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Abstract: Bromate is a potentially carcinogenic disinfection by-product of potential concern in
desalinated waters, where bromide derived from seawater can be converted to bromate by the
oxidising species used for disinfection. Historically, it has been difficult to maintain complete
adherence to national standards of no more than 10 ppb for bromate at all locations served with
desalinated seawater by the Saline Water Conversion Corporation (SWCC) in the Kingdom of Saudi
Arabia. In this full-scale study, the addition of 100-200 ppb of ammonia to the produced water
of a Multi-Stage Flash Desalination plant effectively controlled the formation of bromate in the
transmission system supplying inland centres in the Makkah Province of the Kingdom of Saudi
Arabia (Arafa, Taif) on a time scale sufficient for the distribution of water to the consumer, even when
the bromide content of the produced water was artificially enhanced (up to 132 ppb) via the addition
of seawater.

Keywords: ammonia; bromate; desalination; multi-stage flash; transmission

1. Introduction

A significant public health concern in any system where potable water is stored or
transported is the possibility of the formation of disinfection by-products. Disinfection
is a necessity to avoid the bacterial contamination of drinking water, but the oxidising
species used can generate a range of potentially toxic and carcinogenic species from trace
components of the produced water [1-4]. When water contains bromide ions, these disin-
fection by-products can include the bromate ion as well as brominated organic species such
as bromoacetic acid, bromoform, and bromodichloromethane [5,6]. Historically, bromate
control has been an issue primarily in surface and ground water treatment with ozonation,
and there is a considerable body of research literature addressing control measures for this
problem [7-15].

Recent interest in bromate control in the Kingdom of Saudi Arabia in waters treated
by chlorination rather than ozonation arises from a unique combination of two factors:
(1) increasing use of seawater desalination by reverse osmosis (SWRO), rather than ther-
mal methods, which leads to product water with a higher concentration of bromide;
(2) transmission of the majority of produced water over lengthy pipelines (>100 km) at
relatively high temperatures, as the formation of disinfection by-products increases with
both temperature and time. While SWRO is a well-established technology in many parts
of the world, outside of the Kingdom of Saudi Arabia it is used almost entirely to serve
coastal centres, where it is consumed in close proximity to its point of production. These
two factors have led to challenges in consistently meeting the 10 ppb maximum limit set by
regulatory authorities in the Kingdom of Saudi Arabia [16,17].
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This work reports on efforts by the Saline Water Conversion Corporation (SWCC)
to minimize the formation of bromate and related disinfection by-products in the water
transmitted to consumers via the addition of ammonia to produced desalinated water.
We will first review and discuss the mechanism of bromate formation in water treated
by chlorination and the probable role of ammonia in affecting this mechanism will in the
light of SWCC’s experience in monitoring water quality. The details of the application of
ammonia at a SWCC desalination plant at Shoiabah on the Red Sea and the results of this
application will then be presented.

2. Mechanisms and Kinetics

The mechanism of the formation of bromate under chlorination is well understood,
with the first step being the formation of hypochlorite.

Cl, + H,O — HCIO + H* + CI™ 1)

Cl, + H,O — CIO™ +2H* + CI~ )

At the temperatures of interest in the storage and transmission of product water in the
Kingdom of Saudi Arabia (15-45 °C), reaction (2) is dominant, and most of the dissolved
oxidant is hypochlorite, rather than hypochlorous acid [18,19].

The second step is the oxidation of bromide to hypobromite under basic (reaction (3))
or acidic (reaction (4)) conditions.

ClO™ +Br~ — BrO~ +Cl~ 3)

HCIO + Br~ — HBrO + C1~ ()

Both reactions are thermodynamically favourable over the temperature range of
interest. However, the reaction rate for the reaction under acidic conditions is about
10° times higher, and the reaction is acid-catalyzed [20]. It is intuitive that this should be
the more favourable reaction because it does not involve bringing two anions together.
Thus, the reaction will be dominated by reaction (4) even at relatively high pH and the
reaction under basic conditions can be ignored over the pH range of interest.

The third step is the oxidation of hypobromite to bromate. There is a significant body
of literature on mechanisms for this reaction under ozonation conditions, but relatively
little work has been conducted on the mechanism in the presence of an oxidant. Stoichio-
metrically, this is reported to occur by the disproportionation of hypobromous acid to give
bromate and bromide [21,22]:

3HBrO — HBrO; + 2HBr (5)

Trimolecular reactions are statistically implausible, so this process is likely to proceed
in two steps, for example, as proposed by Margerum and Huff Hartz [23]:

2HOBr — BrO, ™ + Br™ + 2H" (pK, HBrO; = 6.25) (6)
Followed by:
HOBr + BrO,~ — BrO3;~ + Br~ + H" (pK, HBrO3 = —2) (7)

A similar second step for the formation of bromate from hypobromite has been pre-
viously reported with ozone as an oxidant [24]. Margerum and Huff Hartz found that
reaction (5) was second order in HOBr in the presence of HOCI, and thus proposed [23]:

2HOBr — BrO, ™ + Br~ + 2H" k=0.015M!s~! (8)
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HOCI + BrO,~ — BrO;~ + Cl~ + H* k = fast )

with the first step clearly being rate limiting. The apparent rate coefficient k increased
with total chlorine, but this only became evident above 5 mM (>175 ppm) Cl; Margerum
and Huff Hartz reported that the rate constant for the second-order decomposition of
HOBr has a maximum at pH ~7.2 and fit this with a complex mechanistic model, but
this maximum is dependent on only one data point at pH 7.6 [23]. In contrast to this, we
have consistently observed more bromate formation at higher pH over the range of pH
values seen in product water (7.5-9.0) in routine assessments of water quality in the SWCC
production and transmission systems. Therefore, we postulate a significant contribution of
the cross-reaction between hypobromite and hypobromous acid:

HOBr + BrO™ — BrO, +Br~ + H' (10)

This reaction should be favourable since it requires less charge separation overall, and
if it goes at a slower rate than the 2HOBr reaction, it could contribute negligibly at pH ~7
but give elevated rates any higher pHs, as observed in the SWCC transmission system, for
example, if the HOBr + BrO™~ reaction proceeds at one-third the rate of the 2HOBr reaction
(Figure 1).

5

Relative Rate

pH

Figure 1. Modelled relative rate of the generation of hypobromate with pH at T = 20 °C (dashed line)
and 40 °C (solid line), assuming the rate limiting step is the bimolecular reaction of HOBr with HOBr
(relative k = 3) or HOBr with OBr~ (relative k = 1).

