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1. Background

Disinfection is a key process found in many applications that It was also noted that it came with some other key

is designed to kill or inactivate pathogenic microorganisms. advantages, such as improving other water treatment
This is especially important in the treatment of potable processes, eliminating taste/odor and maintaining

water due to the health effects of consuming unsafe cleanliness. For this reason it is now practiced all over the
drinking water. world on water supplies, to ensure safety in the

consumption of potable water.
This white paper gives background on the usage of chlorine
in water disinfection, the pros/cons of this method of Chlorination of wastewater is now also a key method of
disinfection, methods that can be used for chlorination, and treatment. This includes uses such as controlling odor,
details on the measurement techniques used for monitoring preventing septicity, and controlling activated sludge
chlorine residual in water. bulking/foaming.

The paper also goes into details on the many challenges that  Due to its simplicity and cost-effectiveness, chlorination is

are faced when measuring chlorine concentrations, and the the most popular method of disinfection used worldwide,
ways in which the ABB product offering tackle these and will continue to have application in potable/wastewater
challenges. treatment due to the protection it offers to the water supply
after treament is complete. Even when other methods are
History of disinfection used it is likely that a chlorination step will be required.
Since the mid 19th Century, when John Snow established the
link between cholera and contaminated water supplies in Methods of disinfection
London, treatment and disinfection of water has been keyto  There are three key methods that are currently used for
providing safe drinking water and controlling the quality of disinfection of water. These are namely,
water discharged into the environment. « Chlorination/Chloramination
« Ultraviolet light
The first reported use of chlorination as a continuous « Ozonation
process for water treatment was most likely in the small
town of Middelkerke, Belgium in 1902. The key advantages & disadvantages of each method are

outlined in table 1.
Throughout the early 20th century, chlorination became
more popular for the disinfection of potable water.

Method Advantages Disadvantages

Chlorination/ « Chlorine residual will remain in the sample, giving
Chloramination protection after the disinfection process is complete
Chemicals are easy to access

Techniques are well defined

Economical

Chlorine gas is toxic
Chlorine must be removed before discharging to the environment
Excess levels can lead to odor/taste effects

Ultraviolet light « No need to handle dangerous chemicals No residuals are left in the sample, leaving it exposed to

Reduced contact time vs chlorination contamination after the disinfection process

Minimal maintenance due to less moving parts/pumps - Effect may be reduced when there are high levels of turbidity in the
sample causing lower UV intensity

Ozonation « Ozone has a stronger effectiveness than chlorine, No residuals are left in the sample, leaving it exposed to

including a very strong oxidizing power with a very short contamination after the disinfection process

reaction time High equipment and operational costs

No chemicals are added to the sample Special mixing techniques required due to lower solubility in water

Effective over a wide range of pH If sample contains bromide ions, then brominated compounds may
form, which are a possible human carcinogen, consequently
operators must avoid the use of ozonation if the water is rich in
bromide salts

Table 1 - Methods of disinfection



EFFECTIVE CHLORINE MEASUREMENT
FOR WATER DISINFECTION

2. Applications of

Chlorine Measurement

Reasons for application

Although the key reason for application of chlorine in both
potable water and wastewater is disinfection, it has been
found that the application of chlorine has many other
benefits. This section outlines the key benefits for which
chlorination can be used.

Drinking Water

Disinfection

The most common application of chlorine to drinking water
is for disinfection purposes. Chlorine is used to maintain a
residual disinfection in the drinking water network. This
prevents the growth of bacteria in the water network after
treatment is complete.

The key benefit of using chlorine for disinfection, as
opposed to other methods (e.g. UV/Ozonation) is that it
leaves a residual protection in the water. This is important
for maintaining the water quality throughout the water
network. For this reason there are legal limitations set by
countries around the world, and water companies use
chlorination as a key part of their strategy.

In cities with larger distribution networks, chloramination is
an alternative method of disinfection that is becoming
increasingly prevalent. Under this method the water supply
is treated with a mixture of chlorine and ammonia, which
generates chloramines.

Chloramine isn’t as strong a disinfectant compared to
chlorine, but it produces significantly lower levels of
disinfectant byproducts (DBP), and remains in the water
supply for longer, giving protection long after the initial
treatment. For further details on how Chloramination works
see page 9.

Iron/Manganese Removal

Iron and manganese are typically found in the water supply
and present many challenges to the water industry. Water
containing iron causes surface staining, leaving behind a
yellow to reddish brown colour. Alternatively, water
containing manganese will produce black stains. This will
cause problems in the distribution network and may lead to
complaints. Chlorine will react to oxidize ferrous iron to
form ferric hydroxide which can then be removed by simple
sedimentation or filtration.

Chlorine will also oxidize manganese to its insoluble form,
which can then be removed by sedimentation or filtration.

Surface Water Prechlorination (Coagulation/Filtration Aid)
Prechlorination has been shown to improve coagulation, and
reduce coagulant dosage, from oxidation of organic matter,
however prechlorination is not generally practiced these
days due to regulations limiting disinfection byproducts like
Trihalomethanes (THMs) and haloacetic acids (HAAs). See
section on page 7 for more information.

Chlorination can also assist in filtration as it can prevent
build-up of algae growth in the filtration matrix. However,
this is not generally practiced due to concerns around the
formation of disinfection byproducts if chlorine is added
too early in the process.

Generally in these pre-treatment applications, ozone would
be best suited. There is no need for a residual to be left in
the sample, and ozone can react at a faster rate compared to
chlorine disinfection.

Hydrogen Sulfide Removal

Hydrogen Sulfide (H2S) in water has been found to cause
numerous problems including:

» Turning silverware black

- Making bathing unpleasant due to unpleasant odors

- Staining plumbing fixtures

» Staining laundry

The addition of chlorine to the water will aid in oxidizing
hydrogen sulfide into harmless byproducts which are
insoluble in water making them removeable with
sedimentation/filtration as with iron/manganese.

Wastewater Treatment

Disinfection

Chlorine is also used in the wastewater treatment process in
a similar way to in drinking water disinfection, however
there is generally little need for residual chlorine after
treatment as long as the process is managed correctly.
Generally any chlorine added to the sample would need to be
removed before the end of the treatment cycle, as there are
environmental regulations on the level of chlorine that can
be put into the environment.
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For this reason, it is uncommon to find chlorine for
disinfection in the wastewater treatment process, and
therefore is generally only used in special cases.

Odor control

Aside from disinfection, chlorine can be used for odor
control in wastewater treatment. It has been found that if
levels of Hydrogen sulfide (H2S) are controlled, then other
contributors of odors can also be mitigated.

Hydrogen sulfide will be oxidized by the addition of chlorine,
into chemicals that do not produce odors, which are
insoluble in water and can easily be removed by
sedimentation/filtration.

BOD Reduction

Chlorine dosage can also be used to reduce biological
oxygen demand (BOD) which is a measure of oxygen
demand from biological organisms present in the sample. In
wastewater treatment plants, high levels of BOD require
higher aeration levels which increase operational costs. With
the addition of chlorine, each milligram added leads to a
reduction of about 2mg/L (ppm) of BOD.

The disadvantage of added chlorine in wastewater is the
production of unwanted disinfection byproducts. In some
cases it may be difficult to achieve the limits on disinfection
byproducts if discharging into a low flow stream.

Removal of oils/greases

Oils/grease can cause issues in wastewater treatment
plants, such as blocking of filters or causing unwanted
odors. They can also cause environmental concerns when
discharged into streams and rivers.

It has been found that the addition of chlorine can aid in
breaking up emulsions, making it easier to collect and
remove oils and greases.

Removal of ammonia

Nitrogen in the form of ammonia (NH3+) found in
wastewater can deplete dissolved oxygen, stimulate algae
growth, and be harmful to aquatic life. The removal of
ammonia from wastewater streams is an extension of
breakpoint chlorination. See chloramination section on page
8 for more details on how the addition of chlorine to a
sample can control ammonia.

