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A critical decision
For many years, water treatment plants have struggled with the question of how to
best measure free chlorine in drinking water. There are two commonly used methods,
and each present their own challenges. The reagent-based method requires
continuous resupply of costly chemicals, while the reagent-free method is inherently
pH measurement dependent. Most water treatment plants use one of these methods,
but traditionally neither method has been completely satisfactory. Therefore, new
developments in technology should be closely examined before placing another order
of reagents. The following white paper analyzes the pros and cons of free chlorine
measurement methods, explores the issues with these methods, and introduces new
factors in support of reagent-free solutions.

Making water safe to drink
Water must be properly treated before it can be used by the public as a safe and reliable
source for drinking. Water treatment varies based on plant size, and the quality and
source of the water. Small systems often use ground water, while large systems rely on
surface water, such as rivers, lakes, and reservoirs.
As a universal solvent, water comes in contact with organic materials as it filters
through the ground and moves through lakes and rivers. These organic materials
dissolve in water and become a food source for microorganisms. Even the most minute
nutrient sources can support growth and, while that is beneficial for the microorganisms, it spells disaster for people. These microorganisms, such as Giardia lamblia or
protozoa Cryptosporidium, can be harmful or even lethal to humans.
Inactivation of microorganisms is accomplished through chemical disinfection and
mechanical filtration treatment. This treatment consists of coarse filtration to remove
large objects and a pre-treatment, which includes disinfection using chlorine or ozone.
One of the first known uses of chlorine for water disinfection was in 1850 after an
outbreak of cholera in London. In the United States, chlorine was first used in 1908 as a
chemical disinfectant of drinking water, and the powerful disinfectant attributes come
from its ability to bond with and destroy the outer surfaces of bacteria and viruses.
Today, chlorine is added to water as chlorine gas (Cl2), sodium hypochlorite (NaOCl) or
chlorine dioxide (ClO2) in two treatment stages—primary and secondary disinfection.
The addition of chlorine is controlled by continuous online measurement in both
treatment stages. Chlorine has a broad spectrum germicidal potency in the primary
disinfection stage. In addition, it is highly effective at providing a residual or persistence
in the water distribution system to protect against re-growth of microorganisms and
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prevent waterborne diseases. Chlorine reacts with inorganic and organic contaminants
in the water, and these contaminants impose a demand on the chlorine. Excess
chlorine that is not used is called a residual. Therefore,
Chlorine Residual = Chlorine Dose - Chlorine Demand
Pathogens can enter the distribution
system through cracks and joints in pipes,
therefore regular monitoring of
disinfection levels is essential to
preventing contamination. Though the
water may be safe upon leaving the
treatment plant, it is important to
continually monitor for contamination by
microorganisms. Minimum chlorine
residuals are mandated by local
environmental regulations; however, 0.2
mg/L of chlorine residual is a good rule of
thumb.

Figure 1: Chlorine is highly effective in both primary and
secondary disinfection.

The science of chlorine measurement
Regardless of the chlorine source, chlorine gas or sodium hypochlorite, free chlorine
exists as an equilibrium between hypochlorous acid and hypochlorite ion as shown in
this equation:
HOCl = H + + OClThe above equation is significant because any solution of chlorine gas or bleach in the
water is a mixture of hypochlorous acid and hypochlorite ions. The relative amount of
hypochlorous acid or hypochlorite present depends on pH values and, to a slight
extent, on temperature.

The challenges of measurement
Chlorine is a costly chemical and requires large amounts of energy to produce. About
3000 KWH are required to produce a ton of chlorine from brine, and the delivered cost
ranges from $160 to $300 per ton. As energy becomes more expensive, so will the cost
of chlorine.
If for no other reason than cost, it is important to measure and control chlorine
concentration. Equally important is the fact that the bleaching and disinfecting ability
of chlorine depends on concentration. Too little chlorine is ineffective. Too much
chlorine is wasteful or may create other problems in the process. In the chlorination of
drinking water, underfeeding chlorine results in incomplete disinfection with
consequent danger to the public health. Overfeeding chlorine produces water with an
objectionable odor. Overfeeding also increases the levels of trihalomethanes (THMs) in
the finished water. THMs are suspected carcinogens.
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The reactivity of chlorine and its complex chemistry in an aqueous solution make the
measurement of chlorine difficult. Even under ideal laboratory conditions, results vary
with the method used, and process instruments can further complicate the situation.
Calibration, drift, reliability, and maintenance become important issues.

