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Abstract
A simple electrolysis apparatus was set up with a 10 wt% NaCl solution using a

stainless steel cathode and a graphite anode to produce a hypochlorite ion solution. The
hypochlorite ion solution was quantified to around 600 ppm by spectrophotometry
analysis at 515 nm using N,N-diethyl-p-phenylenediamine (DPD). The efficacy of the

hypochlorite solution was determined by contaminating a 1 ppm solution of the
hypochlorite solution with the sulfide-producing bacterium, Salmonella typhimurium. At
this level, the bacteria were not viable. The procedure used to generate the hypochlorite
solution and determine its disinfection effectiveness was adapted to a lab experience for
first-year chemistry students.
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Introduction
More than one billion people around the world lack good water quality.1 Drinking

contaminated water can cause a wide variety of diseases including those transmitted as

waterborne diseases obtained from bacteria in human and animal feces. Waterborne
contamination can cause diseases such as cholera, typhoid, amoebic dysentery, and other

diarrheal diseases.
Every day, approximately five thousand children are killed by diarrheal diseases.

Finding a way to improve water quality will inevitably lower this death toll and will help
save future lives. Diarrheal diseases may not always lead to death, but it does make a

person more susceptible to other illnesses. Having the ability to improve water and
sanitation will help eradicate extreme poverty and hunger, achieve universal primary
education, promote gender equality and empower women, reduce child mortality,

improve maternal health, combat HIV/AIDS, malaria and other diseases, ensure

environmental sustainability, and develop a global partnership for development.3
According to the World Health Organization, investing in drinking water and

sanitation can have several benefits. One benefit is that health care savings of US $7

billion a year for health agencies and $340 million for individuals. Another benefit is that

there will be 320 million more productive days gained each year between the ages of 15
and 59, along with an extra 272 million school attendances a year, and 1.5 billion healthy

days for children under the age of 5 years old. A third benefit is that improved drinking

water and sanitation can save 20 billion work days accounting for a gain of $9.9 billion a
year. Taking all the benefits into account, the total payback for improved drinking water
and sanitation is $84 billion a year.3
3

It is important to note the characteristics of a perfect disinfection technique. While

there are no techniques that have all the characteristics, it is important to have most of
them. One characteristic is that the solution must kill bacteria upon initial contact and

leave residual disinfectant in the solution to prevent future contamination. Another

characteristic is that it should have no profound taste or odor. If the solution has a bad
taste or smell, then people will be less inclined to use the method and will resort back to

drinking the contaminated water that they had before. A third characteristic is that the
technique should be inexpensive and easy to perform, requiring no training, as a small

community system or a home based system. Also, it is important that the technique

requires chemicals and equipment that are easily available to all people.
There are many techniques that are used for water disinfection in developed
countries. They include chlorination, ozonolysis, UV disinfection, filters, and other

halogen-based techniques. Chlorine disinfection was first used in the 19th century to
control the spread of water-borne diseases.3 Chlorine is a powerful disinfectant agent
when used as pure chlorine or sodium hypochlorite (bleach). In addition to purifying

water, chlorine removes some taste and odors, controls the growth of slime and algae in

pipes and storage tanks, and helps to remove unwanted nitrogen compounds from water.
Chlorination is the technique that is used to decontaminate 98% of Western Europe’s
drinking water.4

Ozone is another water disinfection technique that has been in use for some time.
It has been used a water treatment for about 80 years in European countries.4 Ozonation

has become popular in North America partly because of its superiority over chlorination.
It enhances the coagulation process despite its inherent weakness in leaving practically no
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residual in the distribution system. A couple major issues with ozonolysis is that it forms
small amounts of hazardous trihalomethanes (THM) when used to treat polluted waters or

wastewater and that the disinfectant does not stay in solution and the water can be
contaminated again.5
Ultraviolet disinfection is another popular disinfection technique used in

developed countries. UV disinfection has been a reliable disinfection technique since

1916.5 This technique involves exposing contaminated water to radiation from UV light.6
UV disinfection works because the UV light penetrated an organism’s cell wall and

disrupts the cell’s genetic material, making reproduction impossible.6 Even though UV

disinfection is effective in inhibiting reproduction, there are some limitations. UV
disinfection is an expensive technique and UV radiation is not suitable for water with
high levels of suspended solids, turbidity, color, or soluble organic matter.6 These

materials can react with the UV radiation and inevitably lead to reduction in the
disinfection performance.6 Also with UV disinfection, it does not leave residual

disinfectant in the water to prevent future contamination.
Filters are among one of the leading water disinfection techniques. Filters are

usually expensive and need to be replaced regularly. There are many different types of
filters which come with a range of pore sizes, which makes the selection difficult.5 Also,

filters frequently block and leak making them less effective when compared to other
disinfection techniques.5

Developed countries have a wide range of disinfection techniques; however, due
to the lack of resources and the cost, developing countries do not have as many options.

