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Executive Summary

EXECUTIVE SUMMARY

Introduction

The BAT (Best Available Techniques) Reference Document (BREF) entitled Large Volume
Inorganic Chemicals — Solids and Others (LVIC-S) industry reflects an information exchange
carried out under Article 16(2) of Council Directive 96/61/EC (IPPC Directive). This Executive
Summary describes the main findings, a summary of the principal BAT conclusions and the
associated consumption and emission levels. It should be read in conjunction with the preface,
which explains this document’s objectives; how it is intended to be used and legal terms. It can
be read and understood as a standalone document but, as a summary, it does not represent all the
complexities of this full document. It is therefore not intended as a substitute for this full
document as a tool in BAT decision making.

Scope of this document

The BREF on the LVIC-S industry is a neighbour to the Chlor-alkali (CAK), Large Volume
Inorganic Chemicals — Ammonia, Acids and Fertilisers (LVIC-AAF), and Speciality Inorganic
Chemicals (SIC) BREFs.

A homogeneous and strictly defined LVIC-S industry does not really exist, and there no clear
borderlines between the above-mentioned four inorganic chemical industry groups and the four
associated BREFs.

The scope of this document is, in principle, relevant to industrial activities covered in Annex I
to the IPPC Directive (96/61/EC) Section 4.2. ‘Chemical installations for the production of
basic inorganic chemicals’, in particular to activities covered in points 4.2.d and 4.2.¢.

Annex I to the IPPC Directive does not give any threshold value of the capacity for chemical
industry plants, neither does it define the concepts of ‘large volume’, ‘cornerstone’ and ‘selected
illustrative’ LVIC-S products used in this document, however, the following criteria were
adopted for the selection of the processes covered in this document:

scale and economic importance of the production

number of plants and their distribution in different Member States

impact of a given industry on the environment

accordance of the industrial activities with the structure of Annex I to the Directive
representativeness for a wide range of technologies applied in the LVIC-S industry

validated data and information on LVIC-S products sufficient to formulate ‘Techniques to
consider in the determination of BAT’ and to draw BAT conclusions for the manufacture of
these products.

The LVIC-S products addressed in this document include:

L Five products at the so-called ‘cornerstone’ level, addressed in Chapters 2 through to 6:

soda ash (sodium carbonate, including sodium bicarbonate)

titanium dioxide (chloride and sulphate process routes)

carbon black (rubber and speciality grades)

synthetic amorphous silica (pyrogenic silica, precipitated silica, and silica gel)
inorganic phosphates (detergent, food and feed phosphates).
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17 LVIC-S products at the so-called ‘selected illustrative’ level, addressed at a lesser
level of detail in Chapter 7 (Sections 7.1 to 7.17):

aluminium fluoride (two process routes: starting from fluorspar and from fluosilicic acid)
calcium carbide (a high temperature electrothermic process, starting from lime and carbon)
carbon disulphide (the methane process, based on the reaction of sulphur with natural gas)
ferrous chloride (the process-integrated with the production of TiO, by the chloride route)
copperas and related products (co-products in the manufacture of TiO, by the sulphate
route)

lead oxide (production processes for the manufacture of red lead and litharge, from pure
lead)

magnesium compounds (produced by the wet process route to magnesium chloride and
oxide)

sodium silicate (covering the production of water glass by the melting and hydrothermal
routes)

silicon carbide (a high temperature electrochemical process starting from silica and carbon)
zeolites (production processes to synthetic aluminosilicates, including zeolites A and Y)
calcium chloride (processes routes related to soda ash and magnesia, and the HCI-CaCOs;
route)

precipitated calcium carbonate (production by the reaction of calcium hydroxide with CO,)
sodium chlorate (produced by the electrolysis of an aqueous solution of sodium chloride)
sodium perborate (produced by the reaction of borax and NaOH, and the reaction with
H,0,)

sodium percarbonate (produced by the crystallisation and the spray-granulation process
routes)

sodium sulphite and related products (the family of sodium products obtained by the
reaction of SO, with an alkali)

zinc oxide (obtained by the direct process, the five indirect processes, and the chemical
process).

The following points indicate the main structure of this document:

the executive Summary gives concise information on the main findings from the chapters in
this document
the preface explains the status and objectives of this document, and how to use it
the scope gives details on the scope of the TWG work and the structure of this document
Chapter 1 gives a general description of the LVIC-S industry, its potential and
characteristics
Chapters 2, 3, 4, 5 and 6 give description of five cornerstone LVIC-S products, including a
BAT chapter for each cornerstone product
Chapter 7 gives descriptions of 17 selected illustrative LVIC-S groups of processes,
including a BAT chapter for each illustrative process
Chapter 8 illustrates common abatement measures applied in the LVIC-S industry
Chapter 9 gives description of Emerging Techniques in the LVIC-S industry
Chapter 10 gives the Concluding Remarks relevant to this document
the references detail the main sources of information used in developing this document
the glossary of terms and abbreviations is meant to help the user understand this document
the annexes provide additional information relevant to this document and, in particular:

o Annex 3 — includes ‘good environmental practices (GEP) in the LVIC-S

industry’.

i
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As it was considered important not to lose even partial or incomplete information on the
LVIC-S products, an ‘Additional information submitted during the information exchange on
LVIC-S industry’ document, accessible through the EIPPCB website http://eippcb.jrc.es,
contains partial data and information related to nine ‘selected illustrative’ LVIC-S products,
which could not have been used to draw BAT conclusions. These are: 1. Aluminium chloride; 2.
Aluminium sulphate; 3. Chromium compounds; 4. Ferric chloride; 5. Potassium carbonate; 6.
Sodium sulphate; 7. Zinc chloride; 8. Zinc sulphate; and 9. Sodium bisulphate.

The ‘Additional Information...” document was not peer reviewed and information within it was
neither validated nor endorsed by the TWG or the European Commission, however, it is hoped
that this partial information may be used for the revision of the four inorganic chemical industry
BREFs.

Chapter 1 — General information on LVIC-S industry

The EU chemical industry has a growth rate about 50 % higher than that of the EU economy,
and when the growth of the EU chemical industry (3.1 %) is compared by sector, the production
growth of basic inorganic chemicals is the least dynamic (0.2 %).

The share of the EU in global production of chemicals is dropping, the dynamism of the
chemical industry derives not only from its growth but also from rapid technological change
that is one of the industry’s outstanding features.

The chemical industry supplies all sectors of the economy, and the EU chemical industry is both
its own principal supplier and customer. This is due to the processing chains that involve many
intermediate steps in the transformation of chemicals. The manufacture of large volume
chemicals is not only the subject of the economy of scale, but is also much more efficient in
highly integrated industrial complexes than in isolated plants.

The LVIC-S industry is one of the main pillars of the whole EU chemical industry sector and,
without this somewhat mature industry characterised by a relatively slow production growth, it

would be impossible to meet the basic needs of the whole economy.

The following table shows the production scale in the European LVIC-S ‘cornerstone’ industry:

LVIC-S product EU capacity World share | Number of plants Range of capacities
Soda ash 7700 kt/year 18 % 14 160 — 1020 kt/year
Titanium dioxide 1500 kt/year 37 % 20 30 — 130 kt/year
Carbon black 1700 kt/year 21 % 22 10 — 120 kt/year
Symhetlscﬂ?gorph"us 620 kt/year 30 % 18 12 - 100 kt/year
Inorganic phosphates | 3000 kt/year (*) 48 % 26 (**) 30 — 165 kt/year (***)

(*) Approximate data; (**) Detergent, food, and feed-grade phosphate plants; (***) For detergent-grade phosphates

Out of the total of 100 LVIC-S cornerstone plants identified, 21 plants are located in Germany,
10 plants in the UK, nine plants in France, seven plants in Spain, six plants in the Netherlands,
and five cornerstone plants respectively in Belgium, Italy and Poland. Austria, the Czech
Republic, Finland, Hungary, Norway, Portugal, Slovenia and Sweden each have less than five
cornerstone plants. Denmark, Greece, Ireland, Luxembourg, Slovakia, Lithuania, Latvia and
Estonia are not represented at the LVIC-S industry cornerstone level.

In addition, over 300 installations are reported to exist in the EU-25 for the production of the
‘selected illustrative’ LVIC-S products, but it can be assumed that ~ 400 installations, with a
broad range of capacities and using many production processes, are associated with the LVIC-S
industry in the EU.
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Chapter 2 — Soda ash

Soda ash is a fundamental raw material to the glass, detergent and chemical industries and, as
such, is of strategic importance in the European and global manufacturing framework.

As trona deposits are not available in Europe, soda ash in the EU is almost entirely
manufactured by the Solvay process, using the locally available salt brine and limestone of the
required quality. The Solvay process was developed in the 19™ century and the first soda ash
plants in Europe date from that period. All the plants have been modernised and revamped
several times to implement technology upgrades and their capacities have been increased to
follow market demand.

The European soda ash capacities amount to over 15 million tonnes per year, half of which are
in the EU-25. At several sites, soda ash plants have associated refined sodium bicarbonate
plants.

The quality of the selected raw materials and geographical location of the production plants
have a direct influence on composition, volume and treatment of effluents. The key
environmental impacts of the Solvay process are the atmospheric emissions of CO,, and
aqueous emissions associated with the waste waters from the “distillation’ stage of the process.

In some locations — due to long term soda ash operations and the volume and composition of the
post-distillation slurry (inorganic chlorides, carbonates, sulphates, alkali, ammonia and
suspended solids, including heavy metals derived from the raw materials) — the disposal of the
post-distillation effluent is a significant environmental issue, if not managed properly.

The post-distillation slurry is either directed to the aquatic environment for total dispersion
(mostly the soda ash plants located at the seaside) or — after liquid/solid separation (mostly from
land-locked soda ash plants) — the outgoing clear liquid is directed to the aquatic receptor.

When concluding on BAT for the production of soda ash by the Solvay process, the following
key environmental issues have been identified for the sector:

o limited material efficiency of the Solvay process, due to intractable chemical equilibrium
limitations, which has a direct impact of the production of soda ash on the environment

e the influence of the quality of the raw materials used (including the heavy metals content),
in particular limestone, for the overall impact of the production of soda ash on the
environment

e the relatively high volume of the waste waters discharged from the process to the aquatic
environment

e the load of suspended solids in the waste waters, including heavy metals derived from the
raw materials, and the limited possibilities to separate them from the waste waters in all
soda ash producing sites. The best management option depends on local conditions,
however, in several locations total dispersion is used without any separation of suspended
solids.

13 BAT conclusions have been drawn for soda ash plants in the EU-25 based on the Solvay
process, and the following are examples of accepted BAT conclusions which illustrate the
drivers for environmental improvement in the soda ash industry sector (all BAT figures relate to
yearly average).

BAT 2

Total consumption of limestone at the plant inlet in the range of 1.1 — 1.5 tonne per tonne of
soda ash, although the consumption of up to 1.8 tonne limestone per tonne of soda ash produced
may be justifiable for plants where good quality limestone is not available (i.e. limestone of
lower carbonate content, poor burning characteristics and stone friability).
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BAT 3
Selection of appropriate quality limestone, including:

e high CaCOs; content, preferably in the range between 95 — 99 % (low MgCQs;, SiO,, SOs,
and Al,O;+Fe,0; content)

e appropriate physical limestone characteristics required in the process (particle size,
hardness, porosity, burning properties)

e limited content of heavy metals (As, Cd, Cr, Cu, Hg, Ni, Pb and Zn) in either the purchased
limestone or limestone from the currently exploited own deposit.

In cases where the limestone deposit of lower grade, with a content of 85 to 95 % CaCOs, is
used, and where other limestone of better quality are not readily available, low MgCOs;, SiO,,
SO;, and Al,O5+Fe,0; content is not achievable.

BAT 5

Optimised operation of the soda ash plant, to maintain the emissions of CO, from the process in
the range of 0.2 — 0.4 tonne of 100 % CO, per tonne of soda ash produced (integrated
production of soda ash with refined sodium bicarbonate at the site can lead to much lower
emission levels).

BAT 8
The quantity of waste waters discharged from the distillation unit to a local watercourse, in the
range of 8.5 — 10.7 m’ per tonne of soda ash produced.

BAT 10
With regard to the impact of waste waters (containing suspended solids and associated heavy
metals) discharged from the production of soda ash to the aquatic environment:

A. Where the final discharge is made to the marine environment (to the sea or into an estuary
of a river under tidal influence, depending on local considerations), to ensure dispersion of
the solids avoiding localised build-up of deposited solids and in any case to minimise the
discharge of heavy metals using feedstock selection.

B. Where the final discharge is made to a fresh water body, to:

minimise the emission of heavy metals by the application of at least one of the following

techniques:

e selection of appropriate feedstocks

e removal of coarse solids from waste waters

e deposition/dispersion — settling ponds

e deposition/dispersion — underground disposal.

minimise the emission of suspended solids by the application of at least one of the
following techniques, depending on the characteristics of the receiving water body:

selection of appropriate feedstocks
removal of coarse solids from waste waters
deposition/dispersion — settling ponds

[ ]
[ ]
[ ]
e deposition/dispersion — underground disposal.
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Chapter 3 — Titanium dioxide

Chapter 3 on Titanium dioxide covers two totally different process routes used for the
manufacture of TiO, pigments, namely:

e the chloride process (continuous process operations, chlorine inventory involved); and
e the sulphate process (batch process operations, utilisation of spent sulphuric acid involved).

Therefore, Chapter 3 covers the following main issues in an integrated way:

Section 3.1 — General information on the titanium dioxide industry

Section 3.2 — Titanium dioxide — the chloride process

Section 3.3 — Titanium dioxide — the sulphate process

Section 3.4 — Comparison of the chloride and sulphate processes; and

Section 3.5 — Best Available Techniques for the production of titanium dioxide.

