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1.0 Process Description

1.1 Introduction to Organic Chemical Processes. This paper focuses on processes for the
manufacture of large-volume industrial chemicals which could theoretically give rise to by-
product POPs. Chlorination processes are used in synthesis of hundreds of industrial and
specialty chemicals'. Chlorine chemistry is also used in processes where the final product
contains no chlorine. Under modern conditions of operation, however, these processes are
typically not a major source of emission of by-product POPs.*”

Many of the general principles developed here can also be applied to the much larger number of
manufacturing processes used to produce a wide range of fine (low-volume specialty) chemicals,
including a wide range of agricultural chemicals and pharmaceuticals. Production of such
chemicals depends on the unique properties of chlorine that make it a valuable synthetic tool.

A list of some of the processes leading to industrial chemicals is included in Appendix A." It is
beyond the scope of this paper to attempt to define BAT/BEP for each of these processes
individually; rather, the processes will be examined for what they have in common and how
those common practices can be addressed by BAT/BEP to reduce the formation and particularly
the release of by-product POPs.

Figure 1. General Process overview
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Figure 2. C; and C; processes.'
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Most of the processes involve a hydrocarbon, saturated or unsaturated, treated with elemental
chlorine and in most processes also a catalyst. Reactions can be additions to olefins, chlorination
of aromatics, or homolytic cleavage of carbon-hydrogen bonds. In many cases, chloride is
present in the final product; on the other hand, in some processes (addition of an alcohol or
amine to phosgene to produce, for example, polycarbonate and polyurethane plastics) no chloride
is present in the final product. In addition, most of the processes involve generation of HCl as a
co-product, via dehydrohalogenation or free radical reaction of chlorine with aliphatic hydrogen
(Figure 1).

Crude products of these reactions vary in overall yield and purity, and as with virtually all
industrial chemical processes, purification of the final product is required prior to sale or further
internal use. Purification can involve separation of a mixture of salable products—in many cases
a spectrum of useful products results from a single reaction treatment--or separation of salable
products from the inevitable formation of high molecular weight side products. For most
organics and some inorganics that purification step involves distillation.

Generally, high molecular weight side products are not salable as themselves. In some cases
they are thermally oxidized, with HCI, CO and CO; as products of this oxidation. HCl is
recovered and reused as an integral part of the process. In some cases they are viewed as wastes
to be destroyed, usually by hazardous waste combustion, still, HCl recycling is common.

1.2 Co-Product Hydrogen Chloride. HCI is handled in one or more of the following ways. It
can simply be neutralized and discharged as salt (sodium chloride). However, in some processes
HCI can constitute a large amount of the effective use of input chlorine, so neutralization and
discharge carries with it a large opportunity cost in the loss of potential raw material.

HCI can be recovered, hydrated and then sold as the commercial product muriatic (hydrochloric)
acid or used for pH adjustment in chloralkali cells. Thus, there is some recycling of HCI1
electrolytically to chlorine. Muriatic acid in the US has been analyzed for PCDD/F and found to
contain ca. 20 pg I-TEQ/L range (0.004 g I-TEQ/yr for US production).’

HCI can also be dried, oxidized catalytically and in the presence of organic raw material, reacted
as elemental chlorine to generate more of the desired product. The process by which this is
accomplished is called oxychlorination and often constitutes a valuable means of in-process
recycling to avoid waste of valuable chlorine feedstock.

1.3 Direct Chlorination. Free radical addition of chlorine to aliphatic hydrocarbons, typically
methane, and direct addition of a halogen to an alkene are well-known in basic organic
chemistry. As utilized in industry, the former is catalyzed by light and the latter is typically a
low—temperature operation that utilizes FeCls as a catalys‘[.5 In the former, a free radical
mechanism is desired. On the other hand, in the latter, unproductive side reactions result from
free radicals which can be inhibited with low concentrations of oxygen. There is little if any
potential for formation of byproduct POPs in direct chlorination processes of aliphatic
hydrocarbons. Direct chlorination is also possible for aromatic feedstocks.
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1.4 Oxychlorination. In oxychlorination, an organic such as ethylene reacts with dry HCI and
either air or pure oxygen in a heterogeneous catalytic reaction. An example is the reaction
involving HCI, oxygen and ethylene to form ethylene dichloride (EDC) and water.

C;H, + 2HCI + 50, 2 C,H4Cl; + H,0

While there are many different commercial oxychlorination processes, in each case the reaction
is carried out in the vapor phase over a modified Deacon catalyst. Unlike the Deacon process,
however, oxychlorination of ethylene occurs readily at temperatures well below those required
for HCI oxidation per se. The catalyst typically contains cupric chloride (CuCl,) as the primary
active ingredient, impregnated on a porous support such as alumina, and may also contain
numerous other additives.

