). This method does not allow an exact quantification since conversion of ‘Cl atoms
to "OH might not be complete (due to side reactions with DMSO or with CDMA / NH,Cl and
their degradation products) or additional ‘'OH might be formed from other degradation products.

However, experimental results (SI, section D) suggest a substantial formation of "Cl atoms and

225



Chapter 6

1.5

—_
o
1

[NDMA] / [NDMA] 5 adition
o
o
1

0.0 -

no addition HCO, DMSO t-BuOH NH,” NO,

4

[1TOmM]  [26mM] [1O0mM] [1mM] [2.5 mM]

Figure 6.4: Effect of various solutes ((OH scavengers (HCO;, DMSO, and t-BuOH) and
nitrogen species (NH;" and NO3')) on NDMA formation with UV irradiation (grey bars) and
without UV irradiation (black bars) ((CDMA], = 2.5 mM, [NH,Cl], = 2.5 mM, pH = 7.2, UV
dose ~800 mJ cm™ or ~30 min of reaction time for the control without UV irradiation). Solute
effects are always set in relation to the control without addition. NDMA concentration in the
control was 9.06 + 0.32 uM for irradiated samples and 0.36 = 0.16 uM for non-irradiated

samples.

hence ‘OH by the cleavage of the N-Cl bond (50100 %). An alternative degradation pathway
of NH,Cl and CDMA might be the reaction with "OH. It is suggested that the reaction of NH,Cl
with "'OH forms ‘NHCI radicals without being the main pathway (Li and Blatchley, 2009). The
'NHCI radical is assumed to follow a similar reaction pathway as the aminyl radical, including

the formation of nitric oxide.

To investigate the role of "'OH in the UV-induced NDMA formation, we irradiated samples
containing CDMA and NH,Cl in the presence/absence of ‘OH scavengers (Figure 6.4).
Additionally, we tested the influence of ammonia and nitrate on NDMA formation. Ammonia
and nitrate did not substantially influence UV-induced NDMA formation. Only DMSO and t-
BuOH slightly decreased NDMA formation in the irradiated samples by about 10 %. This
points to a minor role of "OH radicals in the NDMA formation pathway. However, DMSO and
t-BuOH hindered NDMA formation very efficiently in the sample without UV irradiation.
Hence, "OH radicals or other radical intermediates scavenged by DMSO and t-BuOH seemed to
play an important role in the NDMA formation pathway without UV irradiation. Schreiber and
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Mitch (2006a) observed only a slight inhibition of NDMA formation in the reaction of
dichloramine with DMA by the addition of t-BuOH. However, they suggest that ‘OH radicals
play an important role in the enhanced NDMA formation at breakpoint chlorination (Schreiber

and Mitch, 2007).

NDMA formation pathway

In the case of CMDA, it is likely that the dimethylaminyl radical is the first intermediate in
CDMA photolysis (Scheme 6.3a, eq. 6.14) and at the same time a direct NDMA precursor.
NH,Cl photolysis results in various potential NDMA precursors (Scheme 6.2, eqs. 6.8-6.11).

Therefore, various formation pathways must be envisaged (Scheme 6.3).

1. The reaction of the dimethylaminyl radical with the aminyl radical would result in the
formation of unsymmetrical dimethylhydrazine (UDMH). UDMH, or in presence of free
chlorine potentially the chlorinated form, react with O, to NDMA (Scheme 6.3b, eq. 6.16).
Irradiation of UDMH and chlorinated UDMH showed low yields of NDMA and the observed
kinetics are too slow to be responsible for the observed NDMA formation in Figure 6.1 (SI,

section E).

2. The reaction of the dimethylaminyl radical with nitric oxide (Scheme 6.3c) is assumed to be

a very fast reaction which does not lead to other products than NDMA (Kinani et al., 2012).

3. N-nitrosamine formation from peroxynitrite and secondary amines (Scheme 6.3d) is
described in detail by Kirsch et al. (2012). They found a pH-dependence of N-nitrosamine
formation due to peroxynitrite stability. However, results in Figure 6.2 show no significant pH-
dependence. Furthermore, N-nitrosamine formation via peroxynitrite is known to go along with
N-nitramine formation (Scheme 6.3d, eqs. 6.18, 6.19). Peroxynitrite decays to nitric oxide or
‘NO, radicals which form N-nitrosamine and N-nitramine, respectively (Scheme 6.2, egs. 6.11
(reverse reaction), 6.12) (APHA, 2005). However, dimethylnitramine (DMNA) was not

detected under our experimental conditions.

4. Other products of NH,Cl photolysis are dinitrogen tetroxide (N,O4) and nitrite. DMNA 1is
assumed to be a by-product in the NDMA formation from these precursors and NDMA
formation yields are thought to be low (Schreiber and Mitch, 2007; Hansen et al., 2013).

In conclusion, it is very likely that N-nitrosamine formation in UV irradiated water samples
containing chlorinated secondary amines and NH,Cl occurs via pathway 2, the reaction of
secondary aminyl-radicals with nitric oxide (Scheme 6.3c). However, the occurrence of
potential N-nitramine peaks in experiments with diethylamine and morpholine (see section

6.3.4) and of DMNA in irradiated pool samples (see section 6.3.6) suggests that a formation via
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peroxynitrite might also be possible in real water samples (Scheme 6.3d, egs. 6.18, 6.19). The
peroxynitrite precursor O,” (Scheme 6.2, eq. 6.11) can be formed by various photo-induced

processes in natural waters (Liviac et al., 2010).

