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ABSTRACT

From a bibliographic synthesis on the reactions that can occur during breakpoint chlorina-
tion. We carry out the stability study of produced entities under the applied conditions in
the potable water production, where the pH range 6.5–8.5, and the initial weight ratio Cl/N
including in 10/1–15/1 at ambient temperature. The choice of dominant species and reac-
tions that have been taken into account must be based on data of the thermodynamics and
the kinetics governed by pH and temperature. Through this selection appears a large dis-
agreement in results of researches between the rate expressions of the kinetics and observed
and even with the empirical results, especially for reaction the monochloramine formation
and for equilibrium the formation-hydrolysis of trichloramine. Then, the nature of identified
intermediate and the observed rate of its formation reaction were not agree in different pub-
lished works, as well the possibility of destruction of the free chlorine residual by this inter-
mediate is not confirmed yet. Through this study, we obtain a representative selected group
of reactions during breakpoint chlorination process, this identified group of reactions is
compared with other models of breakpoint reactions proposed in the literature, where some
differences appear.
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1. Introduction

Most of civilizations had recognized the impor-
tance of adequate and wholesome water supplies. One
criterion among many for technological development
of a country is the quality of drinking water pro-
duced. Generally, the ultimate purification step of
potable water is the disinfection process [1]; this pro-
cess means the operation of killing most bugs. The
disinfection step of treatment water is the critical pro-

cess to protect the public health, although the majority
of pathogens (99–99.9%) are removed by coagulation,
flocculation, sedimentation and filtration [2].

The potent germicide qualified to accomplish this
task is chlorine. LEAL in (1909) listed its qualities “it
is so cheap, so easy and quick of application, so cer-
tain in its results and so safe …” Furthermore, it has
been called a “tremendous boon” in the safeguarding
of public health [3]. The studies ensure that the most
important characteristic of chlorine is its ability to
maintain a biocidal residual for a long period. This
residual helps to protect water from microbial*Corresponding author.
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contamination, along its path to the consumer tap
providing an indicator of water contamination in the
distribution system [4]. The needed chlorine quantity
during the disinfection phase serves to guarantee the
hygienic quality and the adjustment of their organo-
leptics parameters [5].

The reached concentration of chlorine residual in
water of the consumer taps must be about 0.5mg/l
after contact time equal to 30 minutes at pH inferior
to eight [6]. Then, the investigations reveal that an
overdose of chlorine in presence of dissolved organic
matters leads to form chlorine organic compounds,
like trihalomethanes, haloacetic acids, etc. [7], that are
responsible of several serious illnesses [8,9] and can
cause corrosion problems in the network pipes [10].

Previously, the discovery of the breakpoint reac-
tion in the period of 1939–1940 allowed just elimina-
tion of ammonia from water that is naturally formed
in water sources [11]. In general, one of three condi-
tions involving breakpoint chlorination will occur in
disinfection part. The easiest reactions to understand
and the condition that usually predominates are a
high ammonia concentration in the wastewater plant
effluent treatment. The reaction results in the forma-
tion of the monochloramine. The second condition is
at very low ammonia concentrations (inferior or equal
to 1mg/l) in treated effluent [12]. In this fact, break-
point will probably be complete. With this condition,
it may be difficult to maintain free chlorine residual,
because of the potential for side reactions that con-
sume free chlorine. The third condition is most diffi-
cult from a process control view. If the effluent
ammonia concentration varies, either seasonally or
diurnally, from 1 to 5mg/l as NH3–N, the disinfection
mechanism will vary between the monochloramine
and the free residual chlorine. The control system
must be able to supervise both chemistries and
detected when the transition from one the other
occurs [13].

The main task of this study is to identify a model
of reactions for breakpoint chlorination when the ini-
tial molar ratio chlorine–ammonia exceeds the value
1.5, a controversial chlorination process at the break-
point takes place. To find the breakpoint reactions, it
is important to examine the stability of resulted prod-
ucts from chlorination of the ammoniacal water. Then,
the bibliographic researches provide a lot of reactions
that can really occur at the breakpoint among all
presented reactions during chlorination of the
ammoniacal water. The selection of breakpoint reac-
tions is leaning on the stability of generated entities
that is deduced from data of the thermodynamics and
the kinetics at pH and temperature conditions
involved in the production of drinking water. Finally,

our deducted model of reactions is compared with
those proposed in the literature and will be discussed.