The oxychlorination reaction generates heat and thus requires cooling for temperature control,
which is essential for efficient production of EDC. While there is an effective minimum
temperature for the reactions, excessively higher reactor temperatures lead to more by-products,
mainly through increased ethylene oxidation to carbon oxides and increased EDC cracking.
(Cracking of EDC yields vinyl chloride monomer, VCM, and subsequent oxychlorination and
cracking steps can lead progressively to by-products with higher levels of chlorine substitution.)
Excessive temperatures (>300°C) can also deactivate the catalyst through increased sublimation
of CuCl,. There are two types of catalyst systems used in oxychlorination: fixed bed and fluid
bed.

1.4.1 Fixed Bed Oxychlorination. Fixed bed reactors resemble multi-tube heat exchangers,
with the catalyst packed in vertical tubes held in a tubesheet at top and bottom. Uniform packing
of catalyst within the tubes is important to ensure uniform pressure drop, flow, and residence
time through each tube. Reaction heat is removed by generating steam on the shell side of the
reactor, or by flowing some other heat transfer fluid through it.

Temperature control in these reactions is important. The tendency to develop hot spots in a fixed
bed can be minimized by packing the reactor tubes with active catalyst and inert diluent mixtures
in proportions that vary along the length of the tubes, so that there is low catalyst activity at the
inlet, but the activity steadily increases to a maximum at the outlet.

Alternatively, tubes can be packed with catalyst formulated to have an activity gradient along the
length of the tubes. Multiple reactors in series can also be used in fixed bed oxychlorination,
providing a similar activity gradient. Staging the air or oxygen feed and grading the catalyst
activity flatten the temperature profile and allow improved temperature control.®

1.4.2 Fluid Bed Oxychlorination. Fluid bed oxychlorination reactors are typically vertical
cylindrical vessels equipped with a support grid and feed sparger system designed to provide
good fluidization and feed distribution. They contain internal cooling coils for heat removal, and
use either internal or external cyclones to minimize catalyst carryover. Fluidization of the
catalyst assures intimate contact between feed and product vapors, catalyst, and heat transfer
surfaces, and results in a uniform temperature within the reactor. Reaction heat is removed by
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generating steam within the cooling coils or by passing some other heat transfer medium through
them.

Operating temperature of 220-245°C and gauge pressure of 150-500 kPa (22-73 psig) are typical
for oxychlorination with a fluid bed reactor. Fixed bed oxychlorination generally operates at
higher temperatures (230-300°C) and gauge pressures of 150-1400 kPa (22-203 psig).
Chlorinated by-products of ethylene oxychlorination typically include 1,1,2-trichloroethane,
chloroform, carbon tetrachloride, ethyl chloride, chloral, 2-chloroethanol, all of the
chloroethylene congeners, and higher boiling compounds.

Figure 3. Oxychlorination Flow Diagram ’
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1.5 Main Product Isolation. Another common facet of these processes is the need to purify
products that will either be sold or used in subsequent process steps. In virtually all cases,
organic reaction products will be distilled. Fractional distillation separates streams of desired
products and also desired product from unwanted high molecular weight materials called heavy
ends or tars.
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In the European Union the Integrated Pollution Prevention and Control (IPPC) Directive requires
the use of Best Available Techniques (BAT) in generating a plant permit. To facilitate this, BAT
Reference Documents (BREFs) are produced under the Directive by the European Integrated
Pollution Prevention and Control Bureau (EIPPCB). Several of these are relevant to the
application of BAT to processes using chlorination. For example, the BREF relating to Large
Volume Chemical Processes produced under the IPPC Directive contains discussion of
distillation.”

Distillation is a standard engineering unit operation. It is based on sequential vaporization and
condensation of liquid in a column which typically includes packing or trays so as to maximize
its internal surface area. Vapor that reaches the top of the column is enriched in the lowest
boiling material present in the distillation mixture.

Design and operation of distillation units is well-understood both in separations theory and in
practice. For non-azeotroping materials with widely separated boiling points—for example,
vinyl chloride and the dioxins and furans--virtually complete separations can be accomplished in
a well-designed and operated column.’

Desired materials are isolated and transported as liquids. For materials with boiling points above
ambient temperature (example: EDC) closed but not pressurized containers are used. For
materials with boiling point below ambient temperature (example: VCM, chlorine) pressurized
containers are used.

1.6 By-product Destruction. Undesired materials, including high-molecular weight products
known as “heavy ends” are destroyed in thermal processes, with or without oxygen. Figure 4
shows a prototypical heavy ends destruction train with HCl recovery.

When there are air, water and solid emissions from this process, these streams can be analyzed
and treated for by-product POPs contamination. Under the IPPC Directive, BREFs for waste
combustion and treatment of water and gas outputs from these kinds of processes are being
developed, although treatment systems are well-defined in many countries.

