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CHAPTER 6 

Chapter 6. Applications of bromine and its compounds
General
There is limited demand for elemental bromine and most bromine is used for the 
preparation of bromine compounds.
Among the more frequent applications of elemental bromine are:
- Surface treatment of rubber used for car tires.
- Surface cleaning of printed circuits.
- Disinfection of swimming pools (limited use) and industrial cooling water.
Most bromine produced globally serves as starting material for a variety of 
products. We can even go a step further and say that bromine compounds play a 
role in almost every aspect of our life.
The family of bromine compounds is growing steadily and new compounds for 
existing and novel fields are continually being developed.
In this chapter we shall discuss the more important applications of bromine 
compounds and try to explain how their structures and properties are related to 
their various uses.

Applications of bromine compounds
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6.1 - Bromine compounds in agriculture

The global food problem
Generations of farmers have tried to improve harvests and to increase crop 
diversity in order to satisfy the nutritional needs of mankind. The growth in world 
population and the limited availability of arable land have worsened the global 
food supply situation. The problem is especially acute in densely populated, 
developing countries, where large parts of the population are suffering from 
famine and malnutrition. On the other hand, in the developed countries there is 
an increasing demand for crop diversity and more and better agricultural products.  
These problems can be solved by finding ways to significantly increase crop yields 
per unit of arable land.
Among the many factors influencing crop yield and quality such as fertilizers and 
modern irrigation methods, great importance is attached to crop protection. This 
spurred the development of the pesticide industry, which aims at controlling 
pests and diseases damaging agricultural crops and at improving crop quality.  
At the same time the bromine industry began to develop certain bromine 
compounds useful as pesticides and they occupy a prominent place among the 
many pesticides used for crop protection against soil pests1.
Modern agriculture and increased crop yields have expanded the need 
for long-term storage of dried agricultural products such as grains and 
cotton in silos or fresh products such as daily harvested fruit or vegetables.  
Many substances have been studied for their ability to control the pests 
degrading products stored for extended periods.

Pest control can basically be divided into three main areas:
- Pest control of surface vegetation (leaves, fruits, etc.)
- Soil pest control
- Storage pest control

In this chapter we shall focus mainly on soil and storage pest control in which, 
since the 1930’s, bromine compounds, and in particular methyl bromide, have 
played a significant role.

1 Pests – Disease factors, insects, rodents and weeds.
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Pest control
Pest control has become a science in itself and is an essential feature of modern 
agriculture.

Surface pest control:
This is a wide-ranging subject that cannot be treated within the scope of this book. 
Over the years enormous progress has been made in this form of pest control. 
The spraying of agricultural areas with pesticides has become a part of agricultural 
routine. The effi cacy of most substances used for this purpose is confi ned to a 
limited number of pests. Among the hundreds of substances used in surface pest 
control bromine compounds make up only a small fraction.

Soil pest control:
The main soil pests are:
Nematodes – microscopic worms that feed on roots; the damage infl icted 
shortens the life of the plant and causes its degeneration.
Soil fungi – cause rotting of roots and withering of the plant.
Wild weeds – compete with the plant for nutrients and sometimes transmit 
diseases and pests to cultivated areas.
Parasitic plants – plants that attack the roots of other plants (hosts), feed on their 
nutrients and cause their degeneration.
Soil insects – gnaw at the roots, causing degeneration and eventually death of 
the plant.

Comparison between root system damaged by soil pests and a developed root system

Since these pests are present in the soil and are therefore very diffi cult to 
exterminate, the best solution would be to treat all soil particles by dispersion 
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of volatile substances in the soil (this soil dispersion is commonly called “soil 
fumigation”). These substances must be lethal to as many soil pests as possible 
and possess physical and chemical properties allowing them to diffuse deeply 
into the soil.

Plant withered as a result of soil disease

Storage pest control
Long-term storage of dried or fresh agricultural products requires elimination 
of pests that are deleterious to the quality of the stored products. This usually 
happens during storage in silos and in agricultural exports. Without pretreatment 
with pesticides, countries such as Thailand, China, Vietnam and others would 
experience problems with their rice exports to the West, and most products 
would probably arrive spoilt or unfi t for use. Similarly, pests in grains, nuts, 
etc. must be exterminated. Agricultural products shipped by boat must also be 
appropriately treated to safeguard their quality. The quarantine services of certain 
countries, such as the USA and Australia, demand full pest control of all imported 
agricultural products (including fruits and vegetables), as well as prior disinfection 
of the vessel’s storage space. For this purpose too, vaporized broad-spectrum 
pesticides could be used.

Bromine compounds as pesticides
In 1925, 1,2 dibromoethane (EDB) was used for the fi rst time in pest control of 
stored grains. After its effi cacy had been proven, it was used for many years for 
the extermination of soil pests. Since EDB is easy to produce and relatively cheap, 
this product was successfully used for many years for soil pest control and so 
helped to improved crop quality.
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Look at the EDB properties on Page 21 and answer the following questions:
- Which EDB properties make it effective in soil pest control?
- Is EDB useful under all climatic conditions?
- Why was the use of EDB as a pesticide restricted?

We assume that you have read the first chapter on “the rise and fall” of EDB as 
fuel additive. This is a typical example of a substance that was once widely used, 
but that over the years went into decline in many countries due to a growing 
awareness of the importance of a clean environment. In 1983 the EPA (US 
Environmental Protection Agency) decided to prohibit the use of EDB for pest 
control because of findings showing it to be potentially carcinogenic and based 
on evidence that small quantities seeped into the groundwater. Today some 
developed countries still make (controlled) use of EDB, but only if there is no 
alternative, while in a number of developing countries EDB is still used against 
nematodes.
In 1932, the properties of bromomethane (commonly called methyl bromide), 
CH3Br(g), as a versatile pesticide against soil pests and stored products were first 
described.

Look at the methyl bromide properties on Page 192 and answer the following 
questions:
- Which properties of methyl bromide make it an effective substance in soil pest 

control?
- Is methyl bromide useful under all climatic conditions? Explain.

Despite its higher price, methyl bromide rapidly replaced EDB as a pesticide. In 
developed as well as in developing countries it very soon became the principal 
pesticide product.

From the properties of methyl bromide we can understand its advantages:
a. Due to its low boiling point it is an active gas even at relatively low temperatures 

can be diffused into the soil to a considerable depth.
b. It evaporates rapidly from the soil or from fumigated goods and therefore 

sowing or planting or use of fumigated goods can begin almost immediately 
after treatment. Its competitors do not share this unique property of methyl 
bromide. 

c. Methyl bromide reacts with proteins or more exactly with –SH groups in the 
cysteine molecule. The methyl group binds to the sulfur atom (methylation 
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reaction) with the release of hydrogen bromide. This results in the 
malfunctioning of the protein and especially in impairment of DNA replication, 
which is the reason for the extremely lethal effect of methyl bromide.

 protein    SH + CH3Br  →  protein    S-CH3 + HBr

d. The mechanism of action of methyl bromide, which irreversibly damages the 
reproduction process of the pests, prevents the development of resistance or 
resistant strains.

e. The hydrogen bromide gas formed is extremely soluble in water and reacts 
with basic substances in the soil. The resulting bromide ions do not harm most 
agricultural crops, and in rare cases of specific sensitivity the soil is drained 
before planting.  In addition, bromine ion concentrations in different types of 
agricultural products do not exceed accepted public health standards.

Due to the pronounced advantages of methyl bromide compared to other 
commercial substances2, especially EDB, its use in soil pest control and pest 
eradication in stored agricultural products has steadily increased over the years.
The fact that methyl bromide is highly active even at low temperatures is a clear 
advantage. Despite progress in agricultural knowledge since the first use of 
methyl bromide 60 years ago, no other substance with similar efficacy has yet 
been found.
Bromine Compounds Ltd. started production of methyl bromide in 1961, the year 
the bromine compounds plant was established.
The know-how of methyl bromide production was acquired from a company called 
Agan, which at that time was a small plant in the vicinity of Tel Aviv, producing 
about 10 tons of methyl bromide a year. This was the estimated market in Israel 
since the material was mainly used for agricultural purposes. At the time of the 
establishment of Bromine Compounds Ltd. there were plans to export methyl 
bromide to Brazil, and therefore a bigger facility was built for the production of 
900 tons per year (estimated amount for export). Although eventually the plans 
to sell methyl bromide to Brazil were aborted, its use in agriculture increased 
considerably. Global consumption of methyl bromide increased yearly and 
especially in the developing countries demand for the material was growing 
steadily.

2 Aluminum phosphide (AlPs), which releases phosphine gas, PH3, used for fumigation similarly 
to methyl bromide, competes with the latter in storage disinfection; however, it is inferior to it, 
because pests develop resistance against AlP(s) due to its different mechanism of action.
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Field treated (left) and untreated (right) with methyl bromide

Although methyl bromide had become a very important product, there were 
many problems associated with it use. To help with these problems Bromine 
Compounds Ltd. management decided to establish a special department, which 
in 1962 led to the establishment of an agricultural unit that focused on:
− Gathering information and developing methods for the actual fi eld application 

of the material, e.g., establishing suitable treatment periods, correct dosing, 
spraying methods, development of methods to seal off the soil during 
treatment and to ventilate it afterwards, including the use of suitable safety 
measures.

− Building a knowledge management system based on existing agricultural 
experience in Israel and exporting its products together with the know-how.

− Conducting research to study the risks and toxicity of residual material in soil 
and plants after use of the material3.

− Offering marketing assistance and promoting product sales abroad by a team 
of trained agronomists.

A combination of three factors was behind the great success of the Dead Sea 
Bromine Group in this area: industrial capability, advanced agricultural technology 
and a marketing strategy based on a direct relationship with the customer. This 
combination of factors proved to be a commercial success, granting the company 
considerable reputation in the methyl bromide market.

3 Studies demonstrated that after correct use of the material there is no risk of bromide accumulation 
above offi cial standards in soil and plants.
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How is methyl bromide used?
Methyl bromide is a colorless and odorless gas, highly toxic to humans. Extensive 
safety measures must therefore be taken before its use. Because methyl bromide 
is so volatile, it is inserted under plastic sheets only after careful preparation of the 
soil, including irrigation and loosening of the soil. During fumigation the soil must 
be covered completely with plastic sheets. Often specially designed tractors 
are used to loosen the soil and cover it with plastic sheets. During fumigation 
of greenhouses, care must be taken to seal them off completely to prevent 
environmental pollution.
The gas remains in the soil for a few days for full effect. Then the plastic sheets 
are removed (after fi eld fumigation) or the greenhouse is opened for a couple of 
days to allow ventilation. At this stage there is no risk of environmental pollution 
because most of the material has reacted in the soil. If the crop is sensitive to 
residual material, the soil should be washed with water after removal of the 
plastic sheets.

Soil fumigation by methyl bromide

Methyl bromide container for fi eld fumigation
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Considerations of the use of methyl bromide
Progress in agricultural technology and the demand to produce food for an ever-
growing population continue to be of critical importance. Environmental concerns, 
however, are playing an increasingly significant role and more and more attention 
is paid to the use of toxic or potentially harmful substances. This has fueled the 
controversy over the use of various substances and methods aimed at increasing 
the quality and yield of agricultural crops around the world.

Possible solutions?
In 1991 it was first suspected that methyl bromide, like CFCs 4, might react with 
the ozone and deplete the stratospheric ozone layer. As a result methyl bromide 
made the headlines, followed by feverish political and scientific activity that still 
continues. A UN expert committee was established to assess different aspects 
of the use of the material, including the expected ozone depletion potential and 
suggestions for alternatives to methyl bromide.
In the opinion of several experts expressed over recent years, most 
(around 75%) of the methyl bromide reaching the stratosphere stems 
from natural processes, such as microbial metabolic processes occurring 
in the oceans. The remaining methyl bromide that reaches the atmosphere 
stems from human uses, such as agricultural applications and the burning 
of lead-containing gasoline.
It is important to note that there is much uncertainty as to the material balance of 
methyl bromide in the stratosphere and the factors influencing it. Will reducing 
the amount of methyl bromide released in the atmosphere from human sources 
increase its release from natural sources? What are the mechanisms underlying 
the natural breakdown of methyl bromide in the stratosphere and what influences 
them? The following article demonstrates these deliberations.