The titanium dioxide industry has developed dynamically over the past few decades. It is a
global industry in which about 1.5 million tonnes of titanium dioxide per year is produced in the
EU. Approximately 30 % of this is produced by the chloride process, and the remainder is made
by the sulphate process.

Over the past 20 years, the European TiO, industry has invested as much as EUR 1400 million
in environmental improvement. This expenditure was initiated in the 1970s and was boosted as
a result of the TiO, Harmonisation Directives: 78/176/EEC; 82/883/EEC and 92/112/EEC,
prescribing minimum environmental performance standards for the TiO, industry, to which the
industry is required to comply. Most of this investment has been put into the sulphate process,
and the EU TiO, industry believes that environmentally there is little difference between a
modern sulphate and chloride process.

However, following the analysis of 12 ‘Techniques to consider in the determination of BAT’ for
the chloride process, and 13 ‘Techniques to consider in the determination of BAT’ for the
sulphate process, the findings of this document are that the new TiO, plants in the EU are more
likely to adopt the chloride process route, as it offers better energy efficiency.

Subject to maintaining low chlorine inventory and measures to reduce the environmental risks
associated with chlorine and titanium tetrachloride handling (the SEVESO II Directive —
Council Directive 96/82/EC on the control of major accident hazards involving dangerous
substances), the chloride process is preferable from the point of view of overall environmental
impact in the EU. However, given the availability of the TiO, feedstock and the findings of the
Life Cycle Analysis, neither process route is de facto selected as BAT, and conclusions for both
processes are presented in this document in parallel.

When concluding on BAT for the production of titanium dioxide, the following key
environmental issues have been identified for the sector:

e the environmental impact outside of the EU due to the upgrading of titanium ores prior to
the production of titanium dioxide
precautions regarding chlorine inventory in the chloride process route

e measures adopted to utilise spent post-hydrolytic sulphuric acid in the sulphate process
route

e substantial energy use involved in both routes, in particular in the sulphate process.
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Different feedstocks, within a range of 44 — 96 % TiO, content, are used for the production of
titanium dioxide. For the chloride process, natural TiO, ores or synthetic TiO, feedstocks are
selected, while for the sulphate process, titanium slag and ilmenite can be chosen and used
either separately or in blends. Therefore, the principal BAT conclusion for the TiO, industry, in
both the chloride and sulphate process, relate to cost-effective choice of feedstock, based on,
e.g. LCA considerations, with a low as practical level of harmful impurities, in order to reduce
consumption of raw materials and energy, to reduce waste generation, and to provide the lowest
environmental burden at the TiO, plant site.

The application of this principal BAT is connected with environmental impacts upstream of the
TiO, plant site (ore mining and upgrading), therefore, an integrated approach and good
industrial practice should be applied in each case of TiO, feedstock selection, in order to
achieve a high general level of protection of the environment as a whole.

The reported consumption and emission figures are given in terms of 1 tonne of TiO, pigment,
but as the TiO, content in the produced pigments varies and no data per 1 tonne of 100 % pure
TiO, are available, it is difficult to draw quantitative BAT conclusions on the production of
titanium dioxide. However, two quantitative BAT conclusions on the consumption of energy in
both process routes have been drawn, as quoted below.

Chloride process, BAT 13

Improve the overall energy efficiency in the chloride process to the range of 17 — 25 GJ/t TiO,
pigment (for plants operated at full capacity level), noting that the finishing section consumes
majority of the total energy (in the range of 10 — 15 GJ/t TiO, pigment), the energy use being
highly dependent on the characteristics of the final product. An increase of energy required in
the wet treatment and finishing operations is foreseen if customer specifications call for a finer
particle size in the final pigment product.

Sulphate process, BAT 17
Improve the overall energy efficiency in the sulphate process (for plants operated at full
capacity level) to the range of 23 — 41 GJ/t TiO, pigment, and from this:

1) 23 -29 GJ/t TiO, pigment in the process with sulphuric acid neutralisation
2) 33 —-41 GJ/t TiO, pigment in the process with sulphuric acid re-concentration.

Given different combinations of systems used across the EU TiO, industry for acid
neutralisation and/or acid reconcentration, the extreme ranges as in 1) and 2) above apply only
as indicative levels for the estimation of the overall energy efficiency in the TiO, plant in
question.

Note also that the finishing section consumes a large share of the total energy (in the range of
10 — 15 GJ/t TiO, pigment), the energy use being highly dependent on the characteristics of the
final product. An increase of energy required in the finishing operations is foreseen if customer
specifications call for finer particle size in the final pigment product. Increased sulphate removal
from liquid effluent streams requires higher energy usage.

Finally, the reader should note that for both process routes, BAT AELs to air and water, in
particular the BAT AELSs relevant to the emissions of heavy metals to water, have been drawn
in this document.

Chapter 4 — Carbon black

About 65 % of the world’s consumption of carbon black is used in the production of tyres and
tyre products for automobiles and other vehicles. Roughly 30 % goes into other rubber products,
with the remainder being used in plastics, printing ink, paint, paper and miscellaneous
applications.
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Today, the global installed capacity is approximately eight million tonnes per year, with a
worldwide demand for carbon black in the order of six million tonnes per year. This quantity is
produced by more than 150 carbon black plants situated in 35 countries, of that 1.7 million
tonnes per year in 22 plants situated in 12 Member States of the EU-25.

Mixtures of gaseous or liquid hydrocarbons represent the raw materials preferable for the
industrial production of carbon black. Since aliphatic hydrocarbons give lower yields than
aromatic hydrocarbons, the latter are primarily used.

The sulphur content in the carbon black feedstock is of key importance for the assessment of the
environmental impact of the European carbon black plants.

The most important process today is the furnace black process. It accounts for more than 95 %
of the total worldwide carbon black production. Nearly all rubber grades and a significant part
of pigment-grade carbon blacks are now manufactured by the furnace black process. It is a
continuous process, and its advantages are its great flexibility and its better economy compared
to other processes. The typical production rate is approximately 2000 kg/h for a modern furnace
black reactor.

When concluding on BAT for the carbon black industry, the following key environmental issues
have been taken into consideration:

e dependence of the European carbon black industry on the availability of petrochemical and
carbochemical feedstocks with a high carbon to hydrogen ratio and high aromatic content,
which result in the highest yields and reduced impact on the environment

e the sulphur content in the feedstock used in the production of carbon black and its influence
on the emissions of SOx to air

e the modern furnace process used in the European carbon black industry which allows high
plant throughput, the most characteristic environmental features of this process being high
energy intensity, and the emissions of NOy, SOx and dust to air

e process-integrated measures, including primary NOx and SOy reduction, and tail-gas
combustion with energy recovery, followed by possible end-of-pipe measures with the aim
to reduce the emissions of NOx, SOx and dust to air, in order to lessen the impact of the
production of carbon black in the EU-25 on the environment.

Several distinct BAT conclusions have been drawn for carbon black plants in the EU-25 based
on the furnace process, including the usage of low sulphur feedstock, the carbon black content
in the filtered tail-gas, flaring, NOx emissions, and dust emissions.

Of these, the most illustrative is the sequence of actions in concluding on BAT for sulphur
content in the carbon black feedstock, to finally come to the following BAT conclusion:

BAT 1

Use low sulphur feedstock: The use of low sulphur primary feedstock with a sulphur content in
the range of 0.5 — 1.5% as a yearly average. The corresponding specific emission level
associated with BAT is 10 — 50 kg SOx (as SO,) per tonne of rubber-grade carbon black
produced, as a yearly average. These levels are achieved assuming that the secondary feedstock
is natural gas. Other liquid or gaseous hydrocarbons can be used as well.

In the production of speciality grade carbon black (high surface pigment blacks), higher
emission levels are expected.

Chapter 5 — Synthetic amorphous silica

Synthetic amorphous silica is produced either by the thermal process (a high temperature
hydrolysis of chlorosilanes — pyrogenic silica) or by the wet process (precipitation of a water
glass solution with acids — precipitated silica and silica gel) and is used in a wide range of
applications, such as synthetic resins, plastics, rubbers, cosmetics, nutritional products and
drugs, fillers or anti-caking agents.
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When concluding on BAT for the synthetic amorphous silica industry, the following key
environmental issues have been taken into consideration:

e for the production of synthetic amorphous pyrogenic silica, the key environmental issue is
to reduce the chlorine emission by applying process-integrated measures (hydrogen
injection, methane and hydrogen injection, incineration), followed by the removal of
hydrogen chloride from the off-gas and, finally, by using the end-of-pipe technique of
scrubbing residual chlorine from the off-gas and treatment of the resulting sodium
hypochlorite stream either with hydrogen peroxide or by catalytic conversion to obtain
sodium chloride

e for the production of synthetic amorphous precipitated silica and silica gel, the most
important environmental issue is proper selection and integration of liquid/solid separation
and silica drying techniques in order to save energy and reduce the associated emissions of
CO,, SOx and NOx to air.

Chapter 6 — Inorganic phosphates
This document covers the production of three groups of inorganic phosphates:

e  detergent phosphates, in particular sodium tripolyphosphate (STPP)

e food phosphates (human food or pharmaceutical ingredients), in particular sodium
tripolyphosphate (STPP)

e feed phosphates (animal feed supplements), in particular dicalcium phosphate (DCP).

When concluding on BAT for the inorganic phosphates industry sector, the following key
environmental issues have been taken into consideration:

e inorganic phosphates are derived from phosphate rock and, depending on the quality of the
rock and the pretreatment (purification) of the intermediate phosphoric acid used, the impact
on the environment varies, with the cross-media effects also varying to a large degree.
Detailed comparisons are difficult as the data on the purification of non-fertiliser grade wet
phosphoric acid are very limited (this process stage is situated outside of the scope of this
document)

o for detergent-grade STPP, based on the ‘green’ phosphoric acid route, two main
environmental process-related issues can be identified: in the wet stage of the process — the
cakes of gypsum and other impurities originating from the raw materials used, and in the
dry stage of the process — emissions of fluorine, P,Os droplets and STPP dust are produced

e for food and detergent-grade STPP, based on the purified non-fertiliser grade wet
phosphoric acid, the main environmental impact is located upstream in the wet stage of acid
purification. In the dry stage of the STPP process, the main issues are again the emissions of
fluorine, P,Os droplets and dust

e for feed-grade DCP, in the phosphoric acid route, based on the purified non-fertiliser grade
wet phosphoric acid, the main environmental impact is located upstream in the wet stage of
acid purification. In the dry stage of the DCP process, the key issues are the emissions of
dust to air and phosphorus to water. In turn, in the hydrochloric acid route, the key issues
are the emissions of dust and HCI to air, phosphorus to water, and solids waste to land.

Chapter 7 — ‘Selected illustrative’ LVIC-S products

Chapter 7 covers in total 17 ‘selected illustrative’ LVIC-S products, addressed in this document
at a lesser level of detail than the ‘cornerstone’ LVIC-S products.

Given the limitations of the text in the Executive Summary, and the size of Chapter 7, which
exceeds 240 pages, it is impossible to even briefly comment on all the process routes applied in
the production of ‘selected illustrative’ LVIC-S products, the ‘Techniques to consider in the
determination of BAT’ analysed, and the detailed BAT conclusions drawn in this chapter.
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However, it should be noted that, when concluding on BAT for the ‘selected illustrative’
products, a total of 126 Best Available Techniques were identified.

An attempt had been made to look for the commonalities in the BAT proposals for these
17 LVIC-S products, but apart from some similarities regarding abatement techniques for dust
collection, no other common BAT conclusions in this group were drawn.

Chapter 8 — Common abatement measures applied in the LVIC-S industry

Following IPPC Directive Annex IV considerations, which need to be taken into account when
determining BAT, Chapter 8 gives information on the sources of emissions to air, techniques
available for reducing emissions to air, as well as on the emissions to water and emissions of
solid waste in the LVIC-S industry. The description of the environmental management tools
and, finally, the conclusion on Best Available Technique for the environmental management
follows. Closely related to Chapter 8 is Annex 3, ‘good environmental practices (GEP) for the
use of technology, plant design, maintenance, operation, environmental protection, and
decommissioning in the LVIC-S industry’.

Chapter 9 — Emerging Techniques in the LVIC-S industry

The review of techniques currently available in the LVIC-S industry indicates that there is little
information on emerging techniques. Innovations and emerging techniques defined in this
document are relevant to the production of soda ash, titanium dioxide, carbon black, and silicon
carbide.

Chapter 10 — Concluding Remarks

The Concluding Remarks chapter contains background information on the kick-off meeting on
LVIC-S, the milestones in developing this document, and the degree of consensus reached on
BAT proposals for the process Chapters 2 through to 7, and on generic BAT proposals for the
LVIC-S industry. Recommendations for further research and information gathering on LVIC-S
are given and, finally, recommendations for updating this document.

The EC is launching and supporting, through its RTD programmes, a series of projects dealing
with clean technologies and management strategies. Potentially these projects could provide a
useful contribution to future BREF reviews. Readers are therefore invited to inform the EIPPCB
of any research results which are relevant to the scope of this document (see also the preface of
this document).
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Preface

PREFACE

1. Status of this document

Unless otherwise stated, references to “the Directive” in this document means the Council
Directive 96/61/EC on integrated pollution prevention and control. As the Directive applies
without prejudice to Community provisions on health and safety at the workplace, so does this
document.

This document forms part of a series presenting the results of an exchange of information
between EU Member States and industries concerned on best available technique (BAT),
associated monitoring, and developments in them. It is published by the European Commission
pursuant to Article 16(2) of the Directive, and must therefore be taken into account in
accordance with Annex IV of the Directive when determining “best available techniques”.