Industrial Wastewater

Due to differences in their source, there are some chemicals
present in industrial wastewater streams that aren’t present
in typical wastewater treatment plants. This section outlines
those chemicals that have an application with chlorine
monitoring.

Cyanides

Cyanides (CN-) may be present from many industrial
processes (such as metal plating, case hardening of steel,
refining of gold/silver ores etc.), and are toxic to aquatic life.
In the correct conditions, the addition of chlorine will cause
free cyanide to oxidize to cyanate, which can then be further

oxidized to form less toxic compounds such as carbon
dioxide and nitrogen.

Phenols

Phenols are produced in wastewater from several industrial
processes, such as gas refining, rubber production etc.
They can be removed through oxidation with chlorine,
however care should be taken in case chlorophenols are
formed, which can impart an off-flavor at very low
concentration

Textile Wastes

Wastes from textile treatment facilities (processing of
cotton/wool) can contain high levels of biological oxygen
demand, and highly colored samples. Chlorine can be used
in these samples to produce ferric chloride coagulant, and
be used to remove any residual color in the sample.

Food & Beverage

Chlorine is often used in the washing of foods (for example,
chicken, fruits, sterilization for tinned food). This is done to
reduce harmful microorganisms and pathogens that may be
found on the surface of the produce.

Legal Limitations

Drinking Water

It is important to ensure that drinking water used by
customers is safe to drink. The most common way to do this
is to maintain a chlorine residual in the distribution network
to account for unknowns after the treatment point.

The chlorine residual should be maintained at a level that is
high enough to protect the entire network, but not too high
where there may be adverse effects on taste/odor.

The World Health Organization (WHO) specifies a maximum
limit on chlorine residual of 5mg/L for health, however they
recommend that a chlorine residual of between 0.2 and
0.5mg/L is used for general consumption (with the higher
value being closer to the treatment plant).

Table 2 shows the guideline values for chemicals used in
water treatment or materials in contact with drinking water
that are of health signifigance in drinking water:

Disinfectants Guideline value® Remarks
(mg/litre)
Chlorine 5 For effective disinfection, there

should be a residual concentration
of free chlorine of 2.5 mg/litre
after at least 30 min contact time
at pH <8.0.

A chlorine residual should be
maintained throughout the system.
At the point of delivery, the
minimum residual concentration of
free chlorine should be 0.2 mg/
litre.

*Source: World Health Organization - Consult them for detailed guidelines
Table 2 - WHO Chlorine Limits
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Wastewater

For wastewater, it is important that the chlorine level in the
sample being discharged into the environment be low
enough not to cause harm to aquatic animals and plants.
(see section on dechlorination for details on how this is
performed). For this reason, many countries will use UV
disinfection instead of chlorination in wastewater discharge
treatment. But due to its simplicity and low cost, several
countries still use chlorine, so discharge levels will need to
be monitored carefully.

Chloramines
The USA EPA sets a limit of 4mg/L Cl2 when the water is
being treated with monochloramine.

The world health organisation specifies a maximum limit of
3mg/L on monochloramine.

Disinfection byproducts (DBP's)

In the UK the limit on THM'’s is set to 100ug/L, however
authorities are encouraged to reduce DBP’s as much as
possible.

In the USA, the EPA sets a limit of 80ug/L on THM’s, and a
limit of 60ug/L on HAA's.

The WHO sets limits on a variety of types of disinfection
byproducts as shown in table 3:

Disinfection byproducts Guideline value Remarks

(ng/litre)

Bromate 10

Bromodichloromethane 60

Bromoform 100

Chlorate 700

Chlorite 700

Chloroform 300

Cyanogen chloride 70 For cyanide as total

cyanogenic compounds

Dibromoacetonitrile 70

Dibromochloromethane 100

Dichloroacetate 100

Dichloroacetonitrile 50

Monochloroacetate 20

N-Nitrosodimethylamine 0.1

(NDMA)
Trichloroacetate 200
Trichlorophenol, 2,4,6- 200 The sum of the ratio of the

concentration of each to
its respective guideline
value should not exceed 1

Trihalomethanes

*Source: World Health Organization - Consult them for detailed guidelines

Table 3 - WHO DBP guidelines

Methods of application
As there are several methods of chlorine application, this
section describes the differences in chlorine disinfection.

Liquid/Gas Chlorine

Elemental chlorine can be applied directly to the process.
This will typically be in liquid or gas form (chlorine gas can
be compressed to a point where it liquifies).

Liquid chlorine will need to be vaporized before use, and
then the gas chlorine (either from the vaporizer or directly
from a storage container) can be mixed with the liquid. In
both scenarios, careful monitoring of chlorine residuals and
sample flowrates are required to achieve the proper
disinfection

=
00O
w

Figurel Typical chlorine application process

1 Chlorine containers containing either liquid or gas
chlorine.

2 Automatic switchover system to allow two chlorine
supplies to be piped into one common valve, and allow
easy replacement of the chlorine supplies.

3 Chlorinator - System to establish chlorine feed rate.
Consists of a flow regulator and flowmeter to maintain a
set feed rate.

4 Chlorineinjector — System to inject chlorine gas into
water prior to be introduced into the sample. Normally
consists of a venturi system to pull chlorine gas into the
water.

5 Sample line where the chlorinated water can be
introduced into the sample stream.

When chlorine is added to liquid, providing the solution is
dilute, and has a pH of more than 4, most of the chlorine will
react with the water to form hypochlorous acid (see the
section on chemistry for details on how the pH affects for
formulation of hypochlorous acid).

There are strict health and safety regulations surrounding
the control/distribution of chlorine gas, as it is a highly toxic
chemical, which at concentrations of only 0.1% in air, can be
fatal after only a few breaths. It is 2.5 times heavier than air
so will remain close to the ground where it could easily be
inhaled.

It is also hazardous when combined with moisture (including
body moisture) as it becomes very acidic, and corrosive.

Due to these hazards, sodium hypochlorite has become a
popular alternative.
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Sodium Hypochlorite

Sodium hypochlorite, often referred to as bleach, has
become a popular alternative to elemental chlorine, due to
it's improved handling and increased safety. Found in liquid
form, it will typically exist in a concentration of 10-15%
chlorine.

When added to the water supply by dosing with a pump
from a larger storage container, it can be regularly topped
up to ensure adequate residual chlorine is present.

It should be noted that sodium hypochlorite will decompose
over time, leading to less available chlorine content, which
should be considered when calculating dosing rates of
sodium hypochlorite.

On site generation
It is possible to generate sodium hypochlorite on site
electrolytically. This is possible by the following equation:

NaCl+H20+2e™>NaOCI+H:

Sodium hypochlorite (NaOCI) can be generated from sodium
chloride (NaCl) or commonly referred to as table salt and
water, which are both very easy to obtain

The key drawback of this approach is the amount of
electricity required to perform the reaction. That said, this
method can eliminate the need to store large quantities of
unstable/hazardous chemicals.

Chlorine dioxide

Chlorine dioxide is a relatively unstable chemical so it is
normally manufactured near to the point of use and
introduced into the water stream soon after.

Chlorine dioxide (ClO2) is generally produced as a reaction
between a Chlorine gas (Cl2)/water solution and Sodium
chlorite (NaClO2). This will then be fed into the treatment
process.

A typical schematic of the process for generating chlorine
dioxide is shown in figure 2.

ClO, solution to
treatment process

clo,
reactor (@)
Chlorinator %

Cl, gas
supply

Water
supply to
chlorination

Metering
pump

Chlorine solution

Sodium chlorite
solution tank

NacClo,

Figure2 Chlorine dioxide production

In this case:

« Chlorine gas (CI2) is fed from a typical feed system using a
chlorinator

« Sodium chlorite (NaClO2) is fed from a storage tank

« The feed rates of these chemicals are set to optimize the
reaction

Chlorine dioxide (ClO2) is not commonly used in wastewater
applications due to safety issues relating to the handling
and storage of sodium chlorite which is combustible in the
presence of organic compounds.