4 An international committee declared that these compounds possess ozone depletion potential 
(ODP).
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Whether and how methyl bromide harms the 
ozone layer: An international study
Excerpt from an article by Meir Bleich 
published in Ma’ariv, an Israeli newspaper, 
in 1994
Bromine Compounds Ltd. in Beer Sheba - one of 
the biggest companies in the world involved in 
the production and marketing of methyl bromide - 
in cooperation with international research centers 
is exploring novel ways and methodologies 
to reduce the amount and release of methyl 
bromide in the atmosphere. This approach forms 
part of an international effort to reduce depletion 
of the ozone layer.
Methyl bromide is used for soil disinfection and 
is of importance in improving crop yields and 
quality. It is used under controlled conditions for 
the cultivation of vegetables, fruit and flowers.
The research was initiated following a decision 
of the United Nations Environment Program, 
the international organization charged with 
atmospheric and continental environment control, 
which declared that, due to its suspected harmful 
effects on the ozone layer, methyl bromide was 
placed on the list of ODP compounds, reviewed 
in 1995.
That year the “Montreal Treaty Committee” will 
be convened. The treaty, was signed by many 
countries including Israel, expresses the desire of 
the international community to protect the ozone 
layer against potentially harmful chemicals.

Extensive research on the chemistry and 
atmospheric behavior of methyl bromide is being 
conducted. The question whether it has any 
damaging effects at all on the ozone layer is being 
investigated. In 1995 world production of methyl 
bromide was halted and reduced to that of 1991. 
Increasing its production is to be prohibited.
Today it is generally accepted that around 85% 
of methyl bromide found in the atmosphere 
is released from natural sources, mainly from 
the oceans. Other sources include the exhaust 
systems of cars fueled by leaded gasoline 
containing ethylene dibromide as additive to 
improve its performance. There is still uncertainty 
as to the chemistry of methyl bromide in the 
stratosphere, its breakdown products and its 
behavior and distribution in the atmosphere and 
therefore its true contribution to ozone depletion.
Experts all agree that at the present time soil 
fumigation for certain crops is totally dependent 
on methyl bromide. A substitute would require 
new substances and/or innovative methods. In 
any event use of a substitute could prove to be 
less effective and would probably be considerably 
more expensive than the existing method. There 
is also the possibility of air pollution from an 
alternative material. The conclusion can only be 
that at this time prohibition of the use of methyl 
bromide is too expensive and it will continue to be 
used at least until the year 2000.

A decision was reached at a meeting in Montreal in 1997 to discontinue the use 
of methyl bromide in developed countries by the year 2005 and in developing 
countries by 2015. Until then, production is to be restricted to predetermined 
levels (see Milestones, Page 220). Hence, great efforts are being made to 
develop alternative materials. So far, however, no product has been found which 
compares well with methyl bromide for cost-efficiency. Moreover, great care 
must be taken not to introduce a substance that turns out to present similar or 
different hazards than those attributed to methyl bromide. Some of the materials 
tried have proved to be relatively effective and policy now is to offer a basket of 
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soil fumigants to cover a wide spectrum of pest control. Efforts are being made 
to decrease the dosages of mixtures and formulations offered.

- What other sources exist of atmospheric methyl bromide?
- What are the arguments for and against stopping the use of methyl bromide?

Global markets for methyl bromide use in the record year (1990) are depicted in 
the scheme below 

5:

Use of  methyl bromide worldwide

Geographical distribution of methyl bromide use

The situation can be improved by developing methods to reduce the amount of 
methyl bromide released in the air on the one hand, and by optimizing treatment 
methods on the other hand.

The latter can be achieved by:
− Improved sealing methods
− Improved plastic sheeting
− Improved soil cultivation
− More accurate dosing of the material
− Prolonging the effective period
5 From: Methyl bromide, report of the committee on methyl bromide alternatives, which was 

appointed by the Israeli Minister of  the Environment, February 1994.
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At the same time efforts are made to develop alternative methods to satisfy 
different needs. Most are applied on a small scale and some are, as yet, for 
experimental use only.
In Europe, and especially in the Netherlands, farmers apply steam for pest 
control. Although relatively effective, this method is expensive and impracticable 
in most countries, since the high price of steam makes the development of 
profitable farming difficult. New methods using ozone and carbon dioxide gas for 
disinfection of agricultural products are also still in the experimental phase.

Novel method for disinfection of fruits and 
vegetables by ozone gas developed by 
Technion (Haifa, Israel).
Excerpt from article by Dahlia Mazuri 
published in Ma’ariv, an Israeli newspaper, 
on 20.7.1998
A novel method for disinfection of fruit and 
vegetables by ozone gas has been developed by 
the Technion in Haifa and was tried successfully 
on citrus fruit, tomatoes paprika, grapes for 
consumption and wine production, dates and 
other products. The disinfection is carried out 
in a special room and lasts for about an hour. 
During the process, the ozone decomposes and 
is converted to oxygen.  The method eliminates 

the factor responsible for the ripening and rotting 
of the fruit.
The success of the method depends on correct 
ozone dosing in order to ensure its decomposition. 
It was reported that the disinfection process 
prolongs the shelf life of fruit and vegetables, 
giving it a marketing advantage. Moreover, a 
disinfected and hermetically packed product 
can be exported without further cooling, which 
means considerable saving on high-energy costs.
The advantage of the new method lies in the use 
of a rapidly decomposing gas, so that harmful 
effects on fruit and vegetable consumers as well 
as on the workers carrying out the disinfection 
are averted.

- What does the “ozone decomposition process” mean and how does it bring 
about disinfection?

- What are the advantages and disadvantages of using ozone? Give a detailed 
explanation.

More specific biological disinfection methods have been also developed.
- Which biological pest control methods do you know? Consult different sources 

and give examples.
- What are the advantages and disadvantages of biological pest control methods? 

Give a detailed explanation.

An example of an alternative method developed in Israel (at the faculty for 
agriculture in cooperation with the Volcani Institute and Bromine Compounds 
Ltd.), which was tested also in combination with methyl bromide fumigation, is 
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soil heating by means of solar energy. This method is not yet in general use and 
problems concerning seasonal changes, different climatic conditions, etc. must 
first be solved before it becomes generally applicable.

Solar energy for extermination of plant pests
Excerpt from article by J. Katan, A. Greenstein 
and A. Greenberg, published in Mada , Israel, 
in 1988.
Transparent polyethylene sheets stretched 
over the soil during the summer increase soil 
temperature, thereby eliminating root diseases 
and harmful weeds.  The eliminating factors are 
the heat and biological extermination processes.  
This method, which was developed in Israel, 
is easy to perform, reduces the use of toxic 
pesticides and was adopted in many places 
around the world.
The soil maintains a biological balance between 
disease inducing factors and surrounding 

microorganisms.  Since some of the latter are 
natural enemies of the pathogens, this balance 
acts like a biological barrier for these pathogens.
Disturbance of the biological balance in the soil as 
a result, e.g., of using toxic pesticides or repeated 
pruning of sick plants, may lead to an intensified 
outbreak of root diseases.
Solar disinfection is based on heating the soil by 
sunrays.  Heating is achieved by covering the 
cultivated soil with polyethylene (or other plastic 
material). The cover sheet has to be transparent 
to allow sunlight to penetrate the soil. The sheet 
prevents the soil from cooling off, which is caused 
principally by water evaporation.

- What are the advantages and disadvantages of using solar energy for pest 
control? Explain in detail.

The different methods do not always complement each other and sometimes 
the need to act against a wide range of existing and potential pests leads to 
conflicting interests. In many cases the solution is a compromise, in order to 
achieve the best possible result under the given circumstances.
Recently, the Bromine Company and a number of European and American 
companies decided to cooperate on the development of combinations of 
alternative compounds for soil disinfection. These compounds, which are 
produced by the foreign companies, will be marketed by the Bromine Company, 
which has extensive expertise in the marketing of methyl bromide and its practical 
application in agriculture. The marketing will be accompanied by professional field 
training of the farmers.
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Milestones

1985 – Signing by a number of countries of the Vienna treaty, which declares 
that the ozone layer in the stratosphere must be protected.

1987 – Signing of the first Montreal protocol, which mentions eight ozone-
depleting compounds.

1991 – Suspicions that methyl bromide is an ODP compound is included in the 
scientific report issued by the parties in the Montreal protocol.

1992 – Publication of expert opinion reports pointing to the need for additional 
research on the effects of bromine compounds on the stratosphere and 
an evaluation as to alternatives to methyl bromide for soil fumigation, 
economic assessments, etc.

1992 – Copenhagen.  Increase of the funds allocated to help developing 
countries to find alternatives for substances and methods to be 
banned.

Methyl bromide added to the list of controlled substances that will be 
banned in the future. 

Freezing of consumption and production levels of methyl bromide for 
soil fumigation, from the beginning of 1995, to the levels of 1991.

Production in developing countries is permitted to be 10% above these 
quotas. Research on the presence of methyl bromide in the atmosphere 
will be continued and methods will be developed to reduce release of 
methyl bromide in the atmosphere.

1997 – Montreal meeting, during which the Montreal protocol was modified so 
that each developed country that is party to the Montreal protocol shall 
reduce its yearly methyl bromide production based on its production for 
the year 1991 and starting in 1999 by 25%, and from 2001 by 50%, and 
from the year 2003 by 70%. From the year 2005 the production is to 
cease completely.

In the developing countries, production and use of methyl bromide 
will be frozen from 2002 to 2004 to that of the average production and 
consumption levels existing between 1995 and 1998.  In the year 2005, 
production and consumption will be reduced by 20% and in the year 
2015 production and consumption will cease altogether, apart from 
specific exceptions.
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6.2 - Biologically active bromine compounds (biocides)

Introduction
Some people consider the biblical story of Elisha, who by putting salt in “bad” 
water changed it to “good” water, as the first attempt to disinfect water. “Bad” 
water was converted to “good” water by the addition of salt, which, ostensibly, 
killed the noxious organisms that reduced its quality and made it undrinkable. 
Perhaps this salt was the first biocide.

Biocides:  Substances that kill microorganisms.

For the development of modern medicine, and especially as a result of the 
growing awareness of the importance of preventive medicine, water disinfection 
was indispensable. Today the use of disinfectants in medicine is taken for 
granted, but this was not always so. At the end of the 19th century many patients 
died from infections that developed as a result of surgeries performed without  
disinfectants. It is well known that in the past many childbearing women died 
from puerperal fever. These infections were caused because at that time there 
was no routine use of even the simplest disinfectants.
Water disinfection started only at the beginning of the 19th century and today 
water disinfectants are still unavailable to many people living in developing 
countries, making them vulnerable to a barrage of diseases.
On the other hand, in the developed countries, which are enjoying increasing 
prosperity and leisure time, there is a growing demand for disinfectants for 
swimming pools and recreational water sources.
At the same time, enormous industrial development brought in its wake new 
demands for water disinfection. As described in Chapter 5, many industrial 
installations use cooling water running in closed circuit systems.

- What problems do you think may arise as a result of the multiplication of 
microorganisms in closed circuit cooling water systems? Explain in detail.

Such water systems6 form an ideal environment for the growth of algae, bacteria 
and many other organisms accumulating on the walls of pipelines, where they 
multiply and cause technological problems, which interfere with the regular 

6 See:  Gabrieli, J. and Kalstein, J.  About microbial processes in cooling water  Chemistry, 1993 14.
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operation of the system and increase maintenance costs. Accumulation of these 
deposits on the walls of pipelines eventually block and corrode the systems.  
This, in turn, can lead to problems with cooling water circulation, energy transfer 
systems and pipelines, which have to be replaced frequently. Similar problems 
may arise in central air conditioning and cooling systems, which depend on 
circulating water.
Biocides are also used to prolong the shelf life and safeguard the quality of 
many different products: coating and dyes, cosmetics, glues and sealers, 
cleaning materials, wood and paper, etc.

- All these disinfectants must be non-toxic. Explain why.

Use of halogens and related compounds as disinfectants 
Many disinfectants are based on halogens and related compounds. Both 
elemental and compounded iodine, chlorine and bromine are active biocides. All 
halogens are fairly soluble in water. Aqueous solutions of the halogens (chlorine, 
bromine and iodine) are well-known disinfectants that effectively suppress 
microbial growth.
You may be familiar with the aseptic properties of an alcoholic iodine solution 
called “iodine tincture”, which is used for medical purposes. Biocides based on 
iodine and related compounds are frequently used in medicine.
Chlorine and bromine biocides have many other applications. The first attempts 
to use chlorine for water disinfection stem from the beginning of the 18th century.  
Bromine was first used for this purpose in the 19th century, but has found little 
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application. Chlorine heads the list being currently the most important water 
disinfectant (particularly for drinking water and swimming pools). Recently, the 
use of bromine for disinfection of swimming pools is on the increase, and, for 
reasons explained below, it may be assumed that its use will continue to grow.