Developing countries typically use home-based or small community based disinfection
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techniques if they use disinfection at all. Some home-based disinfection includes boiling,

solar disinfection, and the use sodium hypochlorite (bleach). Boiling water is a technique
that is used in emergency situations when there is no other option. Boiling water is

effective in killing live pathogens while driving out volatile organic compounds (VOC).6
In developing countries, boiling water is not the best technique because it requires a

continuous large amount of fuel, it is not effective against toxic metals, chemicals, or

nitrates; and could concentrate any harmful contaminants that do not vaporize as the

water vapor boils off.7 Boiling water does not leave any residual disinfectant to protect
against future contamination.
Solar disinfection (SODIS) is another technique that developing countries resort

to. Solar disinfection uses plastic bottles and sunlight. Water is placed in clear plastic
bottles and is set out in the sun allowing heat and solar UV radiation to kill
microorganisms that cause waterborne diseases.7 A major concern about this technique is
that the water can be contaminated again after the initial treatment.
The best most effective way for developing countries to disinfect water is through
the usage of chlorine or sodium hypochlorite (bleach). A solution of sodium hypochlorite

will kill microorganisms and it is very effective against many bacteria, lipid and nonlipid

viruses, fungi, slime-forming algae, protozoa, and nematodes.9,10 Even though bleach is

effective killing microorganisms and is a common household item in developed
countries, it may be hard to find or expensive to buy in developing countries. Since
bleach is so hard to acquire in developing countries, residents must find a way to make

bleach on their own.
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An effective way to produce a sodium hypochlorite solution is by performing the

Chlor-Alkali process. The Chlor-Alkali process requires an electrical potential applied to
a sodium chloride solution where the anode and cathode are composed of graphite and

stainless steel, respectively. Graphite must be used because it is inert to oxidation
compared to stainless steel. Other anodes that could work for the experiment include

platinum and gold. If the cathode and the anode solutions are allowed to mix, then the

sodium hydroxide ion being produced at the cathode and the chlorine gas being produced
at the anode will interact and produce the hypochlorite ion.11
Adapting the Chlor-Alkali process to an undergraduate laboratory experiment can

provide students with an interdisciplinary exposure to chemical and biological principles

such as oxidation-reduction, analytical chemistry, electrochemistry, microbiology, and
how science applies to real life situations. Oxidation-reduction chemistry is used to
produce chlorine gas, sodium hydroxide, and the hypochlorite ion. Electrochemical

chemistry is experienced through the Chlor-Alkali process. Analytical chemistry is used
to determine the concentration of total chlorine in the electrolyzed solution by a chlorine

testing kit. Also, students will get a better understanding of dilutions, as the hypochlorite
disinfecting solution produced by electrolysis must be diluted in the treatment of

contaminated water. Students get a sense of microbiology because they have to deal with
microorganisms and learn methods to disinfect water contaminated by such
microorganisms.

Performing an experiment like sodium chloride electrolysis to produce a sodium

hypochlorite solution, introduces students to the idea that science can apply to real life
and that science can be used to relieve human suffering. In addition, this experiment will
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allow general chemistry lab students to learn the types of chemistry involved in

electrolysis and develop an appreciation how science is used in real life. With this, I can

hypothesize that if the Chlor-Alkali technique can be adapted to a general laboratory
experiment on drinking water disinfection, and I scale down the process using a simple

power supply with available glassware and chemicals then I will be able to produce an
alkaline hypochlorite solution at a concentration high enough to disinfect water which
may help third-world countries have viable drinking water.
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Theory
One effective way to produce bleach begins with performing the Chlor-Alkali

process, a process that produces chlorine gas and sodium hydroxide. In terms of
producing hypochlorite ions from sodium chloride electrolysis, an oxidation reaction

must occur at the anode while a reduction reaction occurs at the cathode. The half
reactions for the cathode and the anode are shown in equation (1) and equation (2),
respectively.