2. Relevant legal obligations of the IPPC Directive and the definition of BAT

In order to help the reader understand the legal context in which this document has been drafted,
some of the most relevant provisions of the IPPC Directive, including the definition of the term
‘best available techniques’, are described in this preface. This description is inevitably
incomplete and is given for information only. It has no legal value and does not in any way alter
or prejudice the actual provisions of the Directive.

The purpose of the Directive is to achieve integrated prevention and control of pollution arising
from the activities listed in its Annex I, leading to a high level of protection of the environment
as a whole. The legal basis of the Directive relates to environmental protection. Its
implementation should also take account of other Community objectives such as the
competitiveness of the Community’s industry thereby contributing to sustainable development.

More specifically, it provides for a permitting system for certain categories of industrial
installations requiring both operators and regulators to take an integrated, overall look at the
polluting and consuming potential of the installation. The overall aim of such an integrated
approach must be to improve the management and control of industrial processes so as to ensure
a high level of protection for the environment as a whole. Central to this approach is the general
principle given in Article 3 that operators should take all appropriate preventative measures
against pollution, in particular through the application of best available techniques enabling
them to improve their environmental performance.

The term ‘best available techniques’ is defined in Article 2(11) of the Directive as ‘the most
effective and advanced stage in the development of activities and their methods of operation
which indicate the practical suitability of particular techniques for providing in principle the
basis for emission limit values designed to prevent and, where that is not practicable, generally
to reduce emissions and the impact on the environment as a whole’. Article 2(11) goes on to
clarify further this definition as follows:

‘techniques’ includes both the technology used and the way in which the installation is
designed, built, maintained, operated and decommissioned;

‘available’ techniques are those developed on a scale which allows implementation in the
relevant industrial sector, under economically and technically viable conditions, taking into
consideration the costs and advantages, whether or not the techniques are used or produced
inside the Member State in question, as long as they are reasonably accessible to the operator;

‘best” means most effective in achieving a high general level of protection of the environment as
a whole.
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Furthermore, Annex IV of the Directive contains a list of ‘considerations to be taken into
account generally or in specific cases when determining best available techniques bearing in
mind the likely costs and benefits of a measure and the principles of precaution and prevention’.
These considerations include the information published by the Commission pursuant to Article
16(2).

Competent authorities responsible for issuing permits are required to take account of the general
principles set out in Article 3 when determining the conditions of the permit. These conditions
must include emission limit values, supplemented or replaced where appropriate by equivalent
parameters or technical measures. According to Article 9(4) of the Directive, these emission
limit values, equivalent parameters and technical measures must, without prejudice to
compliance with environmental quality standards, be based on the best available techniques,
without prescribing the use of any technique or specific technology, but taking into account the
technical characteristics of the installation concerned, its geographical location and the local
environmental conditions. In all circumstances, the conditions of the permit must include
provisions on the minimisation of long-distance or transboundary pollution and must ensure a
high level of protection for the environment as a whole.

Member States have the obligation, according to Article 11 of the Directive, to ensure that
competent authorities follow or are informed of developments in best available techniques.

3. Objective of this document

Article 16(2) of the Directive requires the Commission to organise ‘an exchange of information
between Member States and the industries concerned on best available techniques, associated
monitoring and developments in them’, and to publish the results of the exchange.

The purpose of the information exchange is given in recital 25 of the Directive, which states that
‘the development and exchange of information at Community level about best available
techniques will help to redress the technological imbalances in the Community, will promote
the worldwide dissemination of limit values and techniques used in the Community and will
help the Member States in the efficient implementation of this Directive.’

The Commission (Environment DG) established an information exchange forum (IEF) to assist
the work under Article 16(2) and a number of technical working groups have been established
under the umbrella of the IEF. Both IEF and the technical working groups include
representation from Member States and industry as required in Article 16(2).

The aim of this series of documents is to reflect accurately the exchange of information which
has taken place as required by Article 16(2) and to provide reference information for the
permitting authority to take into account when determining permit conditions. By providing
relevant information concerning best available techniques, these documents should act as
valuable tools to drive environmental performance.

4. Information sources

This document represents a summary of information collected from a number of sources,
including in particular the expertise of the groups established to assist the Commission in its
work, and verified by the Commission services. All contributions are gratefully acknowledged.

5. How to understand and use this document

The information provided in this document is intended to be used as an input to the
determination of BAT in specific cases. When determining BAT and setting BAT-based permit
conditions, account should always be taken of the overall goal to achieve a high level of
protection for the environment as a whole.

The rest of the Preface describes the type of information that is provided in each section of the
document.
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As outlined in the Scope section, this document is structured in a different way compared to a
standard BREF. After Chapter 1, which provides general information on the industrial sector
concerned and on the industrial processes used within the sector, it contains five LVIC-S
cornerstone chapters: Chapter 2 — Soda ash, Chapter 3 — Titanium dioxide (covering two
different titanium dioxide process routes: chloride and sulphate), Chapter 4 - Carbon black,
Chapter 5 - Synthetic amorphous silica, and Chapter 6 — Detergent, food and feed phosphates.
Chapter 7 contains information on 17 selected illustrative LVIC-S. Within Chapters 2 through 7,
standard BREF sections are built, as follows.

e Sections 1 and 2 of each chapter provide general information on the industrial sector
concerned and on the industrial processes used within the sector.

e Section 3 provides data and information concerning present consumption and emission
levels reflecting the situation in existing installations at the time of writing.

e Section 4 of each chapter describes in more detail the emission reduction and other
techniques that are considered to be most relevant for determining BAT and BAT-based
permit conditions. This information includes the consumption and emission levels
considered achievable by using the technique, some idea of the costs and the cross-media
issues associated with the technique, and the extent to which the technique is applicable to
the range of installations requiring IPPC permits, for example new, existing, large or small
installations. Techniques that are generally seen as obsolete are not included.

e Section 5 of each chapter presents the techniques and the consumption and emission levels
that are considered to be compatible with BAT in a general sense. The purpose is thus to
provide general indications regarding the consumption and emission levels that can be
considered as an appropriate reference point to assist in the determination of BAT-based
permit conditions or for the establishment of general binding rules under Article 9(8). It
should be stressed, however, that this document does not propose emission limit values. The
determination of appropriate permit conditions will involve taking account of local, site-
specific factors such as the technical characteristics of the installation concerned, its
geographical location and the local environmental conditions. In the case of existing
installations, the economic and technical viability of upgrading them also needs to be taken
into account. Even the single objective of ensuring a high level of protection for the
environment as a whole will often involve making trade-off judgements between different
types of environmental impact, and these judgements will often be influenced by local
considerations.

Although an attempt is made to address some of these issues, it is not possible for them to be
considered fully in this document. The techniques and levels presented in Section 5 of each
chapter will therefore not necessarily be appropriate for all installations. On the other hand, the
obligation to ensure a high level of environmental protection including the minimisation of
long-distance or transboundary pollution implies that permit conditions cannot be set on the
basis of purely local considerations. It is therefore of the utmost importance that the information
contained in this document is fully taken into account by permitting authorities.

Since the best available techniques change over time, this document will be reviewed and
updated as appropriate. All comments and suggestions should be made to the European IPPC
Bureau at the Institute for Prospective Technological Studies at the following address:

European Commission

Institute for Prospective Technological Studies, Edificio Expo
C/ Inca Garcilaso s/n

E-41092 Seville, Spain

Telephone: +34 95 4488 284

Fax: +34 95 4488 426

e-mail: JRC-IPTS-EIPPCB@ec.curopa.cu
Internet: http://eippchb.jrc.es
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SCOPE

The scope of this document stems from Annex I to the Directive

The Large Volume Inorganic Chemicals — Solids and Others (LVIC-S) industry is a very close
neighbour to the Chlor-alkali (CAK), Large Volume Inorganic Chemicals — Ammonia, Acids
and Fertilisers (LVIC-AAF), and Specialty Inorganic Chemicals (SIC) industries.

A homogeneous and strictly defined industry Large Volume Inorganic Chemicals — Solids and
Others (LVIC-S) does not really exist, and there is not a clear borderline between the above-
mentioned four inorganic chemical industries. Therefore, it is to be expected that apart from
obvious linkages, there will also be some duplication of material in the said four inorganic
chemical industry BREFs (CAK, LVIC-AAF, LVIC-S, and SIC).

The scope of this document is broadly relevant to industrial activities covered in points 4.2.d
and 4.2.e of Annex I to the IPPC Directive (96/61/EC):

4.2. Chemical installations for the production of basic inorganic chemicals, such as:

(d) salts, such as ammonium chloride, potassium chlorate, potassium carbonate, sodium
carbonate, perborate, silver nitrate

(e) non-metals, metal oxides or other inorganic compounds such as calcium carbide, silicon,
silicon carbide.

Annex I to the IPPC Directive does not give any threshold value of the capacity for chemical
industry plants, neither does it define the concepts of ‘large volume’, ‘commodity’ and
‘cornerstone’ used in this document. However, the following criteria were adopted for the
selection of the processes covered in this document:

scale and economic importance of the production

number of plants and their distribution in different Member States

impact of a given industry on the environment

accordance of the industrial activities with the structure of Annex I to theDirective
representativeness for a wide range of technologies applied in the LVIC-S industry

validated data and information on LVIC-S products sufficient to formulate ‘Techniques to
consider in the determination of BAT’ and to draw BAT conclusions for the manufacture of
these products.

The list of products addressed in this document:

L The five so-called cornerstone products:

soda ash (sodium carbonate, including sodium bicarbonate)

titanium dioxide (chloride and sulphate process routes)

carbon black (rubber and speciality grades)

synthetic amorphous silica (pyrogenic silica, precipitated silica, and silica gel)
inorganic phosphates (detergent, food and feed phosphates).

A further 17 selected illustrative products (or groups of products) are addressed at a lesser level
of detail.
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1. The 17 so-called selected illustrative products:

aluminium fluoride

calcium carbide

carbon disulphide

ferrous chloride

copperas and related products
lead oxide

magnesium compounds
sodium silicate

silicon carbide

zeolites

calcium chloride

precipitated calcium carbonate
sodium chlorate

sodium perborate

sodium percarbonate

sodium sulphite

zinc oxide.

The structure of this document

Because of the large number of products and processes involved, it is helpful to describe the
structure of this document in the following manner:

Preliminary part:
Executive Summary, Preface, Scope of the document
Generic part: Chapter 1
General description of LVIC-S industry, its potential, characteristics and interlinkages
Process part: Chapters 2, 3,4, 5, and 6
Description of five cornerstone LVIC-S processes (Chapter 3, two TiO, process routes)
Process part: Chapter 7
Description of 17 selected illustrative LVIC-S groups of processes in one chapter
Generic part: Chapter 8
Common abatement measures applied in the LVIC-S industry
Emerging Techniques part: Chapter 9
Emerging Techniques in the LVIC-S industry
Final part: Chapter 10
Concluding Remarks
Supplementary part:
References, Glossary, Annexes

The generic part of this document included in Chapter 1, illustrates the EU-15 (and where data
available also the EU-25) chemical industry sector and from this perspective gives an insight
into the potential, interlinkages and complexity of the European LVIC-S industry, based on
examples which are illustrative for manufacturing processes of LVIC-S.

Detailed description in Chapters 2 through to 6 of the five LVIC-S cornerstone groups of
processes is most important for the illustration of key characteristic features of the LVIC-S
industry.

The description of selected illustrative LVIC-S processes, presented in Chapter 7, gives a
further insight into the characteristics of the European LVIC-S industry.

Chapter 8 contains information on common abatement measures applied in the LVIC-S
industry, considered illustrative for the sector, and the ways of reducing the impact of this
industry on the environment. This chapter also contains Section 8.10 on BAT for environmental
management.
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Chapter 9 gives information on a few emerging techniques in the LVIC-S industry.

The Annexes provide additional relevant information to this sector, in particular Annex 3, which
is closely related to Chapter 8 and describes good environmental practices in the LVIC-S
industry (see Section 11.3).

It should be noted that, as compared to the original list, the number of selected illustrative
products (groups of products) has been decreased from 33 to 17, mainly due to the fact that
information on some of these was previously included in other sections of this document, or
lacking. This is relevant to the LVIC-S products listed below:

e food and feed phosphates, addressed at the LVIC-S ‘cornerstone’ level in Chapter 6, as
inorganic phosphates, jointly with detergent phosphates

e iron oxide and chorosulphate, addressed jointly in Section 7.5 on copperas and related
products

e sodium hydrogen sulphite and sodium thiosulphate, addressed jointly in Section 7.16 on
sodium sulphite and related products

e potassium chlorate — information not submitted, but the product (KClO;), KCI brine
electrolysis process, and environmental impact have been referred to in Section 7.13 on
sodium chlorate

e sodium sulphide — information not submitted.

The document ‘additional information submitted during the information exchange on LVIC-S
industry’, accessible through the EIPPCB website, contains partial data and information at a
different level of detail, closely related to this document. This information could not have been
used to draw BAT conclusions for the LVIC-S industry, mainly due to the fact that the it was
incomplete, lacking or submitted very late.

It was considered important not to lose this partial or incomplete information, as it may still be
of some value for the LVIC-S Technical Working Group (TWG), the Member States, industry,
operators and regulators in the EU, involved in the process of issuing integrated permits based
on the IPPC Directive. It must be noted, however, that this document, will not be peer reviewed
and information within it will neither be validated nor endorsed by the TWG on LVIC-S or the
European Commission.