Chlorine and bromine biocides can be divided in two categories: 
Oxidizing biocides, including elemental bromine, Br2, and chlorine, Cl2, and other 
compounds such as sodium hypochlorite, NaClO, calcium hypochlorite, Ca(ClO)2 

and Halobrom (see Page 227). These biocides are often used for swimming pools, 
cooling towers, treatment of municipal sewage and sanitary disinfection.
Non-oxidizing biocides (in particular halogen derivatives from organic 
compounds) are usually more complex and expensive materials used mainly for 
industrial coatings and dyes, glues and sealants, and certain polymers.
To understand the mechanism of the action of oxidizing biocides we shall 
first examine the reaction of halogens in the water. The halogen molecule is 
represented by X2.
The disinfecting action is attributed mainly to the hypo-acid molecule, HOX, 
generated by the reaction between the halogen, X2, and water molecules:

1. X2(aq) + 2H2O(l)    HOX(aq) + H3O
+
(aq) + X 

-
(aq)

The hypo-acids are very weak acids, dissociating with formation of low 
concentrations of XO-

(aq) and H3O
+
(aq) ions in water:

2. HOX(aq) + H2O(l)    H3O
+
(aq) + XO-

(aq).

The hypo-acid, HOX, has much greater disinfecting potency than the XO-
(aq) ions. 

Therefore Reaction 1 should be in excess over Reaction 2. Sometimes the 
XO-

(aq) ions participate in other reactions, generating other entities with disinfectant 
properties.
The action of these oxidizing biocides can be explained by penetration of the 
oxidizing HOX(aq) and XO-

(aq) entities through the membranes of the bacterial cells 
(or other organisms) and obstruction of certain enzymatic processes that are vital 
to the survival and multiplication of the microorganism.

- Which particles will be present in very acid solutions?  Explain your answer.
- Which particles will be present in very basic solutions?  Explain your answer.
- At which pH will the concentration of the hypo-acid HOX(aq) be highest?
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Installation for chlorine supply in swimming pool 
(chlorine cylinders, chlorine detector, control system)

Reactions 1 and 2 show that at basic pH the concentration of the acid HOX(aq) is 
at its highest, although it is not very high. At moderately basic pH (neutralization 
of hydronium ions) the equilibrium of reaction 1 shifts to the right and the 
concentration of HOX(aq) increases.  In contrast, reaction 2 hardly occurs and the 
concentration of HOX(aq) dissociating in XO-

(aq) ions remains relatively low.

Chlorine as biocide
As mentioned before, chlorine is the most widely used water disinfectant today, 
particularly for swimming pools, drinking water and industrial cooling towers.  
Chlorine has the advantage of being readily available, relatively cheap and easy 
to handle.
There are, however, some disadvantages associated with its use:
a. It has an irritating odor.
b. It is a strong eye and mucous membrane irritant.
c. Its solubility decreases with increasing temperature.
d. It corrodes metal parts fairly rapidly.
e. In swimming pools with a relatively high concentration of ammonia (as a result 

of urine contamination in the water), chlorine reacts with ammonia to form 
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chloroamines, which are acrid substances with an irritating smell that are toxic 
at high concentrations.

NH3(aq) + HOCl(aq) → NH2Cl(aq) + H2O(l)

NH2Cl(aq) + HOCl(aq) → NHCl2(aq) + H2O(l)

 The chloroamines are relatively stable, slowly decomposing compounds.  
f. Effi ciency of chlorine is pH dependent.  In a basic environment7, as found 

commonly in swimming pools and industrial water, most of the chlorine does 
not exist as HOCl.  Under such conditions chlorine is a rather weak disinfectant 
and it must be supplied continuously to maintain effi cient disinfection.  

g. Effi ciency of chlorine decreases when exposed to UV light.  To offset this 
effect, large quantities of chlorine must be supplied continuously to maintain 
an adequate disinfectant concentration.

These disadvantages spurred the search for better alternatives, which resulted 
in the use of bromine compounds, and later to combinations of chlorinated and 
brominated biocides.

Biocide packing room

7 The alkalinity of industrial water is caused by the addition of anti-corrosives to the water.
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Combined bromine and chlorine biocides
During the search for alternatives to chlorine and bromine it was found that a 
combination of bromine and certain chlorine compounds improves disinfecting 
potency.
An example is the combination of Br2 with NaOCl, which in alkaline environment 
reacts as follows:

Br2(aq) + 2OH-
(aq)    BrO-

(aq) + H2O(l) + Br-(aq)

The Br-(aq) ions react with the ClO-
(aq) ions, with formation of an additional amount 

of BrO-
(aq) ions:

Br-(aq) + ClO-
(aq)    BrO-

(aq) + Cl-(aq)

Since the BrO-
(aq) ions behave as a relatively strong base, they react with water 

and form the  weak acid HOBr(aq), which is, as mentioned before, a strong 
disinfectant:

BrO-
(aq) + H2O(l)    HOBr(aq) + OH-

(aq)

This is an example of synergism, in which the combination of two compounds 
improves and reinforces their effects, so that the total effect of the two 
compounds is greater than the sum of their individual effect. The mechanism of 
action  is not always known, but it is known that their combination improves the 
effect.

Synergistic effect: The total effect of the compounds is greater than the sum 
of their individual effect.

Similarly, sodium hypochlorite, NaOCl, or calcium hypochlorite, Ca(OCl)2, can be 
combined with sodium bromide, NaBr, or ammonium bromide, NH4Br.
A different approach consists of searching for molecules containing both bromine 
and chlorine atoms. The simplest compound containing both atoms is bromine 
chloride, BrCl(l). Bromine chloride is a liquid at room temperature and therefore 
is easier to handle than chlorine. Its corrosive effect is less than that of bromine 
and it is less irritating to the nose and eyes than bromine. It is also more stable 
in hot water.
The reaction of BrCl(l) with water, which is faster than that of bromine with 
water, produces HOBr(aq), and this is the preferred form of most of the bromine 
in solution. Although bromine chloride is more expensive than either chlorine or 
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bromine, it is widely used, particularly for treatment with hot water.  
Certain new disinfection methods with improved disinfecting potency are based 
on chlorinated, organic bromine compounds, such as 1-bromo,3-chloro,5,5- 
dimethyl hydantoin, which is also called “Halobrom”.

Halobrom is a solid at room temperature and is usually supplied in the form of 
slow-release, water-soluble tablets. It is a very effective, increasingly popular 
disinfectant for swimming pools. It is also useful for industrial cooling systems 
and particularly closed-circuit cooling systems.
The bromine in these compounds is also effectively used, because the reaction of 
Halobrom with water gives hypobromous acid, HOBr, hypochlorous acid, HOCl, 
as well as BrO-

(aq) and ClO-
(aq) ions. During disinfection hypobromous acid, which 

is, as mentioned before, the main disinfectant (especially at high pH, at which 
hypochlorous acid decomposes), generates Br-(aq) ions. In the presence of HOCl, 
the Br-(aq) ions are immediately converted to HOBr with a concomitant increase in 
disinfecting potency. This reaction effectively recycles the bromine to its active 
form, which improves the disinfecting potency of the compound.

- Give the equation for the reaction between BrO-
(aq) and HOCl.

 Is this an equilibrium reaction?
- Do you think that K is greater than or smaller than or the same as 1. Explain.

Although many other, more complicated biocides are available, not many of these 
are actually used compared to the total number of available disinfectants. Some 
examples of this group of materials are:

     
”Biobrom”

                                           
“BBAB”
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6.3 - Flame-retardants

Introduction

Almost everywhere in your immediate surroundings you will come across 
bromine compounds: at home, in school, in the cinema and in many other 
places. You can find them in furniture, curtains, carpets, wooden and plastic 
ceilings, mats, electrical and electronic appliances, etc. Life is difficult to 
imagine without these items; they make our lives easier and more comfortable. 
Even though several decades ago many of these objects were absent in most 
homes, today they are part and parcel of almost any household. Where are 
the bromine compounds “hidden” in these products? How do they work? All 
these questions and more will be answered in this chapter.

Most of the products surrounding us in our daily life are made (wholly or partly) 
from polymers some of which are natural (such as: wood, wool or cotton) and 
some man-made (synthetic polymers).

Polymer: Macromolecule (giant molecule) built from thousands of atoms 
linked by covalent bonds. The complete macromolecule is composed of 
repeated structural units (from Greek: poly - many, meros - part).

- Make a list of the different items in your room that are made from polymers.  
Do you know what polymers they are made of? Detail.

- Why are burning plastic products (or other flammable products) dangerous? 
Detail.

- Try to estimate the time needed to escape from a burning living room with 
standard furniture.

The common characteristic of most polymers is their highly flammable carbon 
unit structure. Therefore it is not surprising that occasionally homes or public 
buildings catch fire and turn into firetraps. Not a year passes without fires causing 
many casualties and inflicting extensive damage to property.
According to USA statistics in the developed countries fires are responsible for 
the death of 10-20 persons per million inhabitants annually.  In the USA alone, 
yearly about half a million buildings go up in flames, causing the death of 4-5 
thousand persons and injuring 15-20 thousands persons or more.
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During the years 1961-1972, three times as many persons were killed by fi res 
in the USA than as a result of the war in Vietnam.

Statistics covering the past four years show that the average number of deaths 
caused by fi res in the USA is 5000, while in Europe the number reaches 6000 
or more.

Did you realize that each year a “small city” is “wiped off” the map by fi res?

These facts demonstrate the urgent need to investigate how to combat fi res. The 
search should focus not only on fi re extinguishing equipment for acute fi res, but 
also on means of preventing the ignition of fi res or slowing down an encroaching 
fi re, if it cannot be stopped. The modern world has made an enormous effort to 
reduce the damage caused by fi res and bromine compounds occupy a special 
place here.
Fire-protection and damage control requirements led to the search for low-
combustible construction materials with fl ame-retardant properties. In this 
chapter we shall deal with combustion factors, fi re fi ghting and damage control, 
working mechanisms of fl ame-retardants in general and brominated fl ame-
retardants in particular, methods of incorporating fl ame-retardants in plastics and 
other fl ammable products, and selection criteria for fl ame-retardants for different 
applications.

Some products containing fl ame-retardants
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Fire and its hazards

- What is a fire?
- Why does a material catch fire under certain circumstances?

Burning is commonly defined as a reaction of material with oxygen with release of 
energy. The reaction can be fast or slow. Fast burning (a fire) is accompanied by 
release of heat, and usually of light energy as well. Slow burning, by contrast, is 
an oxidation process with release of relatively small amounts of heat energy, and 
usually does not release light energy. A fire will not normally ignite spontaneously, 
but needs a boost of activation energy8 depending on the type of combustible 
material. An ignition process set off by a spark usually generates activation 
energy.  Often a single spark provides enough activation energy to start the entire 
combustion process. With the fire progressing and the burning material releasing 
energy, the fire will be propagated without the primary ignition that sparked it 
off.

Fire triangle:  Generally the three factors needed for combustion, namely: 
oxidizing material (usually oxygen), combustible material (activation energy) 
and heat, are represented by “the fire triangle”:

The “Fire Triangle”

Most materials are flammable, but under different conditions. There are easily 
combustible materials (for example: cooking gas, petrol or paper), while other 
materials require very high temperatures and a high concentration of oxygen (for 
example: Teflon and PVC). Most materials burn under conditions somewhere 
between these two extremes.

8 The correct formal term is free activation energy.
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- Try to find more examples of materials with varying degrees of combustibility.
- How can we prevent highly combustible materials from catching fire?

A relatively simple test to determine the minimum amount of oxygen needed 
for combustion is the Limiting Oxygen Index (LOI). This standard procedure 
involves the burning of a rod or sheet of the test material in a vertically 
positioned glass tube. The tube is carefully filled with an oxygen/nitrogen 
mixture of known composition. The sample is ignited from the top and tested 
for burning. The oxygen concentration of the mixture is changed until the 
limiting concentration is found at which the sample burns. The measurement 
is based on two parameters:
− The oxygen concentration at which the sample burns for more than three 

minutes.
− The oxygen concentration at which the length of the burning sample is at 

least 5 cm.
The oxygen concentration meeting these two conditions is the lowest oxygen 
concentration needed for combustion of the material and is defined as the 
LOI. In the following Table No. 6.1. LOI values of a number of frequently used 
polymers are given:

Table No. 6.1. LOI values of frequently used polymers

Material LOI (%)
Polyethylene 17.4

Polypropylene 17.4

Polystyrene 17.8

Nylon 6,6 24.3

PVC 45

Teflon 95
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Illustration of standard LOI measuring apparatus

Other indexes for the combustibility of a material are its ignition point, and in the 
case of a liquid its flash point.