Cathode Reaction

2H2O+ 2e“----- > H2 + 2OH’

(1)

Anode Reaction

2C1“----- >Cl2 + 2e"

(2)

Combining the oxidation-reduction reactions, the overall Chlor-Alkali reaction
can be shown in equation (3):
2NaCl + 2H2O -> 2NaOH + Cl2 + H2

(3)

If the cathode and the anode solutions are allowed to mix, the hydroxide ion
produced at the cathode reacts directly with the chlorine gas being produced at the anode.

By further oxidation of chlorine gas, the hypochlorite ion is produced via equation (4).

ci2 + 2oic —> h2o + cr + ocr
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(4)

In this experiment, the goal was to produce hypochlorite from the

electrolysis of sodium chloride. The overall reaction for the electrolysis of sodium

chloride to hypochlorite ions is shown in equation (5).

H2o+cr--- >2H2+OCr

(5)

The cell potential for reaction (5) was determined to be -1.7 V. Since this value is

negative, the reaction is nonspontaneous and it is necessary to apply a voltage with an
external power supply.

The hypochlorite solution has to be diluted to a small range of concentrations to

be a safe amount. If the concentration of the hypochlorite solution is too high (above 2.0
ppm), then the water starts tasting bad which will lead people to abandon the technique

and resort back to their poor quality water. Also, if the hypochlorite solution is not

concentrated enough (below 0.5 ppm), then the solution will be ineffective in killing
microorganisms that are living in the drinking water.
To determine the effectiveness of the hypochlorite disinfection solution, an

indicator must be used. Bacteria that produce hydrogen sulfide as a byproduct were used
to model contaminated drinking water. Sulfide ions can be detected in solution by

precipitating it with a number of metal ions. In this experiment, sulfide ion production

was detected by precipitant of black Fe2S3 as shown in equation (6).

2Fe3+ + 352" -» Fe2S3

(6)
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Experimental Section
Electrolysis Apparatus. The electrolysis apparatus was set up using a 1 L beaker

containing a 10 wt% NaCl solution as the electrochemical cell. Some electrochemical
cells used for the Chlor-Alkali process have a diaphragm between the cathode and anode

compartments because they use this process to collect chlorine gas and sodium
hydroxide. However, the chlorine gas from the anode and the hydroxide ions from the

cathode were allowed to interact immediately producing hypochlorite ions (bleach). A
graphite pencil was used as an anode as a stainless steel spatula was used as a cathode.

The electrodes were attached to a DC power supply and placed in the 10 wt% NaCl
solution. The voltage and current were maintained at 5 V and 1 amp, respectively. For all

experiments, the electrolysis process was allowed to run for 35 min.
Quantitation of Total Chlorine. Chlorine standards supplied by Hach with a

29.75 ppm concentration (Cat No. 26300) were diluted to concentrations ranging from 0.2

to 1.4 ppm to set up a standard calibration curve. The 1 mL aliquots taken from
electrolysis were diluted up to 100 mL in a volumetric flask using de-ionized water so

that their concentrations were within the range of the standards. 25 mL of the diluted

solution was placed in a 50 mL Erlenmeyer flask and was mixed with N,N-diethyl~pphenylenediamine (DPD). The total chlorine in the standards and the hypochlorite

disinfection solution (HDS) aliquots were quantified spectrophotometrically at 515 nm.

A typical concentration of chlorine in the HDS after 35 min was 600 ppm.
Water Disinfection Test. The correct amount of hypochlorite disinfecting

solution was added to the bacterial solution to dilute it to approximately 1.0 ppm in order
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to disinfect the bacterial solution. Three separate solutions were inoculated with
Salmonella Typhimurium, a sulfide-producing bacterium, to simulate contaminated

drinking water. The first solution w as treated with the 1.0 ppm of total chlorine from

HDS produced in this experiment. The second solution was used as a control, and was

left untouched with the bacteria still present. The third solution of bacteria was treated

with commercial laundry bleach that was diluted to 1.0 ppm. An iron-containing nutrient
broth was added to 20 mL portions of each sample in 50 mL test tubes. The solutions

were incubated for 24 hrs at 35°C. Bacterial presence was detected by the black color of
Fe2S3. Black precipitate in the solutions would indicate the presence of S'. Typhimurium
and that the bleach solutions were not effective in disinfecting the water: the absence of
the black precipitate would indicate that the bleach was effective in killing the bacteria
present in each solution. The hypochlorite disinfecting solution was then compared to

commercial laundry bleach to determine if it was as effective in killing the bacteria.
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Results and Discussion