2. Breakpoint reactions

The breakpoint shows the quantity of chlorine that
must be added to treated water contains the ammonia
requiring for the formation of free chlorine residual.
Breakpoint reaction is defined as the point, where the
total quantity of ammonia nitrogen has disappeared
and the amount of free chlorine residual is minimum,
through this process, the active chlorine species
(combined chlorine) are reduced to chloride ion, and
ammonia is oxidized to molecular nitrogen [14–16],
this process requires generally a theoretical molar
ratio chlorine–ammonia equal to 1.5 according to a
complex mechanism that we can summarize by each
of these reactions [17–20]:

2NH3 þ 3Cl2 ! N2 þ 6HCl ðaÞ
Or

2NH3 þ 3HOCl ! N2 þ 3Hþ þ 3Cl� þ 3H2O ðbÞ

8<
:

ð1Þ

Really, the breakpoint reaction has several versions
that depend on several factors: The chlorine dose, pH,
the contact time, and temperature [21]. Another
interesting stoichiometry which links two disinfectant
agents: chlorine and monochloramine, so in this case,
another reaction is envisaged at the breakpoint though
the following generalized reaction [14,19,22]:

2NH2ClþHOCl ! N2 þ 3HClþH2O ð2Þ

This reaction is also called breakpoint, where the
chlorine in large dose oxidizes the monochloramine,
and free chlorine may become the predominant
species [18]. In the case contrary, when there is lack in
chlorine, reaction (15) preferentially takes place [15].
This reaction generates the dichloramine that is the
source of alteration of the produced water quality [23]
also it is devoid of the disinfectant force. For this
reason, it is very important to ensure an enough dose
of chlorine to avoid the quantitative formation of
chloramine. In this regard, Hand and Mergerum [24]
confirm that the reaction of the dichloramine with the
trichloramine in the presence of base is the main
source formation of gaseous nitrogen during the
breakpoint. In other respects, we can specify that each
molar ratio involves the appearance of specific
end-products such as N2, NO�

3 , NO�
2 , N2O, etc.

[19,25]. In addition, Ward et al. [26] reported that the
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concentration of 99% inactivation is higher when pH
is decreased and the initial Cl/N is increased. For
example, under acidic conditions and a molar ratio
Cl/N equal to 4/1 implies production of nitrate ions
according to the new breakpoint stoichiometry:

NHþ
4 þHOCl ! NO�

3 þ 4Cl� þ 6Hþ þH2O ð3Þ

This reaction demands more quantity of added
chlorine and produces especially nitrate ions, which
are neither stable nor harmless and referring as
nuisance residuals [23]. Therefore, according to the
previous data, in order to optimize the chlorination
process at the breakpoint, it is appropriate to
minimize the chlorine demand, provide an initial
molar ratio Cl/N ranging in 2/1–3/1 and ensure the
formation of stable end-products. All these criteria are
meeting in the breakpoint reaction (3).

3. Model development

3.1. Chlorine and ammonia ionization

When the liquid chlorine is used, it is added as
gas, this latter will dissolve in water to generate mix-
ture of hypochlorous and hydrochloric acids [27]. The
hydrolysis reaction of chlorine is as following:

Cl2 þH2O�HOClþHþ þ Cl� ð4Þ

The equilibrium constant expression and KH value
corresponding to this reaction at 25˚C is [28]:

KH ¼ ½HOCl�½Hþ�½Cl��
Cl2

¼ ð3:94� 0:02Þ � 10�4ðmol=lÞ2

ð5Þ

As knows, the hydrochloric acid is always com-
pletely dissociated into proton ion (H+) and chloride
ion (Cl�). Whereas the hypochlorous acid is only par-
tially dissociated into proton ion and hypochlorite ion
(OCl�) [17] thus:

HOCl�Hþ þOCl� ð6Þ

The pKa1 value for this reaction is 7.537 at 25˚C
[29] and the ionization constant expression:

Kal ¼ ½Hþ�½OCl��
½HOCl� ð7Þ

It is clear from reactions (5) and (7) that the
amount of various oxidized chlorine species are

function of pH as shown in Fig. 1. Chlorine, hypochlo-
rous acid, and hypochlorite ion are called the free
chlorine residual. Moreover, at pH value 7.5, there is
only a mixture of hypochlorous acid and hypochlorite
ion. The main advantage of the simultaneous presence
of both species expressed by the acid/basic couple
(HOCl/OCl�) in equal amounts is to effectively
destroy of bacteria and virus at the same time [21,30].