The overall scheme of bromate formation with estimated kinetic and thermodynamic
parameters of importance is summarized below (Scheme 1).
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(Bratsch 1989)

AG® =-515.8 ki/mol (20 °C), -505.9 kJ/mol (40 °C) l

Cl, + H,0 > HOCI + H* + CI”

|

- = 3 M-1g-1
Br-+ HOCl © HOBr + Cl k=1.32x10% M1s! (Kumar & Margerum 1987)

AG® = -52.4 ki/mol (20 °C), -48.3 ki/mol (40 °C) (Bratsch 1989)

2HOBr > BrO,” + Br + H* k=15x102Ms?
(Margerum & Huff Hartz 2002)

= = £ + k=large
HOCI + BrO, > BrO;” + Cr+H (Margerum & Huff Hartz 2002)

Scheme 1. Pathways of formation of bromate from bromide with chlorine oxidant [20,23,25].

Ammonia can initially impact the system as outlined above (Scheme 1) in two primary
ways [24]:
(i) Reducing the amount of HOCI available for the oxidation of bromide [26]:

NHj; + HOCI — NH,Cl + H,O (k= 4.2 x 10° M~ !s71) (11)

(ii) Reacting with HOBr so it is unavailable for oxidation to bromate [27]:

NHj3 + HOBr — NH,Br + HyO (k=75 x 10’ M~ !s71) (12)

Given the relative concentrations expected of HOCl and HOBr, reaction (11) is likely
to be more important than reaction (12) despite the order of magnitude difference in rates.
Because of the impact of ammonia on reducing the amount of HOCI (while not losing
disinfectant capacity, as monochloroamine is also a disinfectant), Ling et al. recommended
the addition of ammonia before chlorination in ozonation reactions [24].

These main reactions removing HOBr and hence reducing bromate formation are
shown below (Scheme 2).

4.2 x 106 M1s1 (Jafvert
AG° = -55.4 kl/mol (25
(Sugam & Helz 1981)

k=3.1x10°Ms! (Qiang & Adams 2004)

°C)

Cl, +H,0 > HOCI + H* + CI°

\L k=1.32x 103 M1s? (Kumar & Margerum 1987)

Br- + HOCI > HOBr 4 CI-  AG°=-52.4kJ/mol (20 °C), -48.3 ki/mol (40 °C)

& Valentine 1992) ( h )
Bratsch 1989

+ HOCI > NH,CI + H,0

+HOBr > +H,0
k=7.5x 107 Ms1 (Wajon & Morris 1982)
2HOBr - BrO, + Br + H* AG° =-51.2 kJ/mol (25 °C)
NH,CI + HOBr > NHBrCl + H,0 (Sugam and Helz 1981)

k =2.9x105 M1s? (Kumar & Margerum 1987)
AG®° = -50 ki/mol (Sugam & Helz 1981)

Scheme 2. Pathways for inhibition of bromate from bromide with chlorine oxidant [20,25,27-29].
The monochloramine and monobromamine can react further [30]:

NH,Cl + HOBr — NHBrCl + H,O (k=29 x 10° M~ 1s71), (13)
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Meanwhile, NH;Br may disproportionate reversibly in a base-catalyzed reaction [31]:
2NH;,Br = NHBr; + NH; (K of order 0.5-5 depending on catalyst) (14)

Following that, it will then react with NH,ClI [32]:
NHBr, + NH>Cl — NH;Br + NHBrCl (15)

These haloamines may also react with any remaining bromide present in the system,
giving bromamine [33],

NH,Cl + Br~ — NH,Br + Cl~ (k=0.014 M~ s 1) (16)
bromochloramine [33,34],
2NH,Cl + Br~ — NHBrCl + NH3 + Cl~ (k =2.9-3.4 x 10° M~%s7 1) (17)
or dibromamine [24,35]:
NHBrCl + Br~ — NHBr, + C1~ (k=565 M1 s71) (18)

The net result of these reactions should be the sequestration of the initially present
bromide as haloamines, predominantly as NHBrCl [33,36]. The net of reactions of the
haloamines is summarized below (Scheme 3).

K =1 (Lei et al. 2004)

(Sugam and Helz 1981)

+HOBr > +H,0 + HOCI & NH,CI + H,0
4 2 2 HOBr
k =2.9 x10° M1st (Kumar & Margerum 1987)
k=1.4x102Ms (Trofe et al. 1980) AG® = -50 kJ/mol (Sugam & Helz 1981)
AG° =-25.6 kl/mol (Sugam & Helz 1981) _S NHB
NH,CI 2 NHBrCl
/‘\ k=3x105M2s1
AG® =-1.7 ki/mol (25 °C) Br (Trofe et al. 1980)
AG° = -26 ki/mol
Br- (Sugam & Helz 1981)
AG® = -0.6 ki/mol (25 °C)
(Sugam and Helz 1981) Br

k =5.65 x 102 Ms1 (Luh & Marifias 2014)
AG® = -25 kJ/mol (Sugam & Helz 1981)

Scheme 3. Interaction of haloamine reactions in ammoniated and chlorinated waters containing
bromide [20,29,31,33,35].

NHBrCl has been reported to be less reactive than the mono- and dibromamines [37],
giving an expected impact on the yield of halogenated organic contaminants, as well as
bromate (pace Valentine [38]). It is not wise to trust an experimental result until it has
been validated by theory [39], and the experimental observation is supported by the free
energies calculated for bromamines and chloramines in aqueous solution by Trogolo and
Aret [40]. These free energy values suggest that for a generic bromination reaction,

A + NH,Bry(Cl) — ABr + NH,_1Bry_1(Cl) (19)

the free energy of the reaction will be higher for NHBrCl than for NH;Br (2.5 kJ/mol
less) and NHBr; (5.5 k] /mol less). Thus, the ammoniation before chlorination process can
be expected to strongly reduce the incidence of other brominated disinfection products.
The addition of ammonia before chlorination will cause the formation of increased levels
of chloramine. Ammoniation after chlorination is more problematic, because if the rate
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coefficients quoted above are correct, this will lead to a significant population of NH;Br
and NHBrp, which are good brominating agents [41,42]. However, minimizing the time
between chlorination and ammoniation to approximately 30 s has also been shown to give
primarily NHBrCl [43]. Sun et al. reported in a similar system to desalination (secondary
effluent chlorination) that trihalomethane (THM) production was reduced but haloacetic
acid concentrations were increased at a bromide concentration of 140 ppb and not reduced
at 50 ppb; it is unclear from the description of this study whether ammonia was added
before or after chlorination [44]. This is consistent with other reports of reduced THM yields
under conditions where bromamines replace hypobromous acid [29] and that bromamines
are more reactive in forming haloacetic acids [41].