Standard Curve Development To develop a standard curve for chlorine concentration, a

calibration curve was set up using the chlorine standards. Chlorine standards were supplied
by Hach with a 29.75 ppm concentration. The standards were diluted to concentrations
between 0.2 and 1.4 ppm to create the calibration shown in Figure 1. A DPD packet was
added to 25 mL of the standards and was analyzed using a spectrophotometer at 515 nm. The

calibration curve of the standards is as shown in Figure 1:
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Figure 1. Calibration Curve of the Chlorine Standards
Using the calibration from Figure 1, the total chlorine of the HDS solution was

determined over a 35 min interval. 1 mL aliquots were extracted every five minutes for a total
of 35 minutes. The 1 mL aliquots were diluted to 100 mL using a 100 mL volumetric flask. A
DPD packet was added to 25 mL of each sample and was analyzed through
13
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spectrophotometry at 515 nm. Using Beer's Law, the absorbance of each sample was
converted into total chlorine concentration of HDS. 1 mL aliquots were taken every minute to
determine whether a significant amount of hypochlorite ions can be produced in a short time

for electrolysis to perform this experiment in lab. Figure 2 shows the ability to produce
hypochlorite ion at moderately high concentration (-600 ppm) in a short amount of time (-35
min).The hypochlorite ion production curve is shown in Figure 2:
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Figure 2. Production of Total Chlorine During 35 minutes of Brine Electrolysis.

Effectiveness The HDS was compared to Clorox bleach in the effectiveness of disinfecting

water contaminated with a sulfide producing bacterium, Salmonella. Salmonella was cultured

on agar slants for the bacteria to grow. Using an inoculating loop, the bacterium was placed

in a solution of water. Then the bacteria solution was diluted five times by a factor of 1:10.
After contaminating three separate water containers with Salmonella, 1 ppm of HDS was
added to the first container, the second container was left as a control, and 1 ppm of Clorox
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was added to the third container. An iron-containing nutrient broth was then added to 20 mL

of each sample and was allowed to incubate for 24 hours at 35°C. Figure 3 and Table 2

demonstrates that the hypochlorite disinfecting solution (HDS) of concentration of 1.0 ppm is

as effective in killing hydrogen sulfide-producing bacteria as Clorox Bleach is at the
concentration of 1.0 ppm.

Figure 3. Treated Water Samples

Control
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Adapting this research to a general chemistry laboratory experiment will require

some simple justifications. There will be some potentially challenging obstacles as well.
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The experiment will not be able to be performed in one lab period because the treated
water needs to be incubated for 24 hours. Also, preparing the bacterial solution can cause

some difficulty. There must be a large enough quantity of bacterial solution available for
all laboratory students. In addition, it cannot be too concentrated because the experiment

will not work properly. If the concentration is too high, it is not a good model for the
contaminated water and the hypochlorite disinfecting solution will be ineffective. In
contrast, the electrolysis procedure and quantitative analysis of hypochlorite solution will

be easy to accomplish in one lab period. It is estimated that the prep time for this
experiment is about 30 minutes, the electrolysis time is about 35 minutes, and the time it

takes to analyze the solution is about an hour. The general chemistry lab experiment is
attached in Appendix A.

In performing this lab experiment, the students will need to synthesize knowledge
from a variety of chemical topics and disciplines. The lab experiment requires knowledge

of oxidation-reduction chemistry, concentration calculations, dilution calculations, and
spectrophotometry. In addition, the lab ties together microbiology and chemistry in a real

world context.
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Appendix A
Lab#

Rural Water Disinfection In The Developing World

Objectives:
•
•

To use the Chlor-Alkali process to produce a bleach solution.
To determine if the bleach solution is effective in disinfecting hydrogen-producing
bacteria.