The list of the nine remaining ‘selected illustrative’ LVIC-S products addressed in this
‘Additional information...” document include:

1. Aluminium chloride (not developed ‘techniques to consider...”)

2. Aluminium sulphate (not developed ‘techniques to consider...”)

3. Chromium compounds (partial information, far from being complete)

4. Ferric chloride (*) (not developed ‘techniques to consider...”)

5. Potassium carbonate (partial information, far from being complete)

6. Sodium sulphate (not developed ‘techniques to consider...” for Na,SO,)
7. Zinc chloride (partial information, far from being complete)

8. Zinc sulphate (information submitted very late)

9. Sodium bisulphate (information submitted very late).

(*) Ferric chloride added later to the original list of 33 ‘selected illustrative’ LVIC-S products.

The ‘Additional information...” document also includes a technique on purification of non-
fertiliser grade wet phosphoric acid. This technique was excluded as it was not described in
detail and it was not clear if it pertained to the LVIC-S or the LVIC-AAF sector. For example,
phosphoric acid is typically purified at the site of acid production, but is not used for the
production of fertilisers. In turn, purified phosphoric acid is used in the production of inorganic
phosphates, but is not purified at the site.
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Chapter 1

1 GENERAL INFORMATION ON LARGE VOLUME INORGANIC
CHEMICALS — SOLID AND OTHERS (LVIC-S) INDUSTRY

1.1 Overview of the European LVIC-S industry

In order to present an overview of the European LVIC-S industry, there is first a need to
characterise the European chemical industry in general. This is done in Section 1.1.1 in which
the European chemical industry in principle denotes the EU-15 chemical industry sector.

111 The European chemical industry sector

The EU chemical industry, taken as a whole, is a dynamic sector of the European economy, as
on average it has a growth rate about 50 % higher than that of the EU economy as a whole. The
EU chemical industry has also a growth rate about 75 % higher than the average for the total
industry [9, CEFIC, 2004].

The dynamism of the chemical industry, however, derives not only from its capacity for growth
but also from rapid technological change that is one of the industry’s outstanding features.

The nature of chemical processes and the range of chemical products are subject to continuous
change. Consequently, expenditure on RTD makes the chemical industry one of the most
‘research-minded’ of the industrial sectors.

The output of the chemical industry covers a wide range of chemical products and supplies
virtually all sectors of the economy.

The extent to which chemical processes and products penetrate other sectors of the economy is
in fact a measure of the significance of the chemical industry in economic development.

The well-developed EU chemical industry is both its own principal supplier and best customer.
This is due to the processing chains that involve many intermediate steps in the transformation
of chemicals.

A very large internal market and a high degree of export oriented production, favour
development of the EU chemical industry.

In particular, the manufacture of large volume chemicals in a highly competitive market is not
only subject of the economy of scale (production of chemicals in large quantities at a low cost,
owing to the scale of capacities applied), but is also much more efficient in highly integrated
industrial complexes than in isolated plants.

The following sections illustrate the most characteristic features of the EU-15 chemical industry
[9, CEFIC, 2004]. The information provided in Section 1.1.1.1 below is taken from the CEFIC
web page. Since it changes from year to year, it is strongly recommended to visit the CEFIC
web pages for updated information (http://www.cefic.org/factsandfigures/).

1.1.11 Profile of the chemical industry

Geographic breakdown of world chemical sales illustrated below in Figure 1.1 indicates that the
world production of chemicals in 2002 was estimated at EUR 1841000 million, and of that, the
EU-15 with chemical sales of EUR 527000 million accounted for 28.6 % of the total.

The rest of Europe (covering Switzerland, Norway, central and eastern Europe, and Turkey)
with chemical sales of EUR 106000 million accounted for 5.7 % of the total.
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Figure 1.1: Geographic breakdown of world chemical sales
[9, CEFIC, 2004]

However, according to long term CEFIC scenarios, it is anticipated that by 2015 the European
chemical industry will lose its global leadership [103, CEFIC, 2004], [104, CEFIC, 2004].

As illustrated in Figure 1.2, the EU’s share of global chemicals production will be dropping
dramatically from 32 % in 1992, through 28 % in 2002, to either 23 % (sunny scenario) or 16 %
(stormy scenario) in 2015, largely reflecting the emergence of Asia as an economic power.

The EU's share of global chemicals production is dropping
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Figure 1.2: The EU’s share of global chemicals production is dropping
[103, CEFIC, 2004]

Whether the EU retains a significant share of the global chemical market by 2015 will largely
depend on industry and European authorities acting together to take appropriate measures [103,
CEFIC, 2004].
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The geographic breakdown of EU chemical industry sales in 2002 (amounting to
EUR 527000 million) is given in Figure 1.3.

Sales 2002: EUR 527 billion

Percentage shares

ES71%
BE 8.5% IE7 %

NL 6.2 %
UK 10.3%

EL 0.5 %

o PT 0.8 %
Other 7.4 % AT1.0%
E—— F11.1%
DK 1.5 %
SE 2.5%

IT124 %

DE 25.1 %
FR16 %

Notes: Big 8: Germany, France, UK, Italy, Belgium, Spain, Ireland and The Netherlands

The data presented above are not perfectly comparable. Indeed, there is no common definition of the chemical industry across countries. In particular,

fibres can be either included or excluded.

Countries including fibres in their definition are: Germany, UK, Italy, Belgium, Spain, Netherlands, Ireland, Portugal, Greece, Sweden, Austria, Finland.
Countries excluding fibres are: France and Denmark.

* - The Belgi hemical turnover d by Fedich includes both rubber and plastic products and excludes fibres.

To make a relatively homogenous and coherent comparison across EU countries, CEFIC does not include the rubber and plastic pr ing in the ion
of EU chemical turnover.

Figure 1.3: Geographic breakdown of EU chemical industry sales
[9, CEFIC, 2004]

In turn, the breakdown of EU chemical industry sales by sector in 2002 is given in Figure 1.4,
the shares of sales was: base chemicals — 37.7 %, speciality and fine chemicals - 28.8 %,
pharmaceuticals — 23.3 %, and consumer chemicals — 10.2 %.

Perfumes & cosmetics .
Petrochemicals

Soaps & detergents

Plastic & synthetic rubber
Pharmaceuticals

Man-made fibres

Other basic inorganics
Crop protection Industrial gases

Fertilizers
Paints & inks
Fine chemicals
Other speciality chemicals
: Base chemicals 37.7%

Speciality & fine chemicals 28.8%

Pharmaceuticals 23.3%
< Consumer chemicals 10.2%

Note: Weighting factor = 2002 value of production

Figure 1.4: Sectoral breakdown of EU chemical industry sales
[9, CEFIC, 2004]
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The analysis of the number of enterprises, value added, and employment in the EU indicates
that even though the number of large enterprises (500 + employees) is limited, only 2 % of the
total number of enterprises, added value and employment in large enterprises dominates in this
group (approx. 55 % value added and 54 % employment).

When analysing the 30 top chemical companies in the world (in terms of 2002 sales), it can be
seen that as many as 15 companies headquartered in the EU are present on the list (with the total
sales of EUR 194000 million, and with the share of the total world chemical sales of 15 %).
This reflects that larger chemical companies, operated in integrated industrial complexes, utilise
the economy of scale in their plants.

As given in Table 1.1, out of the 30 top chemical companies in the world, the largest EU
headquartered companies in terms of 2002 worldwide sales are:

EU-15 Worldwide | EU-15 headquartered | 2002 worldwide sales
ranking list | ranking list chemical company (in EUR million)
1 1 BASF 32216
2 2 Bayer 29624
3 6 Atofina 19672
4 8 Akzo Nobel 14002
5 9 BP 13236
6 10 Shell 12160
7 11 Degussa 11765
8 13 ICI 9740
9 17 Linde 8726
10 22 Solvay 7918
11 23 Air Liquide 7900
12 24 Merck KgaA 7473
13 28 DSM 6665
14 29 Rhodia 6617
15 30 Basell 6500

Table 1.1:  List of the 15 largest EU-15 chemical companies, ranked in the worldwide scale
[9, CEFIC, 2004]

The above list of the 15 largest EU-15 chemical companies, ranked in the worldwide scale,
illustrates the very great industrial potential of the EU chemical industry sector. Indeed, the
three largest top US based companies (Dow Chemical, Du Pont, and Exxon Mobil) are smaller
than EU headquartered BASF and Bayer and larger only than Atofina (third largest company in
the EU), ranked sixth on the list of the 30 top chemical companies in the world.

1.1.1.2 International trade

The estimated 2002 regional shares in world trade in chemicals illustrate the EU leadership in
the world scale, the EU share in world exports amounting to 55.3 % and the share in imports
45.6 %. These shares are over three times larger than those for North America and six times
larger than those for the rest of Europe.

The EU chemicals trade balance 2002 between extra-EU exports and extra-EU imports (intra-
EU trade excluded) amounted to EUR 70000 million.

1.1.1.3 Growth of the chemical industry
Average growth rates 1992 — 2002 (in terms of value, % per year), respectively of EU chemical

production (4.7 %), exports (11.4 %) and imports (10.1 %), are the confirmation of the strength
of the chemical industry sector in the European Union.
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This is seen in Figure 1.5, when comparing average growth rates 1992 — 2002 in production
volume of the chemical industry (3.3 %), with total industry (1.8 %) and GDP (1.9 %).
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[ 1 Growth rate 1992 — 2002 [ 1 Growth rate 1997 — 2002

Figure 1.5: Growth of EU chemical production, total industry and GDP
[9, CEFIC, 2004]

When production growth 1997 — 2002 of the EU chemical industry (3.1 %) is compared by
sector, the pharmaceuticals sector is the leader (6.2 %), specialtiy and fine chemicals (2.5 %),
consumer chemicals (2 %), while the production growth of the basic inorganics sector is the
least dynamic (0.2 %). The sectoral breakdown of production growth 1997 —2002 of the EU
chemical industry is given in Figure 1.6 below.

1997 — 2002
Pharmaceuticals w 6.2 %
Overall chemicals | 31%
Petrochemicals 3.1 %
Plastics & synthetic rubber 3.0%
Speciality & fine chemicals 2.5%
Consumer chemicals 2.0%
Basic inorganics F 0.2 %
0% 1% 2% 3% 4% 5% 6% 7%

Figure 1.6: Production growth of the EU-15 chemical industry by sector
[9, CEFIC, 2004]
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When the international growth rate 1997 — 2002 comparison of production is analysed against
the growth rate of the total industry, the Netherlands, United Kingdom and Belgium are the
leaders, as they are characterised by the highest gaps between these growth rates.

International comparison of production growth of the chemical industry between 1992 — 2002
gives the following values of average growth per year: EU (3.3 %), US (2 %), and Japan
(1.4 %).

1114 Costs and prices

The cost structure of the EU chemical industry is illustrated in detail in [9, CEFIC, 2004].

As compared to the growth of overall consumer prices for the EU in the period 1990 — 2002,
which raised up to 140, chemicals producer prices raised only up to 111 (1990 = 100).

In turn, when comparing labour cost per employee and productivity in the EU chemical industry
for the period 1990 — 2002 (1990 = 100), the labour cost index has grown to 164, and that of
productivity up to 160, thus keeping the unit labour cost index at a level of 103.

1.1.1.5 Energy

The EU chemical industry energy consumption by source is illustrated in Figure 1.7.
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Note: Electricity = Purchased electricity + self-produced hydraulic electricity — electricity sold to the network.

Figure 1.7: EU chemical industry energy consumption by source
[9, CEFIC, 2004]

Liquid sources of energy (followed by gaseous sources) are mostly used as feedstock in the EU
chemical industry sector, while gaseous sources of energy and electricity are major sources of
fuel and power.

Energy efficiency in the EU chemical industry for the years 1975 — 2001 is given in Figure 1.8.
The peak oil price in 1980 (index 1980 = 100) is taken as a basis for the comparison of energy
efficiency (understood here as energy consumption per unit of production).
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Figure 1.8: Energy efficiency in the EU chemical industry
[9, CEFIC, 2004]

The progress made in the EU chemical industry in more efficient use of energy would not have
been possible without making the necessary investments to achieve these results.

1.1.1.6 Employment

When comparing the production and employment indexes of 1990 (index 1990 = 100), with
those of 2002 (144 for production and 84 for employment), one can estimate the progress made
in the EU chemical industry in the increase of productivity and rationalisation of employment.

This progress is also prompted by relatively high personnel costs in the EU chemical
industry - on average much higher than those in other manufacturing sectors.

1.1.1.7 Investment and R&D

In the period 1992 - 2002, the EU chemical industry spent on average approx.
EUR 20000 - 25000 million of capital per year. Investment/sales ratio in 1992 reached 6.5 %,
and in 2002 (with the investment of EUR 25000 million), was still as high as 5 %. In turn,
chemical industry R&D expenditure in relation to sales is illustrated in Figure 1.9.

Chemical industry R&D expenditure
{in relation to sales)
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Figure 1.9: EU’s chemical industry R&D expenditure
[103, CEFIC, 2004]
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Research and development spending by the chemical sector in the EU, amounting to 2.4 % in
1995 and 1.9 % in 2002, compares unfavourably with other regions in this period (Japan 3.0 %
and the US 2.5 %). At the same time, the number of students graduating in chemical related
disciplines in Europe was decreasing quickly [103, CEFIC, 2004].