It is generally beneficial to use this disinfection method
when pH levels are higher than 8.5.

Chloramination process

Chloramines (NH2Cl) are produced by adding ammonia to
water containing free chlorine. The type of chloramine
(monochloramin (NH2CI), dichloramine (NHCL2),
trichloramine (NCI3) etc.) that is produced will depend on
the pH value of the water and the ratio of chlorine to
ammonia.

Generally it is preferable to generate monochloramine, so
the pH of the water should be kept above 7.

Ammonia is normally added after chlorine, because
chloramines are weaker disinfectants. By adding the
ammonia after the chlorine it gives the chlorine time to act
as the primary disinfectant, allowing chloramines to then be
formed. This also prevents unwanted disinfection
byproducts being produced

In doing so, we see a significantly longer chlorine residual
especially in larger distribution networks.

Chemistry of chlorination

Dissolution of chlorine

When elemental chlorine is added to water, the following
reaction takes place between the chlorine (CI2) and the
water:

Cla+H20©HOCI+ H*+CI”

This reaction is reversible, but at pH levels of above 4, most
of the chlorine will have converted into hypochlorous acid
(HOCI).

Hypochlorous acid will further dissociate by the following
reaction:

HOC| ©H*+OCI”

The extent to which the hypochlorous acid dissociates will
be dependent on the pH and temperature of the sample. See
appendix A for details on how the pH and temperature
affect this equation.
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The graph below shows how the amount of CL,, HOCl and
OCI- vary with pH in a sample.

100
20
80
70
60 % OCL-

50 ° %CL,
® % HOCL-

Percentage

40
30
20
10

2 3 4 5 6 7 8 9 10
pH
Figure 3 Chlorine types vary with pH

This is important, as the disinfection power of HOCI is about
10 times as effective as OCL-, and as can be seen the ratio is
strongly affected by pH. It is also important to note that the
curve is very steep around the typical pH of drinking water
(7-8) causing large changes in effective disinfection with
little changein pH.

Hypochlorite

When chlorine is instead added to the sample as sodium
hypochlorite (NaOCL) (Instead of as elemental chlorine), the
following reaction will take place.

2NaOCI+2H20 »2NaOH+HOCI+OCL +H*

Hypochlorous acid (HOCI) will further dissociate as above
with the end result being a solution containing both HOCI
and OCI- as described above.

The main difference between gaseous chlorine (CL2) and
sodium hypochlorite is that the gaseous chlorine will make
the sample more acidic, whereas the sodium hypochlorite
solution will make the sample more alkali. This can impact
on the disinfection power, but changes in pH can always be
offset by feeding with a supplemental dose of acid or alkali.

Free chlorine vs Total chlorine
In the reactions above, the sum of hypochlorous acid (HOCI)
& the hypochlorite ion (OCL-) is referred to as “Free chlorine”

If the hypochlorous acid reacts with other elements such as
ammonia, it will generated chlorine compounds (eg
monochloramine etc.). The sum of these chlorine
compounds is referred to as “Combined chlorine”

The sum of the free chlorine and combined chlorine is
referred to as “Total chlorine”

Total chlorine = combined chlorine + free chlorine

The total chlorine will always be higher than the free chlorine
as per the equation above.

Chloramination explained

Chloramination is a commonly used method of disinfection,
especially in large distribution networks, due to its stability
and long-lasting disinfection properties. Typically,

customers are required to maintain a balance of ammonia to
chlorine to produce monochloramines. If too much chlorine
is added relative to ammonia, compounds like dichloramin
(NHCI2) and trichloramine (NCI3) can be produced which can
produce a distinctive ‘chlorine’ smell in drinking water.
Therefore great care is taken in monitoring levels of
ammonia and chlorine in the treatment process.

When ammonia is present in the sample, the chlorine added
will react to form chloramines (displacing one of the
hydrogen bonds on the ammonia):

HOCI+NHz¢NH2Cl+H20 (monochloramine)
HOCI+NH2Cl&NHCIlz2+H20 (dichloramine)
HOCI+NCIl2¢NCls+H20 (trichloramine)

Ammonia may either be naturally occurring in the sample, or
it may be added intentionally to generate chloramines.

The proportion of the different types of chloramines is
dependant on the pH of the sample. Typically if the pH is
more than 7, then monochloramine will be generated. If the
pH is between 3 and 7 then dichloramine will be generated,
and if the pH is less than 3 then trichloramine will be
generated.

It is generally preferably to generate monochloramine so pH
should be maintained above 7. The ideal pH for this reaction
is 8.4 (slightly alkaline). This is because it uses less chlorine,
and also doesn’t cause the typical "chlorine" smell.

Chloramines are as effective at disinfection as chlorine,
however the reaction time is significantly slower.
Chloramines can remain in the water supply for weeks after
being added.

Table 4 shows some advantages/disadvantages of
chloramination vs chlorination:

Advantages Disadvantages

Slow reaction rate — chloramines
aren't used for primary disinfection
due to the slow reaction rate. They
also do not perish when the water
lies still, so if they need to be
removed then active carbon fil-
tration is required

Fewer disinfection byproducts -
chloramines are less likely to react
with organic compound creating
disinfection byproducts (see
section below

Longer residual protection - Corrosion from ammonia -

chloramines will remain in the water Ammonia can cause the corrosion

supply for significantly longer than of lead and copper often found in

chlorine, protecting the pipes. For this reason, water

distribution network companies often add
orthophosphates to prevent
corrosion

Taste/smell - monochloramine has
much less of a “chlorine” smell than
chlorination, so can improve the
taste/smell of the potable water

Formation of di/tri/organic
chloramines - If the pH is not
maintained, or if there are large
amounts of organic nitrogen in the
sample, then chloramines other
than monochloramine may be
formed. These do not possess such
strong disinfection properties and
have a bad taste/smell.

Table 4 - Chloramination vs chlorination
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If chlorine is added to a sample containing no ammonia,
figure 4 outlines how the free chlorine residual in the sample
will change.

Zonel Zone 2

Free chlorine

Chlorine added
Figure 4 Free chlorine transition

As chlorine is added to the sample, initially the chlorine will
be used up to disinfect the sample (Zone 1), then once this is
complete the free chlorine in the sample will increase as
more chlorine is added in a linear fashion (Zone 2).

However, if there is ammonia in the sample, figure 5 outlines
how the free chlorine residual in the sample will change.

Cl,:N<5:1 Cl:N>5:1 Cl:N>9:1

Monochloramine
formation

Total
chlorine

Zone 3

Total chlorine & ammonia

Free ammonia

Figure 5 Ammonia's effect on free chlorine

As chlorine is added to a sample containing ammonia, the
chlorine will react with the ammonia initially forming
monochloramine (Zone 1).

Once all the free ammonia is used up and more chlorine is
added, it will start to react with the monochloramine
forming dichloramine/trichloramine. In this region the
disinfection power will decrease due to the di/tri
chloramines, and taste/smell issues will occur (Zone 2).

Once all the ammonia has been fully bonded with chlorine,

additional chlorine added to the sample will remain as free
chlorine, so adding more chlorine will increase the chlorine
residual in a linear fashion (Zone 3).

When treating under the “Chloramination” method, the ideal
point is the boundary between Zone 1 and 2 (the peak of the
initial curve) as at this point the largest amount of monochlo
ramine is obtained without forming di/trichloramine.

When treating using the “Chlorination” method, the ideal
point is in Zone 3. At this point any additional chlorine added
will increase the chlorine residual, and you are past the
“breakpoint”.

Disinfection Byproducts (DBP's)

One risk that needs to be carefully managed when
disinfecting water supplies is the generation of disinfection
byproducts.