As long as there is residual chlorine in the system, it is expected that this chlorine
will continue to generate dibromochloramine. Only when there is no remaining oxidant is
NBr,Cl expected to decompose in aqueous solution to H*, Np, C1~, Br~, and BrO~ [35].
Luh and Marifias (2014) studied the decomposition of NH,Cl with a large excess (by 5 to
50 times) of Br~ over NH,Cl and clearly observed the replacement of NH,Cl by NHBrCl,
which decomposed at a slower rate [35]. At the lower relative concentrations of bromide in
desalination product water (~100 ppb), this suggests that the bromide-consuming reactions
discussed here will not deplete the NH,Cl available. Hu et al. calculated for a system also
containing relatively high concentrations of bromide, but with an excess of chloramine over
bromide (0.05 mM NH2Cl, 1.6-3.2 ppm 0.02/0.04 mM Br™), that almost all bromine would
be present as NHBrCl, and found it to be rapidly degraded by CuO [45].

The body of data obtained up until now and outlined here on the mechanism and
kinetics of the interactions between ammonia, chlorine, and bromide therefore suggests
that chlorination followed by ammoniation of the water produced by seawater desalination
is a potential strategy for controlling the formation of bromate and other disinfection
by-products of concern.

3. Materials and Methods

Water samples were collected from the Shoaibah Phase 2 desalination plant of the
SWCC and from a number of storage tanks adjacent to the plant, pumping stations on
transmission lines originating at the Shoaibah desalination complex, and storage tanks in
communities near the termini of these transmission lines (Arafa and Taif), in 2022 and 2023.
The production and transmission system is complex, and a simplified diagram showing
the relationship between the different sampling points is given below (Figure 2).

Taif
Quiza — Arafa
Jeddah
Mina A
Pumping
Station 1
/I\\ /I\
(14 f@-— ( 2 3 ( 3 3
hS N k.
Naocl 5 | | —T/_‘:/

‘ P

Head ;
Phase 3 MSF Phase 2 MSF eader ! < 5 >~ Phase 1 MSF

[ : N

NHs ||
ﬂ—*@)_

: S
1
1
1

Phase 3RO1 & 2 e Mina B

Figure 2. Sampling points in the Shoaibah desalination plant campus and associated
transmission system.
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Analysis of the parameters of interest was carried out within three weeks of collection
in the laboratories of the Desalination Technologies Research Institute of the SWCC in Al
Jubail, Kingdom of Saudi Arabia, using standard methods as follows:

pH: Potentiometry using a standard hydrogen electrode [46];

Ammonium, bromide, bromate, chloride, and nitrate: Ion chromatography with
chemical suppression of eluent conductivity [47].

Trihalomethanes and other organic contaminants: EPA 524 (Gas chromatography-Mass
spectrometry, GC-MS). One sample (5 May 2022) was analyzed in the WTIIRA laboratories;
one sample (25 May 2023) by ALS Arabia, Dammam, Saudi Arabia; and one sample (6 June
2023) by SGS Inspection Services, Jubail, Saudi Arabia.

Ammonia was added to an existing post-treatment system utilising chlorination via
sodium hypochlorite. The ammonia addition point was located about 50 m downstream of
the chlorination point.

Two rounds of trials were made, in 2022 and 2023.

The 2022 trials were carried out in several stages:

(0) Addition of sufficient seawater to bring the TDS up to 82-94 ppm, which should
have given bromide concentrations in the range 49-72 ppb if there was no selective
rejection or permeation of bromide (14-16 April 2022);

(1) Addition of 120 ppb NHj along with sufficient seawater to bring the TDS up to
81-89 ppm, which should have given bromide concentrations in the range 47-64 ppb
(17-19 April 2022);

(2) Addition of 120 ppb NHj along with sufficient seawater to bring the TDS up to
106-115 ppm, (96113 ppb Br™) (20-25 April 2022);

(3) Addition of 200 ppb NHj, along with sufficient seawater to bring the TDS up to
110-132 ppm (104132 ppb Br™) (26 April-3 May 2022);

(4) Addition of 200 ppb NH3 and sufficient sodium hydroxide to adjust the pH to 8.7,
along with sufficient seawater to give a TDS of 114 ppm (112 ppb bromide) (4-5 May
2022).

For a number of locations, control data were also collected on 12-13 April 2022.
A second series of tests was carried out in 2023, with the application of chlorina-
tion/ammoniation in both Phase 1 and Phase 2 of the Shoaibah Desalination plant:

(1) Addition of 100 ppb NHj3 only (23 April-5 May 2023);

(2) Addition of 100 ppb NHj along with sufficient seawater to bring the TDS up to
119-242 ppm, which should have given bromide concentrations in the range 116-325 ppb.
(4-14 May 2023);

(3) Addition of 100 ppb NHj, along with sufficient seawater to bring the TDS up to
130-230 ppm, (134-305 ppb Br™) (15 May-17 June 2023);

(4) Addition of 100 ppb NHj along with sufficient seawater to bring the TDS up to
82-125 ppm (52-126 ppb Br™) (19 June-12 July 2023);

(5) Addition of 90 ppb NHj3 along with sufficient seawater to bring the TDS up to
82-129 ppm (52-133 ppb Br™) (13 July-7 Aug 2023).

As each phase in the 2022 and 2023 test series corresponds to multiple measurements
of a number of days, the average value and an error value calculated from the standard
deviation in the measured values are reported for each measured parameter for each phase.

4. Results and Discussion

The key parameters of interest in both the 2022 and 2023 trials were the concentrations
of bromide, bromate, ammonium, and nitrate in the product waters. Bromide and bromate
were taken as the critical input and output of the complex system outlined in the introduc-
tion, and ammonium and nitrate were taken as potentially problematic by-products of the
ammonia added to the system.
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4.1. 2022 Trials

The measured bromide concentrations before chlorination and ammoniation were
significantly below the predicted values, with 87 &+ 4 ppb measured during stages 3 and 4.
These were also below the value that could be predicted from measurements of the chloride
concentration in the water (99 & 3 ppb) using the expected ratio of Cl:Br in seawater. As
the absolute number of bromine-containing species is less important than their relative
proportions, the correlation between chloride and bromide concentration was used to
estimate the total bromine concentration in product water samples after chlorination and
compared to the amount of bromide.

After chlorination and ammoniation, the treated water was passed on to tanks within
the Shoaibah desalination plant complex, which also receive water from other sources,
some of which produce low-TDS water with no significant bromate problems, while
others are more problematic; these in turn proceed to pumping stations which draw upon
multiple tanks.

While the net of reactions described in Scheme 3 suggests that very little free bromide
will be observed, being sequestered as bromamines if it is not present as hypobromite
ion/hypobromous acid, ion chromatography found significant amounts of bromide ions in
all waters investigated. In waters treated with ammonia, concentrations of bromide were
consistently higher. Unless there are serious issues with the mechanisms postulated in the
literature, this suggests that the bromamines are not stable under the conditions of ion
chromatography. High levels of bromide in IC have also been observed by Pearce et al. in
studies where high concentrations of chloramine were added to product water [48].

