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Abstract

Municipal sewers may receive industrial discharges that contain high levels of sodium
hypochlorite (NaOCl). However, most municipalities do not include NaOCl in sewer-use
bylaws as the risks associated with these discharges have not been evaluated. In the current
study, elevated chlorine gas concentrations were reported by a municipality in the headspace
of the wet well of a pumping station when using a commercial chlorine gas sensor. These
reports led to concerns about the potential for corrosion and unsafe work environment. This
study investigated and modelled chlorine compounds in the headspace of a batch reactor that
simulated the discharge of NaOCl to sewer environments. The temporal responses in the gas
concentrations were monitored by the same chlorine gas sensor that was subject to cross-
detection of substances other than chlorine gas. Three phases of experiments were designed
and conducted with water matrices of increasing complexity to identify the gas phase
compounds and to gather data on factors that influence the levels present in sewer headspaces.
Since there was no analytical instrument for direct identification or quantification of the gas-
phase substances, the aqueous solutions were analysed for chlorine species, including free
chlorine, monochloramine (NH>Cl), dichloramine (NHCl;) and trichloramine (NCI3) as they
were potentially volatile and present in the headspaces. A mass balance model that incorporated
the liquid-gas mass transfer process and the decay of the chlorine compounds in both aqueous
and gas phases was developed to assist with data analysis and to understand the mechanism

that led to the gas-phase responses.

Analysis of the time series data reported by the sensor and corresponding aqueous
concentrations of chlorine species revealed that the reported gas signals were from NCI3 when
ammonia was present in the water and the chlorine to ammonia-nitrogen (CI:N) mass ratios
ranged from 10:1 to 14:1 at neutral pH. The reported peak gas concentrations ranged from 2.8
to 13.8 ppm at pH 6.5 and 20°C. In contrast, in the absence of ammonia, the sensor reported
measurable gas concentrations with peak values ranging from 0.8 to 5.3 ppm at neutral pH,
which was attributed to the presence of free chlorine species (HOCI). The effects of pH and
temperature on gas-phase responses were observed either with or without ammonia present in
the solution. When wastewater was employed with ammonia present at a CI:N ratio of ~11.6:1,
the magnitudes of the gas-phase responses were relatively low with peak concentrations

ranging from 0.6 to 3.1 ppm. This was attributed to the reduction in mass transfer rates, which

il



was evidenced when lowering the mass transfer coefficients for NCl; in the model by a factor
of 0.2. By fitting the experimental data to the model, a gas-phase decay process was found to
be active and a first-order decay rate constant of 4.0 hr! at 20°C was estimated. In solutions,
first-order decay rate constants for NCl3 were found to range between 3.0-6.0 hr'! in a simple
water matrix and were less than 1.0 hr'! in a wastewater matrix at 20°C. Overall, this study
produced experimental evidence and developed a mechanistic model that helped understand

the fate of reactive chlorine compounds in sewer systems.

il



Acknowledgements

I would like to first thank my supervisor, Dr. Wayne Parker for his timely and comprehensive
feedback and his guidance throughout the project and thesis. Thanks for providing this

fantastic opportunity for me to learn and grow.
I would like to thank the Municipality for providing assistance and comments along the way.

Thanks to our Department staff: Peter Volcic, Mark Sobon, and Mark Merlau for helping me

set up apparatus and troubleshoot my experimental work.

Thanks to all my peers and friends for supporting me emotionally. It is my pleasure to meet

them and have their company during my journey at University of Waterloo.

Thanks to my family for financially supporting me. Without them, I will not be able to

achieve where [ am now.

v



Table of Contents

PN A o)l B TeTed 1 T4 (o) o SRS i
N 0L - Uod OSSR i
ACKNOWIEAGEMENTS.......eiiticiie et e st et e st e te e be s teess e besae et e sbaeneesteetaetesreeneenns iv
I 0] T 0SSOSR vii
I 00 1= o] [PPSR viii
(@8 =T o (= ol 1 T [V Tox (o o S OSRSPSN 1
Chapter 2: LITErature REVIEW .......c.ccviiiiie ettt ettt te st e s beene e besae et e steeaesreetaenrenres 4
2.1 Physico-chemistry of chlorine COmMPOUNGS ..........oiiiiiirieieice e 4
2.1.1 Henry’s law constants for inorganic chlorine compounds...........ccocvvvvervreniennneeneneeneennen 4

2.2 Agueous chemistry of inorganic chloring COMPOUNGS..........cccveveiiiiiereiecie e 7
2.2.1 Equilibria and stability of aqueous free chlorine solutions............ccccceevevieiicii v, 7
2.2.2 Equilibria of inorganic chloramines in aqueous SOIULIONS ............cccereiiiiiiiinisc e 11
2.2.3 Decomposition of inorganic chloramines in aqueous SOIULIONS...........cccccveveieiieveciesieenas 12

2.3 Characterisation of aqueous chemistry in chlorinated Waters..........cccocveveieiieie s ciese e, 15
2.3.1 Chlorination Of WASTEWALET ........ceiuerieieiese ettt ste e sie et e e saeste e sresraeseneeas 16
2.3.2 Chlorination of SWIimming POOI WALET ...........cociririeriiieieisese e 19
2.3.3 SUIMIMIAEY ..ttt ietet e stieestee et st et et e e s e e et e sabe e et e et e e e nte e e sh b e e eate e e nba e e anbe e e abbeesnteeebaeennbeeeneeenes 20

2.4 Models for liquid-gas partitioning of volatile compounds...........ccoceviviviicniciic s, 21
2.5 SUMIMIBIY .ottt e bt h e se e R e s e e b e R e e Rt s Rt e e e e Rt e R e e nb e e R e e e e s b e e b e e nenreennenne e 23
Chapter 3: MEtNOAOIOQY ......coveiiiiee e ettt e s e e st e s be e e e sbesteebesbeeneesre e 24
3L EXPErimENtal PIAN ..o e e re e 24
3.2 Reactor SEtUP and OPEIALION ........ciuiivieeieieie ettt sttt 24
3.3 EXPErimental PrOCEAUIES .......c.oiuiiiiiteieieiei ettt b e 26
KT T o 4 T SO UPTR 26
TR 0 o - T SR 27
TR G T o - TS I SR 28

3.4 ANAIYEICAl MELNOGS ...t st b e st e e sbeere e besbeeneenre e 28
KSR \Y, o (= I Lo Yol T o o] o TSSOSO 29
3.6 Calculation of Henry’s 1aw constants (H).........cccoviiiiiniiiiiiniiissese e 30
300 L U g ol Y71 £ o o SR 30
3.6.2 pH dependency for effeCtiVe H .........ooo oo e 31
3.6.3 TEMPEIATUIE COMECTION ...ttt bbbttt 31

3.7 Estimation of overall mass transfer COefficients (KL) ......ccoccovveiiniiiiiiicceeeee 31
3.7.1 KL eStIMAtioN FOF OXYQEN ...ecveiieiciie ettt e e te e sre e sreesneesneeennas 31
3.7.2 Ky estimation for chlorine CoOMPOUNGS .........ccoviiiiirie e e 33



Chapter 4: ReSUIS and DISCUSSION........ciueiriieieieeiiestesee e te e seesteesee e eseestesneeseeseeaneesaeeseensesseeneeseeans 35

4.1 MOUEI PAFAMELELS. ... eveceie ettt st e et e e s e e e e beese e sbeste e s besbeese e besseetesteeneeseeereenbesreas 35
4.1.1 Henry’s 1aw constants (H).......oovieeriiiiie ittt 35
4.1.2 Mass transfer COBFfICIENTS (KL) ...vveiiiiiiiiiieiiee e 37

4.2 Experimental and mModel FESUIES............cviiiiiiii e 39
B 2.1 PRASE L. bbbt 39
B.2.2 PRASE .ot b e bt 47
O B o 4 TS ST 55

4.3 SENSITIVILY ANAIYSIS. ....veiiieiiicecie sttt e s b e s e e beste et e s beeneesreereenbenre s 61

Chapter 5: Conclusions and ReCOMMENUALIONS. ........cccciveiiiiiiiie i 64
[ C T =) T ST SSSPRSS 67
F N o] 1=] 1o [ 0TSSP P TS U PP PR PP 73

A. 1. Procedures for preparing StoCK SOIULIONS ..........ccccveiiiiiiciiccce e 73

A. 2. Calibration curve deVelOPMENT ..........coiiiiiiieiiise e 75

N T U T ol 1Y 7=T £ L] SR 76

AL 4. Parameter @StIMALION . ........oiiiiiiiriie ettt sttt et e sttt benee e 77

AL 5. TSt reSUIS TOr PRASE | ... et 80

A, 6. TeSt reSUILS TOr PRASE 11........oiiieee ettt ene 83

N S = T LS 0] g g - 1 SR 87

A. 8 Wastewater characterization in Phase ... 88

A. 9 SeNSOr CroSS-SENSITIVILY TALA ........veiviveieeriieiieiei et 89

AL L0 RETEIBNCES ... ettt sttt e ettt e e s et e te e st e sbeete e s e sbeese e beeReetesreeneenaeereenrenre s 90

vi



List of Figures

Figure 1 Schematics of the batch 1€actor.............oiii i 25

Figure 2 Effective Henry’s law constant (H,.) for free chlorine (HOCI) vs pH. The line is the predicted
result. The points are measured data reported in Holzwarth et al. (1984a)..............ccccceiviiininnn. 37

Figure 3 Time series plot for a chlorine-alone test with a NaOCI dose of 400 mg/L as Cl, at pH 6.5 and
20 °C. Line represents gas concentration reported by sensor. Filled circles are free chlorine

IO oS 118 ¢ 15 (o) 1 - PR 41

Figure 4 Time series plot for aqueous free chlorine concentrations from chlorine-alone tests at a NaOCl

dose of 400 mg/L as Cl,, 20 °C and pH 6.5 (green), 7.0 (orange) and 7.5 (purple)...........................43

Figure 5 Model results for the temporal change of free chlorine concentrations in the headspace of the
reactor and in the solution at 20°C and (a) pH 6.5, (b) pH 7.0, and (¢) pH 7.5. Lines are modelled gas-
phase concentration. Dashed lines are modelled aqueous concentration. Filled circles are observed
aqueous free chlorine concentration from three replicates at each condition. Detection limit (DL) for

the gas sensor is indicated as a horizontal line in each plot..............cooviiiiiiiiiiii e, 46

Figure 6 Time series plot for a chlorine-ammonia test with a NaOCIl dose of 400 mg/L as Cl, at 20 °C,
pH 6.5, and CI:N mass ratio of 12:1. Open circles are total chlorine; squares are monochloramine;
triangles are dichloramine; diamonds are trichloramine; filled circles are free

CIOTINIE . . 48

Figure 7 Model results for the temporal change of trichloramine concentrations in the headspace of the
reactor and in the solution at CI:N mass ratios of 14:1 (a), 12:1 (b, d) and 10:1 (c). Plots (a), (b) and (c)
are at pH 6.5 20°C; (d) at pH 6.5 15°C. Lines are modelled gas-phase concentration. Dashed lines are
modelled aqueous concentration. Diamonds are observed aqueous trichloramine concentration.

Detection limit (DL) for the gas sensor is indicated as a horizontal line in each

Figure 8 Time series plot for a chlorine-wastewater test with a NaOCI dose of 400 mg/L as Cl» to yield
a CL:N mass ratio of ~11.6:1 at pH 6.5 and 20°C. Open circles are total chlorine; squares are
monochloramine; triangles are dichloramine; diamonds are trichloramine; filled circles are free

0] 01 16 5 1 4 1< 56

Figure 9 Model results for the temporal change of trichloramine concentrations in the headspace of the
reactor and in the solution at a C1:N mass ratio of ~11.6:1 at (a) pH 6.5 20°C, (b) pH 6.5 15°C, and (c)
pH 7.5 20°C. Lines are modelled gas-phase concentration. Dashed lines are modelled aqueous
concentration. Diamonds are observed aqueous trichloramine concentration. Detection limit (DL) for

the gas sensor is indicated as a horizontal line in each plot................oocoii i, 60
vii



List of Tables

Table 1 Values of Henry’s law constant at 20°C (other temperature as indicated) for inorganic chlorine

compounds. The dimensionless values were calculated following the method described in Chapter

Table 4 HACH methods used for determination of free chlorine, total chlorine and ammonia-N.
(Retrieved from HACH manuals accessed at https://www.hach.com/resources/water-analysis-
RANADOOKHC). . .ottt e e e et e e e 29

Table 5 Values of dimensionless effective Henry’s law constant and corresponding mass transfer

coefficient for HOCI at 20°C used for modeling............o.ovriiriiiiiiiiii e 37

Table 6 Values of dimensionless Henry’s law constant calculated at 15°C for HOCI and NCl3 according

to Sander (2023), along with values at 20°C for compariSon..............cooevieiiiiiiiieiiiiiiiineaenn.. 37
Table 7 Values of mass transfer coefficients (K, a, h'') at 15°C and 20°C for HOCl and NCl;......... 38

Table 8 Fit model parameters along with observed and predicted gas-phase response characteristics at

chlorine dose 0of 400 mg/L as Cloand 20°C at pH 6.5, 7.0 and 7.5.........coiviiiiiiiiiiiiiee 44

Table 9 Fit model parameters along with observed and predicted gas-phase response characteristics at
pH 6.5 and 20°C with CI:N mass ratios 10:1, 12:1, 14:1 and 16:1 applied................ccceeviiinninn.. 49

Table 10 Fit model parameters along with observed and predicted gas-phase response characteristics at

PH 6.5 20°C, pH 7.5 20°C, and pH 6.5 15°C....on oo 57

Table 11 Estimated values of sensitivity coefficient (S) and normalized sensitivity coefficient (S;,)...62

viil


https://www.hach.com/resources/water-analysis-handbook#C
https://www.hach.com/resources/water-analysis-handbook#C

Chapter 1: Introduction

Sewers in large municipalities often receive discharges of industrial wastewater that
can contain elevated concentrations of specific chemicals. If it is determined that the levels of
these chemicals are problematic to the sewer system itself or to downstream treatment
processes, then sewer-use bylaws can be enacted. In the current case, a municipality
identified a potential concern associated with the discharge of sodium hypochlorite to the
sewer system. The potentially problematic situation was originally raised when a commercial
chlorine gas sensor installed in a wet well reported elevated chlorine gas concentrations. The
presence of chlorine gas in the sewer system posed concerns because of its potential to cause
corrosion of exposed metals and unsafe work environments. There were however several
aspects of the issue that were uncertain. The conventional knowledge of chlorine in aqueous
systems (Snoeyink & Jenkins, 1980) indicates that there should not be significant levels of
chlorine gas present under typical sewer systems. Hence, it was unclear what type of
compounds might have been causing the chlorine gas sensor to report a signal. It was
speculated that the sensor might have cross-detected chlorine substance(s) other than chlorine
gas. Yet, the sensor had not been tested for cross-sensitivity to other chlorine compounds in
previous investigations. Further, if cross-detection was occurring it was not immediately
apparent which gas(es) could be responsible for causing the sensor signal. Finally, the
chemistry leading to formation and liquid-gas mass transfer of the chlorine compounds was
not well understood. This study sought to examine these issues in detail to support an
assessment of whether a sewer use bylaw should be enacted for hypochlorite-based

chemicals.

The chlorine compounds that were investigated in this study include hypochlorous
acid (HOCI), monochloramine (NH>Cl), dichloramine (NHCI) and trichloramine (NCI3) as
they are most likely to be formed rapidly when hypochlorite is discharged to water that
contains ammonia (Deborde & von Gunten, 2008). At neutral pH, HOCI is the dominant
chlorine species in free chlorine solutions (Palin, 1975). In the presence of ammonia, HOCI
reacts rapidly with ammonia forming NH>Cl, NHCIz and NCl3, which are well-known
reactions that occur during the practice of breakpoint chlorination (Palin, 1975). When
organic compounds are present in the solution, HOCI and chloramines may react with them

and produce chlorinated organic compounds (Deborde & von Gunten, 2008; Soltermann et
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al., 2015). However, the reactions with organic compounds are slow relative to the reactions
between HOCI and ammonia at environmental conditions (Deborde & von Gunten, 2008).

Hence, chlorinated organic compounds were not included in the scope of the current study.

The rate of mass transfer at the liquid-gas interface was assumed to be an important
process determining the levels of chlorine compounds in the headspaces since it was assumed
that they originated from the reactions in the liquid phase. This process is affected by the
physico-chemical properties of the compounds as well as the physical characteristics of the
system such as temperature, mixing intensity and air speed (Rittmann et al., 1983; Munz &
Roberts, 1989; Deacon, 1977). Henry’s law constant is employed as a measure of the
volatility of the chlorine compounds relative to their solubility, and its values indicate the
tendency of the compounds to transfer into the gas phase. The values of Henry’s law constant
have been reported for the chlorine compounds mentioned previously, where NCl3 is most
volatile, followed by NHCI,, NH>Cl, and HOCI (Holzwarth et al., 1984a). However, the mass
transfer rates, characterised by the mass transfer coefficients, of those compounds have been
barely reported, and their values are dependent on system-specific properties. Thus, the
values of mass transfer coefficients for the chlorine compounds were quantified in this study

by a combination of experimental testing and empirical correlations.

It was anticipated that liquid and gas-phase decay process would influence the
concentrations of the compounds in headspaces. A few studies have reported the decay rates
of chlorine compounds in aqueous solutions, but there was little relevance to wastewater
conditions. The gas-phase decay of the compounds under sewer conditions has not been
reported, though the photolytic decomposition of gaseous NCls has been observed (Gérardin
et al., 2013). Hence, the decay of the chlorine compounds in the liquid and gas phase was

investigated in this study by a combination of testing and modeling.

The objectives of this study were to (1) investigate the chlorine compounds that might
be present in sewer headspaces when hypochlorite is discharged and their potential detection
by the chlorine gas sensor, and (2) quantify the gas-phase chlorine compounds by developing
and employing a mass balance model to provide information for the development of the
sewer-use bylaw. To achieve these goals, a series of experiments were conducted in a batch
system to evaluate the responses of the gas sensor under different solution conditions and
water matrices. The effects of pH and temperature were assessed as they were considered to

affect reaction rates. Three different water matrices were designed with increasing complexity
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that resembled wastewater. A model was developed to describe the temporal responses of a
chlorine compound in both gas and liquid phases due to both chemical and liquid-gas mass
transfer processes. The model parameters were either independently estimated or calibrated
from experimental results. The current study extends the knowledge of the fate and transport

of chlorine substances in sewer systems.
The main body of the thesis is structured in five chapters, titled:

e Chapter 1 Introduction, where problem statements, a brief review of knowledge gaps

and objectives of the current study are included;

e Chapter 2 Literature Review, where the existing knowledge relevant to the current

work is critically reviewed and discussed in detail;

e Chapter 3 Methodology, where experimental setups, general procedures, and

procedures for model development and parameter estimation are described;

e Chapter 4 Results and Discussion, where experimental results and model results are

analysed and discussed;

e Chapter 5 Conclusions and Recommendations, where the key findings from the

current study are summarised and recommendations for future studies are proposed.



Chapter 2: Literature Review

A literature review was conducted to identify knowledge gaps, inform methodologies and
provide references for the results of this study to compare with. In the following sections of

the literature review:

e volatile chlorine compounds are identified according to their physico-chemical

properties reported in the literature;

e cquilibrium and oxidation-reduction reactions of the identified compounds and the
kinetics of these reactions are reviewed to understand their formation and

decomposition pathways in aqueous systems;

e the applications of the chemistry theories to the chlorination of real waters under

conditions that are relevant to wastewater are reviewed and discussed;

e models of the kinetics and liquid-gas mass transfer of volatile compounds in relevant
systems are reviewed to provide insights in modeling the fate and transport of the

chlorine compounds in sewer systems.