Nevertheless, both N-nitrosamine formation pathways suggest that N-nitrosamine formation
proceeds via the secondary aminyl radical with limited influence of the structure of the

secondary amines.
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’ hv i )
N— Cl — N+ Cl
(6.14) 7
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H.C C H
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/N+-w2———+ N—N\
H,C H,C H
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Scheme 6.3: Potential NDMA formation pathways during photolysis of CMDA- and NH,Cl-
containing waters. (a) Formation of the dimethylaminyl radical from CDMA photolysis;
reaction of the dimethylaminyl radical with (b) the aminyl radical, (¢) nitric oxide, and (d)

peroxynitrite.
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6.3.4 N-Nitrosamine formation by UV irradiation of solutions containing

selected chlorinated secondary amines and monochloramine

N-Nitrosamines have similar absorption spectra (200 nm < A < 360 nm) and their UV
degradation is similar under artificial sunlight conditions (Dickenson et al., 2008; Wang et al.,
2013). Furthermore, it can be hypothesized that N-nitrosamine formation by UV treatment of a
chloraminated solution in presence of chlorinated secondary amines should be similar to the
NDMA formation from irradiation of CDMA- and chloramine-containing solutions (see section
6.3.3). Chlorinated diethylamine (CDEA) and chlorinated morpholine (CMor) were chosen as
model compounds to verify this hypothesis. CDMA, CDEA and CMor were irradiated in the
presence of NH,Cl at pH 7.2. Figure 6.5 shows that the evolution of N-nitrosodiethylamine
(NDEA) and N-nitrosomorpholine (NMor) concentrations, as a function of the UV dose,
followed a similar pattern as NDMA. The slower NMor decrease at high UV doses might have
been due to an interfering peak in the HPLC analysis. While N-nitrosamine formation in the
irradiated sample did not differ much among the three model compounds, NDMA formation

clearly outcompeted NMor and NDEA formation in the blank sample (Figure 6.5, dashed lines).

Simultaneously to N-nitrosamine formation in the irradiated CDEA and CMor sample, a second
peak of an unknown compound appeared in the HPLC chromatogram (SI, section G). The
simultaneous increase and decrease with the N-nitroso-peaks might be a hint that these peaks
refer to the corresponding N-nitramines. N-Nitro-compounds are generally slightly less
photodegradable and their formation would occur in parallel to the N-nitrosamine formation in

the formation pathway via peroxynitrite (Konermann et al., 2008).

Hence, it can be hypothesized that UV irradiation of chloraminated solutions with any
chlorinated secondary amine enhances the formation of the corresponding N-nitrosamine. For
the selected amines, the formation rates and yields were quite similar. Thus, UV treatment is
assumed to increase N-nitrosamine formation for any chlorinated secondary amine with the net
contribution being higher for those N-nitrosamines with a slow formation without UV

irradiation.
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Figure 6.5: N-Nitrosodiethylamine (NDEA), N-nitrosomorpholine (NMor), and N-
nitrosodimethylamine (NDMA) formation in UV irradiated samples containing [NH,Cl]y = 2.5
mM and [Cl-diethylamine]y = 2.5 mM, [Cl-morpholine]y = 2.5 mM, and [Cl-dimethylamine], =
2.5 mM. Blank samples: control of the same solution without UV irradiation. All samples were

atpH 7.2.

6.3.5 Modelling UV dose-dependent NDMA formation

Taking into account the findings from the previous sections, a simplified model was established
to assess the NDMA formation yields in Figure 6.1. A complete kinetic model should include
the NDMA-, CDMA- and NH,Cl-photolysis with intermediates and the NDMA formation from
these intermediates. Furthermore, the model should consider UV filter effects of NH,Cl and
CDMA in solution (see below and SI, section A). Since this leads to a complex model with
many unknown reactions, a simplified model was used to roughly estimate the NDMA yields

from CDMA and to test the plausibility of the suggested mechanism.

Model parameters

(1) Quantum yields. NDMA, CDMA and NH,CI quantum yields were measured and used in the
model (SI, section B and C). NDMA and CDMA quantum yields in pure solutions were 0.43 =+
0.03 and 0.68 + 0.04 mol einstein™, respectively. In the case of NDMA, lower quantum yields
of 0.3-0.4 mol einstein” were reported previously (Sharpless and Linden, 2003; Hansen et al.,
2012; Wang et al., 2013). These quantum yields were partly measured under different
conditions (solar irradiation, acidic or alkaline pH) (SI, section C). Pseudo-first-order rate

constants for NDMA photolysis showed no significant dependence on the initial concentration
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(5 and 25 pM). The measured NH,Cl quantum yields (0.38 + 0.1 mol einstein™) were in
agreement with previously reported values (0.26-0.62 mol einstein™) (Cooper et al., 2007;
Watts and Linden, 2007; Dickenson et al., 2008; Li and Blatchley, 2009; De Laat et al., 2010).
Li and Blatchley (2009) explained the variation in measured quantum yield by the varying
excess of ammonia in the NH,Cl production. De Laat et al. (2010) did not see any influence of
the initial ammonia excess but mentioned an impact of the dissolved oxygen concentration on

the NH,Cl quantum yield.

(i1) Filter effects. The presence of NH,Cl and CDMA at a mM concentration inhibited NDMA
photolysis (SI, section C). Calculations of the Morowitz factor gave evidence that this was
mainly due to the filter effect of NH,Cl and CDMA which have relevant molar absorption
coefficients at A = 254 nm (SI, section A and C).

This filter effect might also explain why the maximum of the NDMA concentration in an
irradiated CDMA and NH,Cl solution was shifted towards higher UV doses for higher initial
NH,Cl and CDMA concentrations (maximum at ~600 mJ cm’ for Co = 2.5 mM and at ~450 mJ
cm™? for ¢, = 1.5 mM) (Figure 6.1). The shift was in agreement with the initial Morowitz factors
of 0.23 and 0.35 for ¢cp = 2.5 mM and ¢y = 1.5 mM of each NH,Cl and CDMA, respectively (SI,
Table A1). However, NH,Cl and CDMA filter effects decreased with increasing UV dose since
the NH,CIl and CDMA concentrations decreased.

The influence of the changing Morowitz factor was not considered in our simplified model and
the pseudo first-order rate constants of CDMA and NDMA in pure solutions were used.
Thereby, NDMA photolysis is overestimated in the first phase when NH,Cl and CDMA
concentrations are still high. Conclusively, the NDMA formation yields were slightly

overestimated.

(ii1) Role of NH,Cl. Experiments with varying initial CDMA and NH,ClI concentrations (Figure
6.3) revealed that NDMA formation depended slightly on NH,Cl concentrations if the ratio of
the initial concentrations of NH,Cl and CDMA was < 1 (Figure 6.3). The simplified model
neglected the effect of NH,ClI concentration since the initial NH,Cl to CDMA ratio was 1:1 in

the modelled experiments (Figure 6.1).