From Table 1, it can be seen that the apparent ratio of non-bromide bromine-containing
species (presumably primarily BrO™) as a fraction of the total bromine in the stream
decreases on addition of 120 ppm ammonia (cf. the values obtained in Tank 5 with Tanks 4,
13, and 14), decreasing further as ammonia concentrations are increased to 200 ppm, and
decreasing further again when pH is increased.

Table 1. Estimated % of non-bromide bromine at locations within the Shoaibah desalination plant site
and associated transmission system, 2022. Values bold and underlined are locations where water

quality should be affected by ammoniation.

Stage Control 0 1 2 3 4
Line B after
chlorination, before 72+ 4
ammoniation
Header 1 58 + 22 8+4
Header 2 18 + 22 6t6
Tank 4 70 +2 53 4+ 10 21 + 23 8t+4 0
Tank 5 53 +12 61 +9 54 4+ 20 43 + 21 63 +3
Tank 13 73+5 74 +2 37 4+ 28 48 + 22 5+2 2414
Tank 14 67 + 6 44 4+ 29 46 + 26 5+5 0
PS (Pumping
Station) 1A 0 4 7+4 6+1 3 0
PS1B 61 +4 43 68 +7 55 4+ 12 8+ 10 0
Jeddah PS 63 +1 44 61 +17 59 + 17 56 + 13 49
Quiza PS 47 + 14 58 65+ 13 70 £10 66 + 11 23
Mina A PS 47 + 27 53 49 4+ 36 66 + 12 35+8 60
Mina B PS 46 + 26 72 54 + 12 61 £ 15 55+ 17 78

From other indicators (F, SOy, Ca) the water sampled in PS-1A was not derived from
the water treated by chlorination-ammoniation during this time, but from the Phase 1 MSF
plant (Figure 2). No residual NH4 was measured in this water at any time during the study.

Note the clear fall in non-bromide bromine in Tanks 4, 13, and 14 and pumping station
1B over the time of the test: a small reduction at 100 ppb NHj3 treatment, followed by a
larger fall at 200 ppb NHj3 and a larger fall again when pH was adjusted upwards.
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Bromate reduction is not clearly significant with 120 ppb NHj addition (stages 1 and
2) but is marked at 200 ppb bromate addition (stages 3 and 4) (Table 2).

Table 2. Measured bromate ion concentration (ppb) at locations within the Shoiabah desalination
plant site and associated transmission system, 2022. Values bold and underlined are locations where

water quality should be affected by ammoniation.

Stage Control 0 1 2 3 4
Line B after
chlorination, before 0
ammoniation
Header 1 0 0
Header 2 0 0
Tank 4 7+1 5+2 4 1+1 0
Tank 5 12+4 7+2 9+2 14 +2 16+1
Tank 13 2+1 2+1 2+1 2+1 0 0
Tank 14 2+1 2+1 1+1 0 0
PS (Pumping
Station) 1A 0 2 2 141 0 0
PS1B 2 2 2 1+1 0 0
Jeddah PS 3+1 3 2 2 1 3+1
Quiza PS 6+1 4 6+1 5+2 5 4
Mina A PS 6+1 4 5+1 4+1 6 6+1
Mina B PS 5+1 4 4+1 2+1 4+1 5+1

The day-by-day bromate data for the tanks containing untreated water (Tank 5) and
primarily treated water (Tanks 4, 13, and 14) are displayed in Figure 3.

2,

v v v
v N 3V

20
[ Tank 5 W Tank 4 Tank 13 [ Tank 14

184 -

16 A 1 -
14 = =

o 12 A -

L

S~

oo

£ 10 - R

IM

Qe

o 8 1 M

6-

4

H{Hﬂ( 1 ool Aol s 1
U L L U L L LU L L U U L L U
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RS S G G SR R R~ S~ R N~ Sl S o Sl S RS SR IR R R
NGNS SRR N A e e ¢ Sl A S AL A AR SN N R R

Figure 3. Bromate concentration in Shoiabah storage tanks during the 2022 trials.

Ammonium concentration should be a good indicator for the presence of treated
water. It can be seen that there is essentially no ammonium at any of the pumping stations
and disproportionately greater quantities of residual ammonium with 200 ppb treatment
(Table 3). See, for example, Tank 4 at stage 2, where the effect of the treatment appears to be
significant in terms of the bromide /hypobromite ratio and the amount of bromate observed.
It is also clear that the analysis is not quantitative, as concentrations of ammonium up to
twice the predicted concentration of the ammonia added are observed in some instances.
There are also occasional outliers with no clear explanation at locations where ammonium
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should not be present, and an absence of ammonium under conditions (Tank 4, stages 1-2)
where it would be expected; there are thus concerns about the methodology of ammonium
determination.

Table 3. Measured ammonium ion concentration (ppb) at locations within the Shoiabah desalination
plant site and associated transmission system, 2022. Values bold and underlined are locations where

water quality should be affected by ammoniation.

Stage Control 0 1 2 3 4
Line B after
chlorination, before 0
ammoniation
Header 1 14 + 23 0
Header 2 282 + 118 403 + 107
Tank 4 0 0 0 162 + 73 306 + 10
Tank 5 0 0 0 12 £ 31 0
Tank 13 0 0 36 + 29 6+ 14 123 + 58 180 + 31
Tank 14 0 40 £ 32 24 + 26 140 £ 60 200 + 28
PS (Pumping
Station) 1A 0 0 0 0 0 62
PS1B 0 0 0 16 + 23 0 0
Jeddah PS 20 + 21 0 0 0 0 0
Quiza PS 0 0 0 0 0 0
Mina A PS 0 0 20 4+ 30 0 0 0
Mina B PS 0 0 0 0 0 0

One concern about addition of ammonia is its potential oxidation to nitrate, with
implications for the quality of water delivered to the consumer. The ppb of nitrate present
in the system was also assessed (Table 4). There is no clear relationship between the amount
of nitrate observed and the amount of ammonia added to the system. Although nitrate
levels in Tank 5, not receiving the treated water, were assessed as lower than Tanks 4, 13,
and 14 in phases 2 and 3, comparable values were obtained for all four tanks in phase 4.

Table 4. Measured nitrate ion concentration (ppb) at locations within the Shoiabah desalination plant
site and associated transmission system, 2022. Values bold and underlined are locations where water

quality should be affected by ammoniation.

Stage Control 0 1 2 3 4
Line B after
chlorination, before 29+ 4
ammoniation
Header 1 32+5 28
Header 2 3244 25
Tank 4 27 +1 34 +4 40+7 44 +5 39 +1
Tank 5 16 £2 31+14 24+ 6 26 +6 31
Tank 13 35+1 20+ 4 32410 39+5 3843 28 +2
Tank 14 25+3 35+ 6 41 + 11 39 +4 28+1
PS (Pumping
Station) 1A 53 +29 14 38 +13 35+3 42 +4 32
PS1B 29+ 3 53 27 +4 3245 37 +4 53
Jeddah PS 31+1 33 25+1 34+6 36 +4 30
Quiza PS 33 29 28+1 29 +2 34+1 33
Mina A PS 45+ 14 30 34+ 8 30+1 35+2 26
Mina B PS 9+5 16 21 +5 15+5 15+3 19

The data on sites taking water not treated by this protocol illustrate the range in values
found within the systems due to variations in the quality of the water produced, the mixing
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of these waters in different proportions, and the different environmental factors affecting
these waters as they move through the transmission system.