2.1 Physico-chemistry of chlorine compounds

To investigate the potential chlorine compounds that might exist in the headspace of a sewer
system receiving chlorine bleach discharge, the physico-chemistry of common chlorine
compounds was reviewed. In this regard, information on the volatility and solubility of these
compounds was deemed particularly important as they both affect the partitioning of the
compounds in water-air systems. This process can be characterised using Henry’s law

constant (H) as discussed subsequently.
2.1.1 Henry’s law constants for inorganic chlorine compounds

Henry’s law constant (/) has been used to represent the ratio between the partial pressure of a
volatile species and the concentration of the species in water that is in contact with the gas
phase at equilibrium (Sander, 2023). It is also referred to as the liquid-gas partition coefficient
(Schwarzenbach et al., 2017). The Henry’s law constant for substances that react with water
in a rapid and reversible manner can be reported as effective H, to be distinguished by the
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intrinsic H as defined above (Sander, 2023). The values of effective H vary with pH, aqueous
chloride concentration and temperature in the chlorine-water systems (Holzwarth et al.,

1984a; Lin & Pehkonen, 1998; Blatchley III et al., 1992).

Henry’s law constants have been reported for chlorine gas (Clz) and hypochlorous
acid (HOCI). An intrinsic H value of 7.61x10™* mol L™ atm™ at 25°C has been determined for
Cl; as it hydrolyses when being absorbed in water (Lin & Pehkonen, 1998). Other H values
for Cl> have reported, presumably the effective ones, as summarised in Table 1. For HOCI, an
intrinsic H value was found to be 0.0600 atm (Blatchley III et al., 1992). Effective Hs for
HOCI have been reported at specific pH values and are 4 orders of magnitude lower then
those for Cl> (Table 1; Holzwarth et al., 1984a; Blatchley III et al., 1992). This suggests that,
at similar concentrations in the solution, HOCI is much less likely to volatilise than Cla.
Moreover, as HOCI exhibits equilibrium with dichlorine monoxide (Cl20) in both liquid and
gas phases (Wojtowicz, 2004; Sivey et al., 2010), ClO may coexist with HOCI and be
potentially volatile. However, as the volatility of Cl,O is unknown and its solubility is high in
water (143.6 g/100 g H.O; Wojtowicz, 2004), Henry’s law constant for Cl,O has not been
determined. In summary, Henry’s law constants for Cl. and HOCI have been reported in
various sources but there is a knowledge gap on the properties of Cl,O, which has been

considered as an important chlorine species converted from HOCI.

Values of Henry’s law constants have been reported for inorganic chloramines,
including monochloramine (NH>Cl), dichloramine (NHCI) and trichloramine (NCI3), which
are higher than the reported values for HOCI (Holzwarth et al., 1984a). Among the
chloramines, NCls has been reported to be most volatile and the value of Henry’s law
constant is at similar magnitude as Cl’s (Table 1). Similar to Cl, NCl; exhibits a penetrating
chlorine odor, which makes it receive great attentions as a volatile chlorination by-product in
swimming pool water (Kumar et al., 1987; Li & Blatchley, 2007; Chu et al., 2013; Devi &
Dalai, 2021). Although there is no other source that has reported Henry’s law constants for
NH:Cl, NHCI; and NClIs, the reported value for NCl; from Holzwarth et al. (1984a) has been
adopted in later studies (Judd & Black, 2000; Schmalz et al., 2011). In summary, NCls is the
most volatile chloramine species, so in conditions where chloramines are produced, NCl3

could be the dominant chlorine compound present in gas phase.



Table 1 Values of Henry’s law constant at 20°C (other temperature as indicated) for inorganic

chlorine compounds. The dimensionless values were calculated following the method

described in Chapter 3.
Substance Henry’s law constant at 20°C Reference(s)
(original unit) (dimensionless Cg/CL)
Cl 7.6x10"* (mol L' atm™)  0.54 (at 25°C) Lin & Pehkonen (1998)
6.1x10* (mol m=Pa')  0.68 (at 25°C) Aieta & Roberts (1986) as
cited in Sander (2023)
5.9x10* (mol m>Pa')  0.66 (at 25°C) Leaist (1986) as cited in
Sander (2023)
HOCI 0.076* 5.69x107 Holzwarth et al. (1984)
0.0600° (atm) 4.52x1073° Blatchley I1I et al. (1992)
NHCI 0.45 3.37x10™* Holzwarth et al. (1984)
NHCL 1.52 1.14x107 Holzwarth et al. (1984)
NCI3 435 0.326 Holzwarth et al. (1984)

® Value was calculated at pH = 5.5 assuming equilibrium condition

® Intrinsic Henry’s law constant. The value was calculated at pH = 5.4 assuming equilibrium condition

Uncertainties in the reported values of Henry’s law constants (H) for the identified
volatile chlorine compounds were reviewed as H is an important parameter in mass transfer
models of volatile compounds. Although the Henry’s law constant has been well
characterised for Cly, there are a limited number of studies that have reported Henry’s law
constants for HOCI (Holzwarth et al., 1984a; Blatchley III et al., 1992). In these studies, the
effective Henry’s law constants for HOCI were determined by quantifying the loss of free
chlorine (Cl2 + HOCI + OCI) in solution via volatilisation, then H was calculated by
applying equilibrium data to the system under specific conditions (e.g. pH, chloride
concentration, etc.). Hence, the HOCI concentration in the gas phase was not directly
quantified, which potentially contributed to the uncertainty of reported Henry’s law constants
for HOCI. Furthermore, as Henry’s law constants have been reported in a variety of units
(Sander, 2023), accurate conversion of reported Henry’s law constants to dimensionless
concentration-based values requires thermodynamic data specific to each study, which was
typically unavailable. In summary, variation in reported effective Henry’s law constants has
been observed. Thus, this may contribute to the uncertainty in modelling the liquid-gas mass

transfer of volatile chlorine substances in aqueous systems.



In summary, Cl, and NCI3 were identified as the most volatile inorganic chlorine
species that can potentially exist in the gas phase of an aqueous system at concerning levels
because of their relatively high Henry’s law constants compared to other compounds
reviewed. Yet, uncertainty in the reported values of Henry’s law constants exists due to
analytical limitations. In addition, since NCl; is a product of rapid reaction between chlorine
and ammonia, it is believed that it will more likely be observed in the headspace of a sewer
system as wastewater contains ammonia which will react with the chlorine discharge. Thus,

literature on NCl3 in chlorinated ammoniacal waters was discussed in subsequent sections.

2.2 Aqueous chemistry of inorganic chlorine compounds

Chlorine-based disinfectants have been used in water and wastewater disinfection for over a
century (Sondossi, 2000). The common form of chlorine disinfectant is sodium hypochlorite
(NaOCl), commonly known in a dilute aqueous solution as chlorine bleach, which is the
sodium salt of hypochlorous acid (HOC]I). In practice, HOCI and OCI" both have disinfection
efficacy, thus, together with aqueous chlorine (Clb), are referred to as “free chlorine”. In
water that contains ammonia/ammonium (NH3/NH4"), free chlorine reacts rapidly and
produces monochloramine (NH>Cl), dichloramine (NHCl,) and trichloramine (NCl3), which
together are referred as “combined chlorine”. The sum of combined chlorine and free

chlorine are referred to as “total chlorine”. These terms will be used throughout this work.
2.2.1 Equilibria and stability of aqueous free chlorine solutions

Chlorine gas (Cl>), hypochlorous acid (HOCI), and hypochlorite (OCI) are oxidizing agents
that have been studied extensively in applications of water disinfection. Knowledge of
chlorine equilibrium reactions and decomposition mechanisms in aqueous solutions is
important in understanding the fate of chlorine compounds in sewer systems where

wastewater containing oxidizing chlorine species might be discharged.

Free chlorine solutions contain several species, including molecular chlorine (Clz),
hypochlorous acid (HOCI), and hypochlorite (OCI"), and less-known species, such as
dichlorine monoxide (Cl20), which are in equilibria with one another in the aqueous solution.
Such solutions can be obtained by dissolving chlorine gas (Cly) into water. When dissolved in
water, Cly is rapidly hydrolysed and undergoes disproportionation (Eq. 1) forming
hypochlorous acid (HOCI) and hydrochloric acid (HCI). The reverse reaction of chlorine
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hydrolysis produces Cl> which is favored at acidic conditions according to the equilibrium
constant listed in Table 2. In aqueous solutions, HOCI dissociates into hypochlorite (OCI")
and hydrogen ion (H") with a pKa of 7.5 (25 °C; Snoeyink & Jenkins, 1980; Eq. 2; Table 2).
Hypochlorous acid can dehydrate and form dichlorine monoxide (Cl,O) and the two
compounds are interconvertible in both aqueous and gas phase (Eq. 3; Eq. 4; Adam et al.,
1992; Wojtowicz, 2004). Hence, in dilute HOCI solutions, Cl,O and HOCI coexist, but the
former exists in lower equilibrium concentrations at most conditions as seen in Figure 1 in
Sivey et al. (2010). Like other chlorine oxides, Cl20 is highly reactive and explosive in the
gas phase as it decomposes into Cl, and O, (Wojtowicz, 2004). Information on reaction rate
constants and equilibrium constants for reactions mentioned in this section are summarised in
Table 2. The reactions discussed above are the major equilibria in free chlorine solutions that
have been well documented, though the reality is that these reactions share more complicated
mechanisms involving many intermediate species as described by Wang & Margerum (1994)
and Adam et al. (1992). In summary, the fundamental chemical equilibria of chlorine species
in aqueous solutions have been well-established and they are the first step towards
understanding the speciation and thus the fate of chlorine compounds in aqueous systems

containing free chlorine.
Cl, + H,O & HOCI + H" + CI” (1)
HOCI & OCI' +H' (2)
2HOCI & C1,0-H20 (3)
CLO-H20 & Cl,0 + H20 (4)

Aqueous solutions of hypochlorous acid (HOCI) and hypochlorite (OCI’) are subject
to decomposition with HOCI being unstable under ultraviolet (UV) irradiation, air exposure
and elevated temperatures (Nowell & Hoigné, 1992; Ishihara et al., 2017). HOCI has been
reported to be less stable than OCI in solution and photolyzes more rapidly (Nowell &
Hoigné, 1992; Ishihara et al., 2017). Even without exposure to light or air, HOCI and OCI
decompose to produce chlorate (C1O3") and chloride (C17) as final products (Eq. 5). Different
decomposition pathways have been proposed at neutral and alkaline pH values (Busch et al.,
2019). At neutral pH, the decomposition of HOCI has been found to be third-order with
respect to [HOCI]. The maximum decomposition rate was found to occur at pH 6.89, where

the ratio of hypochlorous acid and hypochlorite is 2:1 as per Eq. S (Adam et al., 1992; Adam



& Gordon, 1999; Wojtowicz, 2004; Busch et al., 2019). In alkaline conditions, hypochlorite
has been found to decompose to produce oxygen (O-) in addition to C1O3™ and CI™ (Eq. 6;
Eq. 7). The pathway to formation of O has been found to be slow compared to that of
formation of ClO;™, thus, is a minor decomposition pathway (Adam & Gordon, 1999).
Furthermore, chloride ion has been observed to be catalytic to the decomposition of
hypochlorite ion at pH 9-10 in addition to its contribution to the ionic strength (Adam &
Gordon, 1999). Although the decay mechanisms of HOCI and OCI" are somewhat complex,
the slow disproportionation of HOCI1 /OCI  (I) into more stable products, C103™ (V) and CI™ (-
I), provides insight into the time-dependent behaviour of free chlorine species, which may

help with understanding the fate of chlorine in aqueous solutions over time.
2HOCI1 + OCI" - ClO3™ + 2H" + 2CI (5)
30CI" — ClOs™+ 2CI (6)
20CI — O, +2CI'(7)

In summary, the decomposition of hypochlorous acid and hypochlorite ion has been
found to be complex with various intermediate chlorine species involved (Adam et al., 1992;
Adam & Gordon, 1999; Busch et al., 2019). These studies highlight the need to consider a
complex system of all chlorine species when addressing the chemistry of hypochlorite
solutions. The variety of decay products may impact on the ability to close mass balances of
chlorine species in systems that are dosed with sodium hypochlorite, especially when they
cannot be quantified by traditional analytical methods. Furthermore, the pH dependence of
the chlorine speciation and reaction kinetics is important to consider when modeling the
decomposition of these reactive chlorine compounds in aqueous systems that could impact

the presence of volatile chlorine species under various pH conditions.



Table 2 Summary of major equilibrium reactions and their kinetics in aqueous chlorinating systems.

Reaction Equation Reaction order / Rate Rate constant k at 25°C Equilibrium Reference(s)
expression (otherwise as indicated) constant K at
Forward Reverse Forward k& Reverse k-1 25°C, n=0.50
M (otherwise
as indicated)
Hydrolysis of Cl, + H,O & HOCI + H"  [Cl,] ka1 223+0.65"! 21.4+£08x 103 1.04 x 103 M? Wang & Margerum (1994)
chlorine gas +CI [HOCI][CI] M2s!
[H 12.0 s 1.6 x10° M2 3.84x10*M?>  Adam et al. (1992); Blatchley I1I et al.
(20°C) (1992)
Base-assisted: Cl, + A"+ k[CL][A7] ki 45+£3 M1 ¢! 1.3£0.2 x10° Wang & Margerum (1994)
H,0 & HOCI + CI- + [HOCI[CI]  (A'=H,POs)  M?s!(HA=
HA [HA] HsPOy)
Hypochlorous acid  HOCI & OCI- +H* 10734 M; 2.54%  Snoeyink & Jenkins (1980); Blatchley III et
dissociation 108 M (20°C)  al. (1992)
Hypochlorous acid  2HOCI < Cl,0-H,O 0.08-0.09 M! Mishalanie et al. (1986)
dehydration 0.03 M (50 °C) Adam et al. (1992)
2HOCI1 & CL,0 + H,O 8.70 x 10° M!  Roth (1929) as cited in Sivey et al. (2010)
(19 °C)
Monochloramine NH; + HOCl & NH,Cl+  A[HOCI]|[NH; k. [NH2CI] 1.5 x101° 7.6 X102 h! 2.4 x 10" M1 Weil and Morris (1949); Morris and Isaac
formation H,O ] M hl; (u=10.45 M), (1981) as cited in Jafvert & Valentine (1992)
2.5 %100 ¢ 1.5 % 10" M! and Vikesland et al. (2001); Granstrom
2500/RT (1954) as cited in Gray et al. (1978) and
Jafvert & Valentine (1992); Gray et al.
(1978)
Dichloramine NH,Cl+HOCI & NHCl, A[HOCI|[NH, k. [NHCI] 1.0 x10° 2.3 x102 h! 2.3 x108 M! Margerum et al. (1978) as cited in Vikesland
formation + H,O C1] M h'! et al. (2001) and Jafvert & Valentine (1992);
Gray et al. (1978)
Trichloramine NHCIl; + HOCl © NCI3 + A[HOCI][NH £ [NCI3] 1.6 x108 M1, Kumar et al. (1987); Jafvert & Valentine
formation H,O Cly] 4.8 x10* M! (1992)
Base-assisted: NHCl, + K[HOCI][NH 1.6 x10* M2 5! Hand & Margerum (1983)
HOCI + B & NCl; + OH"  CL][B] (B = [HPO2));
+HB* 1 x10° M2 s (B
=[OCT])
Monochloramine 2NH,Cl <> NHCl, + NH;  A[NH,CI]? Function of 2.16 x 108 M2 1x10° M; Valentine & Jafvert (1988); Jafvert &
disproportionation [H*], [H2PO4] h'! 4.3x10% M"! Valentine (1992); Vikesland et al. (2001)
and [H;POy] (if
present)
2NH,Cl+ H*® NHCL +  A[NH,CI][NH k. [NHCI] 32x10*M2s’! 6.7x10° M'! Hand & Margerum (1983); Gray et al.
NH," SCI'] [NH3] [H] (1978)
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2.2.2 Equilibria of inorganic chloramines in aqueous solutions

Knowledge of the rates of formation and chemical equilibria of inorganic chloramines is
fundamental for understanding the fate and transformation of these compounds when chlorine
is introduced to aqueous systems containing ammonia. Trichloramine (NCIl3) is the most
volatile chloramine and can play an important role in systems where the gas phase
concentration of chlorine compounds is of concern. Thus, the fate and transport of inorganic
chloramines, particularly NCls, is the focal point of the following sections that address their

formation and decomposition upon chlorination of ammonia-containing waters.

When a free chlorine solution is dosed in a solution containing ammonia/ammonium
(NH3/NH4"), the free chlorine reacts rapidly with ammonia forming inorganic chloramines,
namely monochloramine (NH>Cl), dichloramine (NHCI) and trichloramine (NCl3), which
are in equilibria with one another (Gray et al., 1978). The stepwise formation of NH>Cl,
NHCI; and NCl; are described by Eq. 8-10 and their reaction rates and equilibrium constants
are summarised in Table 2. NCI; formation is base-catalysed, and thus, its formation rate is a
function of the concentrations of HPO4*, OCI", OH" and COs?* if present in the solution
(Hand & Margerum, 1983; Jafvert & Valentine, 1992; Table 2). Other important chemical
equilibria among the three chloramine species include monochloramine protonation (pKa for
NH;CI" = 1.5 at 25 °C; Eq. 11; Gray et al., 1978; Jafvert & Valentine, 1992), and
monochloramine disproportionation (Eq. 12; Gray et al., 1978; Valentine & Jafvert, 1988;
Table 2). The review of the equilibrium chemistry reveals that the relative concentrations of
chloramine species at equilibrium will be dependent on the pH and the relative concentration
of free chlorine to ammonia in the solution. Thus, this section lies the foundation for further
discussion on the dependency of chloramine speciation and decomposition on pH and
chlorine dose in later sections. This knowledge is important in modeling the fate of volatile

chlorine species under various pH and chlorine dose conditions.
NH; + HOCI < NH2Cl + H20 (8)
NH:Cl + HOCI & NHCI; + H20 (9)
NHCI; + HOCI & NCI; + H20 (10)
NHCl + H" & NH;CI* (11)

2NH,Cl + H' & NHCL, + NH," (12)
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2.2.3 Decomposition of inorganic chloramines in aqueous solutions

The potential for decomposition of chloramines in water was reviewed as this would
influence their availability to partition to the gas phase. In this regard, they have been
reported to self-decompose in aqueous solutions via a series of reactions that are assisted by
general acid or base leading to oxidation of the nitrogen (-1II) and reduction of the chlorine
(I) in chloramines (Jafvert & Valentine, 1987; Valentine & Jafvert, 1988; Vikesland et al.,
2001). The following sections review the stability of monochloramine (NH>Cl), dichloramine
(NHCl) and trichloramine (NCI3) in aqueous solutions and their decomposition pathways

under different conditions.