Aqueous ammonia is a weak base, in water, it
forms ammonium ion. The deprotonation of ammo-
nium ion is showed in the following acid/base
reaction:

NHþ
4 �NH3 þHþ ð8Þ

The equilibrium constant expression for this
reaction at 25˚C is [31]:

Ka2 ¼ ½NH3�½Hþ�
NHþ

4

¼ 5:70� 10�10mol=l ð9Þ

In this respect, the ammonia amount depends on
pH as in Fig. 1. Moreover, it is recommended to
express the fractions a of the chlorine and the
ammonia concentrations respectively in terms of pH,
as follows:

aHOCl ¼ ½Hþ�
½Hþ� þ Ka1

ð10Þ

aOCl� ¼ ½Ka1�
Ka1 þ ½Hþ� ð11Þ

aNHþ
4 ¼ ½Hþ�

½Hþ� þ Ka2

ð12Þ

Fig. 1. Distribution diagram of chlorine and ammonia
species, at 25˚C, and [Cl�] = 10�3M.

K. Driss and M. Bouhelassa / Desalination and Water Treatment 52 (2014) 5757–5768 5759



aNH3 ¼ Ka2

½Hþ� þ Ka2

ð13Þ

Thus,

aHOCl þ aOCl� ¼ 1 ð14Þ

And

aNHþ
4
þ aNH3

¼ 1 ð15Þ

3.2. Formation of chloramines

The addition of chlorine to water supply contain-
ing ammonia, hypochlorous acid reacts in a stepwise
to form chloramines [18,32,33]. Inorganic chloramines
include monochloramine, dichloramine, and trichlor-
amine, that each one is referred as combined chlorine.
In water treatment practice, the recommended amount
of chloramine is usually 0.5–2.0mg/l [34]. Then, the
substances with which chlorine combines increases a
demand on the chlorine that must be satisfied before
the free chlorine residual is formed [22].

3.2.1. Monochloramine

First, the hypochlorous acid reacts with ammonia
to yield the monochloramine as follows [35]:

HOClþNH3 ! NH2ClþH2O ð16Þ

The thermodynamics of the monochloramine for-
mation proves its spontaneity; it is shown by its for-
mation constant that is in order of size 2.01� 1011M�1

at 25˚C. Whereas its hydrolysis reaction can be
neglected and it is equal to 5.0� 10�12mol/l at 25˚C
[36]. Concerning the kinetics law of the formation
reaction of monochloramine, the reaction is second
order with respect to concentrations of reactants, and
usually, the rate is expressed in neutral species [37].
Table 1 shows the values of kinetics rate constant at

25˚C found in the literature that we can see a big dis-
crepancy of the authors’ researches. These differences
of Kc values are probably due to the ionic strength,
buffer concentrations, the instrumentation and experi-
mental design [38]. Furthermore, ammonia pKa� 9.5
confirms that ammonium ion is alone, without ammo-
nia at pH range 6.5–8.5 of the drinking water (Fig. 1),
and we may rewrite the rate expression such:

r1½mol=l s� ¼ Kc1½HOCl�½NHþ
4 � ð17Þ

3.2.1.1. Potable water pH. HOCl and NHþ
4 can be

written as function of pH, C0, and N0, Where C0 and
N0 are the initial concentrations of chlorine and
ammonia, respectively, and the rate may be rewritten
as follows:

r1½mol=l s� ¼ kc1
C0½Hþ�

Ka1 þ ½Hþ� �
N0½Hþ�

Ka2 þ ½Hþ� ð18Þ

Or,

r1½mol=l s� ¼ kc1aHOCl C0 aNHþ
4
N0 ð19Þ

Moreover, it is suitable to put:

ko1 ¼ kc1aHOClaNHþ
4

ð20Þ

It is apparent that the observed rate constant
depends on pH. In fact, Fig. 2 illustrates the graphic
variation of ko1 vs. pH. The fact is that Fig. 2 shows
that the maximum rate of the monochloramine forma-
tion occurs at the pHM, where the product of HOCl
and NHþ

4 is the highest; which is the midpoint of the
both values of pka 8.4 [18], and so the monochlor-
amine formation is rapidly accomplished in a few sec-
onds and it is the predominant species in potable
water pH including in 6.5–8.5. The hydrolysis of
monochloramine is very slow and follows kinetics law
of order one [35]:

Table 1
Arrhenius expressions of monochloramine

Authors Arrhenius expression (kc, M
�1 s�1) kc (M

�1 s�1) at 25˚C References

Morris (1967) – 5.11� 106 [19]

Wei and Morris (1972) and
Selleck and Saunier (1976)

9.70� 108 exp (�1,509.8/T) 6.11� 106 [50]

Morris and Issac (1985) 6.60� 108 exp (�1,510/T) 4.20� 106 [39]

Qiang and Adams (2004) 5.40� 109exp (�2,237/T) 3.07� 106 [38]
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NH2ClþH2O ! HOClþNH3 ð21Þ

The rate expression was reported at 25˚C [39] as
follows:

r�1½S�1� ¼ 1:38� 108 expð�8; 800=TÞ ½NH2Cl� ð22Þ

It is clear that the monochloramine hydrolysis does
not depend on pH.