Under the phase 4 trial conditions, samples of water from different parts of the
Shoiabah plant were analyzed for trihalomethanes (Table 5). Trihalomethanes were only
detected in the waters that were chlorinated and not ammoniated. Note that these species
were most likely generated during the time when the samples were transported to the
laboratory for analysis.

Table 5. Measured trihalomethanes concentration (ppb) at locations within the Shoiabah desalination
plant site and associated transmission system on 5 May 2022.

Stage CHCl3 CHCl,Br CHCIBr, CHBr3
Line B before chlorination <1 <1 <1 <1
Line B after chlor.mf.;ltlon, before 3 9 18 13
ammoniation
Header 1 <1 <1 <1 <1
Tank 13 <1 <1 <1 <1
Tank 14 <1 <1 <1 <1

4.2. 2023 Trials

As in 2022, a significant reduction in non-bromide bromine was seen in 2023 in
the tanks being fed by the Phase 2 Shoiabah desalination plant where the combined
chlorination/ammoniation post-treatment was employed, as well as at in pumping station
1 (Table 6) Reductions in bromate at these tanks were also observed (Table 7). Data are
given to compare water further down the transmission line not deriving from the treated
water (at the PS Jeddah, Quiza, Mina A and Mina B) and also for water deriving from the
treated water. The impact of the treatment on the proportion of non-bromide bromine
appears to be clear at tanks (Arafa and Taif) located hundreds of kilometres from the water
production site. While there is also a dramatic reduction in non-bromide bromine at Mina B
pumping station between the control period, which did not receive the ammoniated water,
taking the values in aggregate it is clear that this arises from an outlier in the upwards
direction during the control period.

Table 6. Estimated % of non-bromide bromine at locations within the Shoiabah desalination plant site
and associated transmission system, 2023. Values bold and underlined are locations where water

quality should be affected by ammoniation.

Stage Control 1 2 3 4
Phase 1-Tank 2 18 +£31 15 + 21 11 + 13
Phase 1-Tank 3 43 +11 0ot11 0t7 8+8
Tank 4 36 +£10 3413 26 + 19 35+ 18
Tank 13 50 + 13 11+9 7 +27 23 + 25
Tank 14 42 + 14 3+15 13 +19 30 +13
PS1 49 18+ 14 24 +13 27 £ 16 8 + 35
Jeddah PS 25 39+9 33423 34 + 26
Quiza PS 42 31+£9 28 £ 8 40 £+ 23
Mina A PS 50 54 + 11 55+ 12 61+9
Mina B PS 96 33+6 28 +7 56 +5
Arafa Tank Outlet 52 £17 11 +7 12 +£10 30 + 26 36 + 22

Taif Tank Outlet 38+9 19+3 20 + 15 20 + 15
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Table 7. Measured bromate ion concentration (ppb) at locations within the Shoiabah desalination
plant site and associated transmission system, 2023. Values bold and underlined are locations where

water quality should be affected by ammoniation.

Stage Control 1 2 3 4 5
Header-Phase 2 0 0.17 £+ 0.37
Phase 1-Tank 2 1+1 14+3 0
Phase 1-Tank 3 1+1 0 0 0 0 0

Tank 4 3+2 0 0 0

Tank 13 2+1 0 0 0
Tank 14 1+1 0 0 0 0 0
04+ 0.7
PS1 0 0 0 0 0.17 £ 0.37 M
Jeddah PS 0 1+1 0 3+3
Quiza PS 3 4+1 1+1 2+2
Mina A PS 4 6+1 5+1 3+1
Mina B PS 2 2+2 0 2+2
Arafa Tank Outlet 8+1 1+1 0 0 2.5+ 1.8
Taif Tank Outlet 8+1 242 0 0

Note that in stages 4 and 5 of the trial, a different set of parameters was measured, and
this fact was not realized until the data sets were analyzed later.

The bromate results clearly show minimization of bromate in Tanks 3, 13, and 14,
Pumping Station 1, and the Arafa and Taif tanks under all treatment conditions (Figure 4.
The bromate values seen under condition 1 at the Arafa and Taif tanks reflect the time
delay in transmitting water through the network; if one additional day is included in the
control period, the Taif Tank values become 8 =+ 2 for the control period and 0 for condition
1. This is the most significant result of this study: the demonstration that the procedure
of sequential chlorination and ammoniation can effectively control bromate formation in
transmitted water containing up to 300 ppb bromide which has been transported hundreds
of kilometres at significant temperatures (average daytime maxima in Jeddah 34/37 °C
April/May, in Taif 29/33 °C April/May). A bromate concentration below the target of
10 ppb was observed at Taif under the conditions prevailing in June/July (average daytime
maxima Jeddah 38/39 °C, Taif 35/35 °C).
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Figure 4. Bromate concentration in Arafa and Taif storage tanks during the 2023 trials.

The ammonium results obtained imply that significant amounts of ammonia are
present in parts of the system that should not be affected by the trial, while at the same
time low values are obtained at the Arafa and Taif tanks where excellent control of bromate
was demonstrated (Table 8). Unfortunately, these results thus convey primarily concern
about the methodology used to analyze for ammonium.

Table 8. Measured ammonium ion concentration (ppb) at locations within the Shoiabah desalination
plant site and associated transmission system, 2023. Values bold and underlined are locations where
water quality should be affected by ammoniation.

Stage Control 1 2 3 4 5
Header-Phase 2 121 +62 35+ 59
Phase 1-Tank 2 0 92 £+ 52 29 £+ 30
Phase 1-Tank 3 0 93 + 32 74 + 6 38 + 52 21+ 21 0

Tank 4 0 333 4 58 337 =70 136 + 136

Tank 13 0 127 + 76 150 +41 101 & 59
Tank 14 0 140 £+ 77 156 += 41 104 + 36 86 1+ 44 14 £+ 23
46 1+ 43
PS1 0 111 + 46 44 + 42 24 + 24 204 £ 5 0
Jeddah PS 0 77 £ 41 38 + 32 0
Quiza PS 0 103 £ 40 32418 0
Mina A PS 0 51 +£55 37 £ 31 0
Mina B PS 0 78 + 66 21 + 28 49 + 10
Arafa Tank Outlet 100 &+ 141 150 + 265 10 + 12 10 &+ 15
Taif Tank Outlet 0 60 =7 30 &+ 32 0 0

Increases in nitrate are seen across the system in the trial period compared to the control
period, whether or not waters were subjected to chlorination/ammoniation treatment
(Table 9). There is no consistent trend of a higher nitrate concentration with the addition
of ammonia, but there is some evidence that ammonia addition may be leading to an
increase in nitrate in that all tanks have a higher concentration of nitrate on first addition of
ammonia in both studies—moving from the control case to condition 1 in this study, just as
they did on moving from condition 0 to condition 1 in the 2022 study.
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Table 9. Measured nitrate ion concentration (ppb) at locations within the Shoiabah desalination plant
site and associated transmission system, 2023. Values bold and underlined are locations where water

quality should be affected by ammoniation.