In general, BAT for air streams can involve recovery and recycle of HCI, combustion of trace
volatiles, scrubbing of incinerator output streams with water, alkaline solutions or dry alkali,
addition of activated carbon and baghouses for removal of particulate. These may be used alone
or in combination. Treatment of water streams can involve stripping and recovery (condensation
or absorption) of volatile materials from water. Subsequent biological purification of water
streams with removal of solids is done in a dedicated water treatment system. BAT for both
streams will be considered in the granting of permits for facilities combusting heavy ends.

1.7 Summary: What Organic Processes Have In Common. Figure 5 summarizes generically
many of the processes described, including chlorination of organic or inorganic raw materials,
purification of the products, separation of streams for recycle (HCI, Medium Boilers),
destruction of side-products (Organic High Boilers) and sale of products (Low Boilers, HCI, End
Products).
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Figure 4. By-Product Destruction
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1.8 Introduction to Inorganic Chemical Processes. Chlorine is used in generating inorganics
whether it remains in the final product (NaOClI, Cl10,, FeCls, AICls, ZnCl,, etc.) or is simply used
in the process (TiO,, Si). These inorganic compounds may be used either stoichiometrically
(NaOCl, ClOy) or as catalysts (FeCls, AICl3, ZnCl,, etc). Thus far, the only inorganic chemical
manufacturing process identified with production of by-product POPs is TiO,; however, other
metal carbochlorination processes for purification of ore may involve similar conditions to that
of TiO; processing.

1.9 Titanium Dioxide. There are two processes for manufacture of TiO,: the chloride process
and the sulfate process. The chloride process has grown in use over the past thirty years as a
result of its relative compactness, recycling of process materials, better product properties and
considerably lower generation of waste. TiO, ore such as rutile or ilmenite -- containing other
metal oxides--is chlorinated under high temperature to produce TiCly, a stable, distillable liquid.
Other metal halides are removed after cooling. TiCly is then purified and oxidized with O,,
liberating chlorine, which is recycled in the process. This oxidation process is
thermodynamically favored at temperatures above 600° C. A generalized overview of the
chloride process is shown in Figure 6 and a more complete description of the competing sulfate
process is found in Section 3.1

Figure 6. Chloride Process for Manufacturing Titanium Dioxide.
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2.0 Potential Sources of Unintentionally Produced POPs.

2.1 Oxychlorination Process. The presence of heat, elemental chlorine, copper chloride catalyst
and two-carbon organic material capable of cyclotrimerization (acetylene, chloracetylenes,
ethylene, chlorinated ethylenes) to aromatics makes the oxychlorination process a potential
source of by-product POPs. Conditions in an oxychlorination reactor are in some ways similar to
conditions in the cooler areas of an incinerator.'™'" By-product POPs created in this process,
however, are virtually completely isolated in high-boiling materials (heavy ends) rather than
product as a result of the distillation process.

Some by-product POPs will adhere to particles of catalyst. In the case of fixed bed systems, they
can be a part of the spent catalyst that is removed from service. This material can be treated
thermally or placed in a secure landfill. Particles of fluidized bed catalyst material undergo size
attrition and can become entrained in the vapor stream. These particles eventually show up in
solid waste or in the biological solids removed at the end of water treatment.

2.2 Other Process Contact with Elemental Chlorine. There is anecdotal evidence that contact
of elemental chlorine with organic process equipment (seals, gaskets, fiberglas equipment) can
give rise to by-product POPs, usually furans. In certain processes where high boiling material or
condensate is separated from manufactured elemental chlorine and not recycled in the process,
by-product POPs can be seen in solid or liquid effluent.

2.3 Titanium Dioxide. The presence of coke, chlorine, metals and elevated temperature may
give rise to dioxins and furans analogous to those generated in oxychlorination. Any dioxins and
furans would be expected to partition into stream(s) containing residual coke.

2.4 By-Product Destruction. There are three types of waste treatment: Hazardous Waste
Combustion, Thermal Oxidation and Catalytic Oxidation, and some detail on each is presented in
the EDC/VCM Chapter of the EIPPCB BREF on Large Volume Organics®. When heavy ends
are burned, some by-product POPs are generated as in any hazardous waste combustion.

EIPPCB is in the process of generating a BREF on waste combustion processes; however, there
are legal requirements and best available technologies already in use in the US, the EU and Japan
among others.

The Catoxid®'? process is a fluidized-bed catalytic process for oxidation of organics. It
generates an HCI and CO; stream that is sent in totality to the oxychlorination reactor for internal
recycle.