3.2.1.2. Side reactions of monochloramine in basic and
acidic solutions. However, the shift of pH value of
neutrality range prevents the substitution reaction
chlorine-monochloramine involving a new reaction
stoichiometry for the monochloramine.

At first, a basic solution favors the formation of
hydroxylamine (NH2OH) from NH2Cl as follows [40]:

NH2ClþOH� ! NH2OHþ Cl� ð23Þ

This reaction is slowest than the hydrolysis
reaction of the monochloramine and has not influence
on chlorination process [36].

Secondly, a low-pH solution leads to the proton-
ation of the monochloramine as shown [33,41]:

NH2ClþOHþ ! NH3Cl
þ; K ¼ 28 M�1 ð24Þ

This product will react with monochloramine to
produce dichloramine and the ammonium ion thus
[20]:

NH3Cl
þ þNH2Cl�NHCl2 þNHþ

4 ð25Þ

The sum of reactions (24) and (25) gives the
following equilibrium [18]:

2NH2ClþHþ �NHCl2 þNHþ
4 ;

K ¼ 6:7� 105l=mol at 25
�
C

ð26Þ

According to Montgomery [20], reactions (23) and
(24) are disfavored, other studies precise that the
resulting reaction (26) cannot occur only at pH near to
three [25,42]. Therefore, it is clear that both reactions
(23) and (26) are suspected absents at pH relatively
neutral, where it is easy the domination of the mono-
chloramine formation reaction (16).

3.2.2. Dichloramine

The second generated entity is the dichloramine; it
is the product of the reaction between hypochlorous
acid and monochloramine thus [43]:

HOClþNH2Cl ! NHCl2 þH2O ð27Þ

Its thermodynamics constant is 4.54� 108 l/mol at
25˚C. That confirms its completion contrary to the
hydrolysis reaction. This latter is disfavored according
to its constant value 2.2� 10�9mol/l at 25˚C [36].
Regarding its formation kinetics, it is elementary reac-
tion of second order and its rate expression is [19,39]:

r2½mol=l s� ¼ 3:00� 105 expð�2; 010=TÞ½HOCl�
� ½NH2Cl� ð28Þ

r2½mol=l s� ¼ kc2½HOCl�½NH2Cl� ð29Þ

r2½mol=l s� ¼ kc2
C0½Hþ�

Ka1 þ ½Hþ� ½NH2Cl� ð30Þ

And,

r2½mol=l s� ¼ kc2aHOCl C0½NH2Cl� ð31Þ

where

Ko2 ¼ kc2aHOCl ð32Þ

One can notice that the formation rate of dichlora-
mine depends upon pH, as long as the hypochlorous
acid constitutes member of the rate expression. Fig. 3
shows graphically this relation. However, the hydroly-
sis reaction of dichloramine is independent of pH as
its rate expression shows. Besides the hydrolysis reac-
tion of ammonia is a first order [39]. So, hydrolysis
dichloramine reaction can be omitted vs. its
formation.

Fig. 2. The dependence of the observed rate constant of
monochloramine as a function of pH at 25˚C.
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r�1½S�1� ¼ 7:6� 10�7½NHCl2� at 25�
C ð33Þ

Dichloramine is relatively stable at pH 4–5 in the pres-
ence of monochloramine and ammonium ion also it
decomposes easily in the presence of hypochlorous
acid and nitrogen trichloride [24].

3.2.2.1. Influence of proportions of chlorine and
ammonia. In one instance, Jafvert and Valentine
[44] proved that deficit in chlorine concentration leads
to the reaction of the remainder amount of ammonia
with dichloramine in order to form monochloramine
according to:

2NHCl2 þNH3 ! NH2ClþN2 þ 3Hþ þ 3Cl� ð34Þ

In other case, a lack of ammonia leads to the
formation of free chlorine according to the following
reaction [44]:

2NHCl2 þH2O ! HOClþN2 þ 3Hþ þ 3Cl� ð35Þ

Due to the molar ratio Cl/N exceeds 1.5 at break-
point chlorination, where there are sufficient propor-
tions of the added chlorine and the present ammonia,
then reactions (33) and (34) are not quantitative.