Disinfection byproducts are generally unintended chemicals
that may be generated when disinfecting the water.

The health effects of disinfection byproducts are not fully
understood, but links have been found between increased
levels of disinfection byproducts and increased risk of
cancer. Exposure to unusually high levels can also cause liver
damage and decreased nervous system damage.

They are formed when chlorine is added to a sample that
contains high levels of organic matter (decaying plants/
algae). The most common forms are trihalomethanes (THM)
and haloacetic acids (HAA).

Generally the amount of disinfection byproducts formed will
reduce with longer disinfection time. For this reason
Chloramination is becoming more common as the reaction
time is much slower, and the formation of disinfection
byproducts is significantly less.

The best strategies for reducing concentrations of

disinfection byproducts are:

« Changing process conditions (remove organic matter prior
to chlorination)

« Use a different chemical method (i.e. Chloramination will
produce less disinfection byproducts than chlorination)

« Use non chemical methods of disinfection (e.g. UV)

« Remove disinfection byproducts prior to distribution

Dechlorination

As outlined above, if water is to be discharged into the
environment, then it is important that high levels of chlorine
are reduced, as this may have adverse effects on wildlife/
plant life.

Applications that use potable water may also need to
remove chlorine before it can be used in distribution, for
example drinks manufacturers, brewing, bottled water etc.
For this reason, it is important to monitor the level of
chlorine being discharged into the environment and keep
this below regional limitations.
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The main method used for dechlorination are outlined
below:
1 Physical Methods
a. Retention ponds may be used to give water sufficient
time for the chlorine to naturally dissipate prior to being
discharged
b. Aeration may be used to provide the necessary
turbulence to speed up the deactivation process
c. Sunlight (UV) may be used to speed up the process

2 Filtration
a. Carbon filters are an effective way of absorbing
chlorine from the sample

3 Chemical methods
a. Sulfur compounds can be used to react with the
chlorine in the sample. The most common of these are
Sulfur dioxide, SO2 (due to the similarities in application
with chlorine dosing) and Sodium Sulphite, Na2S03 (due
to the similarities in application with sodium hypochlorite
dosing)

See section “Legal Limitations” for information on typical
discharge limits for chlorination.

Chlorine dosing

Precise measurement of chlorine flow rates is essential for
effective disinfection. Electromagnetic flowmeters are the
primary choice in dosing applications due to their inherent
advantages over other flow measurement technologies. ABB
is a global leader in electromagnetic flowmeters with
products such as the ProcessMaster FEP631.

Chlorine injection

In water disinfection, the precise control of chlorine
injection rates is crucial to achieve the desired disinfection
levels without over chlorination. Electromagnetic
flowmeters enable real-time monitoring and control of
chlorine dosage.

Chemical feed verification

Electromagnetic flowmeters can verify the proper dosing of
chlorine or other disinfectants by comparing the flow rate
with the amount of chemical injected, ensuring regulatory
compliance.

Process Optimization

By continuously monitoring flow rates, electromagnetic
flowmeters assist in optimizing the chlorination process,
leading to efficient chemical usage, and reduced operational
costs. ABB can provide a combined flowmeter and analyzer
solution to optimize chlorine dosing in any sized water
treatment process.

Electromagnetic flowmeters explained

Electromagnetic flowmeters are the primary choice in
dosing applications due to their inherent advantages over
other flow measurement technologies. They operate on the
principle of Faraday's law of electromagnetic induction.
When a conductive fluid, such as water containing dissolved
ions, flows through a magnetic field generated by the
flowmeter's coils, it induces a voltage across the fluid,
perpendicular to both the magnetic field and the flow
direction. This induced voltage is directly proportional to

10

the fluid's velocity, enabling precise flow measurement.
Notably, this measurement remains accurate irrespective of
fluid density, viscosity, or temperature.

The advantages of electromagnetic flowmeters are
summarized below:

Accuracy and reliability - Electromagnetic flowmeters
boast unparalleled accuracy, often exceeding or equaling
0.2%. In water treatment, where minor errors can have
significant repercussions on water quality and safety, this
precision is paramount.

Wide measurement range - Electromagnetic flowmeters
are capable of accurately measuring a broad spectrum of
flow rates, ranging from very low to extremely high
velocities. This versatility allows their application across
various stages of the water treatment process, and makes
them ideal for chlorine dosing applications.

Chemical compatibility - The chlorination process involves
the use of aggressive chemicals. Electromagnetic
flowmeters are constructed using corrosion-resistant
materials, such as stainless steel or PTFE lining, ensuring
their durability when exposed to harsh chemical
environments.

Low maintenance - Electromagnetic flowmeters are
devoid of moving parts, reducing the need for regular
maintenance, and minimizing the risk of mechanical
failures. This characteristic translates into long-term cost
savings and operational efficiency.

Bi-directional flow measurement - Many electromagnetic
flowmeters are designed to measure bidirectional flow,
making them suitable for applications where the flow
direction may change intermittently.

Chlorine
injector
Chlorine or
sodium
hypochlorite
@—Chlorine
injector pipe
AWT420 —
transmitter —
pH sensor —_ Magnetic flowmeter
e.g. 100GP \(©% e.g. ProcessMaster
FEP631
ChloroStar

sensor

] _e=sr

Figure 6 Typical chlorine dosing application
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3. Measurement of Chlorine

The application of chlorine for disinfection is a critical
process across many industries. This section outlines the
key methods that may be used for measuring chlorine
concentration, allowing users to better optimise their
processes.

Sample preparation

When taking chlorine measurements, it is important that the
measurement is performed as close to the sample source as
possible to prevent chlorine loss prior to measurement. If a
grab sample is taken, then there are a few factors that can
affect how the chlorine in the grab sample changes over
time:

UV exposure: UV can break down chlorine causing levels in
the sample to reduce

Improper storage: plastic containers can absorb the
chlorine from the sample. It is recommended to always
store grab samples in glass containers

Contamination: sample container should be rinsed with
the sample prior to sample collection to ensure no
contamination

Standard Methods

The "Standard methods for the examination of water and
wastewater" was originally published in 1905 by the
American Public Health Association. It contains detailed
techniques for measuring different water quality
parameters.

The information below outlines the standard methods that
are available for chlorine measurement.

The standard methods that may be used are defined in
“Standard Methods- 4500 - CI”:

« B-lodometric Titration |

« C-lodometric Titration Il

« D-Amperometric Titration

« E-Low-Level Amperometric Titration

« F-DPD Ferrous Titrimetric (FAS-DPD)

« G-DPD Colorimetric (DPD)

H - Syringaldazine (FACTS)

« | —lodometric Electrode

The DPD colorimetric method (G) is the most common
method used for grab sample testing instruments, such as
the EZTest Handheld Calibrator (AWQ101) or for online
chlorine colorimetric analyzers.

The DPD methods are based on the reaction of DPD with
chlorine to form a Wurster dye. The dye has a red colour, and
the amount of dye formed is proportional to the amount of
chlorine in the water.

H ||-| H H ||-| H H H
N s N N 7
N° N° Ne
al,
—_—

Ne° N° Ne°
2N TR PN
Et H Et Et Et Et Et
DPD WURSTER DYE IMINE

(colorless) (magenta-colored) (colorless)

Figure 7 DPD colorimetric method

Secondary oxidation of the Wurster dye can create Imine,
which is colourless. In solutions with high level of chlorine
the red colour will start to fade so sample dilution is often
used in these situations.

Other DPD colorimetric methods

EPA 330.5

EPA method 330.5 outlines a DPD-colorimetric method
applicable to natural and treated water with total chlorine
concentration of 0.2-4mg/L.

The method outlines the addition of potassium iodide and
DPD to produce a red coloured solution, which can then be
spectrophotometrically compared to a series of
permanganate standards to produce a chlorine
concentration result.

The measurement wavelength is 515nm.