Model results

A description of the simplified conceptual model is presented in SI, section F. Model results
given in Figure 6.1 suggested that the simplified model provides a reasonable fit for the
measured data. The lines in Figure 6.1 represent model results while the dashed lines show

modelled NDMA concentrations if no NDMA formation is considered at high UV doses. The
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slightly delayed increase of the measured data as well as the delayed peak for high CDMA and
NH,Cl concentrations might be due to the disregarded filter effect. The steep decrease of
NDMA concentration at high UV doses followed the NDMA depletion in pure NDMA solution
(dashed lines). This indicates that at this stage of the process NDMA formation ceased. Thus,
either precursor depletion was faster than predicted from pure solutions or NDMA formation

was inhibited by another process.

Overall, the model results revealed that NDMA yields were about 2 % at [CDMA], = 1.5 mM
and 2.5 mM and 1 % at [CDMA]y, = 0.5 mM (best fit for fraction of dimethylaminyl radicals
leading to NDMA (SI, section F)). The NDMA peak concentration was about 0.4 % of the
initial CDMA concentration resulting from a simultaneous formation and photolysis of NDMA.
NH,Cl and CDMA concentrations at the NDMA peak concentration were calculated to be
about 70 % and 40 % of the initial concentrations, respectively. The model results confirm our
previous assumptions that NDMA formation is a fast process involving photolytic degradation

products from NH,Cl and CDMA.

6.3.6 NDMA formation versus degradation during UV treatment of

chloraminated water

The efficiency of nitrosamine mitigation by UV treatment in chloraminated water depends
basically on two factors: the applied UV dose and the ratio of the initial NDMA and precursor
concentrations. This is illustrated by the results in Figure 6.6 which show the measured
depletion of NDMA (25 uM) in pure water, in presence of NH,Cl (2.5 mM) and in presence of
each NH,Cl (2.5 mM) and CDMA (2.5 mM) at pH 7.2. The presence of NH,Cl slowed down
the NDMA photolysis due to the UV-filter effect of NH,Cl and not because of an additional
NDMA formation (SI, section C). The effect of additional NDMA formation was observed in
the sample containing NDMA, CDMA and NH,Cl. In this case, the NDMA concentration even
increased slightly at the beginning of the irradiation. Thus, the effectiveness of UV treatment
for NDMA mitigation is overestimated if only the NDMA degradation in pure solutions is
considered. The net NDMA formation from NH,Cl (2.5 mM) and CDMA (2.5 mM) can be
approximated by the subtraction of the NDMA concentration in the sample containing NDMA
(25 uM) and NH,CI (2.5 mM) from the sample containing NDMA (25 uM), NH,Cl (2.5 mM)
and CDMA (2.5 mM) (Figure 6.6, dashed line (line I — line II)). This approximated net NDMA
formation is very similar to NDMA in an irradiated sample with initial NH,Cl and CDMA
concentrations of 2.5 mM each (Figure 6.1). The difference might be explained by the
additional UV filter effect by CDMA on the NDMA degradation (which is not considered in
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Figure 6.6: NDMA evolution in UV irradiated samples containing NDMA, NDMA / NH,Cl
and NDMA / NH,Cl / CDMA at pH 7.2. Trend lines to guide the eye. The dashed line

represents the calculated net NDMA concentration by subtracting trend lines I —I1.

line II) and a possible NDMA reformation from NDMA photolysis products in the presence of
products from NH,Cl and CDMA photolysis.

6.3.7 NDMA formation in irradiated pool water samples

Irradiation experiments with pool water were performed at low NDMA, CDMA and NH,Cl
concentrations and with typical UV doses for pool water treatment (360 mJ cm™) to test our

mechanistic hypotheses under realistic conditions.

First, it was investigated whether in pool water (i) the NDMA photolysis and (ii) the UV-
induced NDMA formation from NH,Cl and CDMA were similar to the formation observed in

Figure 6.1 (Figure 6.7a):

(1) Untreated pool water (pool B), which contained NH,Cl (~1 uM), was spiked with NDMA
(20 nM) (Figure 6.7a, I). NDMA concentration in the blank sample (without UV, 2 hours
reaction time) corresponded to the spiked NDMA concentration. UV treatment reduced the
NDMA concentration to about 50 % which was in agreement with the expected NDMA
degradation of about 75 % from previous experiments in purified water without filter effect and

higher NDMA concentrations.

(i) To test NDMA formation yield at low concentration, untreated pool water (pool B) was

spiked with CDMA [10 uM] and NH,CI [10 uM] (Figure 6.7a, II). Only a small NDMA
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formation was observed in the blank sample (without UV). UV treatment of the sample resulted
in a NDMA concentration of about 10 nM. This corresponds to a net NDMA yield of 0.2 %
(based on the estimated photodegraded CDMA concentration (~50% of the initial
concentration)) which corresponded to about half of the yield at 100 times higher

concentrations and the same UV dose.

Secondly, the relevance of the UV-induced NDMA formation in pool water was investigated
(Figure 6.7b). Consequently, (iii) untreated pool water and (iv) pool water spiked with NH,Cl
was irradiated (UV dose: 360 mJ cm™):

(ii1) Irradiation of untreated pool water A (Figure 6.7b, III) was expected to result in a 50 %
degradation of NDMA according to the previous experiments (see above, (i)). However, results
in Figure 6.7b show that UV treatment slightly increased the NDMA concentration. This
increase was not observed in the blank sample without irradiation. Hence, even if NDMA
concentrations in the pool samples were close to the detection limit, it can be concluded that
there must have been a significant UV-induced NDMA formation which outcompeted its

degradation.