3.2.3. Trichloramine

Finally, the last generated chloramine is nitrogen
chloride from the substitution reaction of hydrogen’s
dichloramine molecular by the chlorine atom of acid
hypochlorous molecular as below [14]:

HOClþNHCl2 ! HOClþNCl3 þH2O ð36Þ

At the thermodynamics level, the formation
reaction of nitrogen chloride is practically quantitative;

its formation constant is in about 4.76� 104 l/mol at
25˚C and its constant of hydrolysis is equal to
2.1� 10�5mol/l at 25˚C [36]. Concerning its kinetics,
an evident disagreement appears in the published
results on kinetics and on observed expressions
shown on Table 2. Really, we find different significant
rates constants and different proposed mechanisms
[45]. In addition, if we calculate the constants going
by the expressions of Table 2 at 20˚C and pH 7.5 (the
average value of pH in the interval 6.5–8.5, pH of the
water treatment), we will obtain the values of Table 3.
For Ks and ko values, to our knowledge, we have
found a dispersal of the published results. For the k-c
and k-o values, the given results by “Sanguinsin and
Morris (1975)” and “Selleck and Saunier (1976)” seem
agree and are very different from those published by
“Wei and Morris (1972)”. Concerning the stability,
researches on trichloramine have found that the tri-
chloramine tends easily to decompose in presence of
ammonia excess or in the presence of dichloramine
[46].

The rate expression of the trichloramine formation
is [39]:

r3½mol=l s� ¼ 2:00� 105 expð�3; 420=TÞ ½HOCl�½NHCl2�
ð37Þ

It is suitable as well to express the formation rate
of trichloramine according to the same expressive
mode of two previous chloramines as a function of
pH, the given expression by Kim and Stenstrom [47]
appears the most appropriate.

r3½mol=l s� ¼ kc3
C0½Hþ�

Ka1 þ ½Hþ� ½NHCl2� ð38Þ

r3½mol=l s� ¼ kc3aHOClC0½NHCl2� ð39Þ

where

ko3 ¼ kc3aHOCl ð40Þ

The hydrolysis reaction of trichloramine is inde-
pendent of pH like the one reported in studies of Kim
and Stenstrom [47]. And its hydrolysis reaction is
elementary and follows kinetics law of first order
[36,39]:

NCl3 þH2O ! HOClþNHCl2 ð41Þ

r�3½S�1� ¼ 5:10� 103 expð�5; 530=TÞ½NCl3� ð42Þ

Fig. 3. Variation of the observed rate constant of the
dichloramine formation with pH at 25˚C.
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Fig. 4 shows the dependence of the observed con-
stant of the trichloramine formation with pH, and
therefore, its influence on its rate. More the pH value
increases more the value of the observed constant
decreases; this diminution is maximal at pH less than
4.5 [15]. To recap, if we refer to all preceding informa-
tion, so in pH range of 7–8.5, monochloramine is the
dominant species. Since the pH value decreases,
dichloramine progressively dominates. At pH value 3,
trichloramine constitutes the major species [48].

3.2.4. Influence of the ratio of chlorine–ammonia

The other important parameter that must be taken
into account is the molar ratio or the weight ratio
Cl/N. This parameter plays an important role in the
determination of apparent quantities and the nature
of generated products, as well as the chlorination
byproducts [33]. Indeed, for an equimolar mixture of
chlorine and ammonia; that is to say at an initial
molar ratio Cl/N equal to 1/1 the main product is
monochloramine and this case represents the chloram-
ination process [32]. As soon as the molar ratio
exceeds 1/1, we recorded the formation of dichlora-
mine from the rupture of monochloramine until the
molar ratio value 1.5/1, at this point the produced
dichloramine amount is maximal [14,16,23] and we
referred to the auto-decomposition of monochlor-
amine [41]:

2NH2Cl�NHCl2 þNH3 ð43Þ

The rate expression of interconversion reaction
mo-dichloramine is [39]:

r½mol=l s� ¼ 80 expð�2; 160=TÞ½NH2Cl�2 ð44Þ

The empirical value of the reverse rate constant is
24 l/mol s at 25˚C. In addition, direct and reverse reac-
tions are elementary and each one follows a kinetics
law of second order [24,35,41]. Beyond the theoretical
value of the molar ratio 1.5/1, the formation of
trichloramine takes place [33].