1.1.1.8

Sustainable development

Four key indicators of sustainable development in the EU chemical industry sector are shown

below:

1. CO, emissions, energy consumption and production, given in Figure 1.10.
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Figure 1.10: CO, emissions, energy consumption and production from the EU chemical industry

[9, CEFIC, 2004]

2. CO, emissions per unit of energy consumption and per unit of production, given in Figure

1.11.
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Figure 1.11: Specific CO, emissions figures from EU chemical industry

[9, CEFIC, 2004]
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3. Greenhouse gas emissions targets for 2010 are illustrated in Figure 1.12.
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Figure 1.12: Greenhouse gas emissions from the EU chemical industry
[9, CEFIC, 2004]

4. Emissions to water and air, and performance in 2001 are given in Figure 1.13.
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Figure 1.13: Emissions and performance from the EU chemical industry
[9, CEFIC, 2004]
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11.2 Inorganic compounds

The definition of ‘inorganic’ in most recognised dictionaries, formally describes ‘inorganic’ as
relating to or denoting chemical compounds that do not contain carbon. However, this strict
definition is not be applied in this document, as there are many common inorganic chemical
compounds containing carbon and several of them are included in this document, for example:

e carbon black ©)

e calcium carbide (CaCy)

e calcium carbonate (CaCo0s)

e carbon disulphide (CSy)

o silicon carbide (SiC)

e soda ash (Na,COs)

e sodium bicarbonate (NaHCO5)

e sodium percarbonate (Na,CO5'1.5H,0,).

A short description of inorganic compounds is given in Annex 1 — Basic classes of inorganic
compounds [27, N.L. Glinka, 1981], focusing in particular on inorganic acids and salts derived
from them, that are most characteristic for the LVIC-S industry (refer also to the Glossary of
terms and abbreviations). The information included below completes this short description.

The field of industrial chemistry is broadly subdivided into inorganic and organic chemistry.
Inorganic chemistry deals with all elements of the periodic table; organic chemistry is restricted
to the element carbon in its association with a limited number of other elements.

It should be noted, that despite the limited number of elements involved in organic chemistry,
there were about 16 million known organic compounds as opposed to only 1 — 2 million
inorganic compounds at the end of 1996.

The natural sources for the industrial manufacture of inorganic products are numerous, ranging
from air and water via sulphur, phosphates, mineral salts, metal oxides, and various inorganic
ores. As opposed to the diversified inorganic raw materials base, the manufacturing of inorganic
chemicals usually requires a few steps of operations, whereas productions of organic chemicals
are often multi-step operations [71, CITEPA, 1997], [13, EIPPCB, 2000].

113 Characteristics of the LVIC-S industry

The following 11 points are the most typical characteristics of the LVIC-S industry:

1. Medium to large levels of installed capacities and substantial production outlets of
commodity products from the plant, ranging from the capacities of approximately 5 kt

up to 500 kt per year in one plant.

Example: the production of soda ash by the Solvay process route — typical capacity of
some 500 kt per year, ranging from 160 kt up to 1200 kt per year.

2. In the majority of cases, with some exceptions, mature processes and older installations
with a limited possibility for changes in well known processes, still however have some
degree of freedom for changes in unit operations (e.g. crystallisation, filtration, drying)
applied and used for environmental protection (e.g. dedusting).

Example: production processes of inorganic solid chemical compounds and salts.
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3. Capital intensity, highly subject to the economies of scale, both in terms of specific
investment for a given inorganic product and for an LVIC-S production complex.

Example: the production of titanium dioxide by the sulphate and chloride routes.

4. High energy requirements for certain products, and relatively high energy requirements
at the site, involving a supply of energy from the associated power plant.

Example: production of calcium carbide.

5. Substantial infrastructure involved in a typical inorganic chemical complex comprising:
energy supply; raw materials supply; quality (physical properties and chemical purity)
check and preparation; inorganic chemical synthesis processes; purification of products;
storage and handling of products; as well as environmental protection and waste
disposal units — see Figure 1.14.

Example: an inorganic chemical complex for the production of pure phosphoric acid,
feed phosphates and sodium tripolyphosphate for detergent-grade phosphates.
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Figure 1.14: Inorganic chemical complex with a boundary between LVIC-S and SIC plants

Based on [6, CEFIC, 2002]
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6. Diversified chains of production processes used jointly in integrated inorganic chemical
complexes, thus allowing an heterogeneity of products and viability of production
which is highly dependent on an integrated approach and economic outlets for co- and
by-products to be obtained.

Example: integrated soda ash complex leading to soda family products, as illustrated in

Figure 1.15.
LIMESTONE COKE AMMONIA SALT
CacOo, c NH, NaCl
Cco,
PEER . ,|CARBON >  SODA e
QUICKLIME [< > DIOXIDE W <
CaO
CaCl, + CaCO; + Ca(OH), + NaCl
SLAKED
LIME Na,CO,
NH4CI NaCl
Ca(OH),
CALCIUM v \4
CARBONATE AMMONIUM SODA ASH LIGHT AND SODIUM
caco, CHLORIDE DENSE BICARBONATE
NH,CI ¢ Na,CO, J NaHCO,
Y 4 Production of:

Production of: Used for: glass Production of:
paper prod. of cells soap medicines
rubber fire pharmaceuticals baking soda

gypsum tiles extinguishers ceramics soft drinks
asphalt refining of papers food
glass metals dyes fire
others soldering chemicals extinguishers
tin covering leather other
galvanisation textiles
fertilisers sugar
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water treatment
v CaCl, + CaCO, + Ca(OH),+ NaCl
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Note: Producti_on o_f fertilis_e_r chalk and t?qsmetics Production of:
chalk possible in specific local conditions. .
drying agents
antifreezing media
additives to concrete
paper
chemicals

Figure 1.15: Integrated soda ash complex leading to soda family products
Based on [82, UNIDO, 1988]

7. Close upstream linkages of large volume inorganic chemicals to inorganic ores and
basic inorganic raw materials, and downstream interlinkages to chemical industries and
other sectors of the economy — see Figure 1.16.
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Figure 1.16: Interlinkage of chemical process industries with basic needs

Based on [28, UNIDO, 1982]

8. It should be noted that some of the criteria characteristic to the chemical industry sector
such as: alternative processes and alternative feedstock for the production of the same
product (e.g. carbon black, aluminium fluoride), as well as complex technology
involving multistage processing (e.g. titanium dioxide), in several cases also apply to

the LVIC-S industry.

9. Other characteristics of the LVIC-S industry include, but are not limited to, the

following features:

e high purity of raw materials is of primary importance to attain the required purity

of the final product and reduce possible emissions. This needs to be achieved by an
integrated approach to the chain of steps involved in ore mining, beneficiation and
pretreatment, before the raw materials are used in the LVIC-S industry

many reactions take place at high temperatures, in several cases above 800 °C and
in a few cases more than 2000 °C (e.g. calcium carbide, silicon carbide) often with
carbon (e.g. coal, coke, charcoal) being used as a reducing agent

many LVIC-S products are obtained by their crystallisation from an aqueous
solution and with subsequent drying to remove the free and/or combined water
(e.g. sodium bicarbonate, calcium chloride, precipitated calcium carbonate)

the LVIC-S plants are typically equipped with the storage and handling systems of
solid substances. Although miscellaneous techniques are used, the potential for
dust emissions is common.
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10. One of the distinct characteristics of LVIC-S plants is their linkage to SIC installations.
Small scale SIC installations are often offshoots of LVIC-S plants, the boundary being
usually located in the product purification section of an LVIC-S installation, with the
shares of final products typically well over 95 % for large volume inorganic commodity
products and much below 5 % for speciality inorganic products — see Figure 1.14 above.

Additional criteria for the selection between the LVIC and SIC industries are given below in
Table 1.2:

Criterion LVIC SIC

Volume* Usually high Usually low

Size of investment Very high Medium

Product description Formula Formula + effect, purity, formulation

Product differentiation | Not usually Yes — often the speciality is sold on

from competition performance

Applications Often large number of Often only a few applications or
applications or very high highly specialised
volume applications

Driver Price Quality

Raw material Often a mineral Often a chemical to be reprocessed

and refined

R&D To improve the economics of | To create new tailored applications
the process

Integration Vertical, possibly with the Often on an LVIC site as a
source of mineral complementary production

Which department of the | The purchasing department The technical/production staff

customer makes the

buying decision

* UBA: suggested 100 kt limit

Table 1.2:  Criteria for the selection between the LVIC and SIC industries
[98, CEFIC, 2003]

11. Finally, it should be stressed that the overall energy efficiency in the integrated
inorganic chemical complex depends not only on the efficiency of chemical processes
used, but also (and in several cases predominantly) on the energy efficiency in the
associated power plant at the site.

Increased energy efficiency in the integrated inorganic chemical complex is particularly
relevant to the cogeneration of heat and power in CHP systems, as stems from the
Council Directive 2004/8/EC of 11 February 2004 on the promotion of cogeneration
based on a useful heat demand in the internal energy market [86, The Council of the
EU, 2004]. Refer also to Section 1.4.3 below.

114 Cornerstone and selected illustrative products in the scope of
this document

As mentioned in the Scope section, the list of chemicals included in this document embraces
five cornerstone and 17 selected illustrative products (groups of products) addressed at a lesser
level of detail.

The scale of production in the LVIC-S industry, including the distribution of cornerstone plants
across the EU, is illustrated in Section 1.1.5.
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1.1.41 Main affiliations between compounds within the LVIC-S industry

A few ores and natural substances are precursors of a large variety of LVIC-S compounds. For
example:

Phosphate rock Sodium phosphates (e.g. detergent phosphates)
Food and feed phosphates

Sodium chloride Sodium chlorate,
Sodium sulphates

Sodium chloride Sodium bicarbonate
Limestone Soda ash
Calcium chloride

Sand Sodium silicate
Silicon carbide

Aluminium oxide and hydroxide produced directly from bauxite are the precursors of most
aluminium LVIC-S derivatives (e.g. aluminium fluoride, aluminium sulphate).

Conversely, some ores and natural substances are essentially used to manufacture only one
LVIC-S product. For example:

Ilmenite Titanium dioxide
Borax Sodium perborate
1.1.4.2 Main uses

A few products only find application in goods directly sold to the public. Typically, most of the
LVIC-S compounds have industrial applications only, essentially as:

e primary raw materials for products of the same family (e.g. soda ash, feedstock for sodium
silicate production)

e primary raw materials for producing other chemicals (e.g. zinc sulphate for producing the
pigment called lithopone)

e primary raw materials for other industrial sectors (e.g. titanium dioxide for paper mills)

e primary raw materials to formulate consumer goods (zeolites for producing detergents).

1.1.4.3 Economic aspects

Even though the LVIC-S industry is one of the pillars of several dynamically developing
European chemical industry sectors, it is also characterised by the lowest production growth:
0.2 % for basic inorganic sector in 1997 — 2002, as compared to the production growth of the
EU chemical industry sector totalling to 3.1 % [9, CEFIC, 2004].

A number of LVIC-S compounds, including nearly all LVIC-S cornerstones, are basic
commodity products and intermediates, in most cases traded on a worldwide basis, and
therefore being subject to international pricing and competition [6, CEFIC, 2002].

Their main raw materials are also large volume and traded worldwide. As a consequence, to
utilise the economy of scale in the manufacturing processes, production units usually tend to be
very large, and fully automated, with high investment cost and highly skilled operators.
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Stemming from the above, the following major economic constraints and enhancements are
reported for the LVIC-S industry [6, CEFIC, 2002]:

o like for other commodity organic or inorganic products, international prices are subject to
wide variations (up to EUR 2 per kg in the case of TiO, products). However, a typical price
level of an LVIC-S product is EUR 0.2 per kg and the variable costs (raw material, energy
and other utilities) usually represent 60 to 80 % of the product’s factory gate price. This
makes investment into a new plant somewhat unattractive because of low potential return on
investment (ROI) [6, CEFIC, 2002]

e investment in an inorganic chemical plant is, however, very high and the plants are usually
designed for a long life and are not renewed in the short term. Investment costs are often in
the EUR 200 to 800 million range for a standard world scale new grassroot LVIC-S plant.
Since there are very few new plants and inorganic chemical complexes in Europe, the
existing plants have to be revamped to keep pace with technical progress and environmental
standards

e this, in turn, raises the initial investment by above 10 —20 %, which some plants cannot
afford. As a result, plant closures have taken place

e but, in turn, market niches also exist for some special grade LVIC-S products, since their
technical and economic aspects differ greatly from those of commodities (more
sophisticated production processes, tighter selection of feedstock, smaller production
volumes, higher and less fluctuating market prices, etc.). Typical examples are sodium
bicarbonate (refer to Chapter 2), speciality carbon blacks (refer to Chapter 4) or precipitated
calcium carbonate (refer to Section 7.12), where special grades have been developed for
specific applications [6, CEFIC, 2002].

11.5 Production scale in the European LVIC-S industry

For a majority of compounds within the LVIC-S industry, the current tendency is to reduce the
number of production sites rather than increase global European capacity and invest into new
production units. This tendency is broadly concurrent with the most characteristic features of
the EU chemical industry illustrated above [9, CEFIC, 2004].

The illustration of the scale of production in the LVIC-S industry is mainly based on available
information relevant to the cornerstone processes within the EU-15 area, included in Chapters 2
through to 6 of this document. When available, information concerning the LVIC-S industry in
the new Member States has been included as well — see Figure 1.17.

1.1.5.1 Soda ash

There are 14 plants in nine of the EU-25 Member States producing soda ash based on the
Solvay process, with a total capacity of 7725 kt per year, which represents approximately 18 %
of world ash capacities [33, CEFIC-ESAPA, 2004].

The range of capacities per plant vary from 160 to 1020 kt per year, i.e. approximately
from 440 to 2800 tonnes per day (assumed onstream factor of 360 operational days per year).

1.1.5.2 Titanium dioxide

The present EU-25 (plus Norway) TiO, production capacities, amounting to 1488 kt per year,
are split approximately as 69 % for the sulphate process (1023 kt per year) and 31 % for the
chloride process (465 kt per year), and represent roughly 37 % of the world’s TiO, capacities
[20, CEFIC-TDMA, 2004], [13, EIPPCB, 2000].