(iv) To investigate the effect of UV-induced NDMA formation in pool water with higher
chloramine concentrations, pool water samples from pool A (IV) and B (V) were spiked with
10 uM of NH,CI (~3 times higher than pool water regulation for combined chloramines in
Switzerland) (Figure 6.7b). Spiked pool water samples showed an increased NDMA
concentration in the irradiated sample as well as in the control without UV irradiation (2 hours
of reaction time). However, the NDMA formation was significantly enhanced by UV irradiation
and more pronounced than in the untreated pool water sample. Thus, the net NDMA formation
by UV irradiation can easily exceed NDMA formation in samples without UV irradiation for a

reaction time of several hours.
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Figure 6.7: Irradiation experiments with pool water A and B (Table 6.1) (pH: pool A = 7.7,
pool B = 7.4). Irradiated (UV dose: 360 mJ cm™) and blank samples (without UV irradiation)
were quenched directly after the UV treatment (~2 hours). a) I: pool B, [NDMA] ; = 20 nM
added; II: pool B, [NH,CI] o = 10 uM and [CDMA] ¢ = 10 uM added. b) III: pool A, no
additions; IV: pool A, [NH,Cl]p = 10 uM added; V: pool B, [NH,Cl] y = 10 uM added. The

unspiked pool water samples were quenched directly before each experiment.
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6.4 Conclusions

Chlorination in combination with UV treatment is a commonly used technique for pool water
treatment. The chlorination of pool water, with consequent chloramine formation, induces the
formation of various hazardous disinfection by-products. For example, the reaction of
secondary amines with chloramines present in pool water leads to a slow formation of N-
nitrosamines. This formation becomes relevant due to the long hydraulic residence time of pool
water (20—40 d). Hydraulic residence time can be much longer in other systems, where they do

not have any regulations on fresh water addition.

UV treatment is assumed to be an appropriate process for N-nitrosamine mitigation because of
the high photolability of N-nitrosamines. Furthermore, potential precursors for N-nitrosamine
formation (e.g. NH,Cl and chlorinated secondary amines in chlorinated pool waters) are
degraded by photolysis. However, the products of NH,Cl and chlorinated dimethylamine
photolysis quickly form NDMA with yields of 1-2 %. This formation is assumed to occur by
the reaction of nitric oxide or peroxynitrite with the secondary aminyl radical. The UV-induced
N-nitrosamine formation was also observed to a very similar extent for chlorinated morpholine
and chlorinated diethylamine. Thus, this N-nitrosamine formation can play an important role in
all chloraminated waters containing secondary amines (e.g. pool water and water reuse

systems).

The effectiveness of UV treatment for N-nitrosamine degradation in pool water depends on the
applied UV dose and the ratio of NDMA and its precursors. UV treatment of waters containing
chloramines and chlorinated secondary amines can result in a net N-nitrosamine formation
despite of the photolability of N-nitrosamines. However, it is difficult to assess the overall
effect of the UV treatment since swimming pools are a complex system with many parameters
influencing the UV-independent and the UV-induced NDMA formation and degradation
(precursor concentrations, hydraulic residence time in pool and residence time in the system,
UV dose per treatment cycle, temporal pattern of bather load, pH, temperature and spatial
differences in conditions). The results of this study show that only UV doses above 2’000 mJ
cm™ (about 30 times the typical disinfection dose) can provide a complete N-nitrosamine
degradation in one treatment cycle, though such high UV doses can increase the formation of

various other disinfection by-products.

Conclusively, UV treatment can be an appropriate means for N-nitrosamine degradation if the
water contains relatively high N-nitrosamine concentrations compared to chloramines and

chlorinated secondary amines. This is more likely the case in waters where precursors have
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long contact time. However, there is a substantial risk to induce a net N-nitrosamine formation

by UV treatment of pool water.
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A NH;Cl and CDMA absorption spectra and calculation of Morowitz factor

0.6
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Figure A.1. Absorption spectra of NH,Cl (1 mM) and CDMA (1 mM), optical path length = 1
cm. Local maximum at 245 nm and 265 nm for NH,Cl and CDMA, respectively. Molar
absorption coefficients (¢) at A = 254 nm were 372 M'em™ and 293 M'em™ for NH,CI and
CDMA, respectively.

Text A.1.

The photolysis of a compound can be inhibited by the presence of another light absorbing
species. In such a case, a light filter effect of the additional species can be considered in the
general equation for photolysis (eq. A.1) by including the Morowitz factor (S) calculated with
equation A.2.

Ky obsin 23X &gy X bjy XE’
kD, = 2222 = Ll (A1)

piA — Sa Sa

Equation A.1 includes the following parameters:

kg,i, 2 = photolytic rate constant for substance i at wavelength A in a solution of zero optical
density

().

ky obsi,a = Observed photolytic rate constant for substance i at wavelength A in a solution with
filter effect (s™).

S; = Morowitz factor of the solution at wavelength A (-).

€,; = molar absorption coefficient of substance i at wavelength A (m” mol™).

&; 2 = quantum yield of substance i at wavelength A (mol einstein™).

E’= photon fluence rate (einstein m~s™).
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1_6—2.303(5&CDMA [CDMA] + &3 Ny, c1 [NH2CL) b

Sneomanizer (CDMAL INHz CL) = e TeoMAT sxmmyet W) 5 (4-2)

Equation A.2 includes the following parameters:
b = path length of the light through the sample (cm),
&,,; = molar absorption coefficient of substance i at the wavelength A M em™),

[substance 1] = concentration of the substance 1 (M).

Table A.1. Morowitz factors were calculated with an approach based on eq. A.2 and are
explained in detail elsewhere (Wenk et al., 2011). Molar absorption coefficients at A = 254 nm
were obtained from data in Figure A.l. The inner radius of the tubes used for the UV

experiments was 7.1 mm.

Substance = Concentration (mM) Absorbance (-) Morowitz factor (-)

NH,CI 25 0.94 0.37
NH,CI 23 0.86 0.39
NH,CI 0.5 0.19 0.78
NH,CI 0.46 0.17 0.80
CDMA 25 0.70 0.43
CDMA 0.5 0.14 0.82
NH,Cl + CDMA each 2.5 1.64 0.23
NH,CI + CDMA each 1.5 0.98 0.35
NH,Cl + CDMA each 0.5 0.33 0.66
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B NH;Cl and CDMA photolysis and quantum yields
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Figure B.1. Photolytic decay of NH,Cl and CDMA with UV irradiation. Photolytic rate

constants and quantum yields are given in Table B.1, further information in Text B.1.