Monochloramine (NH>Cl) has been found to be relatively stable in dilute solutions
containing excess ammonia (Yiin & Margerum, 1990). However, under slightly alkaline
conditions with excess chlorine, NH>Cl has been reported to be oxidized into nitrogen gas
(N2) as per Eq. 13 (Pressley et al., 1972). Valentine & Jafvert (1988) reported that this redox
reaction resulted in the loss of NH>Cl at pH 8. It was hypothesized that the reaction involved
NHCI; as an intermediate that reacted rapidly with NH>Cl to form N as per Eq. 14 (Valentine
& Jafvert, 1988). The N>-forming decomposition pathway is not specific to NH2Cl, as it has
also been observed for NHCI; and NClI; revealing the unstable nature of inorganic

chloramines and the high tendency to self-decompose.
2NH>Cl + HOCI - N> + 3CI™ + 3H" + H20 (13)
NH2Cl + NHCI; - N2 + 3CI” + 3H" (14)

Dichloramine (NHCI») has been found to be relatively stable in the range of pH 3-4
but is prone to decomposition at pH above 6 (Valentine & Jafvert, 1988; Gray et al., 1978).
Similar to NH>Cl, dilute NHCI: solutions have been found to be relatively stable in the
presence of excess ammonia at pH 6-7 (Hand & Margerum, 1983; Yiin & Margerum, 1990).
Nonetheless, NHCI; can still slowly decompose in the presence of excess ammonia at neutral
pH as shown in the equilibrium reactions (Eq. 15; Eq. 16; Hand & Margerum, 1983). In
summary, at neutral pH with ammonia present in the solution, NHCI, undergoes a relatively
slow decomposition pathway producing NH>Cl, which is an example of how the fate of one

chloramine species is related to the others via chemical equilibria.
NHCIL, + H" © NH2CL," (15)

NH; + NH,CL* & 2NH,Cl + H* (16)
12



In contrast, under neutral and basic conditions in the absence of excess ammonia or in
the presence of excess chorine, decomposition of dichloramine has been found to follow a
different pathway that is 5 orders of magnitude faster than that with excess ammonia at
neutral pH (Eq. 17; Hand & Margerum, 1983). The decomposition of NHCI, under such
conditions has been reported to consist of two steps: the general base-catalysed formation of
NCl; from HOCI (Eq. 18; where B = HPO4*, OCI~, COs>", and OH") and the subsequent
rapid redox reaction between NHCI> and the produced NCl; forming N> (Eq. 19; Hand &
Margerum, 1983; Rayne & Forest, 2014). Although the exact mechanism of the formation of
N> has not been reported, the reaction has been hypothesised to be base-catalysed (Hand &
Margerum, 1983; Kumar et al., 1987). Although the overall reaction of NHCI> decomposition
has been found to be autocatalysed by HOCI, it is at least 10 times slower than the reaction
between HOCI and NH3 at neutral pH (Eq. 8; Hand & Margerum, 1983). Hence, the presence
of NHj3 in the solution will slow down decomposition of NHCl, as NHj3 preferentially reacts
with HOCI which will become unavailable for the rapid reaction that converts NHCI, and
NCls to N2 (Eq. 19). Furthermore, the reaction described by Eq. 18 was hypothesised to be
slower than Eq. 19 so concentration of NCl; remained low during the reaction (Hand &
Margerum, 1983). In conclusion, in the absence of ammonia, NHCI, decomposition proceeds
much faster than that in the presence of excess ammonia and NCl3 is involved as an
intermediate in the fast redox reaction that produces Na. The reactions that contribute to
NHCI> decomposition also provide insight into decomposition pathways for NCl3 as

subsequently discussed.
2NHCl; + 30H — N2 + HOCI + 3CI" + 2H>0 (17)
NHCI; + HOCI + B & NCl3 + BH" + OH™ (18)
NCI; + NHCI, + 30H™ = Nz + 2HOCI + 3C1™ + H20 (19)

Different from mono- and dichloramine, trichloramine (NCI3) is considered to be less
thermodynamically stable in most conditions, though dilute NCl; solutions have been
reported to be moderately stable in acidic conditions (Kumar et al., 1987; Yiin & Margerum,
1990). Kumar et al. (1987) proposed a mechanism for NCl3 decomposition in basic solutions
in the absence of ammonia. Under such conditions, decomposition of NCl3 was found to
follow the overall reaction (Eq. 20), which proceeds in two steps. First, NClz produces
NHCL (Eq. 21; Saguinsin & Morris, 1975; Kumar et al., 1987; Rayne & Forest, 2014),
which then rapidly reacts with an additional NCI3 to form Nz (Eq. 22), similar to Eq. 19. In
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the presence of excess ammonia, decomposition of NCI3 has been found to involve similar
subset of reactions with an additional reaction between NCl; and NH3 to form NHCl; and
NH:ClI (Eq. 23; Saguinsin & Morris, 1975; Yiin & Margerum, 1990). The NHCI, formed
subsequently reacts with NClz producing N> as depicted in Eq. 19. Summing up the reactions
Eq. 23, Eq. 19 and Eq. 8 gives the overall reaction Eq. 24 (Yiin & Margerum, 1990). With or
without excess ammonia, the reactions between NHCI, and NCI3 (Eq. 22 and Eq. 19) were
found to be a very rapid base-assisted process, involving several intermediates (Saguinsin &
Morris, 1975; Yiin & Margerum, 1990), which is consistent with previous observations
(Hand & Margerum, 1983; Valentine & Jafvert, 1988). Furthermore, the decomposition
mechanism for NCIz overlaps with that for NHCl, in the absence of ammonia suggesting that
the rapid formation of N2 is the common pathway that drives the self-decomposition of
chloramines under certain conditions. In summary, the presence of either excess ammonia or
chlorine can influence the decomposition pathway for chloramines, and thus affect the decay
rate and speciation of chloramines in chlorinated ammonia-containing solutions. This
knowledge is important for the understanding of chemical reactions that involve formation

and decomposition of volatile NCI3 in wastewater that is dosed with free chlorine.
2NCIz + 60H™ — N, + 30CI™ + 3CI™ + 3H20 (20)
NCIz + OH < NHCI, + OCI™ (21)
NCIz3 + NHCI; + SOH™ — N2 +20C1™ + 3C1™ + 3H20 (22)
NCI3 + NH3 — NHCI, + NH2Cl1 (23)
2NCl3 + 3NHs + 30H™ — Nz + 3NH,CI + 3C1™ + 3H>0 (24)

As the detailed kinetics of the reactions above have not been reported systematically,
literature that explored the effect of pH on decomposition rates of trichloramine was
reviewed. Saguinsin and Morris (1975) have reported that the decomposition of NClI3 was
first order in [NCls]. The first-order rate constants for pH 7.0, 8.25, and 9.0 were found to be
3.4x107° s, 6.3x107° st and 2.2x10* 57!, respectively (Saguinsin & Morris, 1975). At pH
10.5 in carbonate buffer with excess OCl", Hand & Margerum (1983) estimated a pseudo-
first-order rate constant of 0.02 s! for the decomposition of NCl3 (Eq. 18; Eq. 19). Kumar et
al. (1987) further explored the kinetics of NCl; decomposition via the overall reaction (Eq.
20), and a pseudo-first-order rate expression involving concentrations of specific base/general

acid was proposed. At neutral pH with phosphate buffer, the observed first-order rate constant
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ranged from 0.41x107 to 1.01x107 s™! depending on pH and phosphate concentration (Kumar
et al., 1987). In comparison, Yiin and Margerum (1990) proposed a third-order rate
expression for NCI3 decomposition with respect to the concentrations of NCl3, ammonia and
base present in the solution, and the rate constant was found to be 4.46x10> M2 s! for OH
according to the overall reaction Eq. 24. For the reaction between NHCI> and NCI3 (Eq. 19),
a second-order rate was observed to increase from 4.5 x10° M s to 1.1 x10* M s as pH
increases from 6.13 to 6.88 under specified conditions (Yiin & Margerum, 1990), indicating
strong pH dependence of Eq. 19. In summary, with various rate expressions for NCI3
decomposition reactions proposed, a general pattern of the rate dependency was observed: the
rate of NCl3 decomposition increases with pH, base concentration and ammonia
concentration. This knowledge is important when modeling aqueous NClI3 at different pH and
ammonia conditions. However, the effect of temperature on NClz decomposition rate was not
evaluated in these studies and is a gap in the knowledge regarding the kinetics of NCl3

decomposition in aqueous solutions.

In summary, the previously discussed reactions describe the decomposition of
inorganic chloramines and thus their availability to partition in the gas phase from the
solution. The redox reactions (Eq. 14; Eq. 19; Eq. 22) that produce N; are generally believed
to contribute to rapid and irreversible loss of NH2Cl, NHCl, and NCls. Different reaction
pathways were reported to decompose chloramines under different conditions, e.g. in the
presence of ammonia vs. without ammonia in solution. The rates of decomposition reactions
were generally found to be controlled by pH, base concentration and concentrations of free
chlorine or ammonia present in the solution. However, as a variety of kinetic rate expressions
for decomposition of NCI3 have been proposed by researchers under different conditions,
there is little systematic understanding of NCl3 decomposition under neutral conditions that
are relevant to real chlorinated waters. This leads to uncertainty when modeling the decay of

NCI3 upon chlorination of ammonia-containing waters as is addressed in the current study.

2.3 Characterisation of aqueous chemistry in chlorinated waters

Chlorination has been widely used in disinfection of drinking water, wastewater and
swimming pool water, hence, there is a considerable body of literature that addresses
reactions between chlorine and water constituents commonly present in those systems. One

of constituents of interest is ammonia as it rapidly reacts with free chlorine and forms
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monochloramine (NH2Cl), dichloramine (NHCIl;) and trichloramine (NCl3). In those systems,
formation of NH2Cl is beneficial for maintaining stable chlorine residuals for disinfection
purposes, while formation of NCl; is undesirable when the gas-phase concentrations of
chlorinated compounds are concerned due to the high volatility of NCls. As discussed in the
previous section, formation and decomposition of chloramines and their relative
concentrations at equilibrium are dependent on solution pH and the relative concentrations of
applied chlorine and ammonia in the solution. Thus, applying that chemistry to real waters is
important to characterise the fate and transport of inorganic chlorine compounds, specifically
volatile species such as NCls in aqueous systems with headspace. Therefore, this section
reviewed literatures that have concerned about the fate of inorganic chloramines, with a focus

on NCls, in chlorinated ammonia-containing waters: wastewater and swimming pool water.
2.3.1 Chlorination of wastewater

In the context of water disinfection, breakpoint chlorination is a technique that has been
developed to characterize the extent to which chlorine reacts with ammonia in water
(Pressley et al., 1972). Hence, information from studies on breakpoint chlorination may
provide insights into conditions that support formation of volatile NCls. In wastewater
disinfection, the mass ratio of CI:N at the breakpoint has been reported to range between 8:1
and 9:1 (Pressley et al., 1972; Aieta & Roberts, 1983) which is higher than the stoichiometric
ratio of 7.6:1 required for ammonia oxidation to N». Further as previously discussed, solution
pH plays a significant role in the equilibria of chloramine species and the reactions that lead
to decomposition of chloramines, particularly for the case of NCls. Therefore, the CI:N ratio
and pH dependency of formation and decomposition of NCI3 during breakpoint chlorination

is discussed subsequently.

The impact of solution pH on chloramine speciation was initially reviewed. Before the
breakpoint stoichiometry, NH2Cl was found to be the main species in the pH range of 7-8.5
(Pressley et al., 1972; Gray et al., 1978; Qiang & Adams, 2004). As pH decreased, NHCL
became favored according to the equilibrium chemistry (Eq. 12). At pH 4.5-5.0, NHCl, was
the main species (Pressley et al., 1972; Gray et al., 1978). NCI3 was the main species at pH
below 4 (Pressley et al., 1972; Gray et al., 1978). However, above the breakpoint, there is
little information on the pH-dependent stability of the chloramines as it has been often
believed that the chloramines were completely oxidized to N2 so the majority of total chlorine

present was free chlorine (Benjamin & Lawler, 2013). In summary, a general pattern of pH-
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dependent chloramine speciation was observed in chlorinated water. Lower pH tends to
promote the formation of more chlorinated chloramine species (NH>Cl < NHCl, < NCl3), and

vice versa. Thus, formation of NCl; can be enhanced if pH decreases.

As neutral pH conditions are relevant to sewer systems, the effect of C1:N mass ratio
on chloramine formation was reviewed. In this regard, as C1:N was increased the NH>Cl
concentration was found to reach a maximum at a ratio of 5:1 and then decreased to near zero
at the breakpoint ratio of 7.6 (Pressley et al., 1972; Qiang & Adams, 2004; Benjamin &
Lawler, 2013; Devi & Dalai, 2021). Conversely, when the Cl:N mass ratio exceeded 5:1,
formation of NHCl, was found to become significant and reached a maximum concentration
at a ratio of about 7.5:1 beyond which it rapidly decomposed at the breakpoint (Pressley et
al., 1972; Benjamin & Lawler, 2013). Formation of NCI3 was found to be favoured at and
above the breakpoint (Pressley et al., 1972). However, there is limited information on
quantifying the extent of NCI3 formation at and after the breakpoint stoichiometry as it has
not been of significant interest in most water chlorination contexts due to its instability
(Benjamin & Lawler, 2013). In summary, the general pattern in breakpoint chlorination tests

is that formation of more highly chlorinated chloramines is favored as CL:N ratio increases.

The dependency of NCls responses at and beyond the breakpoint during chlorination
of wastewater was specifically reviewed. At the breakpoint, Pressley et al. (1972) observed
that the concentration of NCI3-N formed decreased from about 0.3 mg/1 at pH 5.0 to 0.05
mg/1 at pH 7, suggesting that higher pH resulted in lower NCls yield. As chlorine dosages
exceeded the breakpoint stoichiometry at neutral pH, the concentrations of NCIz increased
with CI:N ratio until it reached 12:1 (Pressley et al., 1972). The increase in NCl3
concentration beyond the breakpoint agreed with an observation of Hand & Margerum (1983)
that the yield of NClIs increased from 10% to 45% of the theoretical value when hypochlorite
was present at neutral pH. One of the limitations of prior studies is that, relatively long
contact times (i.e. 2 hours) were employed (Pressley et al., 1972; Devi & Dalai, 2021) based
on disinfection practice, thus the dependence of NCl; decay rates on pH and CL:N ratio has
not been thoroughly studied leading to a gap in understanding of the kinetics of NCl3 decay in

wastewater.

As there is lack of kinetic studies on NCl; formation and decomposition in chlorinated
wastewater, literature that reported rapid free chlorine loss at the breakpoint was reviewed,

which might provide insights into rapid NCl3 decomposition in wastewater. During
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breakpoint chlorination of wastewater, residual chlorine can be lost by reacting with ammonia
and forming NCl3 as an intermediate which rapidly decomposes subsequently producing No».
The rapid reaction was reported by Pressley et al. (1972) where breakpoint chlorination of
ammonia in wastewater oxidized 95-99% of the ammonia-N to N> within a 1-minute reaction
time at neutral pH. Haas and Karra (1984) also observed such rapid loss of chlorine loss
during chlorination of wastewater. To quantify the extent of chlorine loss, total chlorine
residual from secondary wastewater effluents upon chlorination was modeled using a two-
phase parallel first-order decay of residual chlorine, where the first phase is rapid and the
second one is slow (Haas & Karra, 1984). Based on the field data collected, the rates for the

! consistent with

second-phase decay (k2) were observed to cluster around 0.003 min-
literature values for decomposition of inorganic and organic chloramines at neutral pH (Haas
& Karra, 1984). In contrast, the first-phase decay rates (k;) varied from 0.794 to 86.6 min™ at
contact time of 2 minutes, which were much higher than 4>, indicating the formation of an
inherently unstable chlorine species that decomposed faster than monochloramine or simple
organic chloramines (Haas & Karra, 1984). This suggested that NCl3 had formed and
decomposed resulting in the observed chlorine loss at a first order rate of approximately 1.0
min™! within 2 minutes of breakpoint chlorination, which is higher than the rates reported for
NCl; in the previous section. In summary, the rapid initial phase of the chlorine decay implied
the rapid formation and subsequent decomposition of NCIz upon chlorination of the
ammonia-containing water. The reported initial rates spanned a large range of values,

suggesting there was uncertainty in quantifying the rapid loss of free chlorine within 2 min of

chlorination.

The impact of other constituents present in wastewater that react with free chlorine
was reviewed as they may compete with ammonia to react with free chlorine resulting in a
chlorine demand during chlorination of wastewater. Common inorganic substances that react
quickly with chlorine in wastewater include nitrite, sulfide, ferrous iron and manganous
manganese (Taras et al., 1950; Chen et al., 2001; Vikesland & Valentine, 2002; Deborde &
von Gunten, 2008). Among those compounds, nitrite has received most attention in studies
concerning chlorine demand in wastewater (Dhaliwal & Baker, 1983; Haas & Karra, 1984;
Gasser, 1984; Gordon, 1985; Chen et al., 2001), as it is often present in nitrified effluents and
reacts with free chlorine at a rate comparable to that of ammonia. Small organic compounds,
such as amino acids, also exert chlorine demand, though they generally require longer

reaction time (Taras et al., 1950). In addition to reactions with free chlorine, the chlorine-
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demanding compounds can also react with monochloramine formed from free chlorine and
ammonia, though monochloramine reactions with these compounds have been found to be
much slower than with free chlorine (Dhaliwal & Baker, 1983; Chen et al., 2001). The
implication of these reactions on the formation of volatile chlorine species is that a higher
dose of free chlorine is required to achieve breakpoint chlorination than that in the absence of
chlorine-demanding compounds. This information may help in modeling NCI3 response in

wastewater that contain chlorine-demanding constituents.

In summary, the literature on breakpoint chlorination reveals that NCls is formed at
the breakpoint stoichiometry and the extent of formation increases with the relative dose of
free chlorine to ammonia (i.e. CL:N ratio). The stability of NCl; formed in the chlorinated
water decreases with pH, which is consistent with the base-catalysed decomposition pathway
discussed previously (Hand & Margerum, 1983; Valentine & Jafvert, 1988; Yiin &
Margerum, 1990). While breakpoint chlorination has been well-studied in laboratory tests,
the formation and decomposition of NCls has rarely been studied in practice of wastewater
chlorination. Further, the dependence of the decomposition rate on pH and CIL:N ratio has not
been quantified in wastewater chlorination. Thus, the lack of information on the kinetics of
formation and decomposition of NCls is a knowledge gap that will need to be addressed to
successfully model its presence in sewer systems receiving chlorine discharges. Moreover,

including chlorine demand exertion in models may increase their accuracy.
2.3.2 Chlorination of swimming pool water

Trichloramine (NCl3) has been identified as a volatile chlorinated by-product found in in the
air of indoor swimming pools that use chlorine as a disinfectant for the pool water (Li &
Blatchley, 2007; Schmalz et al., 2011; Chowdhury et al., 2014). Because of the concern about
the health impact of exposure to NCI3 on swimming pool users, previous studies have
addressed the temporal pattern of NCls concentration and its association with concentrations
of NCls-forming precursors in pool water. In swimming pool water, NCls is formed from the
chlorination of ammonia and nitrogenous organic precursors introduced by swimmers
(Schmalz et al., 2011; Chowdhury et al., 2014). The applied chlorine dose is often higher than
the breakpoint stoichiometry in order to maintain a certain level of free chlorine residual in
pool water as required by regulations (Schmalz et al., 2011; Chowdhury et al., 2014). This
may be relevant to conditions in sewers that receive high doses of chlorine discharge. Thus,

the literature on the formation of NCl; in swimming pool water was reviewed.
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The formation of NCl; from chlorination of swimming pool water has been found to
largely depend on pH, CI:N ratio and nitrogen precursors present in the water (Schmalz et al.,
2011). Schmalz et al. (2011) evaluated the effect of pH on the yield of NCI3 from ammonia in
aqueous solution at a CI:N molar ratio of 5:1 (equivalent to a Cl:N mass ratio of 12.7:1). The
average yield of NCls, expressed as a percentage of ammonia-N present in the solution after a
reaction time of 30 minutes, decreased from 55.0% to 20.4% as pH increased from 6.7 to 7.7.
Further, an increase in NCl; yield was observed as the C1:N molar ratio increased from 1:1 to
5:1 at pH 6.8 (Schmalz et al., 2011). These results were consistent with the pH and CI:N ratio
dependency of NCl; concentration observed in wastewater chlorination (Pressley et al.,
1972). Similar observations were made when chlorinating urea, which has been identified as
an important source of organic-N introduced to swimming pool water by swimmers (Judd &
Black, 2000) and an effective precursor contributing to NCl3; formation in swimming pool
water (Blatchley & Cheng, 2010; Weng & Blatchley, 2011; Weng et al., 2012; Gérardin et al.,
2015). However, the reaction between urea and free chlorine has been observed to be slow
compared to that with ammonia (Li & Blatchley, 2007; Blatchley & Cheng, 2010). According
to Blatchley and Cheng (2010), the aqueous concentration of NCl3 appeared to peak at
between 5 to 10 hours after chlorination of urea with an initial concentration of 0.05 mM. The
majority of urea present in solution remained unreacted after 24 hours of chlorination
(Blatchley & Cheng, 2010). Similarly, De Laat et al. (2011) observed that urea with a
concentration of 0.05 mM reacted with 0.05 mM free chlorine very slowly at pH 7.3 so that
approximately 70% of the urea was not degraded by chlorine after a 48-hour reaction time. In
summary, in the context of chlorinating swimming pool water, ammonia and urea have been
found to be precursors for NCI3 formation with the yield of NCl; dependent on water pH and
CIL:N ratio. As an important organic-N precursor, urea slowly reacts with free chlorine, while
ammonia reacts rapidly under the condition of swimming pool water. The relative slow
formation of NCI3 from urea may also provide insight in modeling NCIs in wastewater

systems where urea is present.
2.3.3 Summary

The formation and decomposition of inorganic chloramines have been studied in
chlorination of wastewater and swimming pool water, with the latter having a greater
emphasis on formation of NCI3; which is a volatile chlorinated product from ammonia and
organic-N compounds. The kinetics of reactions between free chlorine and ammonia have

been found to be fast with subsequent rapid decomposition of NCl; that produce N> and CI™ at
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neutral conditions. Although there is no systematic study on the kinetics of NClz formation
and decomposition in chlorinated water, the literature reviewed may provide insights in
designing mechanistic models that describe the temporal response of NCl; under different pH
and CL:N ratios in chlorinated water. The understanding of NCIl3 response in aqueous
solutions would be helpful for the prediction of gas phase NCls in sewer headspace. This may
also be helpful in making simple and effective assumptions for modeling NCl; in aqueous

and gas phase and reducing mathematical complexity when solving the modeled system.