2.5 Products. Many products of these processes have been analyzed for by-product POPs,
especially dioxins and furans. In general, products of the chloralkali-through-vinyl chloride
chain are very low in such contamination; however, for other products POPs concentration may
be a function of the efficiency of distillation or other purification.

10
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3.0 Alternate Processes to Chlorination.

3.1 Titanium Dioxide, Sulfate Process. For TiO,, there is an alternate commercial process
utilizing sulfuric acid instead of chlorine.

In the sulfate process for TiO; the ore is first dried, ground, and classified to ensure efficient
sulfation by agitation with concentrated sulfuric acid in a batch or continuous exothermic
digestion reaction. Controlled conditions maximize conversion of TiO, to water-soluble titanyl
sulfate using the minimum acid. The resultant dry, green-brown cake of metal sulfates is
dissolved in water or weak acid, and the solution treated to ensure that only ferrous-state iron is
present. The solution temperature is reduced to avoid premature hydrolysis and clarified by
settling and chemical flocculation. The clear solution is then further cooled to crystallize coarse
ferrous sulfate heptahydrate (known as "copperas", FeSO4.7H,0) which is separated from the
process and sold as a by-product.

The insoluble "mud" is washed to recover titanyl sulfate liquor. That liquid is filtered to remove
final insoluble impurities, then evaporated to a precise composition. Hydrolysis to produce a
suspension ("pulp") consisting predominantly of clusters of colloidal hydrous titanium oxide
follows.

Precipitation is carefully controlled to achieve the necessary particle size, usually employing a
seeding or nucleating technique. The pulp is then separated from the mother liquor and
extensively washed to remove residual traces of metallic impurities, using chelating agents if
necessary. The washed pulp is treated with chemicals which adjust the physical texture and act as
catalysts in the calcination step. This process can produce either anatase or rutile crystal forms
depending on additives used prior to calcination."

Waste generation is far less in the chloride process, but the chloride process may give rise to
small amounts of by-product POPs. Waste generation in the sulfate process, including sulfuric
acid and other mineral waste can be 10-20 times higher, but is not known to involve by-product
POPs. Trading elimination of small amounts of by-product POPs for generation of large
quantities of other waste materials may not be the optimal environmental approach.

4.0 Primary and Secondary Measures
4.1 Primary Measures of Greater Impact

4.1.1 Distillation and Internal Recycling of By-products. Distillation systems can be
designed to effect separation of materials of closely- or widely-separated boiling points. The
boiling points of chemical products of direct chlorination are sufficiently different from those of
the unintended POPs, however, that virtually complete separation can be accomplished. The
Large Vo%ume Organic BREF notes that purified EDC does not contain significant amounts of
PCDDJF.

11
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Destruction of chlorinated by-product materials allows for HCI to be harvested and reused.'*
This is deemed “greater impact” because small changes in POPs generation upstream of
distillation are not reflected in the quality of desired products after distillation.

4.1.2 Elimination of Carbon Electrodes for Chloralkali. Older technology in the manufacture
of chlorine and caustic soda utilized graphite anodes. Residues found from cells so constructed
contained significant amounts of PCDD and especially PCDF.? This problem was eliminated
following the invention of the coated titanium anode by H. B. Beer in 1965 and subsequent
substitution for graphite in these processes. '

4.1.3 Elimination of Alkali Treatment of 1,2,4,5-Tetrachlorophenol and 2,4,5-
Trichlorophenol. Manufacture of 2,4,5-Trichlorophenol was accomplished by alkali treatment
of 1,2,4,5-tetrachlorobenzene. This chlorinated phenol, in the presence of excess alkali, could
generate significant amounts of side-product TCDD.

4.1.4 Elimination of Phenol Route to Chloranil. This process is described in the Toolkit.?
Chloranil (2,3,5,6-tetrachloro-2,5-cyclohexadiene-1,4-dione) is the precursor for production of
dioxazine dyes. When prepared by chlorination of phenol or aniline via elemental chlorine,
significant amounts of PCDD/F are generated as by-products. Chlorination of hydroquinone by
HCIl generates much cleaner product.

4.1.5 Modified Production of Pentachlorophenol (PCP) and Sodium Pentachlorophenate.
The following processes are also described in the Toolkit.> Three routes to PCP are known
commercially. Chlorination of phenol by Cl, over a catalyst, hydrolysis of hexachlorobenzene
with sodium hydroxide and thermolysis of hexachlorocyclohexane. The most common route
today is the first. Sodium pentachlorophenate can be produced via hydrolysis of
hexachlorobenzene, or more commonly, by treatment of PCP by sodium hydroxide.