Table B.1. Photolytic degradation rates for NH,Cl and CDMA irradiation at different

concentrations.
Ke- k 2 ()

Substance (cm'i ’r::ls'1 ) (’;_‘:‘;5 ?—) (mol einstein™)
[CDMA], (2.5 mM) 1.16E-03 1.06E-03 0.995 0.64
[CDMA], (0.5 mM) 1.18E-03 1.07E-03 0.990 0.65
[CDMA], (2.5 mM)y* 1.23E-03 1.12E-03 0.995 0.68
[CDMA], (0.5 mM)* 1.33E-03 1.22E-03 0.990 0.73
[NH.Cl]o (2.3 mM) 5.59E-04 5.10E-04 0.987 0.31
[NH.Cl]o (0.44 mM) 8.25E-04 7.53E-04 0.999 0.45

* Only values with UV dose < 700 mJ cm considered
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Text B.1.

Measured quantum yield for NH,Cl in this study (0.31 and 0.46 for ¢p = 2.3 mM and ¢y = 0.44
mM, respectively) are in good agreement with recently published values ranging from 0.26 to
0.62 mol einstein™ (Cooper et al., 2007; Watts and Linden, 2007; Li and Blatchley, 2009; De
Laat et al., 2010). Quantum yields determined by Cooper et al. (2007) and by Watts and Linden
(2007) , namely 0.26 and 0.3 mol einstein™, are below those from Li and Blatchley (2009) and
de Laat et al. (2010), namely 0.62 and 0.54 mol einstein™. Li and Blatchley (2009) explained
the lower quantum yield by the fact that monochloramine was produced with an excess of
ammonia. De Laat et al. (2010) found no influence of the N/Cl ratio in NH,Cl preparation on
the quantum yield for 1.25 < N/CI1 < 20. However, de Laat et al. (2010) reports a lower quantum
yield of 0.28 mol einstein™ for oxygen-saturated conditions while the higher quantum yield of

. .1 .
0.54 mol einstein” was measured under oxygen-free conditions.
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Figure C.1. Photolytic decay of NDMA in the presence NH,Cl or CDMA. Photolytic rate

constants and quantum yields are given in Table C.1, further information in Text C.1.

Table C.1. Photolytic degradation rates for NDMA in presence and absence of NH,Cl and

CDMA at different concentrations. Degradation rates were corrected with the corresponding

Morowitz factor.

Ke', obs Kp, obs R? Morowitz factor ke ko ()
Substances 2 4 4 2 4 4 . o
(em®mJ™) (s™) (-) () (cm°mJ”) (sec”) (moleinstein™)
NDMA (5 uM) 3.92E-03 3.59E-03 0.996 1.00 3.92E-03 3.59E-03 0.45
NDMA (25 puM) 3.60E-03 3.29E-03 0.999 1.00 3.60E-03 3.29E-03 0.41
NDMA (25 mM) 2.95E-03 2.70E-03 0.998 0.80 3.68E-03 3.37E-03 0.42
+ NH,Cl (0.46 mM) R R ' ' haa e '
NDMA (25 mM) 1.57E-03  1.43E-03 0.996 0.39 4.04E-03 3.69E-03 047
+ NH,CI (2.3 mM)* R e ' ' R R '
NDMA (25 mM) ) ) ) )
+ CDMA (0.5 mM) 3.01E-03 2.83E-03 0.977 0.82 3.67E-03  3.45E-03 0.44
NDMA (25 mM) ) ] ] )
+ CDMA (2.5 mM)* 1.83E-03 1.68E-03 0.995 0.43 4.26E-03 3.90E-03 0.49
average: 0.45
std. dev.: 0.03

* Only values with UV dose < 660 mJ cm considered
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Text C.1.

NDMA followed an exponential decay which was inhibited by the presence of NH,Cl and
CDMA. Results show that the consideration of the UV filter effect (by including the Morowitz
factor) of NH,Cl and CDMA explained the measured differences in NDMA degradation. Thus,
it is assumed that the inhibition of the NDMA degradation at high NH,Cl and CDMA

concentrations is primarily caused by the filter effect and not by renewed NDMA formation.

Quantum yields for NDMA photolysis under similar conditions were measured previously and
ranged from 0.3 to 0.41 mol einstein™ (Sharpless and Linden, 2003; Lee et al., 2005; Plumlee
and Reinhard, 2007; Williams et al., 2011). Plumlee and Reinhard (2007) additionally showed
that UV absorbance of various nitrosamines is very similar and that their quantum yields were
between 0.41 and 0.61 mol einstein™ for irradiation experiments with a solar spectra (290 nm <
A < 800 nm). Williams et al. (2011) found slightly lower quantum yields under the same
conditions, namely 0.32, 0.31 and 0.23 mol einstein™ for N-nitrosodimethylamine (NDMA), N-
nitrosodimethylamine (NDEA) and N-nitrosomorpholine (NMor), respectively. Quantum yields
for NDMA by Lee et al. (2005) ranged from 0.26 mol einstein™ in Ny-saturated solutions to
0.31 mol einstein™ in O,-saturated solutions at irradiation with a low pressure lamp. Sharpless
and Linden (2003) found NDMA quantum yields to be similar for low pressure- and medium
pressure lamps. Other studies suggest that NDMA photolysis is influenced by many factors
such as pH, initial concentration, dissolved oxygen concentration and humic acid concentration

(Stefan and Bolton, 2002; Xu et al., 2009).