Measurement technology options
Two types of process monitors are generally used to measure free chlorine in drinking
water systems: colorimetric or amperometric.

Colorimetric technology
In the colorimetric method, chemicals added to the
sample react with chlorine to produce a color. The
darkness of the color is proportional to the amount of
chlorine. The process instrument measures the color
and converts the result into a ppm chlorine reading.
While many water authorities have used the
colorimetric method, the technology has a number of
drawbacks. One is reagent consumption. Reagents
typically last for 30-60 days. On estimate, reagents for a
single system can cost between $750 and $1000 per
year. Since most water authorities have hundreds of
water supply systems, annual reagent costs can be
hundreds of thousands of dollars.

Figure 2: Colorimetric measurement
employs consumable reagents.

However, the big cost of a reagent-based system is not in materials alone, but also in
the manpower required to change, order, store, and track them. Many of the water
authority systems are far from main roads so the amount of travel time required is
significant. In addition, the colorimetric analyzers have a sample conditioning system
(a pump to inject reagents, tubing to carry them, and a mixing device). These parts
require regular monthly maintenance, which includes cleaning, inspecting, and
replacing tubing, as well as calibrating and verifying the system.
Another hidden but considerable cost associated with the colorimetric analyzers occurs
when the reagent runs out. The residual chlorine can drift below the regulated level,
and the system can be put into alarm mode. Such incidences can cause the telemetry
system to classify the plant as out of compliance with local and federal requirements,
leading to potential fines and penalties.

Amperometric technology
Amperometric chlorine sensors are electrochemical devices. A voltage applied to a
metal electrode called the cathode causes an electrochemical reaction in which HOCl
molecules combine with electrons and are destroyed. Because the concentration of
HOCl at the cathode is zero, HOCl in the bulk solution diffuses to the cathode, where it
too is destroyed. The continuous destruction of HOCl requires a constant flow of
electrons. Thus, the sensor produces a current directly proportional to the diffusion
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rate. The diffusion rate, in turn, is proportional to the concentration. It is important to
understand that the sensor current arises from the reaction of HOCl, not OCl-, at the
cathode.

Figure 3: Voltage applied to an electrode causes an electrochemical reaction in which HOCI molecules combine with electrons and
are destroyed.

As previously indicated, pH changes can have a profound effect on the sensor current.
Between pH 7.0 and 8.5, the typical range for drinking water, the percentage of free
chlorine present as HOCl drops from 75 percent to 10 percent. Thus, the current would
be expected to drop by a factor of 7.5. In fact, however, the actual drop in current is
less. The current is higher than expected because of the dynamic equilibrium between
HOCl and OCl-. Loss of HOCl at the cathode upsets the equilibrium, causing OCl- to
form HOCl. The additional HOCl then reacts at the cathode, increasing the current.
Nevertheless, the current is still a strong function of pH.
Amperometric technology has many inherent benefits. The sensors are relatively free
from interference. Manganese, iron, nitrate, and chromate – substances that interfere
with other methods – have little influence on amperometric sensors. The sensors are
low maintenance, although they do require periodic cleaning to wash away solids that
slowly accumulate on the membrane. Because the technology does not need reagents,
amperometric systems do not require the purchase of costly consumables or ongoing
maintenance of the reagents, and these systems reduce errors due to depletion of
reagents. The one remaining significant issue is the need for pH measurement and
compensation.

The pH dependence issue
Although free chlorine is a mixture of HOCl and OCl-, the current generated by an
amperometric free chlorine sensor depends primarily on the concentration of HOCl in
the sample. This means that if the pH of the sample changes from the value it had when
the sensor was calibrated, the chlorine reading will be in error. The errors can be quite
large, as much as 20 or 30 percent per unit change in pH. Because the ratio of HOCl
decreases as pH increases, the increase in pH causes the current (and the apparent
chlorine concentration) to drop.
One way to handle pH dependence is to treat the sample with an acid, typically vinegar,
to lower the pH below approximately 5.5, where free chlorine exists only as HOCl. This
is an accepted technique and is used by many manufacturers. The drawback, of course,
is the need for chemical pretreatment of the sample. Using this solution for pH
dependence largely eliminates the primary benefit of using a reagent-free
amperometric sensor.
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Amperometric analyzers can be made reagent-free by using an auxiliary pH sensor that
measures the sample pH. The analyzer uses the pH measurement to correct the raw
chlorine signal for changes caused by pH. The disadvantages are that the user may have
to purchase and implement an additional pH measurement system to accompany the
amperometric device. In addition, these systems often require a large flow sample,
overusing water and representing a large ongoing cost.