Ignition point:  (sometimes called self-ignition point): the lowest temperature 
at which a substance ignites spontaneously under defined conditions.
Flash point: the lowest temperature at which vapors above a volatile 
combustible substance ignite in air when exposed to a flame.

- The ignition point of ethanol is 363˚C, while its flash point is 8˚C. Explain why 
the flash point is lower than the ignition point.

- The ignition point of acetic acid is 565˚C and its flash point is 43˚C. Try to explain 
the differences between ethanol and acetic acid (regarding ignition and flash 
points).

Ignition point and flash point are not used for definition of combustion standards.  
The latter refer to the applications of the material with corresponding standards, 
such as vertical combustion standard (e.g., for ceilings), propagation standards 
(e.g., for insulating channels for electrical wiring), etc.

Generally speaking a fire proceeds through four main stages:
a. Ignition – an external energy source provides the activation energy to start the 

combustion process.
b. Propagation – the fire expands and spreads
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c. Steady combustion – the fire continues to burn at a steady rate and 
temperature

d. Termination – the fire starts to die down and eventually stops completely.  

The following scheme describes the different stages of a fire:

Schematic representation of fire (without flame-retardants)

Referring to this scheme, draw three different graphs that compare the course of 
a fire of the following three types of material:
- Highly combustible material
- Slightly combustible material
- Self-extinguishing material

The length of the ignition phase depends on the amount of energy supplied by the 
primary source and on the type of combustible material.
The propagation rate of the fire depends mainly on the type of material and 
environmental factors.
The length of the steady combustion phase depends on the amount of 
combustible material present.
The fire will only be terminated after one or more of its vital factors are eliminated: 
oxidizing material, combustible material or heat. The fire can stop spontaneously 
or by external intervention.

- Have you ever seen an accidental fire?
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- Try to analyze what happened and what you saw?
- You’ve probably watched a movie or television program showing a burning 

house, farmland, forest, etc. Try to recall exactly what you saw.
- How did the fire develop?
- What are the dangers involved, etc.?

As we said before, fires can cause extensive damage to people and property. The 
dangers facing people as a result of a fire depend for a great part on the type of 
burning materials.

- What are the combustion products of the complete burning of hydrocarbon? 
Give a representative equation.

- What products may ensue from incomplete burning of hydrocarbon? Give 
details.

- Which products are likely to be obtained from combustion of a polymer 
containing sulfur or nitrogen as well as carbon and hydrogen?

- Refer to the following excerpt and describe the dangers involved in the 
combustion of plastic products.

Highly dangerous gases
Excerpt from of an article published in 
“Ha’Aretz” (Israel) on 28.1.1990
Every year between 12-16 people are killed by 
fires in Israel. Most victims die from suffocation 
or toxic gases. Synthetic polymers such as 
those found in household furniture are chiefly 
responsible for generating these toxic materials.
The latest November issue of “Polymers and 
Plastics in Israel” reports that, as a result of 
a number of disastrous fires that occurred in 
England two years ago, the British authorities 
decided to carry out certain legislative changes 
without delay to prevent similar disasters in the 
future. Following the disasters, the fire brigades, 
research institutes and police conducted 
thorough investigations, which revealed that 
most casualties were caused not by burns or 
heat, but by suffocation from vapors released 
from furniture, carpets and curtains made from 
synthetic fibers, and from other plastic-containing 

items, such as acoustic and decorative ceilings.  
Burning upholstery containing polyurethane 
foam, however, caused most injuries.  These 
findings caused a public scandal in England, 
since it appeared that several years earlier 
consumer organizations had demanded a 
change in polyurethane foam standards, but their 
suggestions were lost in a bureaucratic muddle.  
In light of the disasters these proposals were 
brought up again and legislated in a matter of 
weeks.
According to the new British law, the production 
of synthetic fabrics, polyurethane foam upholstery 
and other materials that release toxic vapors upon 
burning must cease immediately, unless the 
products are combined with flame-retardants 
or alternative plastics that do not release toxic 
gases. The British Ministry of Trade and Industry 
even  demanded that the European Community 
adopt the new British standard.
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The polymer plant in Caesarea, Israel, which 
produces polyurethane foam boards and 
blocks for isulation of flat roofs, also supplies 
self-extinguishing material. It should be noted, 
however, that these self-extinguishing materials 
are not fire-resistant.  Their advantage lies in the 

fact that a spark discharged, e.g., from an electric 
boiler on the roof, does not cause a fire on contact 
with combustible material (e.g., plastic or wood) 
but merely makes a hole in it, similar to the hole 
made in synthetic clothing by a spark from a 
burning cigarette.

The hazards can be divided into:
a. Poisoning as a result of inhalation of toxic gases (for example, during 

burning of polyurethane mattresses, the toxic gas HCN is released).
b. Damage to tissues as a result of exposure to heat.
c. Suffocation as a result of a lack of oxygen9 in the air and a rise in the 

concentration of carbon dioxide and carbon monoxide. (When there is a lack 
of oxygen, carbon monoxide gas is formed. This gas binds to the hemoglobin 
molecules in the red blood cells and so prevents the oxygen from reaching the 
brain and other body parts).

d. Reduced visibility of routes from the fire area as a result of the development 
of dense smoke or soot, causing prolonged exposure of people to the 
dangers mentioned in a.-c. above.

According to National Fire Prevention Association (NFPA) reports, 60%-90% of 
deaths during a fire are caused by the release of toxic fumes. Similarly, reports 
show that the average time needed for a fire to totally destroy homes, public 
buildings and other standard-capacity structures is 2-5 minutes, leaving a very 
short time to escape.

Enormous efforts have been invested in fire control. Besides the development of 
many detection and alarm systems, new fire extinguishing substances and fire 
protecting and reducing materials have been introduced.

9 If the temperature of a fire rises above 1000ºC carbon monoxide is formed by a reaction between 
carbon dioxide and carbon, even if sufficient oxygen is present.
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We shall deal with these subjects in the following sections, but first we shall try 
to get better acquainted with the chemical mechanism of a fire and see how it 
relates to the four stages described on Page 232.

Carbon compounds burning process - example of a chain reaction
In this section we shall discuss the above-mentioned burning process of solid 
plastics. To better understand the molecular processes taking place during a fire, 
we shall describe the macroscopic processes occurring as the plastic gets hot 
and starts to burn.

The picture below gives a schematic illustration of the burning process:
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At the molecular level, absorption of energy by a material results in  faster thermal 
movement of molecules. This is reflected in a rise in temperature and by the 
severing of the intermolecular and intramolecular bonds. As a result, smaller 
molecules and free radicals are formed that pass from the solid phase into the 
vapor phase adjacent to its surface area.
The burning process itself does not occur in the solid or liquid phase, but in the 
vapor phase (combustion zone), with participation of free radicals formed in situ.

Free radicals:  Particles with unpaired electrons.

In the previous chapters we saw that high-energy particles with unpaired electrons 
are unstable and react freely with other particles surrounding them.  Free radicals 
therefore undergo many random and irregular reactions, initiating chain reactions 
comprising a number of interrelated stages.
The previously described four stages of the combustion process can be explained, 
in general terms, by the radical reactions occurring in each individual stage:
a. Ignition – an external energy source provides the activation energy needed to 

start the production of free radicals.
b. Propagation – the fire expands and spreads due to the increase in free 

radicals. At this stage the formation of one radical induces the formation of 
more radicals.

c. Steady combustion – the fire continues at a steady rate and temperature.  
Equilibrium is reached between the number of newly formed radicals and 
the number of eliminated radicals.

d. Termination – the fire starts to die down and eventually stops completely.  
At this stage the radicals react with each other but no new radicals are 
formed.

This can be illustrated by the combustion reaction of any small hydrocarbon 
molecule, designated by R-H.  These small molecules are generated during the 
thermal decomposition of the polymer and move to the combustion zone (the 
vapor phase above the polymer), where they are processed in various ways:

                                            
heat

Ignition:    R-H  →  R• + H•
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Propagation and steady combustion: R• + O=O → R-O-O•
      R-O-O• + R-H → R-O-O-H + R•
      R-O-O-H → RO• + H-O•
      H• + O=O → H-O• + O•
      R-H + H-O• → R• + H2O  
      R-H + O• → R-O• + H•
Carbon dioxide, CO2 is formed as a result of a reaction in which the radical CH3• 
participates.

Termination:    HO• + H• ⇒ H2O
or any other radical interaction generating molecules.

The combustion process generates energy, which partly dissipates into the 
surroundings and partly transfers to the solid phase, once again causing a rise 
in temperature, melting, decomposition of material and formation of small 
molecules and radicals, which react with oxygen in the air. Thus the fire keeps 
feeding energy to the decomposition process of the plastic, which by generating 
combustible particles maintains the cycle.

Fire extinguishing

Elimination of any of the three vital factors forming the “fire triangle” will 
extinguish a fire:

- Removal of combustible material
- Disrupting oxygen supply
- Cooling

Fire extinguishing methods must be compatible with the type of burning material 
and the environment.
Following are a few examples to illustrate this:
- A fire caused by a gas leak can be stopped by cutting off the gas flow.
- The clothes of a person that catch on fire should be covered with a blanket or the 

person should roll over on the ground but should never start to run. Explain why.
- The fire in a burning building can be extinguished by spraying with water.
- A fire in an electrical circuit can be extinguished by spraying with a fire 

extinguisher creating an isolating layer, but it should never be sprayed with 
water 

10.

10 Electricity in the combustion zone should be immediately cut off.
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- Indicate which vital factor(s) necessary to sustain a fi re is/are treated in each of 
the above examples.  

Because typically fi res spread very rapidly, it is almost impossible to put them 
out instantly. Hours may pass before the fi re is completely under control, and 
meanwhile it is likely to have infl icted damage to people and property.

Fire extinguishing equipment

Flame-retardation and working mechanisms of fl ame-retardants
So far we have discussed different approaches to control spreading fi res, with the 
intention of limiting personal injury and loss of property. Flame-retardants, on the 
other hand, were developed to slow down or prevent the ignition of combustible 
material and to contain the fi re.
If quenching a fi re is a fi ght with the ultimate aim of eliminating one of the three 
factors in the “fi re triangle”, the main purpose of fl ame-retardants is to contain 
one or more of these factors, in order to slow down the spreading of the fi re and 
provide a possibility of escaping from the danger.

Water is known to be a good  fl ame-retardant. 
For example, it is more diffi cult to ignite wet wood than dry wood and the former 
also burns more slowly. This is also true for wet fabric compared to dry fabric.
- Explain the fi re-suppressing effect of water.

Is it possible to keep wood wet all the time? Can curtains, upholstery and 
carpets, etc. be kept wet indefi nitely? Of course not! It is the task of the chemical 
industry to produce fl ame-retardants that can be combined with combustible 
materials without signifi cantly changing their properties and without introducing 
changes as long as the material is not heated to its ignition point. The aim is to 
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design substances that are activated and interfere with the fire only when the 
temperature rises above a certain point (which is a characteristic value for each 
polymer and flame-retardant).

Experiment: The effect of a flame-retardant on the burning of paper

a. Heat a small amount of sodium bicarbonate, NaHCO3(s) in a dry test tube.
b. Write down your observations and try to explain them.
c. For safety reasons put a large vessel with water (chemical beaker, water 

bath, etc.) on the table and conduct all the following experiments above the 
vessel.

d. Try to ignite a few pieces of filter paper with a burning candle. Hold each 
piece of filter paper with steel tweezers and carefully keep a distance of 
about 1 cm between the candle’s flame and the piece of paper. Heat each 
piece of paper for about 15 seconds.

e. Observe the behavior of the filter paper carefully.

Use the following table to summarize your observations and conclusions in your 
lab journal.

Type of paper Observations Conclusions
Regular dry filter paper

Dry filter paper soaked in 
sodium bicarbonate

Dry filter paper soaked in 
ammonium biphosphate

Dry filter paper soaked in 
ammonium bromide

Dry filter paper soaked in 
regular table salt

- Explain the results of the different experiments and write down your 
conclusions.