3.3. Destruction of free chlorine residual and chloramines

3.3.1. Formation of nitrogen hydroxide

Researchers report that the formation of an insta-
ble entity in minimal quantity that reacts with free
chlorine and chloramines to transform them into end-
products [41,49]. This intermediate is suspected to be
nitrogen hydroxide (NOH) [19,47,50,51]. Other authors
have proposed the hydrazine ion (NCl�2 ), and otherT
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suggested the hydroxylamine as an intermediate
species (NH2OH) [24]. Indeed, Saunier and Sellect
established a mechanism including the nitrogen
hydroxide as an intermediate reactant [18]. Eilebeck
[52] outlined the formation mechanism of NOH from
the dichloramine decomposition according to the fol-
lowing reaction:

NHCl2 þH2O ! NOHþ 2Hþ þ 2Cl� ð45Þ

The nitrogen hydroxide (NOH) intermediate is
produced from the influence of the presence of two
electronegative atoms of chlorine on the dichloramine
molecule, which is given back more active for nucleo-
philic attack of the water’s molecule leading to the
formation of NOH. Really, this process is considered
as complex including many reactions [17], and in
other words, reaction (43) is not elementary then it
follows kinetics of second order, namely first order for
the water molecule as well for nitrogen hydroxide. In
addition, the formation of the intermediate is linked
with pH; it is favored at high values of pH [53]. The
rate expressions (and so the observed expression
constant) are written in function of the hydroxide ion
concentration (Table 4); this one proves that is cata-
lyzed by the presence of this ion, its rate formation is
expressed as follows [44]:

r½mol=l s� ¼ kc½NHCl2�½OH�� ð46Þ

It is important to precise that reaction (43) consti-
tutes the limiting step of the entire mechanism of
“Wei and Morris (1972)” and the mechanism of
obtaining the breakpoint reaction (2) of “Saunier and
Selleck (1976)”. The nitrogen hydroxide constitutes the
key element justifying the loss of monochloramine
and dichloramine formed during the process of
breakpoint chlorination, the hypothesis of destruction
has been widely confirmed by the experiments of
“Wei (1972)”. Through the literature, we cannot find

expression in agreement with the kinetics expression
and the observed expression of formation of nitrogen
hydroxide. According to our knowledge, the most
important expressions are given in Table 4. Table 5
gives calculated values of kc and ko from Table 4 com-
pared with the other published works.

3.3.2. Monochloramine disappearance

The intermediate reacts with chloramines in order
to transform them to stable end-products like nitrogen
molecule. Firstly, the nitrogen hydroxide reacts with
monochloramine to produce harmless entities
according to the following reaction [33]:

NOHþNH2Cl ! N2 þHþ þH2Oþ Cl� ð47Þ

This latter is a second-order elementary reaction,
and it is independent of pH [53]. The rate expression
is written [50]:

r½mol=l s� ¼ �5:53� 107 expð3; 020=TÞ½NOH�½NH2Cl�
ð48Þ

Table 3
Calculated values of the formation and the hydrolysis constants of trichloramine at pH 7.5 and at 20˚C

Authors Formation constant at 20˚C
and at pH 7.5

Hydrolysis constant at 20˚C and at
pH 7.5

kc ko k�c k�o

Wei and Morris (1972)a 1.28� 10+8 2.22 1.27� 102 4.01� 10�6

Sanguinsin and Morris (1975)b 3.4 3.20� 10�5

Selleck and Saunier (1976)a 2.06 1.13 3.2� 10�5 2.10� 10�5

Morris and Issac (1985)c 1.70 3.24� 10�5

a[50]. b[45]. c[39].

Fig. 4. Variation of the observed rate constant of the
trichloramine formation with pH at 25˚C.
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3.3.3. Dichloramine disappearance

Secondly, the nitrogen hydroxide reacts also with
dichloramine for generating the hypochlorous acid
through an elementary reaction of the second order,
this reaction is independent of pH according to [50]:

NOHþNHCl2 ! N2 þHOClþHþ þ Cl� ð49Þ

r½mol=l s� ¼ �6:02� 108 expð�3; 020=TÞ½NOH�½NH2Cl�
ð50Þ

3.3.4. Disappearance of free chlorine residual

Lastly, this intermediate destroys the residual
chlorine to yield undesirable by-products, which are
nitrate ions, by elementary process and follows kinet-
ics of second order. However, Maston et al. [53] men-
tioned an argument very relevant that this reaction is
unlikely because of its thermodynamics disfavored.
Therefore, the reaction in question is [50]:

NOHþ 2HOCl ! NO�
3 þ 3Hþ þ 2Cl� ð51Þ

r½mol=l s� ¼ �7:18� 107 expð3; 020=TÞ½NOH�½HOCl�2
ð52Þ

r½mol=l s� ¼ �kc½HOCl�2½NOH� ð53Þ

The fact that the hypochlorous acid is member of
latter destruction reaction by the nitrogen hydroxide;
we may express the influence of pH by the replace-
ment of Eq. (11) in Eq. (51) rate to obtain:

r½mol=l s� ¼ �kc
C0 � ½Hþ�
Ka1 þ ½Hþ�

� �2

½NOH� ð54Þ

In this case, the observed constant expression
becomes:

Ko ¼ kc
½Hþ�

Ka1 þ ½Hþ�
� �2

ð55Þ

4. Choice of the series of reactions at breakpoint

Operating conditions on which we have based our
reasoning to obtain the appropriate series reactions at
breakpoint are those applied in the production of
drinking water. Treated water subject to chlorination
process is the water that has been oxidized and fil-
trated in order to eliminate almost all reduced sub-
stances of chlorine (final chlorination step or post-
chlorination). Preferably, this final water must not
contain above 1mg/l in ammonia concentration in
order to provide the completion of the breakpoint
chlorination [53]. Griffin [54] had put the breakpoint
chlorination in its appropriate application to give bet-
ter efficiency. He specified that the intervals of values
related to influence parameters that can run better the
chlorination process. So the optimum pH between 6.5
and 8.5, the weight ratio Cl/N including in 10/1–15/1
and the chlorination is relatively affected by the

Table 5
Calculated values of kinetic and observed constants of NOH at pH 7.5 and 25˚C

Authors Kinetic constants at 25˚C Observed constants at pH 7.5

Wei and Morris (1972)a 1.11� 10�5 3.50� 10�2

Selleck and Saunier (1976)a 1.06� 109 2.40� 10�2

Leao and Selleck (1981)b 2.77� 10+2

Jafvert and Valentine (1987)c 1.10� 10+2

a[50]. b[56]. c[44].

Table 4
kinetics constant expressions and observed constant expressions of NOH formation

Authorsa Arrhenius expressions Observables expressions

Wei and Morris (1972) kc ¼ 2:11� 1010 expð�3; 623:55=TÞ ko ¼ kc½OH��
Selleck and Saunier (1976) kc ¼ 2:03� 1014 expð�3; 623:55=TÞ ko ¼ kcN0½OH��
a[50].
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temperature. In light of these data, it is convenient to
surround the required group reactions at room
temperature. Moreover, it is necessary also to under-
line the following points:

• The formation reaction of monochloramine is
spontaneous and quantitative compared with its
hydrolysis reaction; the same fact is considered
with dichloramine.

• The case of trichloramine is especially different, if
we take into account these observations:

(1) Trichloramine is formed after the breakpoint; this
explains clearly its stability in the presence of the
free chlorine residual [55].

(2) The intermediate has not reacted with the
trichloramine to destroy him such as monochlor-
amine and dichloramine.

(3) The rest of the trichloramine amount is slightly
compared with quantities of monochloramine
and dichloramine produced during the chlorina-
tion process.

By the way, the important question, which can be
posed, is: through any process the trichloramine quan-
tity is decreased or disappeared if it is not destroyed
by the intermediate species (NOH) and if it is stable
toward the presence of the free chlorine? The logical
answer provided after careful analysis of kinetics con-
stants and observed constants of its formation reaction
and its hydrolysis reaction is that the almost produced
quantity of trichloramine is hydrolyzed by itself, so
that it remains a little amount because the kinetics
constants of formation and dissociation are near com-
pared with those of monochloramine and dichlora-
mine. Therefore, the hydrolysis reaction of

Table 7
The models of reactions

Table 6
Proposed model of reactions at breakpoint chlorination

HOCl�OCl� þHþ (10) Acid/base equilibriums

NHþ
4 �NH3 þHþ (20)

HOClþNHþ
4 ! NH2ClþH2OþHþ (1) Model of reactions occurring at pH range 6.5–8.5 and initial weight ratio

10 /1<Cl/N<15 /1 at room temperatureHOClþNH2Cl ! NHCl2 þH2O (2)

HOClþNHCl2 ! NCl3 þH2O (3)

NCl3 þH2O ! HOClþNHCl2 (4)

NHCl2 þH2O ! NOHþ 2Hþ þ 2Cl� (5)

NOHþNH2Cl ! N2 þH2OþHþ þ Cl� (6)

NOHþNHCl2 ! N2 þHOClþHþ þ Cl� (7)
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trichloramine cannot be neglected like the hydrolysis
reactions of monochloramine and dichloramine.