2.4 Models for liquid-gas partitioning of volatile compounds

As volatile chlorine compounds in the headspace of sewer systems have not been
modeled before, information on mass transfer models of other volatile contaminants was
deemed important for providing insights in understanding the transport of chlorine
compounds in the gas and liquid phase of a sewer system. Corsi et al. (1992) developed a
dynamic model for volatile organic compounds (VOCs) in gas and liquid phase of sewers,
where sewer reaches were treated as a series of continuous stirred tank reactors (CSTRs) in
both phases. In this model, the liquid-gas mass transfer of VOCs at the liquid-gas interface
coupled the mass balance of VOC in the liquid and in the gas phase according to the two-film
theory. This model has been adapted by Parker and Yu (2001) where the effects of drop
structures and VOC-free tributary flows on gas phase VOC concentration were incorporated
in the model. Drop structures in sewer systems have been found to enhance the emission of
VOC to the air, while the VOC-free tributary flows decreased VOC gas concentration
downstream (Parker & Yu, 2001; Roghani et al. 2021). In summary, the dynamic two-phase
models available on transport of VOCs in sewer system can serve as a basis for modeling
volatile chlorine compounds. One limitation of these models is that they did not take account
of degradation of VOCs or any relevant chemical reactions that involved VOC:s in either the
liquid or gas phase of the sewers. This leads to a gap when incorporating the reactivity and

instability of volatile chlorine compounds in mass transfer models.

Mass transfer models for trichloramine (NCI3) in swimming pool systems were
reviewed, as they might provide insights into modeling of NCI3 in sewer systems. At
conditions of swimming pool water, partitioning of NCl;s to the air has been found to be
limited by liquid-gas mass transfer process (Weng et al., 2011; Wu et al., 2021; Lee &
Blatchley, 2022; Lee et al., 2023; Schmalz et al., 2011). Thus, to predict NCl; concentration
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in indoor swimming pool air, a good estimation of the mass transfer coefficient for NCI3 was
found to be important. Lee et al. (2023) developed a dynamic model where the change in
NCl; gas phase concentration over time was characterised by air flows and the mass transfer
from the liquid phase, which was described by an overall mass transfer coefficient under
baseline conditions (K;) and an effective mass transfer coefficient that was proportional to
number of swimmers (nK;"). Under baseline conditions with no swimmers, field data were
employed to estimate K; at steady state, which was found to be in the range of 6.1x107 -
6.7x10° cm s!. In comparison, Schmalz et al. (2011) developed a simple mass transfer model
and estimated the overall mass transfer coefficients for NCI3 with a reference to carbon
dioxide (COz), which were found to be 0.6x10 ¢cm s™! for a quiescent water surface and
2.4x1073 ¢cm s™! for a rippled surface. The value of the mass transfer coefficient for a quiescent
surface reported in Schmalz et al. (2011) was roughly 10 times higher than that reported by
Lee et al. (2023) under baseline conditions, indicating uncertainty existed when estimating
the value of mass transfer coefficient for NCl3 under swimming pool-like conditions using
different methods. Moreover, although it is important to account for the dynamic impact of
swimmers on the mass transfer coefficient, the model developed by Lee et al. (2023) did not
consider the formation and decomposition of NCl; in the aqueous phase, which will need to

be addressed in the current study.

As there is lack of information on modeling the decay of volatile compounds in
sewers, literature on mass transfer models that incorporated the formation and decay of NCl3
was reviewed. The mass transfer model developed by Schmalz et al. (2011) accounted for the
formation of NCI3 from the reaction between urea and free chlorine (first-order decay rate of
4.58x107° s7!) and the first-order decomposition of aqueous NCls. For NCl; decomposition,
Schmalz et al. (2011) used first-order rate constants of 3.4x107 s and 2.96x107 s™!, which
were retrieved directly from literature sources. In comparison, Gérardin et al. (2015)
incorporated multiple key reactions that involves the formation (e.g. Eq. 10) and
decomposition (e.g. Eq. 19) of NCIl; to their mass transfer model. The values of rate
constants used in Gérardin et al. (2015) were derived from the kinetic model developed by
Jafvert & Valentine (1992), where one of the decomposition reactions was third-order in NCl3
with a rate constant of 5.6 x10'® M2 s”!. Thus, only theoretical rate constants were used in
these models but no observed rates of NCI3 decomposition in the actual swimming pool water
were characterised, leading to a gap when applying the literature values to water with more

complex matrix. Therefore, it is important to accurately estimate the decay rate constant of

22



NCls in water with specific conditions so that it can be incorporated in mass transfer models

that predict the gas-phase concentration at real conditions.

In summary, mass transfer models that address the concentration of NCI3 in indoor
swimming pool air were reviewed as models of NCl3 have not been established in the sewer
environment. In prior studies, a range of values of mass transfer coefficients for NCI3 under
swimming pool conditions have been reported, but there is little information on the
decomposition rate of NCls in real waters under relevant conditions. Nevertheless, these mass
transfer models may provide important information for modeling NCls in the gas and liquid

phase of similar systems, such as sewer environments.

2.5 Summary

This chapter reviewed the physio-chemical properties and the chemical transformations of a
series of inorganic chlorine substances that are potentially volatile and are commonly present
in aqueous solutions. Among these substances, trichloramine (NCl3) has been identified to be
the most volatile chlorine species besides chlorine gas, and its formation from reactions
between free chlorine species and ammonia is rapid. However, NCl; is subject to rapid
decomposition and thus, its rates of decomposition and pathways have not be well
characterised in real waters at relevant environmental conditions, e.g. in wastewater.
Moreover, little information was available on the mass transfer of NCl; at the liquid-gas
interface in relevant environments, which leads to a knowledge gap on predicting gas
concentrations of NCls in sewer headspaces. Therefore, the current study was conducted to

bridge these gaps and to understand the fate and transport of NCl; in a sewer environment.
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Chapter 3: Methodology

3.1 Experimental plan

This study sought to investigate the underlying mechanisms leading to the apparent detection
of gaseous chlorine (Clz) by a commercially available sensor in the headspace of a full scale
operating pumping station of a large municipal sewer system. Based upon traditional aqueous
chlorine chemistry it was hypothesized that the detections were due to cross-sensitivity of the
detector to chlorine-containing compounds that had not been tested by the manufacturer.
Hence, one of the purposes of the experimental plan was to evaluate the potential for cross-
detection with chlorine compounds that might exist in a sewer system receiving chlorine
discharges. In addition, the impact of aqueous chemistry on the gas phase responses was
assessed using a three-phase experimental design. In Phase I, a clean water matrix that was
buffered by phosphate was used to evaluate responses as a function of pH, free chlorine dose
and temperature. In Phase II, the same clean water matrix was used with a fixed chlorine
dosage but ammonium chloride was added in different concentrations for a range of pH and
temperature conditions. In Phase III, raw wastewater was used and buffered with phosphate
to evaluate responses over a range of pH and temperature values. Furthermore, a
contaminant mass balance model was developed and calibrated with the experimental data to
assist with data interpretation and to allow the lab results to be extended to full-scale

applications.

3.2 Reactor setup and operation

A reactor setup was developed to house an ULTIMA® X5000 Gas Monitor with MSA XCell
Chlorine Gas Sensor for the purposes of exploring the impacts of aqueous chemistry
conditions on the gas phase response. The chlorine gas sensor employs the same Cl, detection
mechanism (i.e. electrochemical) as installed at the full scale pumping station and has a
detection range of 0 - 20 ppm and a sensitivity of 0.1 ppm. Electrochemical gas sensors
employ the oxidation-reduction reactions between the sensing electrode of the sensor and the
ambient gas molecules, which produces an electric current proportional to the concentration
of the gas (Y1 et al., 2015). Depending on the gas to be detected, some electrochemical gas
sensors can have poor selectivity (Chou, 2000). For the chlorine gas sensor used in this study,
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its cross-sensitivity to a variety of gases has been documented by the manufacturer which is

included in Appendices (A. 9).

A column-style reactor with an inner diameter of 15 cm and a height of 25 cm was designed
and built to house the chlorine gas sensor. To imitate a sewer environment, the reactor was
wrapped with foil to minimize contributions from photochemical processes to the decay of
chlorine compounds in the reactor. The headspace of the reactor was mixed by and by an air-
circulation pump (LABOPORT® UN 86 KTP) while the liquid contents were mixed with a
stir bar/plate (Corning Laboratory Stirrer PC-310) as described in Figure 1. There were two
ports included for introducing the reacting solutions: sodium hypochlorite (NaOCI or free
chlorine) solution and a “background solution”, whose composition was controlled according
to the phase of the experiments. In addition, a sampling port, that was submerged in the
mixed solution and which was opened/closed periodically to sample volumes of the solution

for analysis was included. The reactor was maintained gas-tight during experiment runs.
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Figure 1 Schematics of the batch reactor.

To initiate an experimental run, the background solution (0.25 L) was pumped into the reactor
first and this was followed by injection of the NaOCI solution (0.25 L) with a known
concentration. The two solutions were mixed by the stir bar and the headspace was mixed by
the air-circulation pump at constant rates for all experiments. The output signal (Volts) from
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the sensor meter was calibrated into concentration (ppm), which was monitored in real time
and recorded by a computer program developed using LabVIEW™, Prior to each experiment,
the reading from the program was calibrated by the reading from the senser meter screen, i.e.
0 ppm. In between runs, the reactor was emptied and the inside of the reactor was rinsed with

deionized (DI) water to remove any contents left from previous runs.

3.3 Experimental procedures

Reacting solutions, stock solutions and analytical reagents were prepared and stored using
glassware that was chlorine demand-free (soaked in NaOCI solution overnight and then
rinsed with DI water). All chemicals used were analytical grade. Procedures for the

preparation and storage of stock solutions are included in Appendices (A. 1).

The experiments evaluated gas and liquid phase responses from three different aqueous
matrices: phosphate-buffered DI water without ammonia, buffered DI water with ammonia,
and buffered wastewater, to which an NaOCI solution was added. Thus, the experiments were
conducted in three phases: Phase I Chlorine alone, Phase II Chlorine-Ammonia, and Phase 11

Chlorine-Wastewater.
3.3.1 Phase 1

The first phase of experiments investigated the effect of reaction conditions on gas and liquid
phase responses in the absence of ammonia. The Phase I experiments provided baseline
information that could be compared with that of Phase II to discern the composition of
gaseous chlorine compounds detected by the gas sensor. The experimental variables included
the NaOCI concentration in solution (400, 200 and 40 mg/L as Cl»), pH (6.5, 7.0 and 7.5),
and water temperature (15 and 20 °C). The selected levels of pH and temperature were
believed to be relevant to the conditions that might be present in a real wastewater system
receiving a concentrated bleach solution discharge. At each condition, two to three replicate

tests were conducted.

Free chlorine solutions were prepared by diluting a NaOCl stock solution to the target
concentrations and were standardized prior to experiments using DPD/FAS titration (APHA,
2021) to ensure the titrated concentration was within 2.5% of the target concentration. Buffer
solutions (250 mL) at pH 6.5, 7.0 and 7.5 were prepared by diluting 100 mL of corresponding

phosphate stock solutions with 150 mL DI water (A. 1). The total phosphate concentration in
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the buffer solution was 80 mM. The water temperature was controlled by a PolyScience®
MM Series Chiller that circulated a refrigerant through tubing with an inner diameter of 5/16

inch which was wrapped around the reactor column.
3.3.2 Phase 11

The second phase of experiments introduced the presence of ammonia as an experimental
factor that was anticipated to affect the gas-phase response due to the formation of

chloramines from reactions between chlorine and ammonia. Hence, the effect of ammonia
presence in the buffer solution on the gas and liquid phase responses was evaluated under
different pH (6.5, 7.0 and 7.5) and temperatures (15 and 20 °C). At each condition, two to

four replicate tests were conducted.

The NaOCI concentration was maintained at 400 mg/L as Cl, for all experiments in Phase II
but the concentration of ammonia in the buffer solution was varied. The relative
concentration of free chlorine to ammonia in each solution was expressed by the CI:N ratio
(Table 3). Six CI:N ratios were selected to reflect different compositions of chlorine species
based on knowledge of breakpoint stoichiometry (Chapter 2). To prepare a buffered ammonia
solution at the target concentration and pH, 100 mL of phosphate stock solution and a
selected volume of the ammonium chloride stock solution were mixed together and diluted to
250 mL by DI water (A. 1). The procedures for the preparation of the free chlorine solutions

and temperature control were the same as described in Phase 1.

Table 3 Chlorine to ammonia ratios used in Phase II experiments.

Molar ratio CI:N  Mass ratio CI:N Solution concentrations
(mg/L): Free chlorine to
Ammonium Cl:NHy4

6.31:1 400:25.0 (16:1) 400:32.2
5.53:1 400:28.5 (14:1) 400:36.7
4.74:1 400:33.3 (12:1) 400:42.8
3.94:1 400:40.0 (10:1) 400:51.5
3.15:1 400:50.1 (8.0:1) 400:64.4
1.79:1 400:87.9 (4.6:1) 400:113
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3.3.3 Phase 111

Phase III of the experiments explored gas and liquid phase responses when pH-buffered
wastewater was employed such that the impact of wastewater constituents on system
behaviour could be assessed by comparison with Phase II. Raw wastewater was sampled
from the raw sewage line entering the wastewater laboratory at the University of Waterloo.
Samples were centrifuged at 3000 rpm for 45 minutes using SORVALL® RC 5B Plus to
remove the majority of the particulate content. The supernatant was portioned into 250 mL
bottles and stored in refrigerator at 4 °C. Each batch of wastewater samples was used within
one week. After centrifugation, samples were analysed for pH, alkalinity, total organic carbon
(TOC), anions (chloride, nitrate, phosphate, sulfate), and cations (ammonium, potassium,
sodium). Prior to each experiment, one bottle of processed wastewater was taken from the
refrigerator and warmed in a water bath. After the sample was warmed to the target

temperature, pH and ammonia nitrogen (NH4-N) were measured prior to conducting tests.

In the tests, the concentration of the NaOCI solution was maintained at 400 mg/L as Cl, for
all experiments. The pH of the wastewater prior to experiments was adjusted to 6.5 or 7.5 by
diluting 150 mL with 100 mL phosphate stock solution. Temperature (15 and 20 °C) was

controlled as described in Phase 1. At each condition, two replicate tests were conducted.

3.4 Analytical methods

During each run, the solution in the reactor was periodically sampled for analysis of pH,
temperature, free/total chlorine, mono-, di-, and trichloramine if applicable. In Phase I, free
chlorine and total chlorine were determined using a spectrophotometer (Hach DR1900) and
commercial reagent packs that corresponded to each method (Table 4). A calibration curve of
absorbance for free/total chlorine was developed (A. 2). The detection range was 0.1-4.0
mg/L as Cl,. In Phase II, free chlorine and inorganic chloramines were determined by
DPD/FAS titration following Standard Method 4500 F (APHA, 2021; Palin, 1957; Palin,
1968). The detection range was 0.1-5.0 mg/L as Clz. In Phase III, free chlorine and

chloramines were analysed using the same method as in Phase II.

Wastewater samples were analysed for common anions and cations. The anions, including
chloride, nitrate, phosphate, and sulfate, were analysed using an IC (Dionex ICS-1100)
following Standard Method 4110 B (APHA, 2021). The cations, including ammonium,
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potassium, and sodium, were analysed using an IC (Dionex AQUION) following the method
D6919-17 (ASTM International, 2017). Total organic carbon (TOC) was analysed using a
TOC analyser (TOC-L SHIMADZU) following Standard Method 5310 B (APHA, 2021).
Ammonia nitrogen (NH4-N) was analysed by the HACH Salicylate Method (Table 4).
Alkalinity was analysed following Standard Method 2320 B (APHA, 2021). Water pH and
temperature were measured by a probe (ORION 9107BN) connected with a pH meter
(ORION STAR A111).

Table 4 HACH methods used for determination of free chlorine, total chlorine and ammonia-
N. (Retrieved from HACH manuals accessed at https://www.hach.com/resources/water-
analysis-handbook#C).

Parameter Method Detection range Document ID
Chlorine, Free USEPA DPD 0.02 t0 2.00 mg/L C12 DOC316.53.0
Method (Method 1023
8021)
Chlorine, Total ~ USEPA DPD 0.1 to 10.0 mg/L CI2 DOC316.53.0
Method (Method 1029
10070)
Nitrogen, Salicylate 0.4 to 50.0 mg/L N DOC316.53.0
Ammonia Method (Method 1079
10031)

3.5 Model description

A model that incorporated liquid-gas mass transfer and first-order decay of volatile
inorganic chlorine compounds in the liquid and gas phases of the completely mixed batch
reactor was developed to assist with interpretation of the experimental data. The ordinary
differential equations that describe the mass balances in the liquid and gas phases are

described in Eq. 25-26:

ac;

V,—
dt

c
= —VikqC, — ViKia(C, — ;g) (25)

dc C
Vg d_f = —ngdgCg + VlKLa(Cl — Fg) (26)
where

V, and V; = volume of liquid and gas phases, respectively, L;

C; and Cy4 = concentration of compound in liquid and gas phases, mg LY
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kg, and kg4 = first-order decay constants for compound in liquid and gas phases, hrl;

K, a = lumped overall mass transfer coefficient for compound, hr'!;

: . D c
H = dimensionless Henry’s Law constant for compound, which is defined as C—g at
l

equilibrium.

It was assumed that (1) the headspace and aqueous solution were well-mixed, thus,
they were spatially uniform in composition in each phase; (2) the formation of the volatile
chlorine compound was instantaneous, thus could be represented by an initial concentration
at time zero; and, (3) the rate of decomposition of the volatile chlorine compound in each

phase was first-order with respect to its concentration.