NDMA quantum yields were calculated with the molar absorption coefficient of 1’650 M cm™
from Lee at al. (2005). The resulting quantum yield of ~ 0.43 mol einstein™ for NDMA in pure
solution in this study is slightly higher than the above mentioned quantum yields from
literature. However, degradation rates given by Xu et al. (2009) for similar pH values and initial
concentrations were twice as high. The differences in the quantum yield can only partly be
explained by different initial NDMA concentrations, since Lee et al. (2005) did their
experiments at rather high concentrations while the other quantum yields were measured under

similar conditions.
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D "Cl atom formation from NH,Cl and CDMA photolysis
Text D.1

Experimental setup

The aim of the experiment was to confirm that the first step in NH,Cl and CDMA photolysis is
the cleavage of the N-Cl bond. This would result in the formation of a ‘Cl atom. The "Cl atom
further reacts to a hydroxyl radical ((OH) in aqueous solutions (Buxton et al., 2000). The
reverse reaction is possible but using dimethylsulfoxide (DMSQO) as an ‘OH scavenger prevents
the reverse reaction. Therefore, each "Cl atom is converted into an ‘OH which further reacts
with DMSO. Quantification of ‘'OH with DMSO was studied previously (Lee et al., 2004).
Conclusively, one ‘OH is consumed to form methansulfinate from DMSO, two ‘OH to form

methansulfonate and three "OH to sulfate (eq. D.3).
DMSO + 3 ‘OH - methansulfinate + 2 "OH — methansulfonate + ‘OH — sulfate (D.3)

Methods

All chemicals were purchased or produced as described in the main text. The additionally used
chemicals sodium methanesulfonate, and sodium methanesulfinate were obtained at analytical
grade from Sigma-Aldrich. NH,Cl and CDMA production as well as UV irradiation was
conducted as described in the main text. Sulfonate, sulfinate and sulfate were analysed with ion
chromatography (Dionex ICS3000; column: ASO9HC 4*250mm with guard column; mobile
phase: Na,CO3 (9 mM) / NaOH (2 mM) with 1 ml min™; detection: supressed conductivity).

Peak identification occurred by retention time and standard addition.

Results

Methansulfinate and sulfate formation was not observed in the irradiated samples. Experiments
in Figures D.la—d show that the course of the methansulfonate formation corresponds perfectly
to the NH,Cl and CDMA depletion. This is true for the entire time frame of the experiment.
However, the "OH yields (= potential ‘'OH from NH,Cl degradation / ‘OH formation measured
with methansulfonate) were ~0.4 and ~0.8 for [NH,Cl]y = 2.34 mM and [NH,Cl], = 0.46 mM,
respectively. Even lower yields of ~0.16 and ~0.25 were observed for [CDMA], = 2.5 mM and
[CDMA]p = 0.5 mM, respectively.

Since 'OH yields increased with higher excess of DMSO, an experiment with increasing
DMSO excess was conducted (Figure D.2). A high UV dose (~2°700 mJ cm™) was applied to
ensure the complete photolysis of NH,Cl and CDMA. Increasing DMSO excess resulted in
higher ‘OH yields. In the case of NH,Cl, the yield was even higher than one. This implies that
there is either a second source of "OH or DMSO is degraded to methansulfonate by another
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species than "OH. Thus, this method is not accurate for the exact quantification of ‘Cl atoms in

our system. However, it suggests that the ‘Cl atom is one of the major products from the

irradiation of NH,CIl and CDMA.
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Figure D.1 a—-d. Methansulfonate formation from CDMA and NH,Cl irradiation (I ~0.9 + 0.05
mJ cm™? s™) with DMSO (25 mM) (m = CDMA or NH,Cl concentration; ® = degraded CDMA

or NH,CIl;, ¢ =

formation” ([NH,Cl]; + 2 x [methansulfonate]; ).

methansulfonate concentration; A = ‘““OH formation potential” + ““OH

251



Chapter 6

1.26

—=—NH,CI —o—CDMA

-

o

o
1

0.75 1

0.50 +

0.251

"OH yield (potential / formation)

0.00 y T y T T T " T " T T
0.0 0.5 1.0 1:5 2.0 295 3.0
NH_CI resp. CDMA conc. (mM)

Figure D.2. 'OH yield ('OH radical formation potential: [NH,Cl], or [CDMA], / (OH
formation = 2 x [methansulfonate])) in UV irradiation (irradiation time: 1 h ~2°700 mJ cm™) of

NH,Cl and CDMA with DMSO (25 mM).
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E NDMA formation from UDMH irradiation in presence of free chlorine

Text E.1.

Unsymmetrical dimethylhydrazine was obtained from Merck. All chemicals were purchased as

described in the main text. Irradiation was conducted as described in the main text.

0.5
—B— jrradiated samples —X— blank samples
0.4 1
< 0.3-
=
< 02
Q]
<,
0.1
00 i r T M T = I J I . |-I-|
0.0 0.2 0.4 0.6 0.8 1.0
[HOCI] (mM)

Figure E.1. NDMA formation from UV irradiation (applied UV dose ~800 mJ cm?) of
unsymmetrical dimethylhydrazine (UDMH) (0.5 mM) in presence and absence of HOCI at pH

7.2. Blank samples were kept without UV irradiation during the duration of the experiments.
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Figure E.2. NDMA formation from UV irradiation of UDMH (0.5 mM) in presence of HOCI
(0.25 mM) at pH 7.2. Blank samples without UV irradiation were quenched simultaneously.
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F Simplified model for NDMA formation

Table F.1. Input parameters for the simplified NDMA formation model. Model calculations
were done with Kintecus (Iannis, 2002). Rate constants for NDMA and CDMA photolysis were
obtained from irradiation experiments reported in Section B and C. Modelling was done on a
UV-dose scale and not on a time scale. Reaction rate constant “a” simulates the lifetime of the
dimethylaminyl radicals. This constant is unknown and probably not UV-dose dependent.
Model results remained unchanged for a > 10" ¢cm” mJ™', which corresponds to a reaction rate

constant of a > 0.9 x 10" s

since the irradiation experiments were performed with UV
intensities around 0.9 mJ cm™ s”'. The model data was fitted to the measured data by varying
factor “b” which represents the fraction of dimethylaminyl radicals converted to NDMA (e.g. b
= 0.02 results in a 2 % yield for NDMA formation from dimethylaminyl radicals). Product 4
was introduced as a dummy to represent the cumulative NDMA formation (hypothetical
NDMA concentration that would be reached without NDMA degradation). The concentration
of product 1 corresponds to the amount of degraded NDMA. Figure F.1 shows model results for

an initial CDMA concentration of 2.5 mM and values of 1 x 10* and 0.02 for a and b,

respectively.
k (cm’> mJ”) reactions
3.75E-03 NDMA ==> product 1
1.28E-03 CDMA ==> DMA rad
axb DMA _rad ==> NDMA + product 4
ax(1-b) DMA_rad ==> product 3
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Figure F.1. Evolution of NDMA, DMA rad, “total NDMA degraded” (= product 1) and “total
NDMA formed” (= product 4) concentrations (LM) in the simplified model with CDMA, = 2.5
mM, a = 10’000 and b = 0.02 as starting conditions.
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G Formation of the unknown compound during the irradiation of NH,Cl and
chlorinated secondary amines

Text G.1.