- Describe what kind of different properties flame-retardants must have to 
be compatible with different polymers? Relate to different types of product 
applications in your answer. Give a detailed explanation.
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Flame-retardants differ from each other in several aspects:
-   Area of activity
-   Working mechanism and interference with combustion process
-   Method of polymer incorporation 

Flame-retardants do not all have the same operating mechanism and in some 
cases the actual mechanism is not fully understood. Certain substances act in 
the solid phase, others in the vapor phase situated above the solid (combustion 
zone) and some act in both phases at the same time. Most substances undergo 
endothermic decomposition with concomitant lowering of the available energy 
for heating of the solid, so that it decomposes more slowly. Other mechanisms 
likely to have an effect on one or more of the different factors in the “fire triangle” 
also play a role.
Some substances, such as foam or glass-like film, form an insulating and 
impenetrable layer on the solid after thermal decomposition. Such insulation 
reduces the transfer of heat energy released during combustion into solid and 
inhibits passage of ignitable vapors to the combustion zone.
For example, adding a phosphorus or boron compound to cellulose11 results in 
endothermic decomposition with formation of water vapors and “soot” (which is 
non-volatile and thus does not reach the gas phase), instead of the combustible 
decomposition products that are formed in the absence of these retardants. The 
endothermic process reduces the amount of energy available for the process, 
the water vapors dilute the oxygen concentration in the combustion zone and the 
carbon (soot) forms an insulating layer with a very high ignition point.

11 Cellulose – polymer found in the cell walls of plants.  Processed cellulose is, among others, used 
for the production of paper and carton.
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In other cases, e.g., with polypropylene, the use of flame-retardants based on 
organic compounds containing phosphorus, nitrogen or alcohols, results in the 
formation of inert gases such as water vapors or carbon dioxide as soon as the 
plastic starts to burn and to melt. Furthermore, a number of chemical reactions 
result in carbonization of the plastic. The gas becomes trapped within this soot 
deposit, forming a joint insulating, rigid foam layer. On the one hand this insulating 
layer slows down the decomposition of more solid by reducing heating in the 
solid phase. On the other hand it slows the escape of the ignitable vapors.
The effect of alumina trihydrate (decomposition temperature 230ºC) or 
magnesium hydroxide (decomposition temperature 320ºC) is explained on the 
one hand by endothermic decomposition which reduces the amount of energy 
available for continuation of the combustion process, and on the other hand by 
release of water vapors causing the dilution of the oxygen concentration and the 
reduction of the concentration of ignitable vapors in the combustion zone.
                      

energy
 Al2O3 

. 3H2O(s)   →   Al2O3(s) + 3H2O(g)  ΔH = 1.60 KJ/gr.

                energy
 Mg(OH)2(s)   →    MgO(s) + H2O(g)  ΔH = 1.17 KJ/gr.

- When would you use alumina trihydrate (Al2O3 
. 3H2O(s)), and when would you 

use magnesium hydroxide (Mg(OH)2(s))?

An example of another material is sodium bicarbonate, NaHCO3(s), which during 
endothermic decomposition releases carbon dioxide in addition to water vapors:
               

energy
2NaHCO3(s)   →   Na2CO3(s) + CO2(g) + H2O(g)

The density of carbon dioxide is 1.95 gram per liter (at 25ºC)
The density of dry air is 1.18 gram per liter (at 25ºC)
- How does this fact contribute to the  flame-retarding effect of carbon dioxide?
- On which factors in the “fire triangle” does carbon dioxide act as a flame- 

retardant? Give a detailed explanation. 
- Sodium bicarbonate decomposes between 50ºC and 100ºC. This compound 

is usually not applied as a flame-retardant, but its dry powder is used as a fire 
extinguisher. Explain.
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Sodium bicarbonate has a dual effect on the “fire triangle”:
− Reduction of the amount of energy available for continued combustion
− Dilution of the oxygen concentration in the gas phase above the burning 

solid, as a result of its decomposition into carbon dioxide and water vapor.

Most of the halogen flame-retardants act in the gas phase. These predominantly 
chlorinated or brominated carbon compounds are effective flame-retardants with 
a rather complicated mechanism of action. They form radicals that participate in 
and slow down the combustion process. Due to absorption of matching energy 
by the halogen flame-retardant, the carbon-halogen (C-Cl and C-Br) bond is split. 
The halogen radicals formed in the gas phase react with hydrogen atoms above 
the polymer formating hydrogen-halides (HBr and HCl). These molecules play an 
important role in moderating the chain reactions occurring during the burning of 
the polymer. The following reactions 4 and 5 show that these molecules react 
with very active radicals, such as H• and OH•. These radicals are replaced by H2O 
and H2 molecules and heavy Br• and Cl• radicals, which absorb a relatively large 
amount of combustion energy and are much like less active radicals. This again 
reduces the amount of energy reabsorbed by the polymer, so reducing its further 
decomposition. The participation of halogen radicals in the combustion process 
slows down and contains the fire.
We can illustrate this by showing some of the reactions occurring during the 
burning of an arbitrary polymer (designated as R-H) in the presence of a bromine-
containing flame-retardant (designated as r-Br):

   retardant   heat
1.  r-Br     →   r• + Br•
    polymer   heat
2.  R-H     →     H• + R•
    polymer
3.  R-H + Br•  →  HBr + R•

4.  H• + HBr  →  H2 + Br•

5.  HO• + HBr  →  H2O + Br•

6.  R• + H-Br  →  R-H + Br•
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Combustion curves with and without flame-retardant 

Often these flame-retarding, organic halogen compounds are combined with 
antimony oxides, such as Sb2O3. These compounds act synergistically, i.e., they 
increase the effectiveness of the flame-retardants so that the total activity of the 
compounds is greater than the sum of their individual effects.
Following are carbon-halogen bond energies.

Bond Bond energy (kJ/mol)

C-F
C-Cl
C-Br
C-I

452
333
276
234

Fluorine and iodine compounds are not used as flame-retardants.
- Explain why.
- Why are chlorine and bromine compounds useful as flame-retardants?
- What differences exist between chlorine and bromine compounds? Give as 

many applications as possible.

At first sight, iodine compounds may seem to be the best flame-retardants, 
because their radicals are heavier than chlorine or bromine radicals. In practice, 
because of their low thermal stability, iodine compounds are not used in 
plastics. C-I bonds are relatively weak and therefore the temperature at which 
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they decompose is usually lower than the plastic processing temperature or 
the combustion temperature. Also, iodine is more expensive than chlorine or 
bromine, while its relatively stable radical limits its effect.
Although fluorocarbons are non-combustible, they cannot be used as flame-
retardants. Sometimes the C-F bonds are too stable, and other times the highly 
active fluorine radicals immediately form HF molecules, which do not participate 
in the flame-retardation process.

- Which are more active, chlorinated or brominated flame-retardants? Assume 
an equal number of moles of retardants being used.

- Compare the costs of bromine or chlorine compounds.
- Try to estimate the relative amount of chlorine compounds compared to 

bromine compounds needed to achieve an identical flame-retarding effect.

The efficacy of these flame-retardants is often tested in combination with other 
materials. For example, magnesium hydroxide, Mg(OH)2(s), is often incorporated 
because in addition to its characteristic as a flame-retardant, it suppresses smoke 
development in fires.
Following are some examples of the most frequently used brominated flame-
retardants today:

Compared on a mole-to-mole basis, brominated flame-retardants are generally 
more effective than chlorinated ones. This is understandable, because bromine 
radicals are much heavier than chlorine radicals (based on their molar atomic 
masses) and thus are able to absorb more combustion energy. Although 
bromine is more expensive than chlorine and brominated compounds add 
more to polymeric mass than chlorinated compounds, the superior efficiency 
of brominated compounds makes them the preferred choice. Less brominated 
compound is needed to achieve the same flame-retardant effect, thus reducing 
the effect on the polymer properties.
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Reactors in a  fl ame-retardant production unit

Selecting a fl ame-retardant for a polymer is a complicated procedure and many 
factors have to be taken in consideration. So far we have seen that fl ame-retardants 
must be compatible with the type and properties of the combustible material. 
Electrical and electronic appliances must therefore contain fl ame-retardants that 
do not adversely effect electrical properties. Carpets and upholstery must have 
fl ame-retardants protecting them against exposure to burning cigarettes, etc. 
Other fl ame-retardant standards will be discussed later in this chapter.

- Suggest general fl ame-retardant standards applicable to different products.

How are fl ame-retardants incorporated in products?
Flame-retardants can be classifi ed as additive or reactive compounds, depending 
on the way they are incorporated into products.

Additive fl ame-retardants
Methods used to incorporate additive fl ame-retardants in products include:
− Impregnation of the product with fl ame-retardant solutions. This is the 

preferred method in the wood and textile industry.
− Mixing the fl ame-retardants with the polymer and other additives. The fl ame 

retardant must be in a physical form, which enables it to be dispersed uniformly 
in the plastic, e.g., liquid or suitably sized particles.
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The clear advantage of additive flame-retardants is that they can be incorporated 
in plastics without the need for complex chemical procedures. Furthermore, they 
can be added in variable quantities, while the requisite amount can be  determined 
precisely in compliance with official standards for the particular application.
This type of flame-retardant has however, some drawbacks. The main 
disadvantage is the lack of chemical bonds between the added flame-retardant 
and the polymer, which allows many of them to migrate to the surface of the 
product where they accumulate as powder and vanish in the course of time.  
This phenomenon, which is called “blooming”, gradually reduces the efficiency 
of the flame-retardants and spoils the final product appearance, making it unfit 
for use. Furthermore, these substances can damage the mechanical properties 
of the product (e.g., inducing mechanical weakness). In recent years an intensive 
search has been made for additive flame-retardants with little or no blooming. By 
forming strong inter-molecular bonds with the polymer, the latter is able to retain 
these substances for a prolonged period.
Alumina trihydrate and magnesium hydroxide, which we described earlier, are 
examples of additive flame-retardants not based on bromine. They are frequently 
added to various plastic products, such as insulation for electricity, construction 
materials, etc.
Ammonium bromide, NH4Br, and hexabromocyclododecane (HBCD) are examples 
of brominated additive flame-retardants.
Wood and textile products can be impregnated with ammonium bromide 
solutions. When heated, ammonium bromide decomposes into ammonia and 
hydrogen bromide, which suppresses the fire, as we discussed earlier.
       

 energy
NH4Br(s)   →   NH3(g) + HBr(g)

Hexabromocyclododecane (HBCD) is an additive flame-retardant, because it 
lacks functional groups that bind to the polymer chain. It is used as a polymer 
flame-retardant, particularly in styrene resins (which are based on styrene or its 
monomeric derivatives) and polystyrene and polystyrene foam, which are used 
for insulating boards in construction, electrical and electronic appliances, etc.

Reactive flame-retardants
By covalent binding to the polymer, usually through copolymerization with a 
suitable brominated or chlorinated monomer, reactive flame-retardants become 
an integral part of the polymer. The properties of these reactive flame-retardants 
must be compatible with those of the polymer, and their molecules must contain 
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bonds that can react with the monomeric bonds of the polymer, or with the free 
functional groups on its chain.
Here are a few examples by way of illustration:  During the production of polymers 
such as polyethylene,  , which is formed by the addition of monomers such 
as ethylene,  , it is possible to use reactive flame-retardants containing double 
bonds. In such cases the retardant molecules replace part of the monomeric 
fraction during the polymerization reaction. The bromostyrene monomer, for 
example, is used as flame-retardant in a number of copolymerization12 reactions. 
For example, copolymer formation with styrene proceeds as follows:

   Styrene           Bromostyrene      Copolymer

PVC, polyvinyl chloride, is a polymer used for various purposes:
- Describe different applications of PVC.
- From which monomer is it built?
- Is PVC very flammable? Explain.
Flame-retardants can also replace monomers in polymers formed by 
condensation, as for example in the case of polyesters. The general formula of 
a polyester is as follows:

- What monomers does this polymer contain?
- Which functional groups on a flame-retardant are compatible with this 

polyester? Give a detailed answer and formulas.

The compound dibromo neopentyl glycol13 (DBNPG):

12 Polymerization with a mixture of different monomers so that the polymer formed does not consist 
of a single repeating unit.

13 Dibromo neopentyl glycol – 2,2 di-bromo methyl propyl glycol.
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is a diol that can replace the corresponding monomer, which reacts with the 
dicarboxylic acid monomer to form the polyester:

By this reaction the flame-retardant is incorporated in the polymer backbone. 
The retardant molecules can partly or completely replace the diol monomer in 
proportion to the amount of bromine required for the desired fire suppression 
effect, without damaging polymer properties.

The flame-retardant can also form side-chain ester linkages with a polymer 
possessing free carboxylic groups.

- Present a part of such a polymer molecule 
- With which polymers can a flame-retardant such as tribromo neopentyl alcohol 

(TBNPA)14 suitably be combined?

The applied plastics laboratory
In the Dead Sea Bromine Group’s applied plastics laboratory the properties of 
polymers and various plastics with and without flame-retardants are tested.  The 
laboratory contains processing equipment for compounding the plastics under 
industrial conditions. Also available is measuring equipment complying with 
international standards for testing the mechanical, thermal, environmental, optical, 
ignition and chemical properties of plastics. Samples of different polymers with 
or without different concentrations of flame-retardants are tested for mechanical 
properties, combustibility and smoke emission during combustion. To evaluate 
the effect and efficacy of different flame-retardants on plastics all the Group’s 
products are routinely tested with complete customer cooperation.