ENISO 7393

The ISO method 7393 outlines a DPD-colorimetric method
for determination of free or total chlorine with
concentration of 0.3-5mg/L.

Calibration is performed using solutions of potassium
iodate. Measurement is performed in a spectrophotometer
at a wavelength of 510nm.
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Amperometric Methods

EPA334.0

EPA method 334.0 defines a method for determination of
residual chlorine (free or total) in drinking water using an
online amperometric analyzer.

The range for which this method is applicable is 0.2mg/L to
4mg/L.

The method defines the use of standard methods to take a
grab sample, and then the online instrument is calibrated to
this grab sample.

Online methods

The first online chlorine analyzer based on the orthtolidine
method and a fixed colour disk was released by Wallace &
Tierman (W&T), and since then many different methods have
been used to give an online measurement of chlorine.

Today these methods can be split into two main groups:
1 Colorimetric methods based on DPD chemistry

2 Electrochemical methods based on amperometric
sensors

Titration methods can also be used however they aren't
suitable due to their complexity for online instruments.

The key tradeoffs between DPD Colorimetric and
electrochemical techniques are outlined below:

Upfront cost - Electrochemical sensors are significantly
cheaper to purchase & install compared to colorimetric
methods due to a overall simpler and more compact
design.

Maintenance - Electrochemical sensors require regular
calibration and cleaning, however there are no reagents to
replace. On a colorimetric sensor the user will need to
replace the reagents every month in order to keep the
instrument running.

Installation location - It is becoming increasingly common
for chlorination locations to be classified as hazardous
area. Electrochemical sensors, due to their design, are
more likely to be approved for use in hazardous areas so
they can monitor the chlorine much closer to the dosing.
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Measurement frequency — Electrochemical sensors are
measuring continuously, and will typically update the
measurement once a second. Colorimetric sensors
however require time to dose with DPD and wait for the
reaction to happen, normally taking minutes to complete.
Accuracy - colorimetric sensors are considered more

accurate compared to an electrochemical sensor, and
therefore are often used as the reference method for
calibrating an electrochemical sensor.

Drift — Colorimetric sensors don’t suffer from drift issues
that affect electrochemical sensors. It is normally required
to calibrate an electrochemical sensor once every 1-3
months dependant on process. Calibration is typically not
required for a colorimetric sensor.

Fouling - Both methods of measurement require the
instrument to be regularly cleaned. However
electrochemical sensors will generally be designed in a
way to keep a large flowrate preventing fouling from
occuring. Colorimetric methods, on the other hand, will
have smaller flowrates due to compact measuring cells
which helps minimise reagent use but will be more likely to
foul.

For these reasons both technologies are used in different
situations.

Over recent years the push to increase the number of
measurement points, and monitor within the distribution
network, has caused an increase in the use of
electrochemical sensors due to the fast speed of response,
simplicity of installation and reduced chemical usage.
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4. Electrochemical Measurement of

Chlorine

Evolution of systems

Over the last half century, the electrochemical measurement
of chlorine concentration has passed through many
iterations. The sections below outline how the first online
electrochemical chlorine sensors worked, and the many
developments that have happened.

Two electrode systems

In the 1950’s the first online electrochemical chlorine
sensors where developed. These were based on an open-cell
design with bare electrodes made from dissimilar metals
(copper counter electrode & gold working electrode). When
hypochlorous acid comes in contact with the electrodes a
redox reaction takes place, this generates a current that is
proportional to the chlorine concentration of the solution,
which in turn can be measured by an electronic circuit.

El
E) )
s 5
T
S a
(U] )
(¥]
Reduction Oxidation

Figure 8 Typical two electrode system

The two electrode materials are selected to be dissimilar
metals (with different standard potentials). This means
when the electrodes are placed in the water they will
polarize.

When oxidizing substances such as chlorine, in the form of
hypochlorous acid, are present in the sample, the following
oxidation-reduction reactions will take place at the
electrodes:

Gold working electrode — Cathode:
HOCI + H* + 2e- -> Cl. + H20 (reduction of hypochlorous acid)

Copper reference electrode — Anode:
Cl" + Cu -> CuCl + e (oxidation of copper material)

As the chlorine concentration changes, the amount of
electrons flowing between the electrodes will increase, and
this can be monitored by an ammeter.

With this open-cell design, speed of response is relatively
fast as the electrodes are in direct contact with the sample.
It’s limited, however, by the effects of fouling due to its
direct contact with sample. In addition, sample conditioning
is required especially in applications above 6.5 pH (where pH
variation can impact chlorine measurement) and/or when
total chlorine measurement is required.



EFFECTIVE CHLORINE MEASUREMENT
FOR WATER DISINFECTION

Membrane systems

Over the years, developments in chlorine measurement have
led to the advent of membrane-based systems which rely on
the use of an electrolyte solution. These membranes are
designed to be porous, allowing chlorine species through
but at the same time prevented elements from encountering
the electrodes causing fouling.

i

Electrolyte
(KCI1)

Membrane

AN
N

Gold (Au)
Copper (Cu)

Sample

Figure 9 Typical membrane system

In addition to improved fouling protection, the membrane

and electolyte solution has the following advantages:

« Smaller and more compact electrodes

« Improved operating range and less measurement
variability from pH fluctuations

- Measurement of total chlorine without the need of sample
conditioning

With the addition of the membrane, however, the one
drawback will be speed of response especially when
compared to an open-cell design.

Three electrode systems

The latest improvement to chlorine measurement has been
the three-electrode design. This third electrode is an Ag/
AgCl reference electrode, which gives a stable potential to
measure against, thereby reducing drift.

By controlling a constant potential between the reference
electrode and the counter electrode, and not allowing
current to pass between them, the response of the sensor is
much more stable.

In this setup the electrochemical reaction is much more
stable, and zero drift is essentially eliminated.
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Three electrode systems with and without a membrane are
possible to manufacture, with the advantages/
disadvantages as outlined previously.
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Figure 10 Typical three electrode system

Measurement of total chlorine

In open-cell designs, if the measurement of total chlorine is
required, then a constant dosing of potassium iodide (KI) is
required in order to convert the chlorine into a measurable
form to be detected by the electrodes

In membrane designs, the conversion of chlorine into a
measurable form may be performed by the eletrolyte
solution, so no dosing is required.

Digital sensors
With the introduction of digital sensors, customers can
benefit from a range of features previously unavailable.

Digital sensors enable storage of information like calibration
data, manufacturing details and configuration options,
allowing them to be plug and play compared to analog type
sensors. This helps reduce the overall commissioning time
and keep operational costs down.

In addition, the closely coupled electronics within the sensor
converts the analog signal to digital, allowing for a more
robust communication with the transmitter and minimizing
unwanted signal interference or susceptibility.
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Real world performance challenges
Startup Time

When an amperometric sensor is initially turned on, a
voltage is applied between the reference electrode and the
counter electrode.

This voltage will cause the ions in the vicinity to the
reference electrode to rearrange due to the charges present
on the ions and the electric field present from the applied
voltage. This rearrangement must be complete before a
stable reading can be obtained.

Polarization can take place in solutions with no chlorine
content, however it will be faster in solutions that contain
chlorine in the sample. This is because if there is a higher
concentration of chlorine in the solution, then the
concentration gradient will encourage the HOCI to migrate
towards the electrode at a faster rate.
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Figure 11 Polarization
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Speed of response

When using a chlorine sensor in an online application, it is
critical that the sensor responds quickly to changes in
chlorine. This will allow for events to be detected where
over/under dosing of chlorine has occurred.

The speed of response of a chlorine sensor is dependant on
the measurement technology being used.