The parameters employed in the models were obtained independently. The Henry’s
Law constants (H) were obtained from the literature (Holzwarth et al., 1984a; Table 1;
Chapter 2). The conversion of the reported H in the original units to its dimensionless form
and the temperature correction for adjusting the A values are described in the following
section. The overall mass transfer coefficient (K, a) for the volatile chlorine compounds was
estimated from the oxygen mass transfer coefficient for the batch reactor (K, a®?) that was
estimated from oxygen transfer tests that were conducted in this study. The first-order decay

constants, kg and kg4, were obtained by iteratively fitting of the model to the experimental

data generated in this study, which will be described in detail in Chapter 4.

3.6 Calculation of Henry’s law constants (H)
3.6.1 Unit conversion

As dimensionless concentration-based Henry’s law constants were required for the
mass balance model (Eq. 25-26), there was a need to convert literature values of Henry’s law
constants that were reported in a variety of unit conventions. The Henry’s constants reported

by Holzwarth et al. (1984a) were mole fraction-based (H,.) and defined as,
Hyo = X6/X1(27)

where Xg is the mole fraction of the gas in the air and Xy is the mole fraction of the gas in the

water. The mole fraction of a compound in an aqueous solution is the ratio of moles of the
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dissolved compound to the sum of moles of the compound and moles of water. H. was
converted to dimensionless molar concentration-based constant at 20 °C by dividing it by
(24.1 L mol™! X 55.5 mol L!) as described in Eq. 28, assuming (1) the amount of the
dissolved compound is negligible compared to the number of water molecules per litre of
aqueous solution (55.5 mol L), and (2) the volatile compound follows the ideal gas law (A.
3). The converted Henry’s constants from Holzwarth et al. (1984a) are shown in the Table 1
(Chapter 2), Table 5 and Table 6 (Chapter 4).

H = —1"—(28)

- L
24.1m X 555T

3.6.2 pH dependency for effective H

The effective Henry’s law constant for HOCI at pH 6.5, 7.0 and 7.5 was calculated
following the method in Blatchley III et al. (1992) using equilibrium data from Table 2
(Chapter 2) at 20°C. It was assumed that the concentration of aqueous Cl» was negligible at
pH above 5, so the only free chlorine species in the solution were HOCI and OCI1". As OCI
was expected to be non-volatile (Blatchley III et al., 1992; Judd & Black, 2000), the chlorine
species present in the headspace of the buffered free chlorine solution was considered to be
mainly HOCI. In contrast, NCl3 was considered to be a neutral species that does not undergo
speciation in aqueous solutions. Thus, its Henry’s law constant was assumed to be

independent of pH.
3.6.3 Temperature correction

The values of Henry’s law constants are a function of temperature. As data for
Henry’s law constants for HOCI and NCI3 were available at 20°C and 40°C (Holzwarth et al.,
1984a), linear extrapolation was used to estimate their Henry’s constants at 15°C following

the method used in Sander (2023).

3.7 Estimation of overall mass transfer coefficients (K1)

The values of K;, for volatile chlorine compounds were estimated from that of oxygen (O2)

using the following sequence of operations.

3.7.1 K| estimation for oxygen
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The Ky for oxygen at 20°C was estimated following the procedure described in
Chaturvedi et al. (2014) that involved batch tests where the rate of transfer of oxygen into
solution was quantified using a dissolved oxygen (DO) probe. Before each test started, the
DO present in the solution was depleted by adding an excess amount of solid sodium
dithionite (30-40 mg per 500 mL). After the DO was completely depleted, air circulation was
initiated. At time zero, DO started to increase until equilibrium was reached and this value

was assumed to indicate the solubility of oxygen under the experimental condition.

Using the data generated from each lab test, the overall mass transfer coefficient (K22
or K;,a%?) was estimated by two-parameter non-linear regression of the oxygen transfer

model (Eq. 29a; 29b; Tchobanoglous et al., 2014). As the interfacial area (A) for mass
transfer was reasonably defined in the reactor, K% was estimated by multiplying K; a®? by %.
ac 02
V—=K; A(Cs — C) (29a)
or
ac _ 02
V—=VK.a (Cs — C) (29b)
where V= volume of aqueous solution, L;

A = area of liquid-gas interface, which was approximately equal to the cross-sectional

area of the reactor (1.77x1072 m?);

C= concentration of O; in the solution, mg L!;
Cs=solubility of O2in water, mg L!;

KP?= overall mass transfer coefficient for Oz, cm s';

K, a%%= the lumped mass transfer coefficient for Oz, h™.

The K;a®? at 15°C was corrected by applying a factor of 0.89 that was calculated
from Eq. 30 (Rittmann et al., 1983). Subsequently, K; a for the volatile chlorine compounds

at 15°C were corrected accordingly.
KLQOZ(T) — H(T—ZO) KLaOZ(ZO)(30)

where T = temperature, °C;
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K, a%%?% and K; a®?(M= the lumped mass transfer coefficient for O, at temperature

20°Cand T °C, h'l;

6 = 1.024, which is a commonly used value as a temperature correction factor

(Rittmann et al., 1983).
3.7.2 K| estimation for chlorine compounds

To obtain K. values for the volatile chlorine compounds, the measured overall mass
transfer coefficient for oxygen (K°?) was corrected following Eq. 31-33. The liquid phase
mass transfer coefficient for a chlorine compound was computed from the value of K2 by
multiplying with the ratio of the diffusion coefficients of the two compounds (Munz &
Roberts, 1989; Corsi et al., 1992). This approach assumes that k?? ~ K2 as the liquid phase
resistance of Oz accounts for more than 95% of the total resistance (with a dimensionless

Henry’s Law constant of 29.92 at 20°C; Munz & Roberts, 1989).

D¢
kf = KP? x ;;2(31)

where k¢ = the liquid phase mass transfer coefficient for compound, cm s!;
KP? = the overall mass transfer coefficient for Oa, cm s™;
DP?% = the liquid diffusion coefficient of oxygen in water, cm? s';

Df = the liquid diffusion coefficient of compound in water, cm? s,

As HOCI, Cl; and NCls are less volatile than O, a value of kc/ki = 40 was used to estimate
the relative importance of gas and liquid phase mass transfer resistances in the constantly

mixed batch system (Munz & Roberts, 1989). Thus,
ki = 40kf (32)
where k¢ is the gas phase mass transfer coefficient for compound, cm s™!.

The overall mass transfer coefficient (K} ) for the chlorine compounds was calculated based

on two-film theory (Benjamin & Lawler, 2013),

11
c— ¢
Kp  kf

1
+ prvm (33)
where H is the dimensionless Henry’s Law constant for compound c.
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The values of the liquid diffusion coefficients (Dy) that were employed to estimate the

mass transfer coefficients (Eq. 31) were estimated using the Wilke and Chang (1955)
correlation,

0.5
D=74x10"8 (":’) T (34)

/06

where, x = an association parameter which equals to 2.6 for water as solvent;
M = molecular weight of solvent, which is 18.015 g mol™! for water;
T = temperature, °C;
¥V = molar volume of solute at normal boiling point, cm? mol;

n = viscosity of solution, centipoise (cP).

Molar volumes (V) were required to estimate the diffusion coefficients (Ds) but,
except for Oz and Cl, (Wilke & Chang, 1955), were not available for the target compounds.
Thus, values of V for HOCI, NH,Cl1, NHCl; and NCl; were estimated from various sources as
summarised in Table A-3 in Appendices. The values of viscosity of water () were retrieved
from the sources described in Appendices (A. 4). Therefore, values of D at 15°C and 20°C

were calculated and the results are included in Appendices (A. 4).
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Chapter 4: Results and Discussion

This chapter presents the results obtained from batch tests that were conducted in three
phases with increasingly complex water matrices. The mass balance model outlined in the
previous chapter was employed to understand the underlying mechanisms leading to the

observed experimental responses.

The results from batch tests were compared between conditions to assess the effect of
experimental factors on the response from the chlorine gas sensor. Peak gas concentration
(Cp) and the time to peak (t,), were analysed quantitatively as they were deemed to be
important characteristics of gas-phase response, and thus, were discussed subsequently in
detail. Time series data for aqueous phase chlorine species present in the solution were also

analysed to assist with interpretation of the gas-phase response.

To model the gas- and aqueous phase responses, five parameters were quantified. Two of the
parameters, Henry’s law constants (/) and overall mass transfer coefficients (K;a) for HOCI
and NCls, were estimated following the methods described in Chapter 3 and their values are
presented as the first section of this chapter. The remaining parameters (first-order decay
constant for either HOCI or NCl; in the gas- (kqg4) and aqueous (k) phases, and initial
concentration (Cy;)) depended upon the test conditions and were fit from the observed data.
The fit model predictions were compared with experimental results to evaluate the
effectiveness of model fitting and to make overall conclusions regarding the factors leading
to gas-phase responses. Finally, a sensitivity analysis was performed on the five model

parameters to identify the most influential parameters on the gas-phase response.

4.1 Model parameters

This section presents the estimated values of the model parameters influencing liquid-gas
mass transfer: Henry’s law constants (/) and overall mass transfer coefficients (K;) for
hypochlorous acid (HOCI) and trichloramine (NCl3) at 15°C and 20°C. These values were

used as model inputs in later sections.

4.1.1 Henry’s law constants (H)
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As the effective Henry’s law constant for HOCI is dependent on pH (Holzwarth et al.,
1984a; Blatchley III et al., 1992), effective H for HOCI was calculated at pH values of 6.5,
7.0 and 7.5 at 20<C (Table 5) as described in Chapter 3. Figure 2 plots the pH dependency
for effective H for HOCI and was produced using data from Holzwarth et al. (1984a)
following the method described by Blatchley III et al. (1992). The plot shows good
agreement between the predicted result and the observed data reported by Holzwarth et al.
(1984a). Thus, the method for predicting effective Henry’s law constants for HOCI at
different pH (Blatchley III et al., 1992) was considered to be effective. Therefore, the
predicted values at pH 6.5, 7.0 and 7.5 were used for the model as listed in Table 5.

The Henry’s law constants for HOCI and NCl; at 15<C and 20 C were estimated using
available literature data as described in Chapter 3 (Table 6). As the Henry’s law constant
depends on temperature, H values for HOC1 and NCl3 at 15<C and 20 <C were estimated
following the method used in Sander (2023). The resulting values are listed in Table 6. The
values of Henry’s law constants for HOCI are 4 orders of magnitude lower than that of NCls,
indicating that when HOCI and NCl; are present in solution at the same molar concentration,
there would be considerably higher concentrations of NCl; in the headspace than HOCI at
equilibrium. As temperature decreases, this equilibrium shifts towards producing lower
concentrations of HOCI or NCls in the headspace for the same aqueous concentrations. Thus,
H values at 15<C for HOCI and NCIls were extrapolated from the 20 <C data and were used for
modeling. The concentration-based dimensionless constants for HOCI1 and NCl3 at 15<C and
20C were used directly in the model and for estimating the overall mass transfer coefficients

(K1) as subsequently discussed.
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Figure 2 Effective Henry’s law constant (H,) for free chlorine (HOCI) vs pH. The line is the
predicted result. The points are measured data reported in Holzwarth et al. (1984a).

Table 5 Values of dimensionless effective Henry’s law constant and corresponding mass

transfer coefficient for HOCI at 20°C used for modeling.

pH Predicted H (-) Estimated K, a (h')
6.5 5.26x107 3.3x10*
7.0 4.54x107° 2.9x10*
7.5 3.15x107 2.0x10*

Table 6 Values of dimensionless Henry’s law constant calculated at 15°C for HOCI and NClI3

according to Sander (2023), along with values at 20°C for comparison.

Substance 15°C 20°C
HOC1 *4.21x107 *5.26x107
NCl3 0.267 0.326

*Value was calculated using effective Henry’s law constant at pH 6.5.

4.1.2 Mass transfer coefficients (K)

To estimate values of Kf for HOCI1 and NCl;, the K22 for oxygen was first estimated
from batch tests as described in Chapter 3 (Table A-2; Figure A-2). A mean K; a%? value

from 4 replicates was estimated to be 5.9 h! with a standard deviation of 1.4 h! at 20<C.
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Hence, the K22 for O, was estimated to be 4.621.1x107 cm s™' by multiplying K, a? by the
ratio of solution volume to the interfacial aera as described in Chapter 3. The relative
standard deviation (RSD) for the estimated K;a®? or K22 value was approximately 24%. As
the value of K22 is mostly influenced by the specific characteristics of the liquid-gas mass
transfer system, the high RSD value might suggest there is a level of uncertainty regarding
the mixing condition in the batch reactor as the solution volume or the interfacial area were
not likely to vary between tests. Nonetheless, the average value of KP? was used to estimate

K for HOCI and NCls as discussed subsequently.

To estimate K values for HOC1 and NCl; from the K22 values, liquid diffusion
coefficients (D) were estimated for O», HOCI and NCls. The value of D for O, was estimated
to be 2.12x107° cm? 5! at 20T (Table A-4) and was similar to the values that have been
reported in the literature (Holmén & Liss, 1984; Munz & Roberts, 1989). The D value for
NClIs was estimated to be 1.22x107 cm? s™! at 20T, comparable to the value of 1.26x107 cm?
s reported at 28°C (Schmalz et al., 2011). In contrast, the value for HOCI was estimated to

be 2.05x107° cm? s at 20<C but no literature has reported its value.

Values of K and K; a for HOCI and NCl3 were calculated following methods
described in Chapter 3. The values of K; a for HOCI and NCls are included in Table 5 and
Table 7 at corresponding conditions. Overall, under the same condition, the estimated K; a
value for HOCI was roughly 2 orders of magnitude lower that that of NCl3, meaning the mass
transfer rate for HOCI would be much slower when the concentration gradient of the two
substances was the same. In summary, the values of Henry’s law constant and overall mass
transfer coefficients for HOCI and NCl3 were estimated at 15°C and 20°C and were employed

in the following section for simulating experimental results.

Table 7 Values of mass transfer coefficients (K, a, h'!) at 15°C and 20°C for HOCI and NCl;.

Substance 15°C 20°C
HOCI1 2.4x10% *3.3x10™
NCl; 0.076 0.088

*Value was calculated using effective Henry’s law constant at pH 6.5.
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4.2 Experimental and model results

This section presents the results obtained from batch experiments that were conducted to
assess the impact of water matrix/composition, pH and temperature on the response obtained
from a commercial chlorine gas sensor. The results of the application of a mass balance
model to simulate the experimental results are also discussed. The results are presented in
subsections that follow the sequence of the experiments: Phase I Chlorine alone, Phase 11

Chlorine-Ammonia, and Phase III Chlorine-Wastewater.
4.2.1 Phase I

In the chlorine-alone tests, a gas was detected by the chlorine sensor when free chlorine doses
of 400 and 200 mg/L as Cl> were employed at 20°C and pH values in the range 6.5-7.5. The
actual composition of the gas could not be ascertained with the available analytical
equipment but was hypothesised to be HOCI as this represents a major fraction of the free
chlorine at pH 6.5-7.5 and has been reported to volatilize in previous studies (Holzwarth et
al., 1984a; Holzwarth et al., 1984b; Blatchley III et al., 1992). The patterns of the gas- and
aqueous phase responses observed in this phase were employed as a baseline condition for
comparison with the results from Phases II and III where the water composition more closely
reflected that of real wastewater. To understand the mechanism leading to the observed gas-
phase response, a mass balance model was employed and the effect of pH on the gas-phase
response at 20°C was analysed in depth. Besides, the effect of free chlorine dose and

temperature were also assessed and the results are included in the appendices (A. S.).

To illustrate the temporal pattern of gas-phase responses observed in Phase |
experiments, the time series data from a representative test that had an NaOCI dose of 400
mg/L as Cly at pH 6.5 and 20°C was plotted (Figure 3). According to the signal reported by
the gas sensor, the gas concentration started to increase shortly after dosing the NaOCl
solution into the test reactor. The gas response peaked around 2 hours after the start of the test
at a value of 2.0 ppm, then declined gradually to zero after 5 hours. Similar trends in the gas-
phase response were observed at other conditions where measurable amount of gas was
detected (Figure A-3; Figure A-4).The observed trends suggests that there might be at least
two driving mechanisms that have opposing effects which control the concentration of the
gaseous compound: one mechanism drives the flux of the compound into the headspace
system and the other drives the flux of the compound out of the headspace, so that a peak gas

concentration is reached when the two mechanisms are equal. To understand the mechanism
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of the observed gas-phase response, a mass balance model was employed and quantitative

analysis was conducted and discussed subsequently.

To help with interpretation of the gas-phase responses, the aqueous concentration of
free chlorine was analysed and Figure 3 presents the values for the test that generated the
previously described gas phase response. According to Figure 3, the free chlorine
concentration decreased from approximately 150 mg/L as Cl» at the first point of
measurement (~0.5 hr) to 70 mg/L as Cl, at 5 hr of the test. Upon inspection, it appeared that
the temporal trend in free chlorine concentration resembled a first-order decay process, which
has been commonly employed to model the decay of chlorine residual in drinking water
(Onyutha & Kwio-Tamale, 2022). Thus, a first-order decay term was included in the mass

balance model to describe the time-dependent decay of free chlorine in the aqueous phase.

Since the gas-phase response appeared to be temporary with increasing and
decreasing limbs as discussed previously, peak gas concentration (C,, ppm as Cl») and the
time to peak (t,, hr) were used as indicators to characterise the gas-phase response
quantitatively. This approach was employed because it was believed that the gas in the
headspace was not Cl, for which the sensor had been calibrated by the supplier. However, it
was assumed that the signal reported by the sensor was proportional to the concentration of
the actual chlorine-based gas that was present in the sensor. Hence, the proposed metrics did
not rely on the actual gas phase concentrations, but rather, the trends in the concentrations
with time. The value of C,, was recorded as the maximum concentration of the chlorine
substance detected in the headspace during each test. The value of t,, at each test was
obtained by averaging the times associated with the start and at the end of the maximum
concentration reported by the sensor. It was hypothesized that the values of both t,, and C,
were influenced by rates of chemical decay and liquid-gas mass transfer in the system, which

are discussed subsequently.
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Figure 3 Time series plot for a chlorine-alone test with a NaOCI dose of 400 mg/L as Cl; at
pH 6.5 and 20 °C. Line represents gas concentration reported by sensor. Filled circles are free

chlorine concentrations.

To assess the effect of pH on the gas-phase response, tests were conducted at a free
chlorine dose of 400 mg/L as Cl> and 20°C but at different pH values (6.5, 7.0 and 7.5), and
the temporal trends reported by the gas sensor were compared (Figure A-3; Table 8). To
quantify the pH effect, the mean values of t,, and C,, at each pH were calculated and
compared between conditions. Variability in the values was quantified in terms of standard
deviations (SD) and relative standard deviations (RSD) that were determined as the ratio of
the SD values to the sample means. The values of sample means, SD and RSD for t,, and C,

are subsequently discussed.

The impact of pH on the magnitude of gas phase concentrations was assessed by

comparing the observed results for C, at pH 6.5, 7.0 and 7.5 and in this regard the mean
values and variability in C,, between conditions were examined. The highest average C, was
observed at pH 7.0 at 4.1 ppm, while the average C,, values observed at pH 6.5 and 7.5 were
similar (Table 8). However, the SD of C,, was also the greatest at pH 7.0. The greatest RSD in
C, was observed at pH 6.5 with an RSD value of 48%, followed by pH 7.0 (37%) and pH 7.5
(22%). When the substantial variability in C,, was considered, it was concluded that the

observed C, values did not show a distinguishable pattern with pH.
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A similar analysis was completed to assess the impact of pH on t,, at pH 6.5, 7.0 and
7.5. The mean values of t,, appeared to decrease as pH increased from 6.5 to 7.5 (Table 8).
However, the highest SD was again observed at pH 7.0. The greatest RSD in t,, was observed
at pH 7.0 (15%), followed by pH 7.5 (12%) and pH 6.5 (7.5%). Thus, if the t,, data for pH
7.0 condition were not considered due to low reproducibility, the decrease in t,, as pH
increased from 6.5 to 7.5 appeared to be significant. In conclusion, although t,, showed
variability, it appeared that t,, decreased with pH. Furthermore, the RSD values of t,, at each
pH showed that the observed t,, values were more consistent within each condition than the

Cp values.