For both products, careful control of reaction conditions (e.g., temperature, chlorine feed rate and
purity of catalyst) leads to significant reductions of dioxin microcontaminants. In the US, these
reductions from ca 3-4 mg [-TEQ/kg in the mid to late 1980s to ca 1 mg I-TEQ/kg in the years
since 1988.°

4.2 Primary Measures of Lesser Impact

4.2.1 Use of Hydrogen in Oxychlorination. Oxychlorination process feed purity can
contribute to by-product formation, although the problem usually is only with the low levels of
acetylene which are normally present in HCI from the EDC cracking process. Any acetylene fed
to the oxychlorination reactor will be converted to highly chlorinated C, products, and
chlorinated C, products can give rise to chlorinated aromatics via cyclotrimerization.'"*'°
Selective hydrogenation of this acetylene to ethylene and ethane in a reactor prior to the
oxychlorination reaction is widely used as a preventive measure (See Figure 2)

4.2.2 Catalyst Maintenance and Temperature Uniformity Control. Fluidized-bed reactors
tend to have better temperature control, and more uniform performance, although the previously

12
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mentioned attrition of catalyst particles can allow for carryover into other streams within the
facility. For fixed-bed oxychlorination catalysts appropriate packing and maintenance can
reduce hot spots and potentially can both reduce fouling of the catalyst bed, loss of productivity
and the potential for generation of high molecular weight products. Catalyst beds are changed on
a regular basis to maintain efficiency.

4.3 Secondary Measures

4.3.1 BAT for Waste Disposal Practices. Since all or nearly all POPs by-products are isolated
in the by-product stream, practice of BAT in destruction of these by-products, including the
combustion step, is critical for POPs minimization. Combustion technology has been developed
that discriminates against generation of POPs. In addition to this prevention, treatment of gases
prior to release reduces emissions of POPs.

Figure 7. Schematic of Downstream Treatment of Combustion Products.
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In the US, Europe and Japan there are specified technologies for treatment of flue gas, waste
water and waste solids from combustion processes. For flue gas they involve, among others,
rapid cooling or neutralization, addition of activated carbon and removal of solids via properly
designed baghouses or electrostatic precipitators. For waste water, they involve, among others,
neutralization, settling ponds and biological treatment. Waste solids may be deposited in a
secure landfill or in some cases used as filler in products such as asphalt or concrete.

Development of BREFs by the EU or BAT under the Stockholm Convention on Hazardous
Waste Combustion and downstream treatment of gas, liquid and solid wastes will be useful here
as the processes are fairly well-known and generic. When these techniques are practiced,
emission of by-product POPs is virtually eliminated.

5.0 Summary of Measures. Modify processes to reduce generation of by-product POPs.
Incorporate steps that treat impurities in raw materials, and use rigorous operational
maintenance. Purify products by distillation. Internally recycle inadvertently generated high
molecular weight side-products as an integral part of the process.

13
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6.0 Performance Standards. Performance standards can be set locally in individual plant
permits, and will vary. By-product PCDD/F emission is mentioned in the ECVM Charter, and
reflected in the OSPAR process via Decision 98/4 and adoption of BAT via PARCOM
Recommendation 96/2. That standard is 1 pg TEQ/ton oxychlorination capacity release to water.
Air emission limits in the ECVM Charter are 0.1 ng TEQ/Nm’."” Limits in other
regions/countries will typically be congruent with hazardous waste combustor regulations in
local areas.

7.0 Performance Measures. Analytical chemistry on emission streams; in some areas,
reporting of POPs to a Pollutant Release and Transfer Registry (PRTR.), such as the Toxics
Release Inventory in the US.'*"

14
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Appendix A: Synthesis of commodity chemicals

Chemical Process Process Use | Co-Products
Chlorine, Caustic soda | NaCl + H20---> Cl, + NaOH + H, | More
See EIPPCB BREF, Expert Group | COmmon
presentation
Organics
Allyl chloride Direct chlorination of propylene More HCl
>300 deg C; Common
Pyrolysis of 1,2-dichloropropane Less Common | Chlorinated olefins,
HCI
Chloranil dye See toolkit
Chloroprene (2-chloro- | C,H; + CuCl/NH4Cl--->vinyl Less Common
1,3-butadiene) acetylene + HCI--> chloroprene
Vapor phase Butadiene + Cl, --> More NaCl;
1,4 & 3,4 dichloro; isomerized (Cu | Common overchlorinated
catalyst) to 3,4 dichloro; -HCI via products
NaOH; distilled to separate low
boiling mono-Cls; 3,4-di; 1,4-di;
heavies
Chlorinated benzenes Vapor phase: Benzene + Chlorine + | Less Common | Mixed product
HCI
Liquid phase: Cl,/FeCl; to yield More HCI
mix; controlled by amount of Common

chlorinating agent (monos) some
other specialized processes for
certain isomers; high Cl materials
can precipitate. Purified by
distillation and crystallization;
separations difficult