14 Tribromo neopentyl alcohol – 3 bromo 2,2 di-bromo methyl propanol.
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LOI meter in the applied plastics laboratory

Experiment 15: Demonstration of the effect of a fl ame-retardant on a 
plastic product (see photographs)

a. In the fume cupboard and by means of a metal clamp connect three 
polypropylene rods vertically to three different metal stands16. Place a small 
piece of cotton under each stand.

b. Simultaneously and for a fi xed time of 10 seconds bring the three Bunsen 
burners close to the polypropylene rods.

c. Observe the rods before, during and after exposure to the fl ame.
d . Repeat steps b and c once.

- Explain what happened during the experiment.
- Identify the different rods: without fl ame-retardant and with respectively low 

and high concentrations of fl ame-retardant.

Combustion of three polypropylene rodsCombustion of three polypropylene rodsCombustion of three polypropylene rodsCombustion of three polypropylene rods

15 Alternatively it is possible to watch a movie dealing with  fl ame  retardants from the video 
“Bromine and its compounds”, Weizman Institute of Science, Rehovot.

16 There are different standards for testing combustibility.  This test is only one example.
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Hot drips are a hazard of burning plastic ceilings. As soon as the plastic material 
begins to burn and melts, drops of molten plastic start dripping down and 
may ignite any inflammable item they happen to fall on. We must therefore 
find materials that, in addition to their flame-retardant properties, are able to 
prevent dripping of molten material.
It was found that certain flame-retardants, such as decabromodiphenyl oxide, 
can fulfill these requirements and prevent dripping of polypropylene.

Choosing a flame-retardant
What are the principal properties required of any flame-retardant? What are the 
most efficient flame-retardants? How do we choose the best flame-retardant for 
a particular polymer or application? These and similar questions occupy the minds 
of scientists in the Dead Sea Bromine Group and are being researched in the 
plastic industry around the world.
Due to increasing public awareness, especially in the developed countries, of 
the potential dangers and damages inflicted by fires, strict standards including 
properties of flame-retardants for different products have been established.  
Special importance is attached to law enforcement in public buildings. As a result, 
flame-retardants are increasingly used in the many polymers used in the building 
industry, in electrical and electronic appliances, etc.
We saw that a variety of compounds can be used as flame-retardants and we 
also learned that bromine compounds are among the more efficient ones.  
As expected, however, not all organic bromine compounds are useful flame-
retardants. A material must fulfill a number of other requirements before it can be 
considered a potential flame-retardant for a specific polymer.
We often ignore the fact that several components can make up a plastic 
product in addition to the polymer itself. Plastic products may contain many 
different materials, such as pigments, fillers (for adding flexibility to stiff plastic 
materials), UV radiation stabilizers and antioxidants (for protecting the plastic 
against deterioration by exposure to light or oxygen), antistatic substances (used 
to prevent build-up of electrical charge on the plastic) and, of course, flame-
retardants.
In the choice of a compatible flame-retardant chemical, technological, economic 
and environmental considerations all play a role.
To find the appropriate flame-retardant for a specific purpose we must take into 
account its molecular structure, properties, production costs and safety and 
environmental requirements:
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- Type of polymer (structure, functional groups)
- Processing temperature of the polymer
- Decomposition temperature of the polymer
- Compliance with overall properties of the final product (mechanical 

properties, color, etc.)
- Cost and relative efficiency of the material
- Consumer and environmental “friendliness”

The amount of flame-retardant used is determined by:

− The efficiency of the flame-retardant and the requisite degree of flame 
resistance of the final product

− Other properties required of the final product (mechanical and other 
properties)

The primary requirement of a flame-retardant is, of course, to significantly and 
efficiently reduce the rate and intensity of combustion of plastic products. As a 
result, both the rate and the amount of CO and other hazardous substances formed 
and released in the gas phase will be reduced. Such hazardous substances are 
inflammable hydrocarbons or HCN generated by burning polyurethane, depending 
on combustion conditions and the composition of the plastic.
Furthermore, it is very important that the flame-retardant is structurally and 
technologically compatible with the polymer, or more accurately, with the plastic 
product in which it is incorporated. Additive flame-retardants must penetrate 
between the polymer chains and tightly bind to them to prevent blooming and 
should be able to mix well with the polymer. An active retardant must have the 
proper functional groups to bind to the polymer chain during or after polymerization.  
Further requirements concerning both additive and reactive flame-retardants 
relate to the melting point of the polymer in which it is compounded together with 
additives, and the decomposition temperature of the flame-retardant. An efficient 
flame-retardant should decompose at a temperature similar to the decomposition 
temperature of the polymer backbone (usually between 200ºC and 300ºC), but 
it should be stable during processing of the polymer (this step is also called 
compounding).

The polymer polypropylene is used, among other things, for the preparation 
of insulating tubing for electricity cables used in the construction industry. The 
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formula of polypropylene is: 

The melting point of polypropylene is 180ºC and its decomposition temperature 
is 250ºC.
- Is it possible to use an additive or reactive flame-retardant for this polymer? 

Explain.
- Is a flame-retardant with a melting point of 70ºC and a decomposition 

temperature of 180ºC compatible with this polymer? Give a detailed answer.
- Is a flame-retardant with a melting point of 180ºC and a decomposition 

temperature of 200ºC compatible with this polymer? Give a detailed answer.

Every polymer has “a functional window” that allows the incorporation of a 
particular  flame-retardant. The window must be situated between the processing 
and decomposition temperatures. The aim is to find a flame-retardant that on the 
one hand is stable at the processing temperature of the plastic and on the other 
hand starts to decompose at approximately the decomposition temperature of 
the plastic itself. These two requirements must be fulfilled in order for the flame-
retardant to be functional when needed.

To summarize, an effective flame-retardant should fulfill the following 
requirements:
- It should be stable at the compounding temperature of the polymer.
- It should not damage the production or processing equipment of the 

polymer.
- It should be stable during application of the polymer.
- It should not be detrimental to primary polymer properties (e.g., transparency, 

mechanical strength, resistance to chemicals, etc.).
- It should decompose within the decomposition temperature range of the 

polymer.
- Its price must be reasonable (the price increase for improved fire-retardant 

properties of the product should be acceptable to the customer).

Of no less importance is that the product should be environment-friendly.
- It is of crucial importance that the decomposition of the flame-retardant 

does not create an acute or long-term environmental hazard.
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These environmental aspects gained much importance after the 1976 “Seveso” 
accident in the Lombardian town of Seveso in Italy. The accident occurred when 
a mixture of chemicals, including dioxins, which are considered to be highly toxic, 
escaped from an overheated reactor at the Icmesa pesticide plant, covering a 
large area of Seveso and surroundings.
Today we know that, under certain conditions, combustion of a number of 
chlorinated organic compounds causes the formation of dioxins and other 
substances, called benzofurans. During combustion of certain brominated organic 
compounds, bromine-containing dioxins and benzofurans may also be formed. The 
formation of halogenated dioxins and benzofurans is a problem to be reckoned 
with not only during accidents or production faults, but also during combustion 
of household garbage or industrial waste. For the past 20 year the problem of 
the formation of toxic dioxins and benzofurans has been discussed extensively. 
In 1987 the EPA drafted legislation demanding the testing of eight widely used 
brominated fl ame-retardants for the presence of dioxins and benzofurans. The 
fl ame-retardant itself and the plastics incorporating the fl ame-retardant must be 
tested.

This type of legislation poses a problem related to technological ability. Methods 
needed to be developed for the determination of minute ppb (parts per billion) 
quantities of these toxic materials. Sophisticated equipment and extremely 
accurate tests were developed especially for this purpose. Today only a few 
laboratories in the world are equipped to perform these determinations.

The authorities are faced with a dilemma. On the one hand they want to reduce 
the number of fi re casualties and extent of property damage, on the other hand 
personal and environmental damage infl icted by release of toxic materials must 
be avoided. Hold a group discussion on the different aspects of this topic and 
suggest ways to solve the dilemma.

Acoustic ceiling in the Shalom 
Center in Tel Aviv. 
The ceiling is made from 
polypropylene plastic blended 
with special brominated fi re-
retardants and magnesium 
hydroxide.

Acoustic ceiling in the Shalom 

The ceiling is made from 

with special brominated fi re-
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6.4 - Brominated drilling fluids

Almost all oil is found trapped within the pores of a rock layer deep in the earth.  
The following sketch shows the porous, oil-containing rock layer:

             

To extract the oil, a hole must be drilled to reach the oil-containing rock layer and 
the oil must be brought to the surface under controlled conditions. This has led to 
the development of an extensive technology that is presented in a very general 
way in the following illustration: 

                     

It is common practice during the drilling operation to circulate a mixture of muddy 
substances (called drilling mud)17 within the borehole through the drill shaft.
This is done mainly to exert the necessary counter pressure to prevent oil spurting 
out uncontrollably before steps have been taken to ensure safe and economical 
oil exploitation. The mud, (circulating through the drill casing) has other uses too, 
17 This can be a watery or organic mixture typically containing solid material to give it the requisite 

density.
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like cooling off the drill, safeguarding the walls of the borehole from collapse, and 
removal of drilling debris.
After drilling the borehole and before the actual drilling for oil is started, the 
mud mixture is replaced by a clear solution to avert (or at least reduce) possible 
damage to the rock layer as a result of the debris obstructing the porous layer 
entrapping the oil. The density of the solution must compensate for the expected 
oil (and/or the gas) pressure released by the drilling.
These solutions help to increase output and contribute to the optimal exploitation 
of the oil well.

Some of the requisite properties of these solutions are:
- clarity (without debris)
-  high density
- low volatility
- low corrosiveness
- non-toxic
- inert

Solutions satisfying these requirements contain various concentrations of 
chlorine and bromine salts, such as sodium chloride, NaCl, and calcium chloride, 
CaCl2, sodium bromide, NaBr, and calcium bromide, CaBr2 (whose properties and 
production were discussed in Chapter 5, as well as zinc bromide, ZnBr2.

P r o p e r t i e s
Name of material: Zinc bromide, ZnBr2

Colorless and odorless solid
Molar mass: 225.38 gr./mol 
Melting point: 394°C
Crystallization point: Solution (about 75%)  - 8°C
Boiling point: 650°C;  solution 135°C
Density solid 4.2 gr./cm3;  solution 2.3-2.6 gr/cm3

Solubility in water: High. 447 gr. per 100 cm3 water (at 20°C)
Solubility in other solvents: Good in ether, alcohol, acetone and ammonia.
Flammability: Aqueous solution is neither flammable nor explosive.
Toxicity: Aqueous solution causes irritation of eyes and skin.
Typical reactions:
- Heating above 360°C releases bromine vapors
- Both aqueous solution and solid react with strong oxidants.
Applications: Drilling solutions, battery industry and additive for glass industry
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Zinc bromide is also used for the production of batteries.
In recent years high energy density batteries based on zinc bromide have 
been developed and are used for high-energy consumption products, such as 
electric cars and homes.
These novel batteries can store electrical energy during periods of low energy 
consumption and to release it during peak hours, balancing demand and saving 
costs at the same time. These relatively lightweight batteries are made almost 
entirely of plastic, including the electrodes. They are cheaper than the lead-acid 
batteries used today and easier to maintain. They also comply with the global 
demand for environmental protection, because they are made of recyclable 
materials.
Energy is generated by a zinc-bromine redox reactions:

Zn(s) → Zn
2+
(aq) + 2e-

Br2(l) + 2e- → 2Br-(aq)

Zn(s) + Br2(l) → Zn
2+
(aq) + 2Br-(aq)

All battery components are made from bromine inert plastic. Unlike the lead 
acid battery, the zinc/bromine battery uses electrodes that do not take part in 
the reactions, but merely serve as substrate for the reactions.
A zinc plated negative plastic electrode and a positive electrode also made 
of plastic are separated by a microporous separator. An aqueous solution of 
zinc bromide is circulated through the two compartments of the cell from 
two separate reservoirs. The electrolyte stream in contact with the positive 
electrode contains bromine, which is maintained at the desired concentration 
by equilibrating with a bromine storage medium and kept as a complex ion, 
Br-3(aq). The bromine storage medium is immiscible with an aqueous solution 
containing zinc bromide.  The battery is operated by opening a valve, which 
allows the bromine solution to come into contact with the electrochemical 
system containing the zinc.
When the zinc/bromine battery is completely discharged all the metal zinc 
plated on the negative electrodes is dissolved in the electrolyte and replaced 
the next time the battery is charged:
  Zn

2+
(aq) + 2Br-(aq) → Zn(s) + Br2(l)

In the fully discharged state the zinc/bromine battery can be left indefinitely.
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Study the Calcium Bromide Properties (Page 174) and Zinc Bromide Properties 
(Page 256) and answer the following questions:
- What properties are common to both zinc bromide and calcium bromide 

solutions?
- What are the differences?
- Why do the solutions contain several components instead of one?
- Why are these mixtures also combined with sodium bromide solutions?