Chemicals and Equipment Needed:
Salmonella

lOOgNaCl

StopWatch

Stir Bar

IL Beaker

lOOOpL Micro Pipette

IL Erlenmeyer Flask 2-DPD Packets

Power Supply

2-50mL Erlenmeyer Flasks

5-Plastic Test Tubes

Graphite Anode

Spectrophotometer

5-Nutrient Broths

Stirring Hot Plate

Stainless Steel Cathode
25mL Volumetric Pipette

2-100mL Volumetric Flasks
Introduction

1.1 billion people around the world lack good water quality, and poor water quality is the
cause of many water related diseases. Having such poor water quality can lead to a lot of water
related diseases. A bleach solution made of sodium hypochlorite is effective in killing
microorganisms including bacteria, viruses, fungi, algae, and protozoa. Bleach is often not
prevalent in developing countries, and villagers must resort to producing their own bleach
solutions. One way to produce bleach is by performing an alkaline electrolysis of brine (ChlorAlkali process) in a “one-pot” reaction. This experiment is an excellent “capstone” lab that
incorporates many different chemical concepts such as oxidation-reduction, dilution calculations,
chemical analysis by spectrophotometry, and work with calibration curves. Producing bleach and
determining if it is effective in killing microorganisms underscores many interdisciplinary
connections. The connections include: impact of chemistry on international development,
interaction of chemistry and public health, and the interaction of chemistry and microbiology.
Procedure

1.

Gather an ampule of standard chlorine and use a file to open the lid. Assuming the
density of the chlorine in the ampule is 1.0 g/mL, take three 10 mL volumetric flasks and
measure the weight. Add 1 mL, 0.5 mL, and 0.25 mL of chlorine to the three flasks and
weigh them.

2.

Analyze the three different concentrations of chlorine concentrations using a
spectrophotometer at 515 nm. Using Beer’s Law, calculate the dilution factor of each
sample and then calculate the concentration of chlorine by multiplying the dilution factor
by the concentration of chlorine in the ampule.

3.

Set up a calibration curve for the standard chlorine solutions of absorbance vs.
concentration.
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4.

Using a weigh boat and an analytical balance, weight out lOOg of NaCl. Add the lOOg
NaCl to IL beaker of DI water. Place the beaker on the stirring hot plate, making sure the
temperature is set to off and the stir bar is set to 400rpm, and let the solution homogenize.

5.

Hook up the graphite pencil to the positive terminal and the stainless steel spatula to the
negative terminal. Insert the electrodes into the homogenized NaCl solution making sure
that the two electrodes do not come into contact with each other.

6.

Using a micro pipette, extract ImL of the NaCl solution into a lOOmL volumetric flask
making sure to put a cap on it. Dilute the flask up to lOOmL with DI water and set aside.

7.

Once set up, make sure the power supply is turned to its max setting in both voltage and
current and turn it on. Allow the electrolysis process to take place for 35 minutes. At 35
minutes, shut off the power supply and extract another ImL of the solution using the
micro pipette into another lOOmL volumetric flask. Dilute the flask up to lOOmL using
DI water.

8.

Using a 25mL volumetric pipette, extract 25mL of each of the two solutions into two
50mL Erlenmeyer flasks. Set up the spectrophotometer to read the absorbance at 515nm.
Using the 25mL solution taken at the beginning of the process, add a DPD packet and
mix the solution. Insert solution into a cuvette and place in spectrophotometer. The first
reading is your blank so make sure to blank the machine with this sample. Now take the
25mL of the 35 minute solution and add a DPD packet and mix. Insert the solution into a
cuvette and place into the spectrophotometer. Record the absorbance given.

9.

Using the calibration curve equation from the chlorine standards, calculate the
concentration of total chlorine for your 35 minute solution.

10. Dilute the total chlorine solution to a total of 1 ppm in a 100 mL volumetric flask.

11. Gather 2-100 mL of Salmonella contaminated water in volumetric flask. Calculate the
total amount of chlorine solution to disinfect the 100 mL solution of bacteria.
12. Add the proper amount of total chlorine solution at 1 ppm to one of the contaminated
drinking water flasks. Invert the flask about 20 times and let stand for 20 min.
13. Remove 20 mL of each bacterial sample and place it into a test tube. Add the ironcontaining nutrient broth to both test tubes and label the treated water and the control test
tube. Incubate the test tubes at 35°C for 24 hours.
14. Next day come back and see if the chlorine solution was effective in killing the bacteria.
Presence of the black color in the test indicates bacteria presence and the amber color
indicates the absence of bacteria.
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