In UV irradiated samples containing NH,Cl and chlorinated secondary amines, other peaks than
the corresponding N-nitrosamine peak were detected as well (Figure G.1 and G.2). One of the
peaks in the irradiated chlorinated diethylamine (CDEA) and chlorinated morpholine (CMor)
samples showed a similar behaviour to the N-nitrosamine peak having a maximal concentration
after about 1’250 mJ cm™. This behavior supports the hypothesis that the unknown peak might
be the corresponding N-nitro-compound. The maximal peak area was 30 % and 200 % of the
corresponding N-nitrosamine peak for CDEA and CMor, respectively. The retention times were
19 minutes in the sample with CDEA and 33 minutes in the sample with CMor. The peak was
not observed in the sample without UV irradiation (blank).

10
| —=—[CDEA], (2.5 mM) —o—blank, [CDEA], (2.5 mM)
g —® [CDEA],(5mM)  —o—blank, [CDEA], (5 mM)
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Figure G.1. HPLC peak area evolution of an unknown compound during the irradiation of

CDEA and [NH,Cl]p = 2.5 mM. Blank samples were without UV irradiation.
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Figure G.2. HPLC peak area evolution of an unknown compound during the irradiation of

CMor and [NH,Cl]y = 2.5 mM. Blank samples were without UV irradiation.
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H NDMA formation induced by the quenching agent thiosulfate

Text H.1.

Three quenching agents (ascorbic acid, thiosulfate and sodium sulfite) were tested if they do not
induce a NDMA formation in the presence of dimethylamine and nitrogenous species (NO;',
NO;™ and NH,;"). Therefore, DMA (5 mM) and one of the nitrogenous specie (5 mM) was
mixed at pH 7 (phosphate buffer, 10 mM). The quenching agent was added immediately after
mixing. The samples were stored in the dark at 5 °C. NDMA formation was controlled after 30,
40 and 60 hours. In none of the samples NDMA could be detected, except for the samples
containing dimethylamine (5 mM), nitrite (5 mM) and thiosulfate (10 mM). This sample had a
NDMA concentration of 0.25 uM, 0.42 uM and 0.82 uM after a reaction time of 30, 40 and 60

hours, respectively.
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Trichloramine is a disinfection by-product that is assumed to cause severe adverse health
effects. However, it has rarely been measured in pool water because an appropriate method was
lacking so far. As outlined in chapter 4, a fast, reliable, easy-applicable and low-cost
colorimetric method (extraction-based ABTS method) for trichloramine analysis was developed
in this thesis. A comparison with membrane introduction mass spectrometry (MIMS)
measurements, a more sophisticated and expensive method, revealed that both methods do not
suffer from interferences and are in good agreement, with the only restriction that MIMS
calibration must be performed by standard addition to pool water samples. The extraction-based
ABTS method is a suitable method for pool attendants who perform single measurements at
irregular time intervals. The MIMS is a good option for continuous and long-term
measurements of trichloramine at several points in the pool water cycle as shown in chapter 4
and 5. The collection and the analysis of such big data sets requires an adequate software
(chapter 3). The software engineered in this thesis facilitates an automated data acquisition and
handling for multiple samples over a long time frame. It further allows for efficiently analyzing
the data with automated algorithms for continuous, steady-state and flow-injection

measurements.

The extraction-based ABTS method and the MIMS enabled the measurement of trichloramine
in 30 pool water samples. Trichloramine concentrations ranged up to 0.5 uM and correlated
clearly with the free chlorine and the HOCI concentrations (R* = 0.64 and 0.79, respectively).
The correlations with pH and the combined chlorine concentrations were weak while no
correlation was observed with the urea concentrations. This highlights the important role of free
chlorine for trichloramine concentration in pool water and also indicates that urea is probably
not the main source for the trichloramine formation as shown by model calculations in chapter
5. These results also indicate that an increased fresh water addition does not significantly lower
the trichloramine concentration because trichloramine formation/decay are fast processes

compared to dilution by fresh water addition.

Free chlorine influences the trichloramine concentration by its reaction with precursors leading
to trichloramine formation as well as by its competition with trichloramine for reactive
moieties, thereby stabilizing trichloramine. In chapter 2, the reactivity of trichloramine with
various model compounds (e.g. primary and secondary amines, amides, hydroxylated phenolic
compounds and fulvic acids) is compared to the reactivity of free chlorine. Most compounds
react faster with free chlorine than with trichloramine except for some phenolic compounds.
Since all investigated compounds have a decreased reactivity with trichloramine after

chlorination, the presence of free chlorine is likely to inhibit the degradation of trichloramine.
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Additional evidence for such a trichloramine stabilization mechanism is provided in chapters 2
and 5, in which the stability of trichloramine in the presence of chlorinated fulvic acids and in
chlorinated, irradiated pool water matrices were studied. In both cases, chlorination reduced the
reactivity of the target moieties with trichloramine. The decay rate of trichloramine in pool
water in the presence of residual free chlorine was only slightly higher than the trichloramine
self-decay in pure water at the same pH. Therefore, increasing the free chlorine concentration in
a swimming pool with residual free chlorine mainly affects the trichloramine concentration by
an increased trichloramine formation. A strong correlation between the free chlorine and the
trichloramine concentration was also found during on-site experiments in which the free
chlorine concentration was varied in a wading pool (chapter 4). Furthermore, trichloramine and
chlorine reacting with various substrates yielded similar reaction products. At pH 7 the apparent
second order rate constant for the reaction of trichloramine with amides is very low (kap, = 10—

"5 and rather high for

10" M s, slightly higher for primary amines (kapp = 10"-10° M”
secondary amines (Kapp = 5x10'-5x10*> M s™). Trichloramine is able to perform chlorine
addition as well as electron transfer reactions. Hence, it has a similar potential to produce

disinfection by-products as free chlorine.