15
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Epichlorohydrin Allyl chloride + HOCI (chlorine More Hydrolyzed
water) --> glycerol chlorohydrins + | Common product; polymers
NaOH/(CaOH);---
>epichlorohydrin;
Steam stripped then distilled.
Also: propylene +O,, Pd--> allyl
acetate-->allyl alcohol + CI, -->
allyl chloride
Isocyanurate Isocyanuric acid + NaOH + Cl,
disinfectants
Phosgene CO + Cl, used virtually
immediately to produce
polycarbonate and polyurethane
Chlorinated Phenols Lesser chlorinated Phenols: phenol | More
+ Cl,; various Lewis acid catalysts: | Common
FeC13 , ZnClz
Pentachlorophenol phenol + Cl; AICl; as main More HCI
(PCP) industrial catalyst;100-180 deg C; Common
HCB-+NaOH Less Common | NaCl
Sodium PCP + NaOH More NaCl
Pentachlorophenate Common
HCB+NaOH Less Common | NaCl
Vinylidene Chloride 1,1,2-trichloroethane + NaOH or More NaCl or CaCl,
Ca(OH); ; can also be a coproduct Common

of high temperature chlorination of
C, materials.
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Vinyl Chloride Acetylene + HCl--->vinyl chloride; | Less Common
Hg catalyst
Ethylene + Cl, -->EDC (direct; Fe | More
catalyst); HCI + O, + Ethylene---> [ Common
EDC (oxychlor; Cu catalyst)
See EU BREF, Expert Group
Presentation
Solvents
C; Products
Methyl Chloride CH,4 + Cl, via heat or light More
Common
CH;0H + HC1 ---> CH;Cl More
Common
Other Chlorinated CH;Cl + Cl; heat or light ---> More
Methanes CH,Cl,, CHCI;, CCl4 Common
CS; + Cl--->S,Cl, + CCly Less Common
CS, + S,Cl, ---> S + CCly
C2 Products
Chlorinated Ethanes
1,1-Di VC + HCI/FeCl12 More
Common
1,1,1-Tri 1,1-Di + Cl, (Photochemical) More HCI
Common
1,1,2-Tri -->-->1,1,1-Tri More
Common
Ethane + Cl, Less Common
1,1,2-Tri VC + Cl, More
Common
EDC + Cl, More HCl
Common
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1,1,1,2-Tetra, 1,1,2,2- EDC + Cl; (can include oxychlor) More HCl

Tetra Common
C,H, + Cl,

C2H4 + C12 More HCI
Common
1,1,1,2,2-Penta TCE + Cl,--->Penta

Chlorinated Ethylenes

Trichloro-and Perchloroethylene
EDC + Cl, --> TCE + PCE More HC1

Common
EDC + Cl, --> PCE +CCly More HC1
Common
2 CCl4 --> PCE More
Common
EDC +Cl, +O,---> PCE/TCE More
Common
Tetrachloroethanes + Heat--> TCE | More HCI
Common
Pentachloroethane + Heat--->PCE Less Common | HCI

Inorganics

HCI Byproduct; salt +sulfuric acid; More
hydrogen +chlorine Common

TiO, C, Clp, TiO; Ore--> TiCly + O, --> | More Cly, recycle
Ti0, Common
TiO; Ore + H;SO4-->Ti(SO4),--> Less Common | sulfates
Ti0,

FeCls Iron or iron oxide + HCI;

Hypochlorites Na: 2NaOH + Cl, --->NaOCl NaCl
Ca: Ca(OH), +2Cl, -->Ca(0OCl), CaCl,
also via NaOCl for aid in chloride
removal then dried

ZnCl, Zn + HCI

ClO, Generated from HCIO, or NaClO;3
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Appendix B: Chlorine Product Tree, adapted from World Chlorine Council Sustainable
Development Report (chlorinetree.pdf, appended)
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Products of the Chlorine Tree

Chlorine is one of the most abundant naturally occurring chemical elements.

It also plays an important and significant role in the manufacture of thousands of products we depend on every day.