In an open cell design such as the ABB ChloroStar™ Cell the
electrodes are directly exposed to the sample. The speed of
response will be very quick, and is only limited by how
quickly the sample is getting replaced in the flowcell, and
the response time of the electronics monitoring circuitry.
Typical response times of 10-30s should be expected

In a membrane covered design such as the ABB ChloroStar™
Sensor, there is a membrane covering the electrodes. This
membrane protects the electrodes from fouling, and allows
a electrolyte to be used for improved pH performance,
however it will take some time for the chlorine ions to
diffuse through the membrane and reach the electrodes.
Typical response times for sensors of this nature are
normally 100-150s.

Flow control

Flow plays a critical role in the response of an amperometric
chlorine sensor. Generally speaking, chlorine sensors require
a minimum flowrate to achieve measurement stability and
avoid inevitable drift.

If we take a look at figure 12, we can see how the response to
flow rate changes for the chlorine sensor.
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Figure 12 Flowrate effecting chlorine measurement

It can be seen that the reading remains constant for
flowrates of above 10L/hr, but at lower flowrates the
reading starts to drop towards Oppm.

This is because at low flowrates, the chlorine concentration
at the membrane is consumed up by the reaction taking
place within the sensor and not replaced sufficiently causing
a "false-low" reading. Unfortunately, this is a drawback of all
amperometric chlorine sensors on the market today.

Low flow performance

As seenin Figure 13, when the flowrate passing an
amperometric chlorine sensor is too low, the reading will
drop significantly.

The drop-off in measurement is due to the sensor
consuming chlorine via the electrochemical reaction taking
place; if this chlorine is not replaced quickly enough at the
membrane, then a thin layer of solution with lower chlorine
concentration can form causing the sensor to report a false-
low value.

By fitting the steady-flow module onto ABB's InFlow Multi-
Cell (AZA100), it is possible to run the sensor at significantly
lower flowrates. The low flow module contains a magnetic
stirrer, that agitates the sample around the membrane,
simulating a higher fluid velocity than would have been
obtained from just the sample flowrate. Using this addition,
it is possible to run the flow cell at flowrates of down to 1L/
hour.
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Figure 13 Improvements from ABB's steady-flow module
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If the flowrate drops to zero, then the low flow module also
allows for a longer period before the reading starts to drop
off. This is because the stirrer is constantly replacing the
solution at the membrane surface with fresh solution, until
the whole volume of liquid in the flow cell has had its
chlorine consumed. The reading obtained from the ABB
ChloroStar™ Sensor will drop at a speed of about 1ppm/
hour with the low flow module fitted. This can allow the
sensor to operate in scenarios where the flowrate may drop
to zero for short periods of time.

The steady-flow module also has the added benefit in
preventing bubble formation on the sensor membrane
which can cause erratic readings, and just as important,
discourages the buildup of solids around the sensor
chamber causing a sluggish response.

Effect of pH on readings in open cell systems

In open cell chlorine systems, the electrodes are exposed
directly to the sample, so any changes in pH have a large
effect on the chlorine reading.

This is due to the chlorine disassociation curve, and the fact
that chlorine sensors are only measuring HOCI-ions, which
only occur in very low percentages at high pH.

For this reason, open cell systems such as the ABB
ChloroStar™ Cell are normally run with the addition of a
buffer when measuring samples above 6.5pH. This buffer
addition helps reduce the pH so that the majority of the
chlorine concentration comes from hypochlorous acid
(HOCI) which is then detected by the cell.

It is also possible to compensate for variations in pH by
using the disassociation curve. This can be configured to
happen automatically using the ABB AWT420 Transmitter,
and the ABB ChloroStar™ Cell which can be configured with
an optional pH sensor. This improves the measurement at

higher pH levels, however for the most accurate readings a
buffered sample is recommended.

Advantages

Disadvantages

No pH control

Buffering of
sample

Automatic
compensation
using pH
sensor

No buffer replacement
required

No additional equipment
required

No additional sensors
required

pH can be controlled,
giving highly accurate
results

No buffer replacement
required

No additional equipment
for mixing buffers
required

If pH is above about 6.5,
then the reading will be
highly susceptible to pH
variations

Requires the use of
additional hardware (ie.,
pump and mixers) and
replacement of a buffer
solution

pH sensor required ongoing
maintenance/calibration

if pH is above about 7.5,
then the reading will be
highly susceptible to pH
variations

Table 5 - Controlling the effects of pH
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The graph below shows the allowable regions for the
different methods of controlling pH on the ABB ChloroStar™
Cell.
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Figure 14 pH compensation & buffer requirements

*Zone 1- (pH < 6.5, and small variations) can be operated
without either pH com-pensation of buffering.

*Zone 2- (pH < 7.5, and medium variations) can be operated with
pH compensation, but without buffering.

*Zone 3- buffering is required to obtain a stable reading.

The ABB AWT420 transmitter provides the following
features to assist with control of pH in open cell systems:
Buffer pump control using relays — This allows the buffer
pump to be turned off when maintenance is required, by
using one of the integrated relays

Automatic pH compensation based on disassociation
curve — The formulas for pH compensation are
programmed into the ABB AWT420 Transmitter
transmitter and the compensation can be enabled if one of
the sensors fitted is the ABB ChloroStar™ Cell, and the
second sensor fitted is a pH sensor e.g. ABB 100E

pH drift alarm - A diagnostic can be configured that will
notify the user when the pH has fluctuated by more than a
user configurable point, requiring either the sensor to be
recalibrated at the new pH or inspection and/or
replacement of the buffer solution.
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Membrane covered systems

With membrane covered systems such as the ABB
ChloroStar™ Sensor, the electrolyte used within the sensor
contains a buffer which helps to compensate for any
changes in pH and allows the sensor to operate in solutions
of much higher pH (eg., up to 10pH units).

Due to the complex nature of how pH interacts with the
electrolyte solution and the sensor membrane, the
compensation formulas are based on experimental data of a
large range of sensors. These formulas are then
programmed into the transmitter, and pH compensation can
be performed automatically when the ABB ChloroStar™
Sensor and a pH sensor are attached to the ABB AWT420
Transmitter transmitter.

Without any pH compensation enabled, the pH dependance
of the ABB ChloroStar™ Sensor is roughly 0.5ppm/pH unit.

With pH compensation enabled, this is reduced to <0.1ppm/
pH over the range of 6-10 pH.

The figure below helps illustrate the benefits of pH
compensation on a ABB ChloroStar™ Sensor as the pH is

lowered.
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Figure 15 Improvements with pH compensation

The ABB AWT420 Transmitter transmitter also includes a pH
drift diagnostic that can be used to alert the user when the
pH level has drifted by more than a pre-configured value.
This can be useful as it will prompt for recalibration helping
ensure accuracy.

As the ABB ChloroStar™ Sensor contains an internal buffer,
there is no need for constant dosing, reducing installation
cost.

However, as the electrolyte is consumed over time,
replacement is required. See maintenance section for
replacement frequencies.

Effect of fouling on measurement

Fouling on chlorine sensor can be split into 2 main
categories:

Fouling due to the chemical reactions taking place at the
anode/cathode — As chlorine reacts with the electrodes, a
build-up will occur on the electrodes with time,
independant of the sample. It is important the electrodes
are kept clean to ensure sensor performance.

Fouling due to the sample - This is unintended fouling due
to the makeup of the sample. Elements such as iron and

manganese can cause fouling of the flowcell/membrane,
soit's important that sensors are regularly maintained. If
fouling is having a large impact then the sample should be
conditioned in a suitable way to allow the sensors to
operate.

With two electrode chlorine system, such as the ABB
ChloroStar™ Cell, users are required to use corundum sand
within the cell assembly to maintain measurement accuracy.
As sample interacts with the sand in the vortex-shaped cell,
the electrodes are continuously etched keeping them clean
and responsive. This helps to reduce the overall maintenance
requirements and extends operation, particularly in fouling-
prone applications. Care should be taken to ensure that the
flowrate is high enough that this abrasion can take place,
minimizing build up on the electrodes.