The corresponding aqueous phase responses at pH 6.5, 7.0 and 7.5 were also analysed
(Figure A-3), and thus, the pH effect on aqueous free chlorine decay was assessed. The
results from three replicate tests conducted at each pH were plotted (Figure 4). According to
Figure 4, the rate of decay at pH 6.5 appears to have been distinctly lower than that at pH 7.0
or 7.5. The differences in decay rates resulted in great differences in chlorine concentration at
5 hr of the tests, where the concentration from tests at pH 6.5 were substantially higher than
the other two pH levels. As results from three replicates were plotted under each condition, it
appeared that the data points at pH 7.0 seemed to be more scattered than pH 6.5 and 7.5,
which was consistent with the large variability observed in the gas-phase response under the
same pH. In conclusion, pH appeared to influence the decay of free chlorine in the batch
system, and thus affect the gas-phase response. The time series data for aqueous free chlorine
concentration were subsequently used for model fitting (Figure 5) that related the gas- and

aqueous responses.

42



=)
o & 7 ® pH6.5
- = pH7.0
=2 ®m pH7.5
E o
5 E | .:....
'E;' ...’. L °
E=] e o
5 8 LRI S
:%J - ¢ ®e .°
®

o * of ® LR |
2 o | *rs .
g 0 ® ..‘. F .
= L
5 oot
(]
2 o +
w \ I I \ I \

0 1 2 3 4 5

Time (hour)

Figure 4 Time series plot for aqueous free chlorine concentrations from chlorine-alone tests

at a NaOCl dose of 400 mg/L as Cly, 20 °C and pH 6.5 (green), 7.0 (orange) and 7.5 (purple).

The values of the parameters in the mass balance model were estimated by adjusting
them until the model predictions matched the experimental results. In Phase I, it was assumed
the observed gas consisted of only HOCI and hence the model was configured for this
compound. Thus, the model was run with pre-determined values of Henry’s law constants (H)
and mass transfer coefficients (K;a) for HOCI at 20°C. The first-order decay constant for
aqueous free chlorine (k,4;) and the initial free chlorine concentration (Cy;) were estimated
from the observed time series data of aqueous free chlorine concentrations that were
previously described. It was assumed that the gas phase compound underwent decay in the
headspace, and a first-order decay constant for the gas-phase free chlorine (k;4) was
estimated. Based on the previously discussed conceptual model, t,, was found to be a
function of K, a, k4, and k4 as they collectively influenced the temporal trend of the gas-
phase responses. Since the values of H, K a and k4 for HOCI were already obtained, kqg4
was estimated by varying it until the model-predicted values for ¢, fell within the range of
values observed in the replicate experiments. In this approach, a single k4, value was fit for
all of the experiments that were conducted at a given chlorine dose as the pH of the aqueous
solution was not expected to influence the gas phase decay. Following the model fitting
procedures, the fit values of model parameters and the predicted values of t,, and C, were

obtained and are discussed subsequently.
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Table 8 Fit model parameters along with observed and predicted gas-phase response

characteristics at chlorine dose of 400 mg/L as Cl, and 20°C at pH 6.5, 7.0 and 7.5.

Model Parameters/Characteristics pH 6.5 pH 7.0 pH 7.5

Fit kag, hr! 0.55 0.55 0.55

parameters . ! 0.17 0.30 0.33
Co;, mg/L as Cla 160 160 145

Predicted  t,, hr 1.75 1.43 1.37
Cp, ppm as HOCI 2.5 1.9 1.2

Observed  t,, hr 1.89+0.142 1.66+£0.254  1.44+0.166
Cp, ppm as Cly 1.3£0.6 4.1+1.5 1.4+0.3

Predi . .

Vsedlcted Ratio of predicted t,, vs 0.93 0.86 0.95

Observed observed mean t,

Note: The observed data presented in the table are in the form of Sample Mean + Sample Standard
Deviation. Three replicates were run at each pH level.

The values of t,, that were predicted by the calibrated model were compared with the
observed values to assess the quality of the model fit. From Table 8, it can be seen that the
calibrated model predicted a decreasing trend in t,, with pH that was consistent with the
observed values from the batch tests indicating that the model was able to capture the effect
of pH on the gas-phase response. The predicted values of t;,, were on average 91% of the
observed values and were consistently above the lower bound of the standard deviation
observed at each pH. Inspection of the fit parameters revealed that the decrease in t,, with pH
was due to the combined effect of the increase in k;; (Table 8) and decrease in K; a with pH
for HOCI (Table 5). Therefore, as previously observed, pH had an effect on the chemical
decay of free chlorine as well as the mass transfer process for HOCI as it undergoes

speciation in aqueous solutions.

The predicted values of C, were examined as an indicator of how the magnitude of
the gas-phase response varied with pH values ranging 6.5-7.5 and 20°C. As pH increased
from 6.5 to 7.5, the model revealed a decrease in C,, with pH where C,, decreased from 2.5
ppm to 1.2 ppm as HOCI (Table 8; Figure 5). It should be noted that this trend was not
observed in the experimental data due to the large variability in gas-phase response reported

by the sensor. The predicted values of C,, reasonably fell in the range of the observed values
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at pH 6.5-7.5, though the model predicted a single substance that was assumed to be HOCI
while the sensor interpreted the gas signal as Cl,. Nonetheless, the temporal trend reported by
the sensor was considered to be reliable. Thus, the magnitude of the gas concentration is not
discussed in great detail in Phase I as the predicted C,, spanned a narrow range at values of
1.2 to 2.5 ppm as HOCI at pH 6.5-7.5 and 20°C, suggesting C,, might not be greatly sensitive
to pH.

The values of the fit k4; parameter were compared between pH conditions as they
appeared to vary between pH 6.5, 7.0 and 7.5 (Table 8), which might provide insights into
the chemical decay of free chlorine. As seen in Figure 5, the fit curves for aqueous phase
response matched the observed response well. According to Table 8, the k;; values increased
from 0.17 to 0.33 hr'!' as pH increased from 6.5 to 7.5. The kg, value at pH 6.5 was
particularly lower than that at pH 7.0 and 7.5, which was consistent with the previously
described experimental observations (Figure 4). The fit k4 values were comparable to the
values of first-order chlorine decay coefticients observed in drinking water systems, where
the water matrix is simple (Onyutha & Kwio-Tamale, 2022). However, the impact of pH on
the first-order decay constants for free chlorine has been previously found to be minimal in
drinking water (Liu et al., 2014). The impacts of pH observed in the current study may be
associated with the high chlorine doses studied. Thus, the impact of pH on decay at elevated
chlorine doses should be further examined as k,;; values were found to be a major factor

influencing the temporal trend in gas-phase response at pH 6.5-7.5.

In summary, this analysis of results from the mechanistic model showed that pH was
found to have an effect on the gas-phase response in the chlorine-alone batch system by
acting on the values of k4;, H and K; a for HOCI in Phase 1. The model returned results that
showed the same pH-dependent trend in ¢, as the observed. While the pH-dependent trend in
C, was not observed according to the experimental data, the model revealed that C,, would
decrease as pH increased from 6.5 to 7.5, though the extent of the decrease was found to be
minimal. According to the model, the pH effect on the gas-phase response observed in Phase
I was attribute to both mass transfer process for HOCI (H and K; a) and chemical decay in
solution (k;) as initially hypothesized. This suggests that the model was sufficient to reflect
the difference in gas-phase responses at pH 6.5-7.5 and 20°C and hence was employed in
Phase II and III.
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Figure 5 Model results for the temporal change of free chlorine concentrations in the headspace of the reactor and in the solution at 20°C and (a)
pH 6.5, (b) pH 7.0, and (c) pH 7.5. Lines are modelled gas-phase concentration. Dashed lines are modelled aqueous concentration. Filled circles

are observed aqueous free chlorine concentration from three replicates at each condition. Detection limit (DL) for the gas sensor is indicated as a
horizontal line in each plot.

46



4.2.2 Phase Il

In the chlorine-ammonia tests, the gas phase sensor reported detectable signals when the
chlorine to ammonia-nitrogen mass ratio (CI:N) was in the range of 8:1 to 16:1 at pH 6.5 and
20°C. As the temporal responses in both gas and aqueous phases were substantially different
from those in Phase I, it was hypothesized that the detected gas consisted of NCl3, which is
the most volatile product formed from the reaction between chlorine and ammonia
(Holzwarth et al., 1984a). To understand the mechanisms leading to the observed gas-phase
responses, the mass balance model used in Phase I was employed with a different set of
parameter values for NCls. The effect of CI:N ratio was assessed in depth as it was believed
to be a major factor affecting the gas-phase response. The effects of pH and temperature are

also discussed in this section.

To illustrate the temporal pattern of gas-phase response observed in Phase 11
experiments and compare with Phase I observations, sensor data obtained from a
representative test at a free chlorine dose of 400 mg/L as Clz, pH 6.5 and 20°C with ammonia
present at CI:N mass ratio of 12:1 was plotted in Figure 6. From this figure, it can be seen
that the gas concentration increased almost instantaneously and rapidly upon dosing the free
chlorine solution, and it peaked before 0.5 hour of the batch test at a value of 8.7 ppm. After
the peak concentration was reached, it dissipated rapidly and became undetectable after ~1.5
hour. Similar patterns in the gas-phase responses were observed at other conditions where
measurable amounts of gas were detected (Figure A-7; Figure A-8). Compared to the
temporal trends observed in Phase I (Figure 3), the gas-phase responses in Phase Il were
much more rapid and less persistent during the test. This suggested that, in Phase II where
ammonia was present, the substance(s) that contributed to the pattern of sensor gas response

were different from that in Phase 1.

To investigate the chlorine substance(s) that contributed to the observed gas-phase
responses, the aqueous concentrations of free chlorine, monochloramine (NH>Cl),
dichloramine (NHCl,) and trichloramine (NCl3) were analysed as they have previously been
established to be the products of the reactions between free chlorine and ammonia (Chapter
2). The sum of all of the chlorine species analysed was used to estimate the total chlorine
concentration (Figure 6). Figure 6 shows that the concentration of total chlorine at 1 hr of
the test was ~20 mg/L as Cl, which was much lower than that observed in Phase I at the

same condition in the absence of ammonia. Under this condition (Figure 6), NH>Cl was the

47



dominant fraction of total chlorine, and this was followed by NHCI>. The concentrations of
NH>Cl and NHCI, appeared to slowly decrease over time after 1 hour, and within 4 hours of
the test, the NHCl> concentration did not change substantially. In contrast, the concentration
of NCI3 decreased more rapidly after the first measurement and became undetectable at 1
hour of the test. Free chlorine was not detected after the first measurement. Based on the
analysis of the aqueous phase responses for the various chlorine species, it was concluded
that the corresponding gas phase response was not likely from free chlorine (as in Phase I)
since there was relatively little present. Hence, the gas phase response was attributed to the

presence of chloramines.
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Figure 6 Time series plot for a chlorine-ammonia test with a NaOCI dose of 400 mg/L as Cl»
at 20 °C, pH 6.5, and CI:N mass ratio of 12:1. Open circles are total chlorine; squares are
monochloramine; triangles are dichloramine; diamonds are trichloramine; filled circles are

free chlorine.

To assess the effect of C1:N mass ratio on the gas-phase response, a similar approach
that was used in Phase I was employed to characterise gas-phase responses in Phase II. The
peak gas concentration (C,) was highly influenced by the CI:N mass ratio (Figure A-7;
Figure A-8). At CI:N ratios of 4.6:1 and 8.0:1 and pH 6.5, little gas was detected by the gas
sensor. Thus, these two conditions were excluded from the following discussion. As the CI:N
ratio increased from 10:1 to 16:1 at pH 6.5 (Table 9), the mean value of C, increased until a
value of 12:1, after which it decreased as the CI:N ratio further increased. Under these

conditions, the values of €, ranged from 2.3 ppm to 13.8 ppm, where the highest C,, value
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was observed at the CL:N ratio of 12:1. However, the highest standard deviations (SD) of €,
was also observed at the CL:N ratio of 12:1. Thus, to compare the variability in C,, values
between the different CI:N ratios, relative standard deviations (RSD) were calculated and
found to be highest at a CL:N ratio of 14:1 (52%), followed by 12:1 (40%), 16:1 (16%), and
10:1 (7.9%). The RSD values were comparable to those observed in the Phase I tests,
indicating that the variability in C}, values was inherent to the test apparatus. Nonetheless, the
trend in the mean values of C, appeared to be affected by to the C1:N mass ratio, as the values

increased as CI:N ratio increased from 8.0:1 to 12:1 and decreased as CI:N ratio further

increased to 16:1.

Table 9 Fit model parameters along with observed and predicted gas-phase response

characteristics at pH 6.5 and 20°C with CI:N mass ratios 10:1, 12:1, 14:1 and 16:1 applied.

Model Parameters CI:N 10:1 CIIN 12:1 CI:N 14:1 CI:N 16:1
/Characteristics

Fit kqg, hr' 4.0 4.0 4.0 -

parameters kg, hr! 6.0 37 30 _
Co;, mg/L as Cl, 15 30 23 -

Predicted tp, hr 0.200 0.256 0.282 -
Cp, ppm as NCls 2.8 7.1 6.0 -

Observed tp, hr 0.20+0.013 (3) 0.26+0.046 (3) 0.28+0.040 (4) 0.37=0.057 (2)
Cp, ppm as Cl 2.9+0.2 (3) 9.6£3.9 (3) 5.1£2.7 (4) 2.6+0.4 (2)

Note: The observed data presented in the table are in the form of Sample Mean + Sample Standard
Deviation (Number of replicates).

The time to peak (t,) was calculated from the observed data as an additional

characteristics of the gas-phase response, and its values were compared with the C1:N mass
ratios (Table 9). Table 9 shows that the mean ¢,, value appeared to increase from 0.20 to 0.37
hr as the CI:N mass ratio increased from 10:1 to 16:1. The RSD values for t,, at CI:N ratios of
16:1, 14:1, 12:1 and 10:1 were relatively consistent with values of 15%, 14%, 18% and 6.7%,
respectively. Considering the variability between each condition, it appeared that at CI:N
ratios of 12:1 and 14:1, there was little difference in the observed t,, values. Nonetheless, the
t, value at a CL:N ratio of 10:1 appeared to be substantially lower than that at CL:N 12:1 or

14:1. Similarly, the t,, at a CI:N ratio of 16:1 appeared to be substantially higher than that at
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CLN 12:1 or 14:1. Overall, it appeared that there was an increase in t,, values with increasing
CIL:N mass ratio, though the difference between the CL:N ratios 12:1 and 14:1 appeared to be

insignificant.

The aqueous concentrations of NH>Cl, NHCI> and NCl3 at the different C1:N mass
ratios were examined to infer the aqueous chlorine species that may have contributed to the
gas-phase responses observed in Phase II (Figure A-7; Figure A-8). At relatively low CI:N
ratios, i.e. 4.6:1 and 8.0:1 at pH 6.5, no free chlorine or NCI3 was detected in solution. At a
CL:N ratio of 4.6:1, NH>Cl appeared to be the main species and this was followed by NHCl,,
which became the main species as the CL:N ratio increased to 8.0:1. At these two ratios, the
concentrations of either NH2Cl or NHCl, were above 50 mg/L as Clz in first hour of the test.
However, the sensor barely reported little gas at these ratios. Only a small peak of gas-phase
response was captured by the sensor in a short period of time at the ratio of 8.0:1 with a peak
concentration less than 1 ppm. This suggests that both NH>CIl and NHCI> were not detected
by the sensor in the headspace of the batch system even though they have been reported to be
more volatile than HOCI (Table 1).

When relating the aqueous and gas-phase responses in Phase II, the gas reported by
the sensor was hypothesised to be NCl3 at CI:N mass ratios of 10:1, 12:1 and 14:1. At CI:N
mass ratios ranging from 10:1 to 16:1, NCl; along with free chlorine were detected in the
solution within 1 hour of the tests at relatively low concentrations (Figure A-7; Figure A-8).
The contribution of free chlorine to the gas-phase response at these ratios was considered to
be negligible since in Phase I no measurable gas was reported by the sensor when the free
chlorine concentration in the solution was below 10 mg/L as Cl, (Figure A-5), which was the
case at CI:N ratios of 10:1, 12:1 and 14:1. However, at a CL:N ratio of 16:1, the temporal
pattern of the gas-phase response appeared to be different from those at other ratios with
higher t,, values (Table 9), which could be due to the relatively high concentrations of free
chorine (~20 mg/L as Cl at the first measurement) in the solution that contributed to the
reported gas signal. This suggests that the contribution of free chlorine to the gas signal
reported by the sensor could not be excluded at the CL:N ratio of 16:1 and potentially at
higher ratios due to increasing excess of free chlorine in the solution. In conclusion, the
measurable gas that was reported at CI:N ratios of 10:1, 12:1 and 14:1 was attributed to NCl3
instead of other chlorine species investigated in the study. Thus, a mass balance model was

employed in the subsequent analysis with parameters that were estimated for NCls.
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The data on aqueous NCl; concentrations and the characteristics of the gas phase
responses obtained from Phase II experiments were used to estimate the parameters of the
mass balance model. The model fitting procedure previously described in Phase I was
employed in Phase II. The values of first-order decay constant for NCls (kg4;) and the initial
NCl; concentration in the solution (C;y) were estimated from the time series data for aqueous
NCl; at each condition. The value of the first-order decay constant for the gas-phase NCl3
(kag) was then estimated by adjusting it until the model-predicted values for ¢, fell within the
range of values observed in the replicate experiments. The value of ks, was expected to be
independent of pH and the CI:N mass ratio applied in the solution. Thus, the values of fit

parameters were obtained and are discussed subsequently.

To assess the quality of the model fit, the predicted values of t,, were compared with
the observed values and the values of fit parameters estimated at each Cl:N mass ratio are
discussed. According to Table 9, the model-predicted values of t,, fell within the range of the
observed values and they increased with the CL:N ratio. The trend in predicted values of t,,
corresponded to a decrease in the kg; values with CL:N ratio as the values of kg, did not
change with CL:N ratio. In conclusion, with the estimated kg, kq4 values and previously
estimated K; a and H for NCl;3, the predicted values of t,, fit reasonably well with the

observed data.

Since the value of kg4 appeared to substantially impact the predicted values of t,,, the
values of k;; were examined relative to the CI:N mass ratio. According to the model, the
predicted values kg; ranged from 3.0 to 6.0 hr'! as the C1:N mass ratio increased from 10:1 to
14:1 at pH 6.5 and 20°C (Table 9). The estimated k,; values are more than 10 times higher
than the first-order decay constants reported by Saguinsin and Morris (1975) and may have
been due to the higher initial concentrations employed in the current tests. However, given
the limited data on aqueous NCI3 concentration in replicate tests, there was uncertainty
associated with the estimation of the decay constants from the measured concentrations for
NCls in the solution (Figure 7). Thus, future investigations should further examine the impact

of the CI:N mass ratio on the rate of NCl; decay.

The predicted values of C, were examined to assess the effect of CI:N mass ratio on
the magnitude of the gas-phase response and the corresponding initial concentration of NCI3

in the solution (Cjp). The trend in predicted values of C, with CL:N ratio was consistent with
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the observed trend with the greatest €}, value predicted at a C1:N mass ratio of 12:1 (Table 9).