Stage Control 1 2 3 4 5
Header-Phase 2 8§18 7 +12
Phase 1-Tank 2 5+3 18 £+ 15 40 £+ 34
Phase 1-Tank 3 5+4+3 19+ 8 27 + 12 14 + 11 37 + 14 15 + 15

Tank 4 18 4+ 10 44 + 17 57 + 26 84 +7

Tank 13 19+6 234+9 39 + 28 68 +9
Tank 14 11+7 34+ 14 30+ 6 30+6 19+ 5 19 + 28
19 £ 15
PS1 21 24 + 12 31+ 11 26+ 6 22 £ 13 M
Jeddah PS 11 44 + 13 34 + 18 38+ 14
Quiza PS 15 20+ 10 39 4+ 20 74 £ 11
Mina A PS 18 23 +11 29 +16 41 +£23
Mina B PS 8 16 +£13 15+7 9+1
Arafa Tank 14+8 17 + 11 40 + 11 67 & 24

Outlet

Taif Tank Outlet 11+£3 34+9 32+ 14 29 + 15 19 + 24

It should also be noted that as part of the 2023 study, the waters at the Arafa and Taif
tank outlets were tested for the presence of organic disinfection products on two dates:
on May 25th, when ammoniation was carried out together with the addition of seawater
to increase the bromide concentration to approximately 130 ppb, and on June 6th, when
enough seawater to increase the bromide concentration to approximately 115 ppb was
added. For the ammoniated sample, analysis was conducted for bromodichloromethane,
bromoform, and dibromochloromethane, and in all cases concentrations were found to be
below the detection threshold of 2 ppb. For the control sample, bromodichloromethane
and dibromoacetonitrile were found to be below the detection threshold of 0.10 ppb, while
bromoform was identified in the Arafa tank at a concentration of 1.92 ppb and the Taif tank
at a concentration of 3.77 ppb, and dibromochloromethane was detected at a concentration
of 0.27 ppb in the Arafa tank and 0.33 ppb in the Taif tank. While not as definitive as would
be ideal, this indicates that disinfection of water containing 130 ppb bromide did not lead to
detectable brominated organic by-product when combined with ammoniation. On June 6th,
analysis was also done for monochloracetic acid (detection limit 1.0 ppb), dichloroacetic
acid (detection limit 0.5 ppb) and trichloroacetic acid (detection limit 0.5 ppb), with none of
these substances detected at either Arafa or Taif tanks, suggesting the treatment did not
lead to an increase in haloacetic acids. Comprehensive tests were carried out by a third
party for samples collected in August, when temperatures in Makkah province are at a
maximum so the rate of generation of bromate and other disinfection by-products should
be highest, and water at the Arafa and Taif tanks was found to meet regulatory limits for
all disinfection by-products controlled by the Saudi Arabian authorities.

5. Conclusions

The combination of chlorination and ammoniation at levels of ammonia as low as
100 ppb has been demonstrated to effectively control the formation of bromate in water
produced by seawater desalination on the commercial scale. Preliminary results suggest
that the formation of brominate organic disinfection products was also controlled by this
treatment. Consistent increases in the proportion of bromine measured as bromide were
seen under the same conditions, suggesting that ammonia addition is at least in part
controlling bromate formation by reducing the formation of hypobromite intermediate.
Trends in nitrate concentration suggest that the addition of ammonia is not contributing
significantly to the nitrate load in the product water. Most importantly, bromate control
effects of ammonia addition were observed at water storage sites hundreds of kilometres
from the seawater desalination plants under summer temperatures, suggesting that the
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course of treatment employed will control bromate formation in the transmission lines. This
makes it a competitive approach to alternative capital-intensive solutions of second-stage
RO to remove bromide at the source or post-treatment adsorption of bromate [49]. Further
trials are ongoing within the SWCC network to explore chlorination—-ammoniation as a
cost-effective method for the control of brominated disinfection by-products.

Author Contributions: Conceptualization, A.A.A. (Ali A. Alhamzah); Methodology, A.A.A. (Ali A.
Alhamzah), A.S.A. and A.A.A. (Abdulrahman A. Abid); Formal analysis, A.A.A. (Ali A. Alhamzah)
and C.M.F; Investigation, A.S.A. and A.A.A. (Abdulrahman A. Abid); Writing—original draft,
C.M.E; Writing—review & editing, A.A.A. (Ali A. Alhamzah); Project administration, A.A.A. (Ali A.
Alhamzah). All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding and was carried out as part of the authors’
duties as employees of the SWCC.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to SWCC policy.

Conflicts of Interest: Author Ali A. Alhamzah is named as an inventor on a patent application
related to this work. The other authors declare no conflicts of interest.

References

1.  Boorman, G.A. Drinking water disinfection byproducts: Review and approach to toxicity evaluation. Environ. Health Perspect.
1999, 107, 207-217. [CrossRef] [PubMed]

2. Li, X.-E; Mitch, W.A. Drinking water disinfection byproducts (DBPs) and human health Effects: Multidisciplinary challenges and
opportunities. Environ. Sci. Technol. 2018, 52, 1681-1689. [CrossRef] [PubMed]

3.  Benitez, ].S.; Rodriguez, C.M.; Casas, A.F. Disinfection byproducts (DBPs) in drinking water supply systems: A systematic review.
Phys. Chem. Earth A/B/C 2021, 123, 102987. [CrossRef]

4. Agus, E,; Sedlak, D.L. Formation and fate of chlorination by-products in reverse osmosis desalination systems. Water Res. 2010,
44, 1616-1626. [CrossRef]

5. Sharma, VK.; Zboril, R.; McDonald, T.J. Formation and toxicity of brominated disinfection byproducts during chlorination and
chloramination of water: A review. J. Environ. Sci. Health B 2014, 49, 212-228. [CrossRef]

6. Agus, E.; Voutchkov, N.; Sedlak, D.L. Disinfection by-products and their potential impact on the quality of water produced by
desalination systems: A literature review. Desalination 2009, 237, 214-237. [CrossRef]