The solutions are prepared on the basis of three main parameters:
a. The density must compensate for the pressure in the well. Solutions with 
a density of 1.0-2.6 gr/cm3 can be prepared. The following diagram shows the 
density of solutions with different compositions of calcium bromide, zinc bromide 
and calcium chloride.

Solutions with different compositions

- Explain why the density is 1.0-2.6 gr.  per cm3.

b. The crystallization point of the solution (the temperature at which the solution 
becomes saturated with respect to one or more of its salt components and starts 
to crystallize) must agree with temperature conditions in the drilling area.
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Crystallization points of calcium bromide solutions

Different climatic conditions require solutions with different crystallization points.   
For example, a solution with a crystallization point below zero should be used for 
a well in Alaska, and it will have a composition different from a solution used for a 
well in a warm region such as Mexico.

- For which temperature range would a 52% calcium bromide solution be 
useful?

c. Specific requests to adjust the composition of the solution to the ionic and 
gas content18 of the rock layer to prevent precipitation reactions likely to cause 
problems with pumping or circulation of the solutions.

- Make use of solubility data, to be found in reference books, to check which 
precipitation reactions may occur when using solutions containing: 

 - calcium bromide
 - zinc bromide

18 Some wells contain hydrogen sulfide as well as natural gas.
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If the rock layer contains ions such as SO2-
4 , F -, CO2-

3 and S2-
   , the following 

precipitation reactions may occur:

Ca
2+
(aq) + SO-

4(aq)  →  CaSO4(s)

Ca
2+
(aq) + 2F -(aq)  →  CaF2(s)

Ca
2+
(aq) + CO

2-
3(aq)  →  CaCO3(s)

Ca
2+
(aq) + S

2-
(aq)  →  CaS(s)

 
The use of bromine-based drilling solutions started at the beginning of the 
seventies and accelerated in the nineties concomitant with a growing development 
in oil drilling technology. In the past drilling solutions were used mainly in the USA 
and by England and Norway in the North Sea region. Gradually their use spread 
to other regions such as West Africa, Eastern Europe, South Africa, South East 
Asia and others.
The demand for these bromine compounds is not steady and follows fluctuations 
in the oil market, i.e., oil prices, extent of oil production in various countries, etc.  
In periods of high oil prices, the desire to exploit the full production capacity of 
the oil fields as well as the possibility of investing large sums in production costs 
stimulate the demand for drilling solutions.
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6.5 - Bromine compounds in photography

From the discovery of photography, in 1840, until today bromine has played an 
important role in all photochemical methods routinely applied in photography. The 
three salts, silver chloride, silver bromide and silver iodide, are all photosensitive, 
but silver bromide is more suitable for the preparation of photographic 
emulsions19, which are so important in photographic technology.

Emulsions: Very small crystals (about 0.05 – 5 nm20) homogeneously dispersed 
in solution.

The silver bromide emulsion (sometimes small amounts of other silver halides 
are added to modify light sensitivity) is coated on different photographic surfaces: 
transparent plastic fi lm, metal plates, glass plates, paper, etc. Exposure of the 
silver bromide crystals to light induces a photochemical change that does not 
occur in the unexposed crystals. Only the silver bromide crystals exposed to light 
react with developer (a reducing agent), forming black metallic silver:
                                                                           light

AgBr(s) + e-    →   Ag(s) + Br-(aq)

The silver bromide crystals are reduced proportionally to the intensity of light 
exposure.  The darkest image is obtained (as a result of metallic silver formation) 
where light exposure is strongest. The unexposed silver bromide is washed out 
with an ammonium bromide solution by a procedure called fi xation. After drying 
the negative is obtained.

19 Photo emulsion: very tiny silver bromide crystals emulsifi ed in aqueous gelatin.
20 Nanometer:  1nm – 10 -9m

From the discovery of photography, in 1840, until today bromine has played an From the discovery of photography, in 1840, until today bromine has played an 
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As discussed earlier, silver bromide is formed in a precipitation reaction between 
potassium bromide or sodium bromide and silver nitrate in the presence of an 
acid catalyst:

Ag
+
(aq) + Br-(aq) → AgBr(s)

P r o p e r t i e s

Name of material: Silver bromide, AgBr

White, odorless solid (powder or crystals)
Molar mass: 187 gr./mol
Melting point: 419°C
Boiling point: Decomposes at 900°C into elements
Density: Solid 6.48 gr.  per cm3

Solubility in water: Low
Flammability:  Non-flammable
Toxicity: Hazardous when swallowed or inhaled. Irritates skin, eyes and mucous 

tissues
Typical reactions:
- Photosensitive
- Dissolves in sulfuric acid with release of bromine
- Dissolves in aqueous solutions of certain inorganic salts (potassium 

thiocyanate, sodium thiosulfate, ammonium thiosulfate and others) with 
formation of soluble complexes).

Applications: Photography, catalyst for certain reactions in organic chemistry

Sometimes other bromides are involved in the emulsifying process to get 
emulsions with specific properties. X-ray photography, for example, demands 
extremely purified emulsions, and for this purpose the silver bromide is prepared 
with ammonium bromide, giving a very pure product uncontaminated with other 
metals (see Question 6 on Page 203). These materials are usually supplied in 
powder form, which customers dissolve in water. Other customers require 
preprepared aqueous solutions, which makes the product much more expensive 
because of the very high transport costs involved.
It is interesting to review the “AgBr story”, in the same way that we reviewed  
the “EDB story”, or the “methyl bromide story”, or stories of other materials.  
The dynamics of the uses of different products are not only influenced by 
environmental factors but by technological developments as well.
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From the day photography was invented it has been and still is subject to changes.  
These changes modulate the demand for silver bromide and the other bromides 
we referred to.
From the beginning of 1840, the year photography was invented, and for many 
years afterwards, photography was a privilege of the few. Therefore the demand 
for bromides was small. Later, other fields of photography started to develop, such 
as X-ray photography, graphic art, filming (35 mm), and amateur photography. As 
these areas grew and expanded, the demand for bromides rose.
With the introduction of new photographic technologies in medicine, such as 
ultrasound and MRI, which have the advantage of not generating radiation, 
the use of medical X-ray photography declined. On the other hand, the market 
for industrial X-ray photography increased (for example for checking sealing, 
especially in the airplane and satellite industry). As a result, the market for photo-
grade bromides remained almost unchanged.
The film industry, which developed jointly with amateur photography and amateur 
filming, generated an increasing demand for silver bromide. The invention of the 
video and the introduction of amateur video cameras, however, again turned the 
tide of the market. These technological developments brought about an enormous 
fall in the film camera market. Ostensibly this should have lead to a drop in the 
use of film material, but the significant rise in increasingly cheaper and popular 
amateur photography kept the demand for film material constant. Moreover, the 
huge growth in the graphic arts of recent years and the extensive developments 
in the areas of journalism, magazines and books, in fact increased the demand for 
film material by 8%-10% on the average.
...And another revolution! Due to the enormous progress in computer technology 
in recent years, electronic companies succeeded in developing the digital camera.  
These cameras use computer discs instead of films and the photographic images 
are stored in the computer’s memory.
Digital cameras are still expensive, while the quality of the photographs is not 
yet comparable to that of conventional cameras, so that at this stage they do 
not yet pose a threat to them. With further developments, cheaper cameras and 
improved photographic quality, however, they will become increasingly popular, 
and this will most likely again affect the demand for silver bromide. And who 
knows what will be next?
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Photography without film
Coinciding with the 150th anniversary of the 
invention of photography the first amateur 
electronic camera appeared on the market, 
making it possible to view digitalized pictures 
directly on television.
At the end of 1888, the Kodak company 
produced its first box camera, with an historical 
invention hidden inside – for the first time the 
camera was equipped with a paper roll coated 
with photosensitive chemicals, enabling the 
photographing of a number of sequential images 
on a film roll. Up till then photographs were made 
on glass plates coated with chemical solutions. 
The box was considered a technological 
miracle, making the camera widely available and 

converting photography to a popular hobby.
The novel camera, which was marketed on the 
occasion of the 150th birthday of the invention of 
photography, operates on a magnetic principle, 
and not by means of a film coated with chemicals.  
This implies that no chemical processes are 
involved in photographing and developing.  
The new camera captures the pictures on 
magnetic tape, similar to the ones used for video 
filming, and stores them on a small disc.
The picture can be immediately displayed in the 
camera itself and viewed as a fully colored still on 
a television screen. Although it can be said that 
electronic photography was born only recently, 
the history of photography shows that progress 
in this field is very fast.

The start of a new epoch
Electronic photo album
Excerpt from an article published by Yossi 
Chersonski  in “Ma’ariv” Business 13.11.1998
Whoever predicted the end of the traditional 
photo album can feel pleased today. From now 
on you can start to plan your digital photo album 
and stow away your entire photo collection on a 
few discs. Next you simply link the device to your 
television set and enjoy viewing the digitalized 
pictures on your television screen.

Time to switch to pixels
Excerpt from an article by Chris O’Mally 
published in “Popular Science”, July 1998
The curiosity evoked by digital cameras 
among photograph buffs, or among amateur 
photographers, is understandable. These cameras 
allow you to display your pictures on a liquid 
crystal screen before storing them in computer 
memory, or to erase them just as fast if you don’t 
like what you see. You can arrange an immediate 
slide show on the camera’s color screen, or do 
the same thing on a television screen. With a PC 
you can also edit your digital pictures and email 
them to friends and relatives.
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6.6 - Use of lithium bromide, LiBr, for cooling systems

The cooling systems used since the beginning of the fifties were based on the 
principle of rapid absorption by special solutions of water vapors, generated by 
electrical heating of water.

- Is water absorption by solutions an endothermic or exothermic process?  
Explain.

- Explain how this coolant operates.

In the sixties lithium bromide solutions, capable of absorbing water vapors rapidly, 
were already used as coolants. Lithium bromide solutions were preferred since 
their vapor pressure is low at working temperature and they do not crystallize.
Lithium bromide absorption of water vapors induces two changes, i.e., it 
decreases both the concentration and the temperature of the solution. Because 
the cold solution is in contact with circulating water, heat is exchanged and the 
water is cooled down. The working principle of energy exchange is similar to the 
principle of the “heat exchanger” described in Section 3.7. Upon reheating the 
solution the water evaporates, thus increasing the concentration of the solution, 
which can then reabsorb the water, and so on.
Over the years this method was abandoned in favor of a different technology 
based on compression of gases by electrical energy. This method uses CFCs 
(chlorofluorocarbons), which we described earlier in Section 6.1. The discovery 
that CFCs deplete the stratospheric ozone layer led to a decision to halt their 
use, and as a result the old lithium bromide technology was unearthed and 
reexamined.
Lithium bromide solutions have a few distinct advantages:

−  Lithium bromide is non-volatile and remains in solution during absorption of 
water vapors as well as after reheating to evaporate the water.

−  The solutions are non-toxic and harmless to the environment.

Lithium bromide is produced In Israel in cooperation with a Japanese company 
manufacturing cooling systems and air conditioners. The joint Israeli-Japanese 
production planning included the preparation of custom-made formulations.  This 
switch in technology stemming from environmental concerns also resulted in  
successful joint production planning with the manufacturer responsible for the 
final product.
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6.7 - Applications of bromates
The Dead Sea Bromine Group produces both sodium bromate, NaBrO3, (see 
Properties on Page 182) and potassium bromate, KBrO3(s) (see Properties on  
Page 189) by methods described earlier in Chapter 5.  Bromates are known to be 
strong oxidants used for a diversity of purposes, some of which will be described 
in this section.
The use of bromates in the explosives industry is based on their thermal 
decomposition with formation of oxygen:
                 300°C-450°C

2KBrO3(s)         →         2KBr(s) + 3O2(g).