Meanwhile, the fit values of C;, followed the same trend with the greatest C;, value also
estimated at CL:N 12:1. This suggests that C;, was an important factor affecting the
magnitude of the gas-phase response, though there was uncertainty when estimating C;, due
to the limited availability of data on aqueous NCl; concentration at the very beginning of the
tests. Viewed collectively, the predicted values of C,, followed the same trend as reported by
the sensor and appeared to be substantially affected by the Cl:N mass ratio which impacted
on C;, values. As will be subsequently demonstrated in a sensitivity analysis, C;, was the
most influential factor in the value of C, that was employed as an indicator of the magnitude

of the gas-phase response.

The effect of pH on the gas-phase response was assessed at a Cl:N mass ratio of 10:1
over a range of pH values including 6.5, 7.0 and 7.5. Compared to the mean C, value of 2.9
ppm that was observed at a pH 6.5 (Table 9), the mean C,, observed at pH 7.0 was 1.6 ppm
(Figure A-9) and no measurable gas was reported by the sensor at pH 7.5 (Figure A-10).
While the mean t,, was 0.20 hr at pH 6.5, a lower mean t,, value (0.13 hr) was observed at pH
7.0. As the aqueous NCl; concentration was below detection at neither pH 7.0 or 7.5, it was
speculated that the observed decrease in the values of C,, and t,, with pH was due to an
increase in the decay rate of NCls at elevated pH values. The increase in rates of NCl3
decomposition with pH has been reported in previous studies as discussed in Chapter 2. In
conclusion, the effect of pH over values ranging from 6.5-7.5, on the gas-phase response was
substantial at a CI:N mass ratio of 10:1. When compared with the Phase I results, the gas-
phase response observed in Phase II appeared to be more sensitive to pH which was

consistent with the unstable nature of NCls.

The effect of temperature (15°C and 20°C) on the gas-phase response was assessed at
a CI:N mass ratio of 12:1 and pH 6.5. At 15°C, the mean C,, value (5.6+2.5 ppm; Figure A-
11) was lower than that observed at 20°C (Table 9), while the mean t,, value (0.29+0.043 hr)
was greater than that observed at 20°C. The delay in the time to peak was attributed to
decreases in decay rate constants in both gaseous and aqueous phases as well as the mass
transfer rate. Thus, with the temperature-corrected K; a for NCls at 20°C, the same model was
run with lowered values of k44 (3.6 hr'') and kg (3.3 hr''). The model-predicted C, and t,,
values were 6.7 ppm and 0.285 hr, respectively, which fell in the range of observed values.

According to Figure 7, temperature appeared to have a minor impact on the liquid-phase
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concentrations, though there is a lack of studies on the impact of temperature on the rate of
NCls decay. Overall, temperature was observed to impact the gas-phase response and the

model parameters needed to be adjusted to predict the observed trends.

In summary, the gas-phase responses observed in Phase II were distinctly different
from those in Phase II. As a result, the values of the fit parameters kg4, kq;, H and K, a for
the mechanistic model were substantially different from those estimated in Phase 1. Thus, the
substance that contributed to the gas-phase responses was concluded to be NCl3, which was
cross-detected by the chlorine gas sensor. Model analysis showed that the gas-phase response
was affected by the Cl:N mass ratio, pH and temperature, with the greatest gas-phase
response observed at a Cl:N ratio of 12:1 pH 6.5 and 20°C. The results from Phase 11
provided a reference for Phase III that evaluated the effect of water matrix on the gas-phase

response.
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Figure 7 Model results for the temporal change of trichloramine concentrations in the headspace of the reactor and in the solution at C1:N mass
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4.2.3 Phase 111

In the chlorine-wastewater tests, a detectable gas was consistently reported by the chlorine
gas sensor through a range of conditions: ammonia concentrations of 28-38 mg/L. NH4-N, pH
values of 6.5-7.5 and temperatures of 15 and 20°C. The composition of the gas was
considered to be similar to that in Phase II, though the gas concentrations were in lower
magnitude. Thus, to understand the difference in the gas-phase responses between Phase 11
and III, tests were conducted at similar conditions so that the effect of the water matrix on the
gas-phase responses was directly assessed. The same mass balance model used in Phase II
was employed to simulate the gas-phase responses in Phase III with altered values of fit
parameters. The effects of pH and temperature were examined and discussed in this section.

The characteristics of the wastewater used for the tests are presented in Appendix (A. 8).

To illustrate the temporal pattern of gas-phase responses observed in Phase I1I
experiments, sensor data obtained from a representative test at a free chlorine dose of 400
mg/L as Cl, pH 6.5 and 20°C with ammonia present at a Cl:N mass ratio of 11.6:1 is
presented (Figure 8). Figure 8 shows that the gas concentration increased shortly after
dosing the free chlorine solution and peaked around 0.5 hour of the test at a value of 2.2 ppm.
Then, it declined to zero at 3 hours of the test. Similar to the temporal trends observed in
Phase II, the gas-phase response was not as persistent as observed in Phase I. However,
different from the results in Phase II, the gas-phase response observed in Phase III appeared
to be less rapid and lower in the magnitude of the gas concentration which was attributed to

differences in the water matrix.

To help interpret the gas-phase response, the aqueous concentrations of free chlorine,
monochloramine (NH2Cl), dichloramine (NHCIl;) and trichloramine (NCl3) were analysed
following the same procedure used in Phase II (Figure 8). As seen in Figure 8, the
concentrations of NH>Cl and NHCI, were close to the detection limit, which was 1.0 mg/L as
CL. Hence, the main fraction of total chlorine was free chlorine, and this was followed by
NCls, indicating that the breakpoint stoichiometry had been reached (Pressley et al, 1972).
During the test period, the total chlorine concentration decreased from ~40 mg/L as Cl; at the
time of the first measurement to ~10 mg/L as Clz at 4 hours of the test, similar to the observed
trend at a C1:N mass ratio of 14:1 in Phase II. Moreover, the concentration of NCl3 appeared
to be at a similar level at the start of the test as observed in Phase II but it declined at a lower

rate. This suggested that, in the wastewater, the decay of NCl3 was reduced by the presence of
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free chlorine, which reacted faster with other reducing constituents (Soltermann et al., 2015).
Another reason might be that NCl; had partially and slowly formed from the reaction between
free chlorine and urea and/or other organic precursors in wastewater during the test. In
conclusion, considering the relative concentrations of chlorine species in the solution and
relatively high volatility of NCls, it was believed that NCI3 was the main contributor to the

gas-phase response in Phase I1I when the CI:N mass ratio was 11.6:1.
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Figure 8 Time series plot for a chlorine-wastewater test with a NaOCI dose of 400 mg/L as
Clx to yield a CI:N mass ratio of ~11.6:1 at pH 6.5 and 20°C. Open circles are total chlorine;
squares are monochloramine; triangles are dichloramine; diamonds are trichloramine; filled

circles are free chlorine.

In addition to the effect of the water matrix, the effects of pH and temperature on the
gas-phase response were also assessed in Phase I11. The wastewater tests were conducted at
three conditions: pH 6.5 20°C, pH 7.5 20°C, and pH 6.5 15°C (Figure A-12; Table 10).
According to Table 10, the mean t,, values ranged from 0.52 to 0.59 hr among the three
conditions, which was a relatively narrow range. When considering the standard deviation
(SD) values that were calculated from the replicate tests, it appeared that the t,, values were
consistent across the three conditions, and therefore, pH and temperature had little impact on
t, though the number of data was limited. Nonetheless, when compared with the Phase 11
results at the corresponding conditions, the t,, values observed in Phase III were about two
times higher, indicating the rates of change in gas-phase concentrations were lower in Phase

III considering the low magnitude of the gas concentrations reported.
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The values of C,, were compared between the three conditions to assess the effect of

pH and temperature on the magnitude of the gas-phase responses. Compared to the mean

value of €}, at pH 6.5 and 20°C, the mean values of C, at conditions of pH 7.5 and 20°C and
pH 6.5 and 15°C were lower (Table 10). However, the relative standard deviations (RSD)
were found to be highest at pH 6.5 and 20°C (52%), followed by pH 6.5 and 15°C (37%), and
pH 7.5 and 20°C (11%). Thus, considering the high RSD values observed at 20°C and 15°C
at pH 6.5, the 5°C of change in temperature appeared to have minimal impact on C,. In
contrast, because of the relatively low RSD value observed at pH 7.5 and 20°C, the mean C,
was lower than that at pH 6.5 at the same temperature. Therefore, elevation in pH from 6.5 to
7.5 resulted in lower C, values, while increasing temperature from 15°C to 20°C had
relatively small impact on C,, value. These trends were consistent with the Phase 11

observations under equivalent conditions.

Table 10 Fit model parameters along with observed and predicted gas-phase response

characteristics at pH 6.5 20°C, pH 7.5 20°C, and pH 6.5 15°C.

Model Parameters pH 6.5 20°C pH 7.5 20°C pH 6.5 15°C
/Characteristics

Fit kag, hr! 4.0 4.0 3.6

parameters  p . ! 0.85 0.90 0.75
Co;, mg/L as Cln 25 6 25

Predicted  t,, hr 0.487 0.477 0.533
Cp, ppm as NCl3 2.1 0.5 1.9

Observed  t,, hr 0.52+0.088 (3)  0.594+0.085 (2) 0.59+0.021 (2)
Cp, ppm as Cl 2.1£1.1 (3)  0.65+£0.07 (2)  0.95+0.35 (2)

Note: The observed data presented in the table are in the form of Sample Mean + Sample Standard
Deviation (Number of replicates).

As the gas phase responses from the wastewater tests generally had lower peaks that
persisted longer than those in Phase II and the aqueous concentrations of NClz were similar, it
was hypothesized that the lower magnitude of the gas-phase response was due to the
reduction in the mass transfer rate for NCl; in wastewater. The reduction of the overall mass
transfer coefficient for oxygen in wastewater is typically described by an “alpha-factor” (o)
(Gilbert, 1979; as cited in Munz & Roberts, 1989). A typical value of 0.79 has been reported
for a when filtered wastewater was compared to MQ-water (Munz & Roberts, 1989).
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However, information on the liquid-gas transfer of NCI3 in wastewater was not available in
the literature. Hence, to model the gas-phase response of NCIz which was formed in the
wastewater phase, the o value for NCI3 was adjusted when matching model predictions to

observed data.

To model the gas-phase response observed in Phase 111, values of the model
parameters were estimated following a similar procedure as described in Phase II. The gas-
phase response reported by the sensor was attributed to NCls, as determined in Phase II. The
values of the decay constant for NCI (k,4;) and the initial NCI3 concentration in the solution
(Cyp) were estimated from the time series data for aqueous NClj3 at each condition. The values
of first-order decay constant for the gas-phase NCl; (k44) were maintained the same as in
Phase Il as the kg4 values were not expected to change in the gas above a different water
matrix in the batch reactor. To account for the effect of water matrix on the mass transfer
process, an o value was applied to correct the value of the mass transfer coefficient (K, a) for

NCls and was estimated from the model fit to the data.

The model predicted values of t,, were compared with the observed to assess the fit of
the model. The predicted values of t,, among the three test conditions ranged from 0.48 to
0.53 hr, which was a narrower range than the observed values considering the variability
(Table 10). Consistent with the observed values, the predicted ¢, observed values did not
vary substantially among the three conditions. This suggests that t,, might not be highly

sensitive to changes in pH over the range of 6.5-7.5 or temperature over 15-20°C in the

wastewater at a C1:N mass ratio of 11.6:1.

The model-predicted values of €, and the corresponding initial concentration of NCl3
in the solution (C;y) were examined to assess the effect of pH (6.5 and 7.5) on the gas-phase
response at 20°C. Consistent with the observed results, the predicted value of C,, was lower at
pH 7.5 than pH 6.5, corresponding to the lower value of Cj, fit from the aqueous phase data
(Table 10; Figure 9). The decrease in the value of C, with pH was consistent with the trend
observed in Phase II, suggesting that pH (6.5 and 7.5) impacted on the magnitude of the gas-
phase response as a result of reducing initial NCI3 concentration in the solution with either a
simple or complex matrix. Furthermore, the fit value of C;, at pH 6.5 was at a similar level to
that in Phase II, suggesting the overall reduction in C,, was due to the lower rate of mass

transfer process.
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A similar analysis was conducted to assess the effect of temperature (15°C and 20°C)
on the gas-phase response at pH 6.5. When comparing C,, values at 15°C and 20°C, a
difference of 0.2 ppm was observed (Table 10). This suggested that temperature had limited
impact on (), as it was expected to not affect C;, which appeared to be a major factor
affecting the magnitude of the gas-phase response as discussed previously. Nonetheless, the
model-predicted decrease in C, at 15°C was consistent with the temperature dependency as

predicted in Phase II.

The values of the fit parameters were examined to understand how the gas- and
aqueous phase responses were affected by the water matrix. As previously mentioned, the
lower magnitudes in gas-phase responses were attributed to the reduction in mass transfer
rates from the wastewater matrix. An a value of 0.2 was estimated from the model fitting and
applied to the mass transfer coefficient (K, a), which is lower than the values that have been
reported for oxygen in raw wastewater (0.55-0.56; Hebrard et al., 2000). The values of kg;
were found to be lower than the values estimated in Phase II and were not distinctly different
across the test conditions (Table 10; Figure 9). Thus, the decay of NCl; in wastewater does
not appear to be as sensitive to changes in wastewater condition as observed in Phase II.
Overall, the difference in the gas-phase responses between Phase II and III was primarily
attributed to the decrease in K; a by a factor of 0.2, which limited the amount of gas that was
volatilized in the headspace of the batch system. As the values k;; were lower in wastewater
and relatively insensitive to changes in pH and temperature, the persistence of NCls in raw
wastewater potentially allows the presence of aqueous NCl; as a source of the volatilization

in sewer systems for a long period of time.

In summary, the magnitude of the gas-phase responses observed in Phase III were
substantially lower than those in Phase II when similar conditions were compared. The
difference in the gas-phase responses between the two Phases was mainly attributed to the
reduction in the rate of the liquid-gas mass transfer process, where the overall mass transfer
coefficient (K; a) was lowered by a factor of 0.2 to match the observed results. Fitting of the
models to the observed data showed that the magnitude of the gas-phase response was largely
affected by pH in the range of 6.5-7.5 but less affected by temperature, which was consistent
with the findings in Phase II.
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Figure 9 Model results for the temporal change of trichloramine concentrations in the headspace of the reactor and in the solution at a CI:N mass
ratio of ~11.6:1 at (a) pH 6.5 20°C, (b) pH 6.5 15°C, and (c) pH 7.5 20°C. Lines are modelled gas-phase concentration. Dashed lines are
modelled aqueous concentration. Diamonds are observed aqueous trichloramine concentration. Detection limit (DL) for the gas sensor is
indicated as a horizontal line in each plot.
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4.3 Sensitivity analysis

A sensitivity analysis of the mass balance model was performed to assess the relative impacts
of the model parameters on the characteristics of the gas-phase response, i.e., t,, and Cp,. The
five model parameters, H, K a, kqg4, kq; and Cy;, were analysed one at a time, while other
parameters were held constant. The analysis was conducted at one test condition as the base
case, where the greatest peak gas-phase concentrations were observed (at Cl:N ratio of 12:1,
pH 6.5 and 20°C). The values of the five parameters at the condition were varied £10% from
their base values (Table 9). For each parameter, changes in the values of the model outputs,
ie., t, and C,, were obtained by running the model with the varied parameter value (Table
11). The slope of the change in the value of either t,, or €, with respect to the change in the
value of the parameter was calculated and referred to as sensitivity coefficient (S). To allow
better comparisons between parameters, the sensitivity coefficient was normalized by
multiplying it by the base value of the model parameter over the model output (S,,). Hence,
the relative impacts of the model parameters on output values of t,, and C,, are discussed

subsequently.

The values of the sensitivity coefficient and the normalized values were compared

between the five parameters to assess their impacts on the base model output values of C,
(Table 11). According to Table 11, the values of Cy;, K; a, and H had positive impacts on the
value of Cp,, while k4 and kq4 had negative impacts. When comparing the values of
sensitivity coefficients, K; a had the greatest impact on C,. When comparing the values of
normalized sensitivity coefficients, the value for Cy; was 1.00, indicating C,, was linearly
related to Cy; in the base model. Followed by Cy;, the value of normalized sensitivity

coefficient for K a was close to 1, which confirmed its substantial impact on C,,. The values
of normalized sensitivity coefficients for k4 and kg4 were similar, suggesting their impacts
on (), were comparable as their base values were similar (Table 9). In contrast, H had the
lowest value of normalized sensitivity coefficient, suggesting the model value of €}, was least

sensitive to H. In conclusion, with the interpretation of sensitivity coefficients for the five

model parameters, the response of the base model in term of C,, was most sensitive to Cy; and

K a, moderately sensitive to kg, and k4, but relatively insensitive to H.

A similar analysis was completed to assess the relative impact of the five parameters
on the base model output values of t,, (Table 11). According to Table 11, the values of K a,
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kq; and k44 had negative impacts on t,,, while H had a positive impact. Cy; did not have an
effect on the value of t,, as it only affected the magnitude of the gas-phase response. When
comparing the values of the normalized sensitivity coefficients, k4 and kg4 had similar and
moderate impacts on t,,. In contrast, K; a had a relatively minor impact on t,,, while H again
had the least impact. Therefore, the response of the base model t,, was most sensitive to kg,

and kg4 followed by K, a and H, and it was unaffected by Cy,.

Table 11 Estimated values of sensitivity coefficient (S) and normalized sensitivity coefficient

(Sn)-
Response/ Gy ty
Parameter Sa S Sh S,
Cot 0.238 1.00 0.0000 0.000
K, a 80.2 0.984 -0.0457 -0.016
ka -0.926 -0.480 -0.0335 -0.484
kag -0.907 -0.508 -0.0321 -0.502
H 0.094 0.004 0.0031 0.004
Notes:

C(Ppase+10%)—C(Ppase—10%)
20%Ppgse

Sensitivity coefficient: S =

Ppase

Normalized sensitivity coefficient: S,, = S -
C(Ppase)

* The units of sensitivity coefficient are ppm/(mg/L as Cl,) for Cy;; ppm hr for K; a, kg; and kqg; ppm
for H.

® The units of sensitivity coefficient are hr/(mg/L as Cl,) for Cy;; hr? for Ky a, kg and kg 43 hr for H.

The significance of the most influential parameters in the base model and their
impacts on the responses of ¢, and C, are discussed relative to the methods that were
employed for estimating the values of the parameters. According to the above analysis, the
value of C,, was highly sensitive to Cy; and K, a in the base model. High variability in C,was
consistently observed in all phases of experiments, which could be due to the uncertainty in
the values of Cy; and K; a. While C;,; was estimated from the limited aqueous phase data for
NCls, K a for NCl; was estimated from empirical correlations of the experiment data that had

a relative standard deviation of 24%, though the method was believed to best approximate the
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true value of K a in the batch system. In contrast, the value of t,, was less sensitive to K, a
but more sensitive to kg; and kg4. The former was estimated from the limited aqueous phase
data for NClI3, while the latter was estimated from model fitting to the data on gas-phase
responses. However, the uncertainty in the estimated values of kg, was not able to be

quantified due to the absence of analytical methods for gas-phase NCIz. Therefore,
considering the limitations in NCls analysis, the current methods employed for model

calibration were believed to produce the accurate results for the influential parameters.