An integrated approach
Now to address these issues, an EPA 334.0-compliant, fully integrated technology
approach has been developed, which allows plants to meet the measurement
requirement without significant compromise.
In this approach, a chlorine sensor is
coordinated with a pH sensor, with both
communicating to a single analyzer in an
integrated system. This approach provides a
“plug and play” system for the user. The pH
adjustments are made automatically in the
system. This solution eliminates the need to
purchase and incorporate two separate systems.
In addition, the system includes an intuitive flow
column that controls flow rates, enables
off-gassing, and significantly reduces water
consumption. As a “system,” an integrated
solution can include best-in-class technology for
each component, making the system more than
the sum of its parts.

Figure 4: Amperometric and pH measurements are fully integrated in a “plug and
play” system.

The amperometric chlorine sensor
The sensor included in the system provides all the benefits of amperometric
technology:
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Reagent free - no costly consumables
replacement



Very low maintenance



Freedom from interference



Low error, and no errors due to reagent
depletion

Figure 5: Rosemount™ 499A Chlorine
Sensor from Emerson™.
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The pH sensor
In this approach, a chlorine sensor is coordinated
with a pH sensor, with both communicating to a
single analyzer in an integrated system. This
approach provides a “plug and play” system for
the user. The pH adjustments are made
automatically in the system. This solution
eliminates the need to purchase and incorporate
two separate systems. In addition, the system
includes an intuitive flow column that controls
Figure 6: Rosemount 3900 pH Sensor
from Emerson.
flow rates, enables off-gassing, and significantly
reduces water consumption. As a “system,” an
integrated solution can include best-in-class technology for each component, making
the system more than the sum of its parts.


An advanced glass formulation that resists cracking



A double reference junction, which extends sensor life significantly

Users can expect sensor longevity of one year versus the industry average of six
months. This life cycle is twice the industry standard, reducing costs of equipment and
maintenance.

The single integrated transmitter
Combining the sensors with an advanced
transmitter allows for:


Easy-to-use, intuitive interface that makes
setup and day-to-day operation simple, even
for less-experienced workers



Data logging capability, which reduces the
need for an additional data logger and simplifies
the process of maintaining regulatory
compliance



Enhanced process insight and advanced
diagnostics—knowing more about the process
allows for predictable service, reduces time in
the field, and assures minimal downtime

Figure 7: Rosemount 56 Transmitter
from Emerson.

The intuitive flow column
Figure 8: Low flow column provides lowest
The flow column integrated into the system
sample rates.
provides the lowest sample rates in the industry.
The system provides 3.0 gallons per hour (GPH),
reducing water consumption significantly over traditional chlorine measurement
systems.
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Reducing total cost of ownership
A review of relative costs between the colorimetric and the integrated amperometric
technologies reveals that the initial integrated system cost is higher. However, when
considering the ongoing costs of reagents, the total operating costs are reduced by 17
percent and labor requirements by 90 percent over a three-year period.
A more significant advantage is gained when the water savings are considered. At an
industry standard flow rate of 7.9 GPH, conventional chlorine systems use almost
208,000 gallons in three years, but the integrated amperometric system with the flow
column at 3.0 GPH uses approximately 79,000 gallons – a dramatic savings.

It is also significant to note that water from chemical systems contains reagents that
require additional treatment for removal. In this way, the integrated amperometric
solution provides cost savings as well as environmental advantages.

Putting it all together
The greater potential for accuracy and the significant reduction in maintenance and
personnel time are, in themselves, reasons for considering an amperometric over a
colorimetric solution. Amperometric systems have no hidden components or added
chemicals that need checking and replacement, providing substantial benefits to water
plants. A fully integrated amperometric solution offers important advantages in
ease-of-use, sensor life, regulatory compliance, and a dramatic reduction in water
usage. Such benefits make this solution an obvious choice.
Consistent, constant, and accurate analysis means big gains for operators as they
maintain safe, healthy water supplies. The fully integrated amperometric solution with
flow column is the clear choice to reduce costs and improve chlorine measurement.
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