Sodium bromate is used mainly in the cosmetics industry (for hairdressing) and 
the textile industry. Both applications are based on the oxidizing property of 
sodium bromate.
Hairdressing makes use of opening sulfur-sulfur (S-S) bonds of the hair protein 
keratin. One of the monomers that make up this protein is the amino acid 
cysteine, which carries a –SH group. A special feature of cysteine is its ability to 
form a dimer when reacting with oxidants:

                                   oxidation
2H - S - CH2 - CH - COOH         HOOC - CH - CH2 - S - S - CH2 - CH - COOH + H2O
               NH2

 reduction             NH2
        

              NH2
 

          cysteine            cysteine

Cystine can be reduced to two molecules of cysteine.
Permanent waving is in fact the formation of curls due to restored S-S linkages and 
hydrogen bonding between the proteins chains and is a three-step procedure:
 Reduction to open the S-S linkages, making the hair flexible and 

manageable.
 Hairdressing, shaping the curls in the desired form by technical means.
 Oxidation process, restoring the S-S linkages while forming new permanent curls.
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Hydrogen peroxide, H2O2(aq) was once used as an oxidant, until it became clear 
that this chemical not only bleaches hair but also is detrimental to the hair of dark-
skinned people and Asians. It can be safely replaced by sodium bromate.

In the textile industry the oxidative property of sodium bromate is used for wool 
treatment and various dyeing processes. It is used for bleaching and fading jeans 
and to make certain dyes insoluble in water by oxidation at the end of the dyeing 
process.

In the food industry potassium bromate is applied as an oxidant and preservative 
in manufacturing beer, for bleaching baking flour, in cheese production, etc. In 
baking its main task is the formation of S-S linkages between the proteins in the 
dough. This network of linkages traps the gasses released during the rising of the 
dough, and prevents them from escaping.

- Why is potassium bromate rather than sodium bromate used as a baking 
additive?

In Israel and certain other countries the use of potassium bromate in the food 
industry has been prohibited.

Israeli Ministry of Health prohibits use of 
potassium bromate for baking.

by Edna Aridor, Health correspondent of 
Ha’Aretz, an Israeli newspaper, 3.8.1993 

As of September 1, the Ministry of Health will no 
longer permit the use of potassium bromate for 
baking bread, although the FDA (US Food & Drug 
Administration) continues to give its permission. 
The Ministry’s Food Authority instructed all the 
country’s bakeries to that effect. In the Ministry 
of Health’s announcement yesterday it was said 
that, despite the dispute between WHO (the 
World Health Organization), which recommends 

stopping the use of potassium bromate and 
the FDA decision, which approves its use, the 
Ministry nevertheless decided to prohibit the use 
of potassium bromate.
The decision should be seen as a precautionary 
measure to protect the health of Israel’s 
population and also because some Israeli bakeries 
can use an alternative to potassium bromate.
It was also said that experiments in laboratory 
animals given potassium bromate containing 
bread provided no evidence for the presence of 
carcinogens.  Clinical trials in humans have not 
yet been performed.  Some European countries, 
such as Germany and France, also decided to 
prohibit the use of potassium bromate.
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6.8 - Bromine compounds as intermediates and for 
medical and other uses.

Brominated intermediates are products used as raw material or intermediates 
for the preparation of other products. Some appear as components of the final 
product, some are used for introducing bromine atoms in the final product 
and others for manufacturing final products not containing bromine. Although 
the bromine may enter and leave the production process, it is nevertheless 
indispensable because it may act as a catalyst by increasing the reaction rate, or 
it may influence conversion routes, etc.
Some intermediates are used for the production of pesticides, medicines, etc.  
Bromine compounds have become increasingly popular as intermediates for the 
manufacturing of several products and the future of brominated intermediates 
looks promising.

We saw that the introduction of bromine atoms in certain molecules can 
convert them to toxic substances, such as methyl bromide, CH3Br and EDB. 
On the other hand, we saw that the presence of bromine can impart medical 
properties to a number of substances.
As early as 1835, 9 years after the discovery of bromine, certain bromides 
were already used in medicine. Until 1950 their effect on the nervous system 
was unknown.  After the discovery that bromide ions can decrease the 
sensitivity of the central nervous system, the use of bromine, in particular in 
epilepsy patients, increased: as tranquillizers, for prevention of seizures and as 
hypnotics.  Preparations based on bromine are also prescribed as tranquillizers 
for heart patients, for thyroid hyperactivity, hysteria, etc. Furthermore, certain 
organic bromine compounds are also used as hypnotics. Examples are 
CBr3CH2OH, which is called Ortene, ethyl bromide, C2H5Br and halothane 
F3CCHClBr.
Chronic use of bromide can lead to the appearance of toxic symptoms that are  
termed “bromism”.
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To summarize:
It is not within the scope of this book to deal with the many other bromine 
compounds produced by the Dead Sea Bromine Group5. Although we have 
described the main applications, less frequently used bromine compounds should 
not be ignored. A great number of bromine compounds are produced for a variety 
of industrial purposes, such as: pesticides, dyes, fi re extinguishers, etc.
Many industries around the world manufacture all kinds of products utilizing 
bromine compounds made by the Dead Sea Bromine Group.
The properties of all these compounds are based on the principles we discussed 
in the previous chapters.
Judged by their properties and by their many applications, the diversity of bromine 
products is unique. Further investigations of bromine compounds will result in 
further application areas and wider use.

Different applications of bromine compounds

21 For more applications and other compounds see Website of the Dead Sea Bromine Group:
 http://www.DSBG.com
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Concepts discussed in Chapter 6

Additive flame retardants: Do not bind covalently to the polymer chain but are 
incorporated in the different  products in two ways:

a. Impregnation of the product with flame retardant solutions. This is the 
preferred method in the wood and textile industry.

b. Mixing the flame retardants with the polymer and other additives. Mixing 
is usually performed when the flame retardants are molten, during the 
processing stage of the plastic.

Biocides: Substances that kill microorganisms.

Emulsions: Very small crystals (about 0.05 – 5 nm) homogeneously dispersed 
in solution.

Flash point: the lowest temperature at which vapors above a volatile 
combustible substance ignite in air when exposed to a flame.

Fire triangle: Three factors needed for combustion, i.e., oxidizing material 
(usually oxygen), combustible material and heat (activation energy).

Free radicals: Particles with unpaired electrons.

Ignition point: (sometimes called self-ignition point):  the lowest temperature 
at which a substance ignites spontaneously under defined conditions.

Polymer: Macromolecule (giant molecule) built from thousands of atoms linked 
by covalent bonds. The complete macromolecule is composed of repeated 
structural units (from Greek: poly-many, meros-part).

Reactive flame-retardants: Fully integrated in the polymer backbone, usually 
through copolymerization with a suitable brominated or chlorinated monomer.

Synergistic effect: The total effect of the compounds is greater than the sum 
of their individual effects.
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Questions about Chapter 6

1. Compare the properties of 1,2 dibromo ethane (EDB) with those of bromo 
methane (methyl bromide) according to the following parameters:

Property Material

EDB Methyl bromide

Volatility

Stability

Flammability

Diffusion capability

Water solubility

Toxicity

Environmental hazard

Price

2. In the reaction between chlorine and bromine with amines, chloroamines 
and bromoamines are formed respectively. The overall reaction equations 
for these reactions are:

NH3(aq) + HOX(aq)  →  NH2X(aq) + H2O(l)

NH2X(aq) +  HOX(aq)  →  NHX2(aq) + H2O(l)

 Study the following graph comparing the free energy changes in 
chloroamines and bromoamines during these reactions:
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a. How do you explain the differences between the curves describing 
the free energy changes during formation of bromoamines and 
chloroamines?

b. With the help of this graph explain why the use of bromine is preferable 
to the use of chlorine.

3. The following equilibrium constants are given for acids:
HOBr    Ka = 2.1 x 10-9

HOCl    Ka = 3.7 x 10-8

a. What effect, if any, can these data have on the disinfection potency of 
aqueous solutions of Br2(aq) and Cl2(aq)?

b. It was found that a mixture of two compounds, e.g., NaBr and NaOCl 
improved the disinfection potency of the biocide solution. Explain.

4. Here are the properties of lithium bromide, produced by the Dead Sea 
Bromine Group as a 55% aqueous solution:

P r o p e r t i e s

Name of material: Lithium bromide, LiBr

White solid
Clear, odorless 55% solution
Molecular mass: of solid 86.85 gr./mol
Melting point: 547°C
Boiling point:  1265°C
            55% solution 146°C
Density: solid 3.46 gr./cm3

        55% solution – 1.627 gr./cm3

Solubility in water: Excellent, 145 gr.  in 100 gr.  water (4°C)
           254 gr.  in 100 ml water (90°C)
Solubility in other solvents: Soluble in methanol, ethanol and n-propanol
Flammability: Non-flammable
Toxicity (of solution): Strong eye and skin irritant. Ingestion may cause long-term 

damage to nervous system.
Typical reactions:
- Decomposes during melting
- Hygroscopic material
Applications: Cooling and air conditioning systems, medicines
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a. Lithium bromide solutions have low vapor pressure and rapidly 
absorbwater vapors.  What other properties of lithium bromide make it 
suitable for cooling systems and air conditioners?

b. What are the proper storage conditions for lithium bromide?
c. What are the advantages of using lithium bromide solutions in cooling 

systems compared to CFCs? Can you think of any problems posed by 
changing the technologies? 

5. Sodium bromide is one of the Dead Sea Bromine Group’s main products It 
has many different applications.

P r o p e r t i e s

Name of material: Sodium bromide, NaBr

White odorless solid (powder or crystalline)
Molecular mass: 102.9 gr./mol
Melting point:  755°C
Boiling point:  1390°C
Density: Solid: 3.2 gr. /cm3

        Solution: 1.46 – 1.51 gr./cm3 (20°C)
Solubility in water: Very good, 90.5 gr. in 100 gr. water (20°C)
                         121  gr. in 100 ml water (100°C)
Solubility in other solvents: Negligible (except in methanol and 95% ethanol)
Flammability: Non-flammable and non-explosive
Toxicity: Toxic upon ingestion and inhalation. Slightly irritable to eyes.
              Ingestion may cause long-term  damage to central nervous system.
Typical reactions:
- Strong heating (above 800°C) releases bromine vapors
- Hygroscopic material
- Reacts with strong acids with release of bromine
- Reacts with strong oxidants and salts of heavy metals
Applications: For preparation of AgBr for photographic emulsions and developers, 

for pharmaceutical industry, drilling solutions, detergent industry 
and water disinfection (swimming pools and cooling towers)

a. What are the starting materials for the production of sodium bromide? 
Give the reaction equation.
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b. In this chapter we dealt with different applications of sodium bromide.  
List the applications and the product specifications for each of them.

c. Do raw materials used for production of sodium bromide have an effect 
on its purity? Explain and give examples.

 The use of sodium bromide for preparation of electrolyte solutions for 
industrial batteries is relatively new. These very large batteries (some 
reach the size of a multi-story building) are used for various purposes:

 - Emergency supply in case of an electricity fallout in industry
 - Accumulation of surplus electricity for emergencies.
 - Accumulation of cheap electricity to be used during hours of high-

cost  electricity
d. Do you think that the product has to be highly purified for this 

application? Explain.
e. If yes, how can a highly purified product be obtained in this case? Explain.

6. Ammonium bromide, NH4Br, is used as  flame-retardant in the wood and 
fiber industry.
a. Why are NaBr, KBr or CaBr2 not used for this purpose?
b. How can ammonium bromide be incorporated in these products?
c. How does ammonium bromide work as  flame  retardant?
d. Why do you think ammonium bromide is preferred over other flame  

retardants for this purpose?

7. Polypropylene is a polymer used for the production of insulating plastic 
tubing for electricity cables in the construction industry.  Polypropylene 
melts at 180°C and starts to decompose at approximately 250°C. The 
following table lists a number of materials used as  flame retardants.
a. Which material(s) in the table melt(s) during polypropylene 

compounding? Explain.
b. Which materials can serve as  flame  retardants for polypropylene? 

Explain.
 -  Indicate for each material whether it can be incorporated as an 

additive or as a reactive  flame  retardant.
 - Indicate for each material how it works as a  flame  retardant.
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Formula of 
material

Name of material Melting temperature Decomposition 
temperature

HBCD 180°C-190°C Starts at 200°C

Tribromostyrene 65°C-67°C Above 250°C

Mg(OH)2 Magnesium hydroxide Does not melt below 
decomposition temperature

320°C

NH4Br Ammonium bromide Does not melt below 
decomposition temperature

452°C

NaHCO3 Sodium bicarbonate Does not melt below 
decomposition temperature

50°C-100°C

TBNPA 62°C-67°C From 180°C

c. It has been suggested that a compound similar to HBCD, but with the 
bromine atoms replaced by chlorine atoms could be used.  Give one 
advantage and one disadvantage of such a replacement.