There are 11 EU-25 Member States (plus Norway) producing titanium dioxide in 20 plants
located across the EU-25 (plus Norway), and from this plants five are based on the chloride and
15 plants on the sulphate titanium dioxide process route.
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The range of capacities per plant in the chloride process route vary from 55 to 150 kt per year,
i.e. approximately, from 180 to 500 tonnes per day (an on stream factor of 300 operational days
per year has been assumed here for illustration). The range of capacities per plant in the sulphate
process route vary from 30 to 130 kt per year, i.e. approx. from 100 to 430 tonnes per day.

1.1.5.3 Carbon black

There are 12 Member States producing carbon black in 22 plants located across the EU-25, with
a total capacity of 1675 kt per year, which represents approximately 21 % of the world’s carbon
black capacities [47, InfoMil, 2002], [13, EIPPCB, 2000]. The range of capacities per plant vary
from 10 to 122 kt per year and, approximately, from 35 to 400 tonnes per day.

1.1.54 Synthetic amorphous silica

There are eight Member States producing synthetic amorphous silica in 18 plants located across
the EU-15. Data from 2002 report a combined capacity of 392 kt per year, which represented
approximately 30 % of world synthetic amorphous silica capacities [49, CEFIC-ASASP, 2002].
Out of these 18 plants, there are six plants producing pyrogenic silica (in total 72 kt per year),
10 plants producing precipitated silica (286 kt per year) and two plants producing silica gel
(34 kt per year).

However, data from 2006 report a combined capacity of 620 kt per year, which still represents
approximately 30 % of the world synthetic amorphous silica capacities, and a range of
capacities of 12 — 100 kt per year.

No information is currently available for the new Member States, and therefore no data relevant
to the EU-25 area are given (refer to Chapter 5; see also Figure 1.17).

1.1.5.5 Inorganic phosphates

The world share for industrial inorganic phosphates (i.e. sodium, calcium, potassium and
ammonium phosphates) in western Europe is 48 %.

1.1.5.51 Detergent phosphates

There is currently six plants producing sodium tripolyphosphate (STPP) operated in four
Member States in the EU-15 with the total capacity estimated at 655 kt per year. The range of
capacities per plant vary from 30 to 165 kt per year, i.e. from 100 to 550 tonnes per day.

No information on detergent phosphates is currently available for the new Member States (refer
to Chapter 6; see also Figure 1.17).

1.1.5.6 Production potential of the LVIC-S industry in the EU-25

Even though the LVIC-S industry is one of the least dynamically developing segments of the
EU chemical industry sector (refer to Section 1.1.1.3) [9, CEFIC, 2004], it is characterised by
quite an important production potential, and is one of the important pillars of the chemical
industry sector, allowing for more dynamic development of several other chemical industry
sectors and other sectors of the EU economy.

In order to illustrate the production potential in the European LVIC-S industry in a synthetic
way, in Table 1.3 below gives recent approximate combined production capacities in the EU-15
(plus Norway). Where possible, the capacities relating to the LVIC-S cornerstone products in
the EU-25 are also given, as follows:

Large Volume Inorganic Chemicals — Solids and Others 17



Chapter 1

LVIC-S cornerstone Soda ash — Titanium Carbon Synthetic Detergent

products (Solvay dioxide black amorphous | phosphates

(million tonnes per year) Process) (2 routes) silica (STPP)

EU-15 capacity 6.6 1.4 1.5 0.4 0.7

New Member States 1.1 0.1 0.2 22? 22?

EU-25 capacity 7.7 1.5 1.7 0.4? 0.7?

® No data available at present on LVIC-S cornerstone synthetic amorphous silica and detergent phosphates plants

in the new Member States of the EU-25.

Table 1.3:  Capacities of LVIC-S cornerstone products in the EU
[33, CEFIC-ESAPA, 2004], [20, CEFIC-TDMA, 2004], [47, InfoMil, 2002], [49, CEFIC-ASASP,
2002], [92, EU DG Environment, 2002], and [85, EIPPCB, 2004-2005]

1.1.5.7 Distribution of the LVIC-S plants in the EU-25

Figure 1.17 below indicates the concentration of the LVIC-S industry in the EU addressed at the
cornerstone level in this document. At least 80 LVIC-S cornerstone plants have been identified
on the EU-25 scale (including Norway with one TiO, plant).

For the reasons of clarity, Figure 1.17 does not include the 20 feed phosphate plants which were
formerly defined at the ‘selected illustrative’ LVIC-S plants level. They are included jointly
with detergent phosphates, at the ‘cornerstone’ level — refer to Chapter 6..

Out of the total of 80 LVIC-S cornerstone plants identified (but with feed phosphate plants
included, there is a total of 100 cornerstone plants), 21 plants are located in Germany, ten plants
in the United Kingdom, nine plants in France, seven plants in Spain, six plants in the
Netherlands, and five cornerstone plants respectively in Belgium, Italy and Poland. Austria, the
Czech Republic, Finland, Hungary, Norway, Portugal, Slovenia and Sweden each have less than
five conrnerstone plants. Denmark, Greece, Ireland, and Luxembourg are not represented at the
LVIC-S industry cornerstone level.

The identified cornerstone plants are characterised by quite a broad range of capacities, from the
smallest carbon black plant with a capacity of 10 kt per year to the largest soda ash plant with a
capacity of 1000 kt per year.

In addition, over 300 installations are reported to exist in the EU-25 for the production of the
selected illustrative LVIC-S products, of these the most numerous are precipitated calcium
carbonate plants (refer to Section 7.12).

Even though plants relating to selected illustrative LVIC-S products have not been included in
the map, Figure 1.17 is a clear indication of the potential of the LVIC-S industry in the EU-15,
and broadly also on the EU-25 scale.

When adding over 300 plants manufacturing selected illustrative LVIC-S products to the above
list of 80 LVIC-S cornerstone plants, it can be assumed that approximately as many as
400 installations, with a very broad range of capacities and using many varied production
processes, can be associated with the LVIC-S industry in the EU-25.
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Figure 1.17: Distribution of LVIC-S cornerstone plants across the EU-25
[33, CEFIC-ESAPA, 2004], [20, CEFIC-TDMA, 2004], [47, InfoMil, 2002], [49, CEFIC-ASASP,
2002], [92, EU DG Environment, 2002], [85, EIPPCB, 2004-2005]
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1.2 Key LVIC-S production processes

Sections 1.2.1 to 1.2.5 describe the LVIC-S cornerstone processes applied across the EU. These
processes are illustrated in detail in Chapters 2 through to 6 of this document.

1.21 Soda ash with refined sodium bicarbonate

The production of sodium carbonate in the EU-25 is based on the Solvay soda ash ammonia
process [33, CEFIC-ESAPA, 2004] in which limestone, salt brine, ammonia and coke are the
main raw materials (refer also to Figure 1.15).

Refined sodium bicarbonate is manufactured on the basis of a solution of sodium carbonate (or
calcined soda) from the soda ash plant. The refined sodium bicarbonate plant is fully integrated
with the soda ash plant operating by the Solvay process [33, CEFIC-ESAPA, 2004].

1.2.2 Titanium dioxide

Two processes, the older sulphate process (extraction with sulphuric acid), or the newer chloride
process (extraction with chlorine), manufacture TiO, [13, EIPPCB, 2000]. The starting
materials for TiO, production on a worldwide basis are ilmenite and titaniferous slag in the case
of the sulphate process, and leucoxene, rutile, synthetic rutile, ilmenite, or titaniferous slag for
the chloride process [13, EIPPCB, 2000].

1.2.21 The sulphate process

The reaction of titaniferous mineral with sulphuric acid converts metal oxides into soluble
sulphates, primarily of titanium and iron. After a proportion of the iron in solution is removed, a
relatively clean titanium solution is sent for the hydrolysis. The product from this stage is a
microcrystalline oxide of titanium, which is converted into the required crystalline state by
calcination [13, EIPPCB, 2000].

1.2.2.2 The chloride process

The chloride process goes according to the following steps: extraction of titanium by chlorine
from a titaniferous ore, followed by oxidation of titanium tetrachloride, so shifted to titanium
dioxide (pigmentary size) and chlorine (for recycling). A good quality base pigment is produced
in the oxidation reactor. Here titanium tetrachloride is reacted with oxygen or oxygen enriched
air in the presence of nucleation/growth additives [13, EIPPCB, 2000].

1.2.2.3 Wet treatment (coating)

The titanium dioxide pigments are coated to enhance the pigmentary characteristics of the base
pigment. Coating techniques have been developed over many years and to some extent, using
wet route coatings, are common to sulphate and chloride base pigments [13, EIPPCB, 2000].
1.2.3 Carbon black

More than 95 % of carbon black is now manufactured using the furnace black process, which

assures both the high carbon black yield and the range of qualities of carbon black produced.
[13, EIPPCB, 2000], [48, W. Buchner et al, 1989].
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The use of liquid hydrocarbon feedstocks increases the yield of carbon black and enables a
much broader range of products to be manufactured, so this type of raw material (from
refineries, coking plants, catalytic crackers, and steam crackers for the production of ethylene
and from the catalytic synthesis of petrol) is now almost exclusively used by the carbon black
industry.

1.2.3.1 Post-treatment

The chemical nature of the surface of carbon black is critical to its applications-related
behaviour and is a function of the manufacturing process. In addition to physically adsorbed
organic substances, chemically combined surface oxygen is present on the surface. In special
cases, it is desirable to augment the content of volatile components. This is accomplished by
oxidative post-treatment in which acidic surface groups are formed [13, EIPPCB, 2000].

1.2.4 Synthetic amorphous silica

The basic raw material for the production of synthetic silicas is waterglass or silanes. There are
two main routes to these products: thermal and wet. The thermal route leads to pyrogenic silica
and the wet route to precipitated silica and silica gel [13, EIPPCB, 2000].

1.2.4.1 Synthetic amorphous pyrogenic silica

Thermal processes use high temperature reactions in which volatile silicon compounds such as
the tetrachloride or the monoxide are prepared as intermediates, the latter being subsequently
hydrolysed at elevated temperatures to give the highly dispersed end silica products. Pyrogenic
amorphous silicas are produced by thermal flame hydrolysis [87, Ullmann's, 2001].

1.24.2 Synthetic amorphous precipitated silica

Silica produced by wet processes include: precipitated silica and silica gel [13, EIPPCB, 2000].
Raw materials for the production of precipitated silica are aqueous alkali metal silicate solutions
and acids, generally sulphuric acid [87, Ullmann's, 2001]. The process consists of the following
steps: precipitation, filtration, drying, grinding, and in some cases, compacting and granulation.

1.24.3 Silica gel

Silica gels are produced by the neutralisation of aqueous alkali metal silicates (water glass) with
acids. On a commercial scale, the process comprises raw material dilution, synthesis (sol
formation/gelation), washing/ageing and drying, followed by sieving, milling, or surface
modification depending on the final product.

1.25 Inorganic detergent, food and feed phosphates

1.2.51 Detergent and food phosphates — sodium tripolyphosphate

The main product in this family, sodium tripolyphosphate (STPP), is mainly used in detergents,
but is also the main food phosphate produced in Europe [6, CEFIC, 2002].

The production process of STPP (NasP;0,) has two steps. In the first step, thermal, purified or
unpurified (green) phosphoric acid is mixed with either sodium hydroxide or sodium carbonate
in the proper ratio.
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In the second step, the resulting solution, in some cases after concentration, is directed to a
spray or rotary dryer where solid sodium phosphate is obtained. Calcination can be carried out
in the same drying equipment or in a separate kiln. After calcinations, the product is typically
kept hot during some period of time, to increase the conversion of phosphate to polyphosphate
[6, CEFIC, 2002], [85, EIPPCB, 2004-2005].

1.2.5.2 Feed phosphates — dicalcium phosphate

Inorganic feed phosphates include compounds containing phosphorus from phosphate rock
CasF(POy); or purified phosphoric acid. By the reaction of phosphate with mineral cations, a
large variety of phosphates for different feeding purposes, are produced.

The phosphates most commonly used for animal feed are calcium phosphates, with dicalcium
phosphate as a main representative in this group, as well as magnesium phosphates, sodium
phosphates, ammonium phosphates, and combination phosphates [6, CEFIC, 2002].

1.3  Overview of environmental issues in the LVIC-S industry
1.31 Main raw materials

As far as LVIC-S raw materials are concerned, most substances can be classified in three
categories [6, CEFIC, 2002]:

e LVIC-S produced from ores or natural abundant products. Examples:
o sodium chloride brine and limestone, feedstock of soda ash
o sodium chloride brine, feedstock of sodium chlorate
o titanium ores, feedstock of titanium dioxide
o phosphate rock, feedstock to phosphoric acid, directly to some phosphates, and to
fluosilicic acid.

The content of impurities in these raw materials plays an important role on emissions, or
they may contaminate the end-products. Pretreatment processes are sometimes applied at
the mining step, and this, combined with the very nature of the ore, may significantly
change the amount of waste material to be eliminated at the LVIC-S production step.
Examples:

- borax vs. tincal as sodium perborate feedstock
- fluorspar vs. fluosilicic acid as aluminium fluoride feedstock

e LVIC-S produced, at least partly, from secondary or re-used products. Examples:
o zinc chloride products from zinc scrap
o aluminium fluoride produced from fluosilicic acid
o sodium sulphate produced via the chromate route

e LVIC-S produced from more elaborate feedstock. Examples:
o detergent, feed and food phosphates, produced from different grades of phosphoric acid
o zeolites, produced from sodium silicate and sodium aluminate solutions
o iron oxide pigment, produced from copperas obtained as a by-product in titanium
dioxide production based on the sulphate route
o pyrogenic synthetic amorphous silicas produced from silanes and alkylsilanes
precipitated synthetic amorphous silicas produced from waterglass
o carbon black produced from various hydrocarbon-based feedstocks, such as refinery
decant oil, ethylene cracker residue, and coal tar distillates
o precipitated calcium carbonate produced from calcium oxide.

o
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1.3.2 Secondary feedstock and energy

The term ‘secondary feedstock’ denotes substances, which allow the main raw materials to be
transformed. Oxygen from the air is one of them, other substances often met in the production
of LVIC-S are [6, CEFIC, 2002]:

chlorine, used to produce, e.g. aluminium chloride or titanium dioxide by the chloride route
sulphuric acid, used to produce, e.g. aluminium sulphate or zinc sulphate

carbon (e.g. coke) used to produce, e.g. soda ash or calcium carbide

hydrogen used to produce synthetic amorphous silicas

natural gas or petrochemical oils used to produce carbon black.