Audiotapes © © ABS Plastics — telephones Coatings for aluminum cans ‘ @ Adbhesive and bonding agent base @ Handbags, wallets
Bedding — pillows, mattress covers, sheets, Acrylic fibers — blankets, carpets, fabrics Household glue for metals, glass, and ceramics Aﬂt” syr;)t[;ettq t"/’{ . ;-nflatable boats and water floats
blankets, bed spreads, towels Boats Matrix for stained glass windows '2,‘,’9" j“;o:;f p:,,g{s B Il;lfg rt:fte}c recording tape
Boat hulls and automotive parts Housing for tools, machinery, business PC boards, composites ) Baby bibs, crib bumper pads, and Maftress covers e
Coats and jackets machines, radios, tape players, cameras ) EpOXy rESINS Surface coatings on household appliances baby strollers ’ Medical blood bags, IV bags and tubing
Draperies and curtains and household appliances . Crop protection chemicals Bicycle seats and handle bar grips Pipes
Fire hose jackets Luggage %;nsturlzmg‘corpounds . Permanent wave solutions Card tables and chairs Plumbing fittings
Jeans and tee shirts Nitrile rubber —. Glycerine armaceuticals and hair care products Cases for cosmetics, cameras, Raincoats, rainsuits and umbrellas
Packaging Shower stalls DRINKING WATER DISINFECTION Pharmaceuticals binoculars, etc. Roofing material )
Pants and shorts Water tr eatment WASTE AND SEWAGE TREATMENT Polymer ion exchange resin Coating for paper School and office supplies
Reinforcement for rubber hose _. Polymers Wet strength resins Synthetic caffeine Containers for [004 products, Seat coverings
Shirts Thick d additi cosmetics, toiletries and Shoes
IELGEES f ogalddaitives household chemicals Siding, gutters, and gutter leaf guards
s METHYL CHLOROACETATE
weaters : . _O HLOROACETIC ACID Vinyl stabilizer Electrical and decorative vinyl tapes Solar reflective film
Tableclqths s Epichlorohydrin @ A| | Y. CHLORIDE . CHLOROACETIC AC Additives for oil, Electrical insulation Swimming pool liner and covers
Tents and awnings detergents Exercise equipment pad coverings Textile coatings
Textile fabrics (often combined with wool and 1F, . Paper chemicals Fences, decks, trellises Wallpaper
other fibers such as knits, terry, denim, velour, Silvering mirrors ? ETHYLENE L . . Softeners Film and sheeting ) Watch straps, belts
chenille, seersucker and poplin) Stabilizer for perfume in soaps STANNOUS CHLORIDE .— o DICHLORIDE o LASTCCRI NITES Floor coverings, molding strips Window and door frames
Tire fabric and seat belts * gg;’;jzzg’;‘”“
Upholstery (sofas and chairs) Cro 8
h p protection i I . .
Videot A Crop protection chemicals
ideotapes Po!yester EXHY e dfaly ol At == CHLOROPHENOLS C ) —. VINYL CHLORIDE . POLY VINYLCHLORIDE (PVC/Vinyl) Fire retarding agents
AliEcZe * Gasoline additives
Acrylonitrile C s Ethylene oxide PHOSPHORUS TRICHLORIDE I Hydi:aulicfluids
Artificial turf @ ETHYLENE CHLOROHYDRIN C O PHOSPHORUS PENTACHLORIDE I Semiconductor manufacture
Automotive upholstery PHOSPHORUS OXYCHLORIDE
Bristles for toothbrushes, hairbrushes,
paintbrushes, carpets and rugs i TETRACHLOROPHTHALIC _o FERRIC CHLORIDE Etching and engravin
Cordage, towlines and rope Flame retardant for plastics @y ANHYDRIDE .— . e Pharmé:: ceutica%s g
Fishing boots, nets and line 1 Bandqges - H{gh grade lubrication oils Photography
Flotation vests for boating Crop protection chem;)cals O DICHLOROETHYL ETHER l;my  ether y J Printed circuitry
Furniture fabrics yes A . aints, varnishes and lacquers Water treatment
Gears AnGICUTRCY _ Erasers Liniments and pharmaceuticals @e=== TRICHLOROACETALDEHYDE .—
Guitar strings Oil additives i) METHYLENE CHLORIDE Adhesives
Jogging shoes and sneakers Pacemaker batteries i, i Aerosols
Parachutes Photographic chemicals SULFUR DICHLORIDE Dental cements and dentifrices @ Cosmetics . ' Paint removers
Pen tips Purifying sugar juices I Deodorant preparations Crop protection chemicals Photographic chemicals
Sails Rubber antioxidants SULFUR MONOCHLORIDE . ZINC CHLORIDE Soldering fluxes Dyes Plastic processing
Sleeping bags and camping equipment I THIONYL CHLORIDE Initiators for plastics Silicones
. Surgical sutures SULFURYL CHLORIDE Perfume base
Tarpaulins, canopies and awnings Detergents for automatic dishwashers BENZOYL CHLORIDE I ?glleﬂ:(f;'%ialiasﬁcs