On a membrane covered system, such as the ABB
ChloroStar™ Sensor the membrane protects the electrodes
so the electrodes do not require as frequent abrasion. There
is still the risk that the membrane will become fouled,
however this part is easy to replace without causing any
damage to the internal electrodes in the sensor.

This means that on membrane covered systems no constant
abrasion is required, and the systems can be run at
significantly lower flowrates.

Drift of chlorine systems

All electrochemical chlorine systems are subject to long
term drift so it is recommended that the system is regularly
calibrated to a standard method to ensure accuracy.

The drift can be split into two parts:

« Span drift — This is the reduction in sensitivity of the
sensor to chlorine. For a given chlorine concentration, the
sensor will generate less current than when originally
commissioned, and therefore report a false low reading.
Zero drift — This is the drift in current generated by the
sensor when in a chlorine-free sample.

Span Drift

Span drift happens to all amperometric chlorine sensors.

Possible reasons for span drift can be contributed to:

1 Membrane fouling - If the membrane is fouled, then the
passage of chlorine ions across the membrane becomes
inhibited. This means for a given sample chlorine
concentration, less chlorine will reach the working
electrode, therefore less current will be generated, giving
a lower reading than expected.

- This can be resolved by replacing the membrane
regularly, and ensuring the sample quality minimizes
fouling. Sometimes it may be necessary to install a filter
prior to the measurement cell.

2 Electrolyte ageing — Over time the electrolyte in the
sensor will degrade due to situations like dilution of
electrolyte due to sample getting in, effects of
temperature/pressure, diffusion of chemicals out of the
membrane etc. This will affect the electrical circuit
formed inside the sensor, causing a drift in reading.

« This can be resolved by replacing the electrolyte

regularly.
3 Fouling of the working electrode — In some samples it
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may be possible for chemicals from the sample to diffuse
across the membrane and be present near the gold
working electrode. This can cause a degradation in the
working electrode.

« This can be resolved by polishing the working electrode.

Due to the large number of factors that can impact the span
drift, it is recommended to calibrate amperometric sensors
regularly to a standard method such as colorimetric DPD.
The frequency of this calibration is process dependant, but
typically between 1-3 months.

Zero Drift

Zero drift is more common on two electrode systems which
do not have a reference electrode to compensate for
measurement drift. The typical reason for zero drift is a drift
in the measuring electronics.

The ABB AWT420 Transmitter transmitter offers the
possibility of an automatic zero calibration. This allows it, in
conjunction with a carbon filter, to automatically switch the
carbon filter into the sample line (dechlorinating the sample)
and performing a zero adjustment to ensure that the sensor
outputs a value of Oppm for dechlorinated water.

Maintenance requirements
Maintenance in two electrode systems
The following maintenance is required:
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Maintenance in three electrode membrane covered
systems
The following maintenance is required:

Maintenance
period

Maintenance Maintenance required

Maintenance Maintenance Maintenance required
period

Process
dependent

Sensor
calibration

The sensor should be calibrated regularly
to account for any drift in the
measurement.

Typically this is done via a grab sample,
and the procedure takes about 10 minutes.

Zero calibration may also be used when
monitoring low chlorine samples for
improved accuracy .

Replacing of 12 months

electrodes

The reaction taking place at the electrodes
consumes the material present. Therefore
the electrodes need to be replaced.

The replacement interval will be
dependant on the process chlorine level
(higher chlorine levels will require
replacement more regularly).

The procedure requires disassembling the
sensor and typically takes about 30 mins.

Replacing of 1 month

buffers

If running with buffer addition to the
sample, then these buffers need to be
refilled as they empty and/or expired.

This procedure typically takes about 10
mins to refill the buffer containers.

Addition of 12 months
corundum

sand

Corundum sand is required in order to
keep the electrodes clean This sand may
be lost over time, so it should be
monitored and replaced if the electrodes
are getting dirty quickly.

This procedure typically takes about 10
mins.

The sensor should be calibrated
regularly to account for any drift in
the measurement.

Process
dependent

Sensor
calibration

Zero calibration isn’t required.

Typically this is done via a grab
sample, and the procedure takes
about 10 minutes.

Zero calibration may also be used
when monitoring low chlorine
samples for improved accuracy.

Membrane 6 months

replacement

The membrane should be replaced
when the calibration slope has
dropped to 50% of its starting value.
This involves removing the membrane
from the device, and fitting a new
one.

The procedure is simple and takes
about 10 mins.

Electrolyte 6 months

replacement

The electrolyte should be replaced
when the calibration slope has
dropped to 50% of its starting value.
This involves removing the
membrane, washing and refilling with
fresh electrolyte solution.

The procedure is simple and takes
about 10 mins.
Sensor
replacement

2 years The sensor should be replaced every 2
years due to the reaction forming a
layer on the reference electrode. The
ABB ChloroStar™ Sensor will monitor
its time in service and provide a
warning when replacement is
required.

Table 6 - Two electrode maintenance

Table 7 - Three electrode maintenance

Combined chlorine calculation

Using the calculated value functionality on the ABB AWT420
Transmitter transmitter, it is possible to obtain readings for
free chlorine, total chlorine and combined chlorine, using
two ABB ChloroStar™ SensorS.

Using a free chlorine sensor, and a total chlorine sensor
located in the same position, the ABB AWT420 Transmitter
transmitter can be configured to output the difference
between the sensor values, which will be the combined
chlorine. This allows for a system to monitor all three types
of chlorine from a single transmitter.

Verification/Validation of measurement

Considering the importance of chlorine measurement, some
applications require higher confidence than a single sensor
can provide. This be because if the sensor fails in any way,
then the chlorine residual being monitored may be reported
incorrectly, which could lead to additional biological growth
etc.

One way if gaining additional confidence in the
measurement is to place multiple sensors in the same
measurement point and comparing the results from those
inputs.
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Dual Verification

When dual verification is used, two sensors are placed in the
same measuring point, and then the readings can be used to
give additional information.

The ABB AWT420 Transmitter transmitter allows for the
following calculations to be performed. The result of the
calculation can then be used to control current outputs,
configure alarms, or be made available on the
communication output module fitted:

- Difference - This reports the difference between the
measured values. Ideally this will be 0, and any large
deviation from zero can be used to indicate that one of the
sensors is malfunctioning

.« PV =abs(PV,-PV.

Difference 52)

« Average - This can be used to obtain a more stable results
than may be possible with a single sensor. The average of

the values obtained by each sensor is calculated:
=PV _+PV,,
Average T

Triple Verification

When triple verification is used, three sensors are placed in
the same measuring point, and then the readings can be
used to give additional information.

The ABB AWT420 Transmitter transmitter fitted with dual

sensor input modules can perform the following

calculations. The result of the calculation can then be used

to control current outputs, configure alarms, or be made

available on the communication output module fitted:

- Three sensor average - This can be used to obtain a more
stable result than may be possible with a single sensor.
The average of the values obtained by each sensor is

calculated:

—PV_+PV_+PV
. PVAverage_ s1 352 53

« Two sensor average - In this mode the average of the two
closest values is reported. The value of the third sensor is
discarded. This mode will help in discarding spikes passing
through the system, and also allows for output of a valid
reading, even if one sensor fails

- Median value - In this mode, the values of the three
sensors are sorted, and the middle value is output. This
mode helps in discarding spikes in readings in all three
sensors
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5. Summary & Conclusions

As described above, chlorine is still well used in disinfection,
and the monitoring of chlorine levels in water is a key
method for ensuring the safety of potable water supplies.

There are many challenges/considerations to be made when
selecting a method of measuring chlorine, and each
application will be different, but the details presented
should give a strong understanding to allow the user to
select the best method for their application.

Both amperometric & colorimetric methods are being used
across the industry, and each have their own advantages/
disadvantages.