Also some reactants (e.g. soda ash, sodium hydroxide, calcium hydroxide) are largely used to
purify the feedstock or the finished products.

In some LVIC-S processes, the need for energy is very large. Examples of substantial energy
inputs to LVIC-S processes include:

e clectricity in the production of, e.g. sodium chlorate or calcium carbide
e clectricity and thermal energy for producing soda ash from salt brine.

The energy balance at the process level and the energy integration at the site are very specific to
each chemical complex and are very important criteria for the economic viability. Several
examples of energy savings at a process level may be found in the LVIC-S cornerstone
production plants, to mention here: soda ash [33, CEFIC-ESAPA, 2004], titanium dioxide [20,
CEFIC-TDMA, 2004], and carbon black [47, InfoMil, 2002].

1.3.3 Use of water
Water plays an important role in the production of LVIC-S compounds, where it can be used as:

a heat transfer agent for cooling or heating

a feedstock for boiler plants

a carrying agent for transport of insoluble materials

a component of an LVIC-S substance (e.g. crystallisation water)
a solvent

a washing/cleaning agent

an air contaminant abatement fluid, etc.

Energy and environmental management tools which are described in Annex IV to the Directive
and analysed in Chapter 8 ‘Common Available Techniques in the LVIC-S industry’ are applied
to allow the use of water to be reduced, compatible with process safety and operability
conditions [11, The Council of the EU, 1996], [6, CEFIC, 2002].

1.34 Emissions to air

The first group of pollutants includes substances which are abated by water, acidic water or
alkaline water, like SO,, HCI, HF, SiF4, NH3, Cl,, and H,S. Therefore, the effluent treatment can
be based on absorption in aqueous solutions, achieved by one or more steps [6, CEFIC, 2002].

As strong acids, mists and aerosols are easily formed, in several instances absorption systems
can be multistage, preferably supplemented with a demister. If not recirculated back to the
process, the solutions resulting from the absorption system may have to be treated for the
correction of pH and adjustment of other characteristics before disposal.

The second group of pollutants includes dust emissions from the process and from the handling
of feedstock and end-products, where wet and dry abatement systems are typically used.
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Emissions of NOx and VOC are to be considered in some cases only. Depending on the process
and the material handling techniques selected (e.g. mechanical conveying vs. air conveying), the
vent stream can largely vary in flowrate, in pollutant concentration, and in its nature (continuous
vs. intermittent flow).

For information about the air emission problems likely to be met in the production of LVIC-S
compounds, refer to Section 8.2.

1.3.5 Emissions to water

Besides the liquid purges from the production process, emissions to water also include the waste
streams from the abatement systems of air emissions, the bleeds from the semi-closed cooling
water network and steam generators, the cleaning water from maintenance equipment, as well as
the contaminated rainwater [6, CEFIC, 2002].

The main contaminants are salts and inorganic substances (including halogen and phosphorus
compounds), acidifying and alkalising substances, metals and heavy metals, and suspended
matters, although the presence of organics (TOC) in the LVIC-S industry is unusual. As no
nitrates, and only to a limited extent ammonia, are dealt with in the LVIC-S industry, the
eutrophication in some water bodies can be related to the release of phosphates into water.

The emission of dissolved salts (e.g. calcium chloride in the production of soda ash) could be an
important environmental issue, if not correctly addressed [6, CEFIC, 2002], [33, CEFIC-
ESAPA, 2004].

Information about the water emission problems likely to be met in the production of LVIC-S
compounds is included in Section 8.3.

1.3.6 By-products and solid wastes

There are no strict commonalties between the LVIC-S processes but a few rules listed below
should be kept in mind [6, CEFIC, 2002], [ 14, EIPPCB, 2003]:

e when ores are used, their impurities end up as an emission, as wastes or as part of the
product. The amount of wastes may be large and depend on sources of appropriate raw
materials

e the extraction of natural raw materials may generate wastes at the extraction and treatment
stages, as well as wastes generated in the downstream processes. This is relevant to the
process of life cycle assessment

e when analysing the problem of solid waste disposal and by-products utilisation, there is a
need to illustrate this from both the viewpoint of wastes that are untreatable (directly related
to the type and quality of the processed ore) and wastes that are treatable (wastes which can
be upgraded, reprocessed and utilised in the form of by-products, which are again additional
outputs of a plant). It should, therefore, be noted that the degree of waste utilisation is a
justified performance expression for the LVIC-S industry but, in principle, it should be used
for treatable wastes only

e in some processes, the operators cannot afford to invest in complex waste treatment units, as
they may be too costly to run the LVIC-S process at a minimum level of economic
efficiency, the operation of waste recovery may be highly energy consuming, and there may
not be sufficient market demand for the recovered by-product. The problem of CaCl,
utilisation in soda ash and other industries is an example here, refer to Chapter 2, and
Sections 7.7, and 7.11 [33, CEFIC-ESAPA, 2004], [56, InfoMil, 2004], [95, CEFIC-
Brunner Mond, 2004]
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e calcium sulphate is often by-produced, when large amounts of sulphate ions dissolved in
water are precipitated by lime — e.g. in the titanium dioxide sulphate process route. The
recovery of calcium sulphate which cannot be dumped is often not feasible, unless a long
term strategy towards the utilisation of gypsum is applied, as is the case in the production of
titanium dioxide by the sulphate route with the associated co-production of ‘white’ and ‘red’
gypsum to cover local demand for these by-products [20, CEFIC-TDMA, 2004], refer to
Chapter 3.

It should be noted that in all cases, a long term strategy for waste management needs to be
developed, streamlined with the IPPC Directive, Annex IV, points 1 and 3, as this can then even
lead to creating a market for by-products, such as gypsum referred to above, resulting from the
production of TiO, by the sulphate process route [85, EIPPCB, 2004-2005].

1.4 Unit processes and infrastructure in the LVIC-S industry

1.41 Unit processes and unit operations in the LVIC-S industry

According to the terms used in the chemical process industries [31, R. N. Shreve, 1945],
chemical engineering, applied in industrial projects to develop chemical plants and complexes,
can be defined in the following way:

Chemical engineering ~ Unit processes + Unit operations
(chemical industry project) (chemical changes) (physical changes)

The most characteristic examples of the unit processes relevant to the LVIC-S industry and
associated activities are listed in Table 1.4.

Unit process LVIC-S industry product (or associated activity)
Combustion Coke burning — thermal decomposition of limestone in the soda ash
Solvay process (fuel burning, steam and power generation — refer
also to the BREF on LCP)
Oxidation Titanium dioxide — chloride route, zinc oxide, lead oxide, sodium

perborate/percarbonate, synthetic amorphous silica (thermal route).
For phosphoric acid production from elemental phosphorus — refer to
the BREF on LVIC-AAF.

Neutralisation Sodium salts, sodium tripolyphosphate (waste water treatment in
LVIC-S industry complexes)

Silicate formation Sodium silicate, precipitated silica

Electrolysis Sodium chlorate. For caustic Soda — refer to the BREF on Chlor-
Alkali

Double decomposition Soda ash; sodium, potassium and magnesium salts (water softening
in LVIC-S industry complexes)

Calcination Soda ash, titanium dioxide (sulphate process route), sodium
tripolyphosphate

Reduction Calcium carbide, silicon carbide, sodium salts, titanium dioxide —
sulphate route, zinc oxide

Halogenation Titanium dioxide — chloride route, aluminium chloride

Hydration and Hydrolysis |Magnesium oxide, slaked lime, titanium dioxide — sulphate route
Pyrolysis or Cracking Carbon black

Table 1.4:  Unit processes typical to the LVIC-S industry
Based on [31, R. N. Shreve, 1945]
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In turn, the list of major unit operations broadly applied in the LVIC-S industry covers [31, R.
N. Shreve, 1945]:

Fluid flow Heat transfer Evaporation Gas absorption
Adsorption Distillation Drying Mixing
Classification Sedimentation Filtration Screening
Crystallisation Centrifugation Size reduction Materials handling.

The following four unit operations, i.e. size reduction, sedimentation, filtration, and drying,
commonly applied in and characteristic to the LVIC-S industry, are illustrated in Annex 2 —
Selected unit operations in the LVIC-S industry [13, EIPPCB, 2000].

1.4.2 Characteristics of a typical LVIC-S production plant

A typical LVIC-S plant for producing large volume inorganic chemicals — solid and others,
usually consists of several sub-units, as already illustrated in Figure 1.14. Refer also to
Section 1.4.3 below. These sub-units are typically:

e an energy supply unit, which produces steam and/or, optionally, electrical energy when
technically feasible and economically viable (energy may partially be recovered from the
synthesis step as heat)

a unit for supply and preparation of raw materials and feedstock

e a section which comprises the process of synthesis starting with the feedstock and ending
with the crude product

e the purification process of the crude product to the end-product, which has to fulfil required
specification limits. In many LVIC-S processes, this step merely consists of filtering,
washing and drying the crude product. It should be noted that at this stage usually an off-
spring connection to the SIC installation is located

o the packaging, storage and loading of the end-product
end-of-pipe — waste stream management — optional measures

e acomprehensive infrastructure which interconnects the several sub-units for:

o  energy, water, gas and feed supply
o  environmental protection and waste disposal
o  health and safety.

The complexity of chemical plants, where there is material and energy exchange between units
and sub-units, demonstrates that there is no universal approach in selecting a process or a
technique. The local conditions will be a key factor for selecting the process, which will be the
best compromise between strategic, technical, economic, social, safety and environmental
factors.

14.3 Infrastructure at a LVIC-S production site

As illustrated in Figure 1.14, almost every LVIC-S production site will have a comprehensive
infrastructure that interconnects the production units. Although not directly involved with the
production process, the infrastructure provides the essential services (utilities) to ensure that the
process operates effectively, safely and without detriment to the environment. Sections 1.4.3.1
to 1.4.3.6 provide brief descriptions of this ancillary equipment [ 13, EIPPCB, 2000].

1.4.3.1 Energy supply
Many of the LVIC-S industry processes have a significant requirement for energy. The energy

source depends on the process requirements and the local availability. Many operators sub-
contract energy supply to third parties or use the central facilities that exist on many sites.
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The main sources are process furnaces, steam boilers, power generation in turbines, and heat
exchange (against a hotter product, intermediary stream or raw material).

Process furnaces are the primary source of heat in many endothermic chemical processes. They
are typically fired on gas or liquid fuel. The carbon black production process is an example here.

Steam is normally generated in steam boilers or in Combined Heat and Power (CHP) units.
Energy from boilers is distributed around an installation using a heat transfer medium (usually
steam) in closed recirculation loops.

A large chemical complex typically has steam available at several enthalpy levels (high,
medium or low pressure). Heat is input to the process either directly (e.g. by steam injection) or
indirectly by some form of heat exchanger equipment (typically shell and tube type). The
condensate from steam use will have its own collection system for return to the boiler.

Electrical power is needed for equipment such as pumps, mixers, compressors, and lighting.
Power can be generated on-site or purchased, but there is a trend in the chemical industry to
combine power and steam generation in CHP units. CHP units fulfil the need for both steam and
electricity and have a very high overall energy efficiency (>85 %). They also reduce the
dependence on external power supplies, and can even supply excess power to the grid. CHP
system is most successful where the heat to power ratio is at least 1:1 and power is needed for at
least 6000 hours per year.

The LVIC-S industry, having onstream time of at least 7200 hours per year and up
to 8500 hours per year (soda ash plants), is an appropriate area of CHP applications. The trend
in the chemical industry to combine heat and power generation (CHP) is fully in line with the
new EU Directive 2004/8/EC of 11 February 2004 on the promotion of cogeneration based on a
useful heat demand in the internal energy market [86, The Council of the EU, 2004].

1.4.3.2 Cooling

As a general rule, cooling systems are only adopted as a last resort when raisings of waste heat
have been minimised and all opportunities for heat re-use have been exhausted (e.g. cold feed
streams can be heated against hot product streams). By applying such heat integration,
significant energy can be saved and the associated emissions can be reduced — refer to
Section 8.8.3.1 on Pinch technology.

The removal of heat from exothermic processes is very important for process control and safety
reasons, and cooling may also be required to create the right conditions for certain process steps.
Cooling systems typically involve some form of heat exchanger to remove heat from the
process, a heat transfer medium and a mechanism for dissipating heat into the environment.

A wide variety of cooling systems are available and since these technologies are used in
common ways across the chemical industry, they are covered in detail in a dedicated horizontal
BREF on ‘Industrial Cooling Systems’.

The application of cooling systems is highly dependent on site-specific conditions and each case
needs to be evaluated individually, among others using the principles in the Industrial Cooling
Systems BREF in order to establish the cooling requirements. The main considerations are:

e resource consumption (water, air, energy, chemical substances)
e cmissions to water (chemicals and heat) and air, noise, plumes and waste generation
e risk aspects and pollution arising from specific events (starts/stops) or incidents.
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1.4.3.3 Refrigeration

Refrigeration is provided where processes require temperatures below those that can be obtained
with cooling water and is usually provided by a central site facility. Chlorofluorocarbons
(CFCs) or intermediate substances such as hydro chlorofluorocarbons (HCFCs) are not used in
any new refrigeration systems and replacement plans exist where they are used.