7. Antoniou, M.G; Sichel, C.; Andre, K.; Andersen, H.R. Novel pre-treatments to control bromate formation during ozonation. J.
Hazard. Mater. 2017, 323, 452-459. [CrossRef]

8.  Bonacquisti, T.P. A drinking water utility’s perspective on bromide, bromate, and ozonation. Toxicology 2006, 221, 145-148.
[CrossRef] [PubMed]

9. Galey, C.; Gatel, D.; Amy, G.; Cavard, J]. Comparative assessment of bromate control options. Ozone Sci. Eng. 2000, 22, 267-278.
[CrossRef]

10. Gregov, M,; Jurinjak TuSek, A.; Valinger, D.; Benkovi¢, M.; Jurina, T.; Sura¢, L.; Kurajica, L.; Mato$i¢, M.; Gajdos Kljusurié, J.;
Ujevi¢ Bosnjak, M.; et al. Linear and non-linear modelling of bromate formation during ozonation of surface water in drinking
water production. Water 2023, 15, 1516. [CrossRef]

11. Ikehata, K.; Wang, L.; Nessl, M.B.; Komor, A.T.; Cooper, W.J.; McVicker, R.R. Effect of ammonia and chloramine pretreatment
during the ozonation of a colored groundwater with elevated bromide. Ozone Sci. Eng. 2013, 35, 438—447. [CrossRef]

12.  Ozekin, K.; Westerhoof, P.; Amy, G.L.; Siddiqui, M. Molecular ozone and radical pathways of bromate formation during ozonation.
J. Environ. Eng. 1998, 124, 456-462. [CrossRef]

13.  Pinkernell, U.; Von Gunten, U. Bromate minimization during ozonation: Mechanistic considerations. Environ. Sci. Technol. 2001,
35, 2525-2531. [CrossRef]

14. Soltermann, F,; Abegglen, C.; Tschui, M.; Stahel, S.; Von Gunten, U. Options and limitations for bromate control during ozonation
of wastewater. Water Res. 2017, 116, 76-85. [CrossRef] [PubMed]

15.  Von Gunten, U. Ozonation of drinking water: Part II. Disinfection and by-product formation in presence of bromide, iodide or
chlorine. Water Res. 2003, 37, 1469-1487. [CrossRef] [PubMed]

16. Ministry of Environment, Water and Agriculture. Standards and Specifications for Water Types; Ministry of Environment, Water and
Agriculture: Riyadh, Saudi Arabia, 1442.

17.  Ministry of Environment, Water and Agriculture. Guide to Monitoring Unbottled Drinking Water Quality Standards in the Water
Service Delivery Chain; Ministry of Environment, Water and Agriculture: Riyadh, Saudi Arabia, 1444.

18.  Morris, ].C. The acid ionization constant of HOCI from 5 to 35°. |. Phys. Chem. 1966, 70, 3798-3805. [CrossRef]

19. Achmit, M.; Machkor, M.; Nawdali, M.; Sbai, G.; Karim, S.; Aouniti, A.; Loukili, M. Study of the influence of the operating

parameters on the fractions in HOCl and OCI™ during the disinfection phase. J. Chem. Pharm. Res. 2018, 10, 122-127.


https://doi.org/10.1289/ehp.99107s1207
https://www.ncbi.nlm.nih.gov/pubmed/10229719
https://doi.org/10.1021/acs.est.7b05440
https://www.ncbi.nlm.nih.gov/pubmed/29283253
https://doi.org/10.1016/j.pce.2021.102987
https://doi.org/10.1016/j.watres.2009.11.015
https://doi.org/10.1080/03601234.2014.858576
https://doi.org/10.1016/j.desal.2007.11.059
https://doi.org/10.1016/j.jhazmat.2016.03.041
https://doi.org/10.1016/j.tox.2006.02.010
https://www.ncbi.nlm.nih.gov/pubmed/16545515
https://doi.org/10.1080/01919510008547210
https://doi.org/10.3390/w15081516
https://doi.org/10.1080/01919512.2013.815105
https://doi.org/10.1061/(ASCE)0733-9372(1998)124:5(456)
https://doi.org/10.1021/es001502f
https://doi.org/10.1016/j.watres.2017.02.026
https://www.ncbi.nlm.nih.gov/pubmed/28314210
https://doi.org/10.1016/S0043-1354(02)00458-X
https://www.ncbi.nlm.nih.gov/pubmed/12600375
https://doi.org/10.1021/j100884a007

Water 2023, 15, 3858 16 of 17

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

Kumar, K.; Margerum, D.W. Kinetics and mechanism of general-acid-assisted oxidation of bromide by hypochlorite and
hypochlorous acid. Inorg. Chem. 1987, 26, 2706-2711. [CrossRef]

Beckwith, R.C.; Margerum, D.W. Kinetics of hypobromous acid disproportionation. Inorg. Chem. 1997, 36, 3754-3760. [CrossRef]
Al-Hamzah, A.A.; Mahmoodur Rahman, M.; Kurup, P.; Barnawi, A.; Ghannam, B.; Musharraf, I.; Al-Najjar, F.; Obeidallah, A;
Palmer, N. Use of chlorine dioxide as alternative to chlorination in reverse osmosis product water. Desalin. Water Treat. 2019, 163,
57-66. [CrossRef]

Margerum, D.W.; Huff Hartz, K.E. Role of halogen(I) cation-transfer mechanisms in water chlorination in the presence of bromide
ion. J. Environ. Monit. 2002, 4, 20-26. [CrossRef] [PubMed]

Ling, L.; Deng, Z.; Fang, J.; Shang, C. Bromate control during ozonation by ammonia-chlorine and chlorine-ammonia pretreatment:
Roles of bromine-containing haloamines. Chem. Eng. J. 2020, 389, 123447. [CrossRef]

Bratsch, S.G. Standard electrode potentials and temperature coefficients in water at 298.15 K. J. Phys. Chem. Ref. Data 1989, 18,
1-21. [CrossRef]

Jafvert, C.T.; Valentine, R.L. Reaction scheme for the chlorination of ammoniacal water. Environ. Sci. Technol. 1992, 26, 577-586.
[CrossRef]

Wajon, J.E.; Morris, J.C. Rates of formation of N-bromo amines in aqueous solution. Inorg. Chem. 1982, 21, 4258-4263. [CrossRef]
Qiang, Z.; Adams, C.D. Determination ofmonochloramine formation rateconstants with stopped-flow spectrophotometry. Environ.
Sci. Technol. 2004, 38, 1435-1444. [CrossRef]

Sugam, R.; Helz, G.R. Chlorine speciation in seawater; a metastable equilibrium model for CII and Brl species. Chemosphere 1981,
10, 41-57. [CrossRef]

Gazda, M.; Margerum, D.W. Reactions of Monochloramine with Br,, Brz, HOBr, OBr™: Formation of Bromochloramines. Inorg.
Chem. 1994, 33, 118-123. [CrossRef]