The table below gives a side by side comparison of the
amperometric methods.
ABB has a complete offering of electrochemical chlorine

Criteria 2 electrode 3 electrode membrane
covered
Technology self-cleaning open-cell flow- Membrane covered,
through design using 2 electrolyte filled 3
electrode technology electrode design
pH effects Needs stable pH or buffering Works over a wide range
above 6.5pH of pH values without any
need for additional
chemicals
Flow rate Required > 60L/hr Works down to 1L/hr with
the low flow module
attached
Response time About 10s About 100s

Table 8 - Comparison of amperometric methods

sensors as outlined below:

« ABB ChloroStar™ Cell (ACL410) — This is a 2 electrode

chlorine sensor that uses a sand vortex to maintain the

cleanliness of the electrodes. It is a flowcell design and can
monitor both free and total chlorine through the use of
reagent dosing.

ABB ChloroStar™ Sensor (ACL420) and InFlow Multi-Cell

(AZA100) - This is a 3 electrode membrane covered

system. The sensor is compatible with the modular

flowcell which offers easy installation of multiple sensor

systems, and operation at very low flow rates using a

stirrer module. The InFlow Multi-Cell is field-adaptable and

can be extended with sensor modules to measure a range
of parameters.

« EZTest 100 Chlorine handheld calibrator (AWQ101) — This is
a handheld device utilizing DPD chemistry and is used for
calibrating the systems above to the standard DPD
method.

For further information on how ABB can support you with a
chlorine measurement solution, please contact your local
ABB representative.
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6. References

Publication

Source

Whites Handbook of Chlorination & Alternative Disinfectants, 5th Edition
Guidelines for drinking-water quality, 3rd edition
EPA 334.0 standard methods

Wastewater Treatment Plant Operator Certification Training

Black & Veatch
World Health Organisation
EPA

The Pennsylvania State Association of Township Supervisors (PSATS)

Table 9 - References
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7. APPENDIX A.1 - Disassociation of

hypochlorous acid

Hypochlorous acid is a “weak” acid, which means it tends to
undergo partial dissociation in dilute solutions. The formula
for the dissociation is given below:

HOCI ©H*+0CI

The extent to which the acid dissociates is mainly controlled
by the pH and temperature of the solution.

In most potable & wastewater applications, hypochlorous
acid and the hypochlorite ion will both exist in some
proportion.

For solutions with a low ionic strength (for which the
activity of a substance is approximately equal to its molar
concentration) the extent of disassociation is given by:

K = [H* ][OCI]

@ [HOCI]

Where:

« Ka = the dissociation constant.

« [x] = the molar concentration of the substance.

Equation x can be rearranged to give the following formula:

[OCl]

PH=PK* log,q 5

Where:

« pH =the pH of the solution

* PK,=-log, K,

« [x] =the molar concentration of the substance

This allows the relationship between the pH and the ratio of
hypochlorous acid and hypochlorite ions to be plotted:

100
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% OCL-
® % HOCL-

Percentage

5 6 7 8 9 10 11
pH
Figure 16 Ratio of OCland HOCI and pH

As the temperature varies, the value of pKa will change with
temperature, and can be seen in the table below.

0o 5 10 15 20 25 30 35

7.825 7754 7.69 7.633 7.582 7.537 7.497 7.463

Table 10 - Effect of temperature on pKa

Note: pKa equivalent to the pH at which the percentage of
OCL- and HOCL are equal due to equation X
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8. APPENDIX A.2 - Disassociation of CI2

When chlorine gas is added to water, it will disassociate by
the following equation:

Cla+H20HOCI+ H*+CI-

As above the disassociation constant can be defined by the
following equation:

_ [Hocl[CI ][H"]

Ko [cL]

Where:

« Kp = the dissociation constant

« [x] = the molar concentration of the substance.

Equation x can be rearranged to give the following formula:

[CLI[HOCI

pH=pK + log,, [l
2

Where:

« pH =the pH of the solution

* pK,=-log, K,

« [x] = the molar concentration of the substance.

As temperature varied, the value of pK will vary, which can
be seenin the table below:

0 5 10 15 20 25 30 35

3.84 3.73 3.63 3.55 3.47 3.41 3.35 3.30

Table 11 - Effect of temperature on pKb
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9. APPENDIX A.3 - Total Disassociation of
Chlorine in Water

Using the results from Appendix A.1 & Appendix A.2, the It can be seen from the graph that most of the chlorineisin
following graph can be obtained to show how the pH affects  hypochlorous acid form between pH 4 and 7.5, and at other
the proportion of each chlorine form. pH ranges the proportion drops significantly.

The digital software contained within the ABB AWT420

1:2 cl, Hocl ocl Transmitter can compensate for these changes in pH using a
80 pH sensor input, to provide a more accurate reading over a
70 wider pH range.

60
50
40
30
20
10

0

2 3 4 5
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pK, =3.41 @ 25C — PH pK, =7.54 @ 25C

Percentage

Figure 17 Effect of pH on chlorine forms
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10.APPENDIX C - Compensation Formulas

ABB ChloroStar™ Sensor

Temperature Compensation

Temperature compensation on the ABB ChloroStar™ Sensor
isimplemented based on experimental data. Details on the
compensation factors can be seen below.

3

2.5

15

Compensation factor

0.5

o 10 20 30 40 50 60

Sample temperature (Degrees C)

Figure 18 Temperature compensation factors

It can be seen that the response to chlorine reduces at lower
temperatures, and increases at higher temperatures. This is
because the reaction that takes place in the sensor is
affected by temperature.

This curve is implemented in the ABB ChloroStar™ Sensor
software to automatically compensate for changes in
temperature.

pH Compensation
The ABB ChloroStar™ Sensor is pH compensated based on
experimental data. The pH compensation formulas are:

pH Value Multiplier

<4.0 1.0

4<pH<6 1-0.04*(calpH-currentpH)
6<pH<8 1-0.05*(calpH-currentpH)
8<pH<10 1-0.12*(calpH-currentpH)
pH > 10 1-0.17*(calpH-currentpH)

Table 12 pH compensation factors

For a sensor that was calibrated at a pH of 7, this gives the
following compensation curve.

25

=
n

[

Chlorine correction

0.5

pH
Figure19 Sample compensation curve at pH of 7

It can be seen that as the pH increases, the chlorine
correction factor also increases. This is because the
uncompensated value reported from the sensor will be
reducing, due to the lower concentration of HOCl ions. This
correction works over a much larger range than open cell
sensors due to the acidified electrolyte.

ABB ChloroStar™ Cell

Temperature Compensation
Temperature compensation on the ABB ChloroStar™ Cell is
implemented based on experimental data.

8

7

Compensation factor

0 10 20 30 40 50 60
Temperature (C)
Figure 20 Temperature compensation factors
It can be seen that the response to chlorine reduces at lower
temperatures, and increases at higher temperatures.
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pH Compensation
pH compensation on the ABB ChloroStar™ Cell is performed using the theoretical calculations. The formula is below.

Step 1: Calculate pKa at the measurement temperature:

pKa =0.0001216667 * Temp? - 0.0145654762*Temp + 7.8242916667

Step 2: Calculate the correction factor at the calibration pH
CalpH < 6:
Cal_Factor=1

Cal pH > 6:

Cal_Factor = TH10 PR
Step 3: Calculate the correction factor at the measured pH:
Current pH < 6:

Current_Factor =1

Current pH > 6:

Current_Factor = 1

1+10(CurrentpH-pKa)

Step 4: Compensate the reading:

Cal_Factor
Comp_ppm=Raw_ppm *

Current_Factor

The graph below shows the compensation factor for a
calibration at 7.0, and temperature of 25C.

[
(=]

Chlorine correction

O MMV W H 1O N OO

0 2 4 6 8 10 12 14 16
Current pH

Figure21 Sample compensation curve at pH of 7

It can be seen that the correction is stable below about pH
of 6.5, then a rapid increase is displayed. This is because the
reading will drop of quickly at high pH values.
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