• The reaction of nitrogen hydroxide NOH with the
free chlorine (reaction (23)) is not complete accord-
ing to the thermodynamics data because it forms
products less stables than the reactants; in addition,
the principal aim of the chlorination is to keep free
chlorine residual quantity in the process end.

Considering precedent data, our deduced series of
reactions are constituted of the following reactions
given in Table 6. Then, the model of Table 6 is com-
posed of different reaction natures. Indeed, reactions
(1)–(3) and (5) are reactions of substitution, reaction
(4) is a hydrolysis or decomposition and reactions (7)
and (9) are redox reactions.

Hereby, we present the famous model of reactions
proposed by Wei and Morris taken of [19,47,50,51] and
the other model appeared in research of Lu et al. [56]
(Table 7). The model presented by Wei and Morris
(1972) is constituted of two series of reactions, the first
series of reactions shows the chloramines formation
and the second series of reactions displays the destruc-
tion of monochloramine, dichloramine, and free chlo-
rine. These two series are linked by a complex reaction
of formation of the intermediate NOH; its role is to set
off the destruction process for mono and dichloramine.
On the other hand, the model of Lu et al. [56] is
inspired by the aqueous chlorine/ammonia reactions
proposed by Morris and Issac [39] on which Lu et al.
[56] added the formation reaction of the intermediate
and the destruction reactions of monochloramine and
the dichloramine that are the same of theirs’ Wei and
Morris (1972). Concerning our model of group reac-
tions, we take into account certainly, the formations’
reactions of the chloramines with neglecting their
hydrolysis reactions except the one of the trichloramine
and the formation reaction of nitrogen hydroxide NOH
and the destruction reactions of monochloramine and
dichloramine induced by this intermediate.

5. Conclusion

On the basis of value constants of the thermody-
namics and the kinetics related to pH and weight ratio
Cl/N conditions, we can reach to establish a set of
reactions which can take place at breakpoint chlorina-
tion. Our model of reactions has been compared with
the most famous models and the most cited in the
literature, which are: the model of Wei and Morris
(1972), the model of and Isaac [39] and the model of
Lu et al. [56], where we can reveal some differences
that can produce an important consequence on

determination the necessary chlorine dose for the
disinfection by a chlorination process.

Indeed, the best choice of implicated reactions in
the chlorination at the breakpoint helps on the one
hand the resolution of several problems such as: the
overdose of chlorine, the diminution of chloramine
concentrations, and the decrease of chlorination
disinfection by-products.

The understanding of the influence of these factors
(Cl/N and pH) and them control will lead to find
with accuracy the zone that characterized by the mini-
mum of microbiological risk and chemical risk. On
the other hand, it allows us to monitor and control
more precisely the entities concentrations that can be
generated, namely the free chlorine residual and
chloramines especially at the levels of stock and in a
distribution pipe which is the object of the nest part.
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Symbols

C0 –– initial molar concentration of free chlorine,
mol/l, C0 = [HOCl] + [OCl-]

N0 –– initial molar concentration of ammonia,
mol/l, N0 = [NH4

+] + [NH3]

Cl/N –– chlorine to ammonia nitrogen ratio

Cl0/N0 –– initial ratio chlorine to ammonia nitrogen

K –– thermodynamics constant, mol/l (M),or l/
mol (M�1), or (mol/l)2or (M�2)

r –– direct rate, mol/l s

r�1 –– reverse rate, mol/l s

kc –– kinetic rate constant, s�1 (first order) or l/
mol.s (second order)

k�c –– kinetic rate reverse constant, s�1 (first order)
or l/mol s (second order)

ko –– observed rate constant, s�1 (first order) or l/
mol s (second order)

k�o –– observed rate reverse constant, s�1 (first
order) or l/mol s (second order)

a –– species molar fraction

T –– temperature, ˚K
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la santé publique [Position statement, Clean water: A
challenge for public health], Health Can. 19 (1998) 116–121.

[9] K. Gopal, S.S. Tripathy, J.L. Bersillon, S.P. Dubey, Chlorina-
tion byproducts, their toxicodynamics and removal from
drinking water, J. Hazard. Mater. 140 (2007) 1–6.

[10] Groupe scientifique sur l’eau. Fiche Trihalométhanes,
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