Lei, H.; Marifas, B.J.; Minear, R.A. Bromamine decomposition kinetics in aqueous solutions. Environ. Sci. Technol. 2004, 38,
2111-2119. [CrossRef]

Gazda, M.; Dejarme, L.E.; Choudhury, TK.; Cooks, R.G.; Margerum, D.W. Mass-spectrometric evidence for the formation of
bromochloramine and N-bromo-N-chloromethylamine in aqueous solution. Environ. Sci. Technol. 1993, 27, 557-561. [CrossRef]
Trofe, TW.; Inman, G.W.; Johnson, J.D. Kinetics of monochloramine decomposition in the presence of bromide. Environ. Sci.
Technol. 1980, 14, 544-549. [CrossRef]

Heeb, M.B,; Criquet, J.; Zimmermann-Steffens, S.G.; Von Gunten, U. Oxidative treatment of bromide-containing waters: Formation
of bromine and its reactions with inorganic and organic compounds—A critical review. Water Res. 2014, 48, 15-42. [CrossRef]
[PubMed]

Lubh, J.; Marifias, B.]J. Kinetics of bromochloramine formation and decomposition. Environ. Sci. Technol. 2014, 48, 2843-2852.
[CrossRef]

Zhu, X.; Zhang, X. Modeling the formation of TOCIl, TOBr and TOI during chlor(am)ination of drinking water. Water Res. 2016,
96, 166-176. [CrossRef] [PubMed]

Brodfuehrer, S.H.; Goodman, ].B.; Wahman, D.G.; Speiteland, G.E.; Katz, L.E. Apparent reactivity of bromine in bromochloramine
depends on synthesis method: Implicating bromine chloride and molecular bromine as important bromine species. J. Environ.
Eng. 2022, 148, 06022006. [CrossRef]

Valentine, R.L. Bromochloramine oxidation of N,N-diethyl-p-phenylenediamine in the presence of monochloramine. Environ. Sci.
Technol. 1986, 20, 166-170. [CrossRef]

Gilbert, R.G.; (University of Sydney, Sydney, Australia). Personal communication, 1999.

Trogolo, D.; Arey, ].S. Equilibria and speciation of chloramines, bromamines, and bromochloramines in water. Environ. Sci.
Technol. 2017, 51, 128-140. [CrossRef] [PubMed]

Pope, P.G.; Speitel, G.E. Reactivity of bromine-substituted haloamines in forming haloacetic acids. In Disinfection By-Products in
Drinking Water; Karanfil, T., Krasner, S.W., Westerhoff, P, Xie, Y., Eds.; American Chemical Society: Washington, DC, USA, 2008;
pp. 182-197. [CrossRef]

Simon, V.; Berne, F.; Gallard, H. Chloramination and bromamination of amino acids. In Disinfection By-Products in Drinking Water;
Thompson, K.C., Gillespie, S., Goslan, E., Eds.; The Royal Society of Chemistry: Cambridge, UK, 2015; pp. 70-80. [CrossRef]
Alsulaili, A.; Speitel, G.E.; Katz, L.E. Monochloramine and total haloamine decay after a short prechlorination time in the presence
of bromide. Water Supply 2010, 10, 512-516. [CrossRef]

Sun, Y.-X.; Wu, Q.-Y,; Hu, H.-Y,; Tian, ]. Effect of ammonia on the formation of THMs and HA As in secondary effluent chlorination.
Chemosphere 2009, 76, 631-637. [CrossRef]

Hu, W,; Croué, ].-P; Allard, S. Effect of copper oxide on monochloramine decomposition in bromide-containing waters. Sci. Total
Environ. 2021, 765, 142519. [CrossRef]

Standard Methods Committee of the American Public Health Association; American Water Works Association; Water Environment
Federation. 4500-H+ pH. In Standard Methods for the Examination of Water and Wastewater, 23rd ed.; Lipps, W.C., Baxter, T.E.,
Braun-Howland, E., Eds.; APHA Press: Washington, DC, USA, 2017.

Standard Methods Committee of the American Public Health Association; American Water Works Association; Water Environment
Federation. 4110 Determination of anions by ion chromatography. In Standard Methods for the Examination of Water and Wastewater,
23rd ed.; Lipps, W.C., Baxter, T.E., Braun-Howland, E., Eds.; APHA Press: Washington, DC, USA, 2017.


https://doi.org/10.1021/ic00263a030
https://doi.org/10.1021/ic970155g
https://doi.org/10.5004/dwt.2019.24441
https://doi.org/10.1039/b105541k
https://www.ncbi.nlm.nih.gov/pubmed/11871704
https://doi.org/10.1016/j.cej.2019.123447
https://doi.org/10.1063/1.555839
https://doi.org/10.1021/es00027a022
https://doi.org/10.1021/ic00142a030
https:// doi.org/10.1021/es0347484
https://doi.org/10.1016/0045-6535(81)90158-2
https://doi.org/10.1021/ic00079a022
https://doi.org/10.1021/es034726h
https://doi.org/10.1021/es00040a015
https://doi.org/10.1021/es60165a008
https://doi.org/10.1016/j.watres.2013.08.030
https://www.ncbi.nlm.nih.gov/pubmed/24184020
https://doi.org/10.1021/es4036754
https://doi.org/10.1016/j.watres.2016.03.051
https://www.ncbi.nlm.nih.gov/pubmed/27038586
https://doi.org/10.1061/(ASCE)EE.1943-7870.0002070
https://doi.org/10.1021/es00144a009
https://doi.org/10.1021/acs.est.6b03219
https://www.ncbi.nlm.nih.gov/pubmed/27983824
https://doi.org/10.1021/bk-2008-0995.ch013
https://doi.org/10.1039/9781782622710-00070
https://doi.org/10.2166/ws.2010.171
https://doi.org/10.1016/j.chemosphere.2009.04.041
https://doi.org/10.1016/j.scitotenv.2020.142519

Water 2023, 15, 3858 17 of 17

48. Pearce, R.; Hogard, S.; Buehlmann, P.; Salazar-Benites, G.; Wilson, C.; Bott, C. Evaluation of preformed monochloramine for
bromate control in ozonation for potable reuse. Water Res. 2022, 211, 118049. [CrossRef]

49. Morrison, C.M.; Hogard, S.; Pearce, R.; Mohan, A.; Pisarenko, A.N.; Dickenson, E.R.V.; Von Gunten, U.; Wert, E.C. Critical review
on bromate formation during ozonation and control options for its minimization. Environ. Sci. Technol 2023. online ahead of print.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.watres.2022.118049
https://doi.org/10.1021/acs.est.3c00538

	Introduction 
	Mechanisms and Kinetics 
	Materials and Methods 
	Results and Discussion 
	2022 Trials 
	2023 Trials 

	Conclusions 
	References