In summary, the sensitivity analysis revealed that C,, was most sensitive to Cy; and
K, a, while t,, was sensitive to kg and kg4 in the base model. Both t,, and C,, were insensitive
to H. This suggests that, when the magnitude of the gas-phase response was concerned in a
similar system, accurate characterisation of Cy; and K a for modeling the gas-phase response
would be of critical importance. If the timing of the peak gas-phase response was concerned,
the rate constants of the first-order decay reactions in both aqueous and gas phases would be

important parameters to be quantified.
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Chapter 5: Conclusions and Recommendations

The current study investigated the chlorine substances that were produced from
aqueous solutions and caused a commercial chlorine gas sensor to generate measurable
signals across a range of experimental conditions. To evaluate the effect of water matrix and
composition on the gas-phase response reported by the sensor, experiments were conducted
in three phases. In Phase I where only free chlorine was present in the solution at neutral pH,
the gas-phase responses were attributed to HOCI, which is an uncharged free chlorine species
that was present in the solution in measurable concentrations. In Phase II where ammonia
was present in the solution at neutral pH, NCI3 formed and contributed to the gas-phase
responses at CLI:N ratios between 10:1 and 14:1. Similar trends in gas-phase responses were
observed in Phase III where wastewater was used, but the responses were lower in magnitude
and more persistent compared to Phase II. The mass transfer of NCls from the liquid to the
gas was greatly reduced due to the wastewater matrix employed. Thus, a major finding from
the experimental observations is that the chlorine gas sensor employed at the sewer system
were able to cross-detect NCl3, which was formed from the fast reactions between chlorine
and ammonia in the aqueous solution and subsequently volatilized into the headspace of the
system. The gas-phase responses were found to be influenced by CL:N ratio, pH, temperature

and water matrix.

To support the findings from the batch experiments, a mass balance model that
included the processes of liquid-gas mass transfer at the interface and chemical decay at the
bulk phases was developed and employed for analysis. Model parameters were estimated
either using empirical correlations or by fitting to the observed data. The model-predicted
outputs fell within the range of observed variability. It was found that the magnitude of the
gas-phase response for NCI3 was substantially sensitive to its overall mass transfer coefficient
(K, a) in the system, compared to its first-order decay constants for both aqueous and gas
phases (kq; and kg4). Thus, to extend the current batch model to a sewer reach model, an
accurate estimate of K; a for flowing wastewater should be a priority as the gas phase model

responses were found to be sensitive to this parameter.

To reduce the uncertainty and improve the accuracy of the model predictions, the

following recommendations are proposed:
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e Develop robust methods to quantify the Henry’s law constant for NCl3 at controlled
conditions as the current knowledge on the physico-chemical properties of NClj3 is
limited.

e Improve experimental reproducibility and develop/employ a more robust analytical
method for the determination of NCI3 in aqueous solutions and in wastewater.

e Design and conduct experiments to explore the chemical kinetics of NCl3 in similar
systems as there is lack of knowledge on NCIl; formation and decomposition in real

waters.

The existence of trichloramine (NCl3) in sewer systems may pose health impacts on
workers and may cause corrosion to metal structures. In a swimming pool environment,
exposure to NCl3 has been associated with increasing risks of respiratory symptoms and may
promote the development of asthma in children (Chu et al., 2013; Wastensson & Eriksson,
2020). WHO recommended a provisional value of 0.5 mg m™ (approx. 0.1 ppm) for NCl3 in
the atmosphere of swimming pools and similar environments (WHO, 2006), and even lower
exposure limits have been proposed in previous studies (Parrat et al., 2012; Chu et al., 2013).
However, there is little knowledge on the corrosivity of gaseous NCI3, though a previous
investigation has reported severe corrosion of stainless steel air strippers caused by NCl3
(Lowry & Saindon, 2013). To address potential corrosion by NCls, further investigations need

to be conducted.

Considering known health impacts of working exposure to NClz and its potential
corrosion impact on metal structures, it is recommended that municipalities develop bylaws
to control chlorine-bearing wastewaters that are discharged to the sewer systems.
Furthermore, on-site treatment of chlorine-based wastewater prior to discharge is

recommended.

Considering the cross-sensitivity of the chlorine gas sensor employed in the municipal
sewer system, it should be made aware that the gas concentrations reported by the sensor do
not likely represent the true concentrations of NCI3 or free chlorine species (e.g. HOCI) in the
headspace. In some conditions, the mixture of both groups of chlorine substances may be
present especially when the chlorine-containing wastewater is mixed with an existing water at

a Cl:N mass ratio that exceeded 14:1.
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Overall, this research was the first to model the temporal response of NCI3 in a
wastewater-air system with values of model parameters estimated empirically and
experimentally under controlled conditions. The model successfully incorporated the liquid-
gas mass transfer process for NCls and its chemical decay process in both liquid and gas
phases. Since there is a lack of knowledge on the chemical kinetics of NCl3 in wastewater

and in the air, the data collected in this study provides a reference for future studies.
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Appendices

A. 1. Procedures for preparing stock solutions

Oxygen-free reagent water:
Purge helium into ultrapure water for at least 30 minutes.
Sodium hypochlorite (NaOCl):

Dilute sodium hypochlorite (5% available chlorine) to 400 mg/L as C12 and stored in
aluminum foil-covered bottles. Standardize it regularly by DPD/FAS titration prior to
experiments. The density of 5% NaOCl solution is 1.093 g/mL at 20 °C.

Ammonium chloride (NH4Cl):

The target concentration is 805 mg/L NH4. Dissolve 1196.1 mg NH4Cl (MW 53.49 g-mol—")

in 500 mL reagent water.

Use the stock solution to prepare test solutions:

Molar ratio | Mass ratio Dilution time | Volume of stock required
CltoN CltoN (mL) per 500 mL

6.31:1 16.0:1 25.0 20.0

5.53:1 14.0:1 21.9 22.8

4.74:1 12.0:1 18.8 26.6

3.94:1 10.0:1 15.6 32.0

3.15:1 7.98:1 12.5 40.0

1.79:1 4.6:1 7.14 70.0

Stock buffer solution at pH 6.5:

Dissolve 8.6 g anhydrous Na2HPO4 and 19 g anhydrous KH2PO4 in reagent water. Combine
with 100 mL reagent water in which 400 mg disodium ethylenediamine tetraacetate dihydrate
(EDTA) have been dissolved. Dilute to 1 L with reagent water, so the phosphate

concentration will be around 0.2 M.
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Stock buffer solution at pH 7.0:

Dissolve 18 g anhydrous Na2HPO4 and 10 g anhydrous KH2PO4 in reagent water. Combine
with 100 mL reagent water in which 400 mg disodium ethylenediamine tetraacetate dihydrate
(EDTA) have been dissolved. Dilute to 1 L with reagent water, so the phosphate

concentration will be around 0.2 M.
Stock buffer solution at pH 7.5:

Dissolve 23 g anhydrous Na2HPO4 and 3.2 g anhydrous KH2PO4 in reagent water. Combine
with 100 mL reagent water in which 400 mg disodium ethylenediamine tetraacetate dihydrate
(EDTA) have been dissolved. Dilute to 1 L with reagent water, so the phosphate

concentration will be around 0.2 M. When preparing for the chlorine test, dilute 100 mL stock

buffer into 250 mL. The final concentration will be 0.08 M.
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A. 2. Calibration curve development

A calibration curve for free/total chlorine analysis for Phase I was developed by plotting
absorbance read from the spectrophotometer at 515 nm against concentration measured from
DPD/FAS titration (Standard Method 4500-Cl F; Figure A-1). Linear regression was
performed in the range from 0.5-3.5 mg/L. Thus, an equation expressing the relationship
between absorbance at 515 nm and chlorine concentration was obtained, as indicated in

Figure A-1. Using the DPD spectrophotometry method reduced the duration of each analysis
that would be done by DPD titration.

2.500
2.000 | ©
o
E lcoo | y = 0.6923x + 0.0181
0 e R? = 0.9994
LN
% 1.000 2
Q0
<
o
0.500
o
0.000 ' ' '
0 1 2 3 4

Chlorine concentration by titration (mg/L)
Figure A-1 Calibration curve obtained by DPD titration and DPD spectrophotometry using

Hach DR1900. Circles are measured results and the grey line is resulted from linear

regression of the analytical results.
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A. 3. Unit conversions

According to the ideal gas law,
PV =nRT

thus,

solve volume per mole of gas at 1 atm, 20 °C,

1.00mol x 0.08206 -3 o 993 15K

V= mol - K = 241L
1.00atm

At 15°C and 40°C, the volume per mole of gas is 23.6 L and 25.7 L, respectively.

To convert gas concentrations from mg/L to ppm (v/v) at 1 atm, 20 °C:

241 %

m m LT

129 _ 19 10—3><—mglx 106 = 678.6 ppm
L L 35.45 -7
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A. 4. Parameter estimation
Experimental results for estimating KLa for oxygen at 20°C

The lumped overall mass transfer coefficient (K, a®?) was estimated from each of the four
experimental runs by non-linear regression of the oxygen transfer model (Figure A-2). The
least squares method was used for the regression analysis and the test results were

summarised in Table A-2. All the estimated values were significant at a of 0.05.

Table A-2 Regression results for the oxygen transfer model.

Experiment#  Parameter Values
1 Cs 7.987
KlLa 7.327
2 Cs 7.580
KLa 4.099
3 Cs 8.162
KLa 5.434
4 Cs 8.189
KLa 6.733
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Figure A-2 Non-linear regression plots for four replicated tests estimating K% at 20°C. Dots
are measured data. Lines are lines of best fit from the regression model as described in

Chapter 3.
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Molar volumes for inorganic substances

Molar volumes (¥s) were estimated by summation of atomic volumes of all elements in a
compound. The reported values of atomic volumes vary among studies resulting in different
molar volumes calculated for HOCI, NH>Cl, NHCI, and NCl; (Table A-3). In Wilke and
Chang (1955), atomic volumes for inorganic nitrogen were absent, thus the molar volumes
for inorganic chloramines were not able to be obtained. The method of Abraham and
McGowan (1987) was designed for estimating molar volumes of complex organic molecules
thus is unlikely to be applicable for simple inorganic substances. In contrast, although Fuller
et al. (1966) provided diffusion volume increments applied to organic molecules, but “it
would be possible to estimate volumes [of simple gases] by summing increments as before”
(Fuller et al., 1966). Therefore, the method of Fuller et al. (1966) was selected for estimating
molar volumes for the inorganic chlorine compounds. Lastly, it should be made aware of the
uncertainty in estimation of molar volumes that were used for estimating diffusion

coefficients and thus mass transfer coefficients for these compounds.

Table A-3 Summary of reported and calculated molar volumes (cm® mol™!) for inorganic

substances from different sources and methods.

Substances Abraham and Wilke and Chang  Heusler and Van  Fuller, Schettler,

McGowan (1987) (1955; referred as Dien (1982) and Giddings

“Le Bas (1966)
volume”)

0 18.32 25.6 28 16.6

Cl 35.342 48.4 39.8 37.7°

HOCI 28.97* 35.7% - 26.96 *°

NHCI 33.08® 42.5%¢ - 29.15°°

NHCI, 4532 64.92¢ - 46.67°°

NCl; 57.56% 85.8%¢ - 64.19°°

a Values calculated by summing atomic diffusion volume increments used in the corresponding study.
b Uncertain values indicated by the authors due to small numbers of data.

¢ Values calculated using nitrogen atomic volume for primary amines for NH2CI and secondary amines for

NHCI2 and NCI3, respectively.
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Dynamic viscosities of water at 15°C and 20°C

According to Rumble (2018) experimentally determined dynamic viscosity of water at 20°C

is 1.0016 cP. The experimental determined value at 15°C is not available in that source, and
thus, was calculated using the semi-empirical Vogel-Fulcher-Tammann equation (Viswanath

et al., 2007),

2
n =1m-e’"To

where 1o and a are empirical material-dependent parameters, and Ty is also an empirical
fitting parameter. For water, 1o is 0.02939 mPa-s; a is 507.88 K; To is 149.39 K (Viswanath et

al., 2007). Therefore, the value of dynamic viscosity of water at 15°C was calculated to be

1.1396 cP.

Diffusion coefficients for chlorine compounds

Table A-4 Diffusion coefficients (cm? s™') for substances of interest at 15°C and 20°C.

Substance Molar volume, Diffusion coefficient, cm? s™!

cm?® mol! 15°C/288.15K 20°C/293.15K
02 25.6 1.83E-05 2.12E-05
CI2 48.4 1.25E-05 1.45E-05
HOCI 27.0 1.77E-05 2.05E-05
NH2Cl1 29.2 1.69E-05 1.96E-05
NHC2 46.7 1.28E-05 1.48E-05
NCI3 64.2 1.05E-05 1.22E-05
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A. 5. Test results for Phase 1
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Figure A-3 Chlorine-alone test results at a dose of 400 mg/L as Cl> NaOCl solution at 20 °C
pH 6.5 (a, b), 7.0 (¢, d) and 7.5 (e, f) with three replicates at each condition.
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Figure A-4 Chlorine-alone test results at a dose of 200 mg/L as Cl> NaOCl solution at 20 °C
pH 7.5 with two replicates.
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Figure A-5 Chlorine-alone test results at a dose of 40 mg/L as Cl> NaOCl solution at 20 °C
pH 6.5,7.0 and 7.5.

Discussion

The effect of free chlorine dose on the gas-phase responses was assessed. The gas-
phase response at a free chlorine dose of 200 mg/L as Cl» and 20°C showed a similar trend as
that at a dose of 400 mg/L as Cl», while at a dose of 40 mg/L as Cl> no measurable gas was
observed. At a chlorine dose of 200 mg/L as Cl, 20°C and pH 7.5, the average C,, was 0.55
ppm (Figure A-4), versus 1.4 ppm at the dose of 400 mg/L as Cl». The average t,, was 1.18
hr, lower than that at the dose of 400 mg/L as Cl». At a free chlorine dose of 40 mg/L as Cl»
and pH 6.5-7.5, no gas was detected and the aqueous phase data is included in Figure A-S.

The observed free chlorine concentrations were all lower than 10 mg/L as Clz, suggesting at
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this level of free chlorine in solution the sensor was not able to detect any gas in the
headspace of the batch system. These results were in contrast with what was observed at a
higher dose, i.e. 400 mg/L as Cl,, suggesting one-time dosage of free chlorine solution might

be an important factor affecting the gas phase response.
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Figure A-6 Chlorine-alone test results at 15°C pH 6.5 at a dose of 400 mg/L as Cl, NaOCl
solution.

The effect of temperature on the gas-phase responses was also assessed. At 15°C at a
free chlorine dose of 400 mg/L as Cl> and pH 6.5, no detectable gas was reported by the gas
sensor (Figure A-6). Upon inspection of the aqueous concentration data, the free chlorine
decay process seemed to be much slower than that at 20°C under the same condition, and
relatively high levels of free chlorine were available in the solution for a longer time (Figure
A-6), which would cause higher concentration in the gas phase. However, no measurable gas
was reported by the sensor, which was likely to be attributed to the decrease in mass transfer

rate coefficient of the system.
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A. 6. Test results for Phase 11
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Figure A-7 Chlorine-ammonia test results at a dose of 400 mg/L as Clo NaOCl solution at

20 °C and pH 6.5 with CI:N mass ratios of 16:1 (a, b), 14:1 (c, d) and 12:1 (e, f). Replicates at
each condition were indicated as a series of green colours. Circles are total chlorine; squares
are monochloramine; triangles are dichloramine; diamonds are trichloramine; filled circles
are free chlorine.
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Figure A-8 Chlorine-ammonia test results at a dose of 400 mg/L as Clo NaOCl solution at
20 °C and pH 6.5 with CI:N mass ratios of 10:1 (a, b), 8.0:1 (c, d) and 4.6:1 (e, f). Replicates
at each condition were indicated as a series of green colours. Circles are total chlorine;
squares are monochloramine; triangles are dichloramine; diamonds are trichloramine; filled
circles are free chlorine.
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Figure A-9 Chlorine-ammonia test results at a dose of 400 mg/L as Clo NaOCl solution at a
CIL:N mass ratio of 10:1 at pH 7.0 and 20 °C with two replicates. Circles are total chlorine;
squares are monochloramine; triangles are dichloramine; diamonds are trichloramine; filled
circles are free chlorine.
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Figure A-10 Chlorine-ammonia test results at a dose of 400 mg/L as Cl> NaOCl solution at a
CI:N mass ratio of 10:1, pH 7.5 and 20 °C. Circles are total chlorine; squares are
monochloramine; triangles are dichloramine; diamonds are trichloramine; filled circles are
free chlorine.
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Figure A-11 Chlorine-ammonia test results at a dose of 400 mg/L as Clo NaOCl solution at a
CIL:N mass ratio of 12:1, 15 °C and pH 6.5 with two replicates. Circles are total chlorine;
squares are monochloramine; triangles are dichloramine; diamonds are trichloramine; filled
circles are free chlorine.
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A. 7. Test results for Phase III
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Figure A-12 Chlorine-wastewater test results at a dose of 400 mg/L as Cl> NaOCl solution
with the CI:N mass ratio of ~12:1 at (a, b) pH 6.5 and 20°C, (¢, d) pH 7.5 and 20°C, and (e, f)
pH 6.5 and 15°C. Circles are total chlorine; squares are monochloramine; triangles are
dichloramine; diamonds are trichloramine; filled circles are free chlorine
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A. 8 Wastewater characterization in Phase 111

Test results presented in Chapter 4 Phase III were produced from one batch of sampled
wastewater whose characteristics are included in Table A-5. As the ammonia concentration in
the raw wastewater was too high to expect measurable gas reported from the sensor when
dosing the same amount of free chlorine as in Phase II, the wastewater was diluted prior to
testing. In the diluted wastewater, the ammonia concentration was 34.4+0.5 mg/L NH4-N,
yielding a CI:N ratio of 11.6:1 when a free chlorine dose of 400 mg/L as Cl, was employed,
which was within the range of CI:N ratios tested in Phase II where a measurable gas were
reported. Thus, all the results presented in Chapter 4 Phase III are around a CIL:N ratio of
11.6:1.

Table A-5 Characteristics of filtered raw wastewater.

Water parameter, Unit Value

Total organic carbon, mg/L 63.7
Alkalinity, mg/L as CaCOs3 470
Ammonia, mg/L N 57.4
Nitrate, mg/L N 1.47
Chloride, mg/L Cl1 352
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A. 9 Sensor cross-sensitivity data

A data sheet of cross-sensitivity with other gases has been provided by the sensor

manufacturer:
Gas Applied Cancenrfarion Sen&ﬂi;s; y

ACETONE 1,000 ppm 0ppm
ACETYLENE 100 ppm 0ppm
ACRYLONITRILE 1,000 ppm 0ppm
METHYL ALCOHOL 100 ppm 0 ppm
ETHYL ALCOHOL 100 ppm 0 ppm
AMMONIA 25 ppm -3 ppm

BENZENE 50 ppm 0 ppm
BUTADIENE 2,000 ppm 0 ppm
CARBON DIOXIDE gRDECTTY) 0 ppm
CARBON MONOXIDE 100 ppm 0 ppm
CARBONYL SULFIDE 50 ppm 0 ppm
ETHYLENE 20 ppm 0 ppm
ETHYLENE OXIDE 100 ppm 0 ppm
ETHYL ETHER 100 ppm 0 ppm
i ¥R 1000 ppm 0 ppm

LA VBTN 2000 ppm 0 ppm
L3N 10,000 ppm 0 ppm
HYDROGEN 500 ppm 0 ppm
HYDROGEN CHLORIDE 40 ppm 4 ppm

HYDROGEN CYANIDE 35 ppm 0 ppm
HYDROGEN SULFIDE 40 ppm -1 ppm

ISOBUTANE 100 ppm 0 ppm
ISOBUTYLENE 100 ppm 1 ppm
I3V 10,000 ppm 0 ppm

METHYL MERCAPTAN 50 ppm -0.4 ppm
ETHYL MERCAPTAN 30 ppm 3 ppm
NITROGEN OXIDE 5 ppm 0 ppm
NITROGEN DIOXIDE 5 ppm 7 ppm
NITRIC OXIDE 100 ppm 0 ppm

SULFUR DIOXIDE 10 ppm -0.2 ppm

Retrieved [September 11, 2024] from
https://us.msasafety.com/p/000070001800001133?locale=en&section=literature#
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