In chapter 5, UV treatment of chloramines is discussed, which is probably the most used
trichloramine mitigation strategy. As known from literature, inorganic chloramines are
photodegraded by UV irradiation with low- and medium-pressure mercury lamps. Among the
inorganic chloramines, trichloramine is the most efficiently degraded by photolysis. The UV
dose that is commonly applied in pool water treatment eliminates about 30-50% of the
trichloramine per treatment cycle. On-site measurements confirmed that this is not only the case
for batch experiments of pure solutions irradiated in the laboratory, but also for pool water
samples treated in a commercial flow-through UV reactor equipped with a medium-pressure
mercury lamp. Hence, the commonly applied UV doses in public pools appears to be in a
reasonable range for trichloramine degradation. For public health it is less relevant how much
trichloramine is degraded in the treatment system, the effective trichloramine concentration in
the pool is the decisive factor here. Despite the significant degradation in the UV reactor,
trichloramine concentrations decreased only insignificantly in a competition and a wading pool
(~10 % and ~20 %, respectively). This suggests that there is a fast trichloramine formation in
the pool, which leads to almost the same steady-state concentration as without UV treatment.
The effect of UV treatment was less pronounced in a competition pool than in a wading pool
since the residence time of the water in the competition pool was higher (~4.5 h) than in the

wading pool (~1 h). Trichloramine mitigation seems to be only efficient in swimming pools
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with short residence times and even a higher UV dose could not reduce the trichloramine

concentration in pool water significantly.

UV treatment also mitigates other disinfection by-products. The results presented in chapter 5
suggest that the level of total inorganic chloramines decreases with UV treatment. No effect
was observed on trihalomethanes. To verify these observations, the impact of UV treatment
should be studied over a longer period than it was done in this thesis because these disinfection
by-products are stable in pool water but might be photodegraded at much higher UV doses.
Chapter 6 elucidates the effect of UV treatment on nitrosamines, a carcinogenic disinfection by-
product in pool water. As demonstrated in previous studies, N-nitrosodimethylamine is slowly
formed in pool water and sensitive to UV irradiation. However, UV irradiation of the pool
water matrix enhances the formation of N-nitrosodimethylamine since the irradiation of
aqueous solutions containing both monochloramine and chlorinated dimethylamine results in
the formation of intermediate products (such as nitric oxide) which can lead to a fast formation
of N-nitrosodimethylamine. The same formation pathway is valid for other nitrosamines.
Whether this formation outcompetes the photodegradation of nitrosamines depends on the

initial precursor and nitrosamine concentrations and on the applied UV dose.

In conclusion, it is possible to accurately measure trichloramine in pool water. The extraction-
based ABTS method allows pool attendants to routinely measure trichloramine concentrations
in pool water. Such periodic measurements in different swimming pools could improve the
understanding of which conditions/treatments are favorable to lower trichloramine levels.
According to our results, it is important to lower the free chlorine concentration as much as
possible. An elimination of trichloramine in the treatment part by UV irradiation or potentially
also by stripping can only partly reduce the trichloramine concentration in pool water due to the
trichloramine formation in the pool. Hence, trichloramine formation in the pool itself must be
reduced either by lowering the free chlorine concentration or by reducing the nitrogenous
precursors (probably many more than just urea) by a better hygiene. However, for more stable
substances such as trihalomethanes, elimination in the treatment part (e.g. by stripping) might

be a good option although it is related to a higher energy demand.

In spite of the findings of this doctoral thesis, there are numerous questions about the
optimization of pool water treatment that still need to be addressed. Further research should aim
to maximize the safety of swimming in public pools with regard to both, microbiological risks
and risks from disinfection by-products for a short term (acute) and long term (chronic)

perspective. This optimization requires disinfection methods and conditions leading to only low
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by-product formation while still guaranteeing a proper disinfection. To better assess the
acceptable levels of disinfection by-products in pool water, the adverse health effects of
swimming in and visiting an indoor pool facility should be studied in more detail. Currently,
there is a lack of clear evidence for various health effects such as asthma and blood cancer.
However, it is highly challenging to evaluate the impact of swimming on the risk of chronic
diseases. Therefore, measures can also be justified based on the precautionary principle,
especially because many of the pool visitors belong to high risk groups such as children or
elderly people. In the overall evaluation of swimming, it is important that the benefits of

swimming for health and recreation are also considered.

To understand the adverse health effect of swimming, the identification and quantification of
disinfection by-products constitute the first step. Then, a risk assessment of the disinfection by-
products is necessary considering their concentrations, their toxicity and the exposure of the
swimmer/bather. Cumulative effects of various disinfection by-products in the complex pool
water mixture should be implemented in the risk assessment. One option to do this is to study
the cell toxicity of pool water as it has already been done in other studies. However,
disinfection by-products have various pathways for their uptake and represent thereby various
risks to humans. The goal of research should be to understand the fate of disinfection by-
products in pool water, to understand their uptake by and their effects on the human body. If
necessary, mitigation strategies should be developed to a stage, in which they can be
implemented. Currently, there are a few disinfection by-products such as trihalomethanes,
haloacetic acids, nitrosamines and halogenated phenols for which research has just started to

tackle these goals.

With regard to trichloramine, this doctoral thesis established the option to measure
trichloramine in pool water and provided insights on the reactivity of trichloramine. This
facilitates to further study trichloramine formation and to potentially identify the main
precursors. Up to date, only the trichloramine yield from the chlorination of various precursors
at different pH values has been studied. Data about the kinetics of these reactions are not
available and data about the precursor concentration in pool water are very scarce. This lack of
information hampers the prevention of trichloramine formation. According to the results of this
study, UV treatment is not an efficient trichloramine mitigation strategy since it cannot
compensate for the fast trichloramine formation occurring in the swimming pool. Further
research should focus on the prevention of trichloramine formation by e.g. precursor mitigation

or on the elimination of trichloramine in pool water. Furthermore, the role of trichloramine in
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the formation of other hazardous disinfection by-products in pool water should not be neglected

in future investigations on disinfection by-product formation.
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