Tennis racquet strings Household and commercial bleaches CHLOROTOLUENES Sunscreen 1
- Ten t; Sanitizers for swimming pools BENZOTRICHLORIDE 3
ire cor Scouring powder o_ Computer components
Wearing apparel — shirts, blouses, lingerie, 1 CHLORINATED ISOCYANURATES PARACHLOROBENZOTRIFLUORIDE Electronic parts
hosiery, jackets aw{ s;vim wear Pipe and sheets Coatings
pay screc _O DICHLOROPHENYL SULFONE ) Polysulfone Power tool housings Inks
Wire insulation Nylon .— Adiponitrile .— 1,4-DICHLOROBUTANE .— Rocket components
Time release pharmaceuticals
{_ ) ETHYL CHLORIDE s’ Ethylcellulose Water treatment
Bleaching pulp, paper and textiles SODIUM HYPOCHLORITE o_ ) '
Disinfectant for swimming pools Chlorosilanes s Semi-conductors
Household bleach B ilE for brushes ) METHYL CHLORIDE Methylcellulose ===C Thickening agent for foods and non-foods
Pharmaceuticals Fibers ALUMINIUM SIICoTeS .
Water uriﬁcation 1 Pu[p and paper % Cosmetics
p _ Latex coatings Water treatment 5 CHLORIDE Encapsulation of electronic parts
. Multiwall paper bags 1,1,1 TRICHLORETHANE Pharmaceuticals Medical devices used within the body
Packag{ngs for fqoq products (meats ‘and poul@ry) _O CHLOROFORM Intermediates Refrigerants . Pharmaceuticals
Pipe and fittings for hot corrosive materials Algaecide Polishes, waxes
o Seat covers o iiEne CARBON TETRACHLORIDE Bactericide Surgical membranes
ot odh residt n? 4 }-l;t Upholstery cMitride @) VINYLIDENE CHLORIDE ._ Deodorant o Various home use caulking and sealing compounds
orosion resistantipai Disinfectant for swimming pools O Water repellent coatings
Electrical comﬁpnent; _. CALCIUM HYPOCHLORITE Portable water purification B s
igmen
Semiconductors
Synthetic gemstones TITANIUM DIOXIDE . () CHLOROPRENE ss=e(C") Neoprene Carpet backing Automotive components and electrical @) Abrasive wheels
0il resistant auto components lc;g,IyI,Etalz 0‘;’,{ fsl dss Adhesives
‘ Liw | PERCHLOROETHYLENE et Giiigrs 5 T
_ Adhesives  Leather finishing | TRICHLOROETHYLENE O ] Household appliance housings Foam cushions/mattresses
Circuit boards Paper deinker Wire coating Wind b " b g .
Crop protection chemicals Pigments Haows CREDESEE s als, Paints and varnishes
Degreaser Refrigerants ) PHOSGENE (O Ppolycarbonate aircraft, buildings Sealants and caulking agents
] L Shoe uppers and heels
D,l()l;; ccl::r’:fr:; Spot f:rlrrggg ez a”‘:,p a,”;’ 2 “":’i "tg CHLORINE DIOXIDE O_ PROPYLENE v Spandf)f fibers (exceptional elasticity —
Brewing Dyes Textile manufacture %tefgg:; '::n; _. ) Propylenc oxide =====C) Polyurethane used in socks, belts and stretch bands)
Corn syrup Transformer fluid CHLOROHYDRIN
Gelatin =) Propylene glycols Antifreeze and coolants
Monosodium Glutamate == HYDROCHLORIC ACID . () HYDRAZINE ‘ ' Lubricants Brake fluids
Sugar refining FoOd Processing (@t —. Hydroxypropylacrylate ====@ Coatings Ap/,[et‘;( working fluids glearymg creams
Blowing agent astics oatings
I Desulfurization agent for petroleum @ Buoya,,(yla ge,,f for =) Polypropylene glycols 4 Rubber Cosmetics
sili ‘EI“":;"’IC S;IICOHG t ] ) undersea sc‘lglvage Crop protection chemicals
Photofl ﬁ”‘hyf ilicone resins and elastomers Production of alkyl chlorides Fuel cells _. Propylene glycol ethers Brake fluids Flavoring extracts
o grf)stechz icz 0il well acidifying Pharmaceuticals . Cleaners Food additives
; ‘ . ‘ Photographic developers =@ Isopropanolamines Adhesives Coatings Lotions/creams
Refractories - Production of metallic chlorides Plating metals on glass Coatings Intermediates Natural gas treatment
Batteries o Polymerization catalyst Corrosi%) n inhibitors Mining chemicals Paint
Pharmaceuticals Pickling in steel manufacture Rocket p;opel_;’ant Cosmetics/personal care Paint Pharmaceuticals
Plastics stabilizer Latex coagulating agent (im ;. Spandex fivers Crop protection chemicals Sglvents Plasticizers
parts elasticity to garments -y §
Rocket propellants " i L A AR lg Neutralizing agents Plastics
‘ i Rubber accelerator Production of hydrochlorides P ", Plastics Soft drink syrups
Source: Charles River Associates N Surfactants Solvents
Sanitation Urethanes

©) Suntan lotions