The cold is distributed around the chemical complex using different coolants, either chilled
water (for temperatures down to about 10 °C) or salt brines (down to -30 °C). Ammonia-based
refrigeration systems are also frequently applied (for temperatures down to -33 °C). Measures
are taken to minimise the loss of refrigerants from pumps, pipe joints, etc. Remote detection
systems may be used for detecting fugitive losses (e.g. of gaseous ammonia).

1.4.3.4 Storage and handling

Emissions may arise from the storage of raw materials, intermediates, products and wastes
during routine operation, during plant start-ups or shut-downs or during industrial accidents.
The substances may be stored as gases, liquids or solids, and the storage may have various
forms, for example drums, tanks, intermediate bulk containers, as well as open storages of solid
inorganic chemical raw materials and products.

Several LVIC-S raw materials and ores, intermediate products and final products are stored in
bags, big bags or usually in bulk under roof or in the open air. Emissions may also occur while
materials are being conveyed to and from storage. Because of the nature of stored material,
some plants — (such as, for instance, the chloride route titanium dioxide plants, in which very
toxic chlorine is handled) — are also subject to the provisions of the SEVESO II Directive [23,
The Council of the EU, 1996].

On the one hand, large chemical production sites may involve lower risks of spillage because
they obviate the need for the loading of transfer vessels (rail or road tankers, or boats), and their
transportation and unloading at destination points. But on the other hand, in large chemical
complexes great volumes of materials are handled, and therefore the scale of production is a
serious consideration here. Also, these sites often necessitate chemicals being pumped though
long pipe networks and this introduces the risk of failure on remote pipe-runs.

With regard to bulk storage, which is most characteristic to the LVIC-S industry, many of the
techniques for preventing emissions are used in common ways across the chemical industry.
Rather than being described repeatedly in many different BREFs, they are covered in a
dedicated horizontal BREF ‘Emissions from storage of bulk or dangerous materials’. This
horizontal BREF should, therefore, be read in conjunction with this document.

1.4.3.5 Vacuum

The vacuum duty depends on the quantity of gas being handled and the degree of
cooling/condensation in the system. Vacuum can be provided in several ways, including: steam
ejectors, liquid ring pumps and dry vacuum pumps.

1.4.3.6 Utility fluids

A variety of gases are used in installations to facilitate the operation of equipment or to carry
out specific activities. Installations may have distribution systems for such gases as nitrogen,
carbon dioxide and compressed air. These gases are usually inert and relatively benign in their
own right, but may become contaminated with products or waste in performing their duties and
then require treatment.
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Air, carbon dioxide and nitrogen have important uses for purging vessels and equipment with
toxic or flammable atmospheres. The equipment of a plant is typically purged with air prior to
opening, and with nitrogen or carbon dioxide prior to start-up.

Compressed air is also used for cleaning purposes, for actuating the pneumatic controllers used
in plant control, and for operating instruments.

The LVIC-S complexes and installations typically have a variety of reticulation systems for
different qualities of water (e.g. drinking water, demineralised water for boiler feed, process
make-up water, fire water).

Refer also to the BREFs on:

Large Combustion Plants (LCP),
Industrial Cooling Systems (CV),
Emissions from Storage (ESB), and

Common Waste Water and Waste Gas Treatment/Management Systems in the Chemical
Sector (CWW).

1.5 Best Available Techniques for the LVIC-S industry

In Chapters 2 through to 7, data and information on processes applied, present consumption and
emission levels, techniques to consider in the determination of BAT and finally, conclusions on
Best Available Techniques applicable to LVIC-S processes are given.

Only after LVIC-S processes have been thoroughly evaluated in Chapters 2 through to 7, at the
‘cornerstone’ and ‘selected illustrative’ level, Best Available Techniques for environmental
management are listed in Section 8.10.

A list of good environmental practices (GEP) for the use of technology, plant design,
maintenance, operation, environmental protection and decommissioning in the LVIC-S industry
can be found in Annex 3 (see Section 11.3).

In all circumstances, priority should be given to BAT associated with specific LVIC-S
processes. BAT included in the generic chapters or in other BREFs cannot overrule process-
related BAT included in this document.
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Chapter 2

2 SODAASH

2.1 General information
211 Introduction

Soda ash is a fundamental raw material to the glass, detergent and chemical industries and, as
such, is of strategic importance in the European and global manufacturing framework [8,
CEFIC, 2004], refer also to Figure 1.15 and Figure 1.16.

Over many decades demand for soda ash has been increasing at an average rate of 2 % per year,
[13, EIPPCB, 2000]. Soda ash (calcined soda) is manufactured in two grades: ‘light soda ash’
and ‘dense soda ash’. Dense soda ash is the preferred form of the product for use in the glass
industry and for economic transportation over long distances [13, EIPPCB, 2000].

Soda ash is a commodity product, freely available in the highly competitive world markets at a
price which reflects the cost of manufacture plus delivery. A very large scale of its manufacture
in the order of 40 million tonnes per year worldwide, the local availability of raw materials, the
price of energy, and the environmental impact of its production, are key drivers for
improvements in the soda industry worldwide.

Since the 1940s, soda ash has been increasingly obtained from trona, especially in the United
States, where the proportion of soda ash produced from trona has increased continuously
from 15 % in 1960, to 100 % in 1986. At the present time, as much as 30 % of the worldwide
soda ash capacity is based on trona or other sodium-based minerals, and of that nearly
12 million tonnes per year in North America [13, EIPPCB, 2000], [33, CEFIC-ESAPA, 2004].

Since the twenties, several deposits of minerals containing sodium carbonate or bicarbonate
have been discovered. It is estimated that the largest trona deposit in the Green River Basin of
Wyoming, the United States, could potentially produce as much as 47000 million tonnes of soda
ash, i.e. to cover the current US soda ash demand for many decades to come [105, Mineral
Information Institute, 2004]. Nevertheless, the ore purity and the location of these deposits, as
well as the mining conditions of these minerals, has limited the effective number of plants put
into operation [33, CEFIC-ESAPA, 2004].

As trona deposits are not available in Europe, soda ash in Europe is almost entirely
manufactured according to the Solvay process (the so-called ammonia soda process), using the
locally available natural raw materials of salt brine and limestone of the required purity.

The Solvay process, also called the ammonia soda process, was developed in the 19" century
and the first soda ash plants in Europe were started at that time. The plants have been
modernised and extended several times in order to implement technology upgrades and their
capacities have been increased progressively to follow market demand [33, CEFIC-ESAPA,
2004], [ 76, Union of Inorganic Industry, 1977].

Virtually all European soda ash is made using the Solvay process, typically by large, highly
integrated production units, with a plant capacity ranging from 160 to 1200 kt per year. The
high capital cost of the equipment hinders the construction of new soda ash plants. Older plants
are still being modernised and revamped to keep pace with a growing demand and technological
progress [33, CEFIC-ESAPA, 2004].

The current European soda ash capacities amount to over 15 million tonnes per year, and of that
in the EU-25 approximately 7.7 million tonnes per year [33, CEFIC-ESAPA, 2004].

Apart from Europe, the Solvay process also dominates in Asia, followed by other soda ash
manufacturing processes tailored to regional conditions, for example the production of soda ash
based on solid salt, where local salt brine deposits are not available, or the co-production of
ammonium chloride with soda ash, this former product being extensively used in Asia as a
fertiliser material [33, CEFIC-ESAPA, 2004], [91, Takuji Miyata, 1983].
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Table 2.1 presents three major regions of soda ash production with the highest level of installed
capacities, characterised by distinct features, and having a decisive impact on developments in
the soda ash industry worldwide:

. Approximate soda ash Main raw Estimated energy
Region Processes used . . .
capacity materials requirements
Europe Mainly Solvay Over 15 million tonnes Salt brine and | 9.7 — 13.6 GJ/t (*)
process per year (EU-25 nearly 8 | limestone
million tonnes per year)
North Na minerals process | Nearly 12 million tonnes | Trona and 6.1 —7.7 GJ/t (¥%)
America per year nahcolite
Asia Mainly Solvay Nearly 14 million tonnes | Salt brine and | Solvay process
process, followed per year, of that 10 limestone 12.6 GJ/t (**)
by other processes, | million tonnes per year
including the New based on the Solvay Solid salt and | New Asahi process: NA
Asahi process (NA | process, and 4 million limestone mono-production
mono-production tonnes per year based on process route
and co-production other processes 8.9 G/t (¥*) (¥*%*)
process routes)
(*)  Sum of the extreme values lime kilns + soda ash, as in [33, CEFIC-ESAPA, 2004].
(**) Based on [91, Takuji Miyata, 1983].
(***) Does not include energy requirements to get solid salt from brine (0.9 GJ/tonne).

Table 2.1: A comparison of the main soda ash producing regions (approximate data)
Based on [33, CEFIC-ESAPA, 2004] and [91, Takuji Miyata, 1983]

The production of soda ash in Europe by the Solvay process has been developing for over
140 years. Long term experience acquired by the European soda ash industry in investment
planning, process design, plant construction, start-up, operation, optimisation, shut-down and
decommissioning, has allowed for building-up these major steps of the plant’s life cycle into an
integrated system of actions, leading to the minimisation of the cost of soda ash manufacturing,
with the focus put on operation reliability, efficiency of raw materials and energy use, and on
lessening the impact of the soda ash industry on the environment [33, CEFIC-ESAPA, 2004],
[53, EIPPCB, 2004], [41, Solvay S.A., 2003], [79, BIPROKWAS, 1985-1995], [39, S.
Leszczynski et al, 1978].

A high onstream factor in the production of soda ash by the Solvay process, achievable and
proven in industrial practice, is an outstanding and distinct feature of the soda ash plants. It
illustrates the best long term, integrated strategy of the European soda ash producers in
development, design and investment in the soda ash plants, and many years experience of the
soda ash industry in plant operation, equipment cleaning, and planning maintenance cycles of
both technological units and the associated energy supply unit [53, EIPPCB, 2004].

One of the most critical issues for this strategy to work is a high degree of integration of the
soda ash plant with the associated boiler/power plant at the site, also with the aim of utilising
the economy of scale in both the soda ash plant and associated power plant [53, EIPPCB, 2004].

Because of the large tonnage of production involved, the plants require large quantities of basic
raw materials: limestone and sodium chloride brine. Significant amounts of energy, cooling
water and a range of secondary raw materials, including ammonia are also required. A modern,
large capacity soda ash plant is characterised by large volumes of liquid and gas flows, a high
degree of integration, interdependence and recycling between the plant units [33, CEFIC-
ESAPA, 2004], [53, EIPPCB, 2004].

The quality of the selected raw materials and geographical location of the production plants
have a large influence on composition, volume and treatment of effluents.
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The main environmental impacts of the ammonia soda process are the atmospheric and aqueous
emissions associated with the calcination of limestone, carbonation of ammoniated brine and,
predominantly, with the waste waters from the ‘distillation’ stage of the process [33, CEFIC-
ESAPA, 2004], [41, Solvay S.A., 2003], [39, S. Leszczynski et al, 1978].

The limited material efficiency of the Solvay process is defined by the overall reaction, yielding
soda ash and calcium chloride. The majority of calcium chloride by-produced in the process
must be disposed of, as there is a limited market for this product in the world [95, CEFIC-
Brunner Mond, 2004] — refer to Section 7.11.

With the current production of the EU-25 soda ash industry of over 7 million tonnes per year
and the quantity of the waste water from distillation ~ 10 cubic metres per tonne of soda ash, a
very large volume of waste water must be disposed of each year.

In some EU-25 locations, the disposal of the post-distillation liquid effluent is a significant
environmental issue if not managed properly (for information on management techniques refer
to Section 2.4.7), due to long term soda ash operations, the volume and composition of the post-
distillation slurry (inorganic chlorides, carbonates, sulphates, alkali, ammonia and suspended
solids, including heavy metals).

The post-distillation slurry is either directed to the aquatic environment for total dispersion
(mostly the seaside located EU-25 soda ash plants) or — after liquid/solid separation in basins
(settling ponds) or separators — the outgoing clear liquid is directed to the aquatic receptor. The
separated solids deposited in settling ponds may be used for the construction and the build-up of
the basins (mostly land-locked EU-25 soda ash plants). In exceptional circumstances where
there are local acid soil characteristics, they may be improved by the addition of these solids
and, if the market conditions permit, it may be possible to use the separated solids, after further
treatment, as a lime fertiliser. Under some geological conditions, separated solids may be stored
in solution mined salt cavities, by the controlled wet deposition of the solids using a carrier salt
brine [33, CEFIC-ESAPA, 2004], [53, EIPPCB, 2004], [41, Solvay S.A., 2003], [45, UBA -
Germany, 2001].

The discharge of waste waters into a local low flowrate watercourse is normally only possible
after removal of suspended solids and possible pH adjustment, if required by the local
conditions. The solids are then disposed of in settling ponds, a normal practice in the
EU-25 soda ash industry, provided that the measures prescribed for liquid effluent discharge
management are adopted and observed, to avoid the contamination of groundwaters by the
leaking of chloride solutions drained from settling ponds [33, CEFIC-ESAPA, 2004], [40,
CEFIC-ESAPA, 2003], [41, Solvay S.A., 2003], [39, S. Leszczynski et al, 1978], [45, UBA -
Germany, 2001].

21.2 Overview about the type of production
21.21 Solvay process

The Solvay process uses salt (NaCl) and limestone (CaCO;) as raw materials. Ammonia, which
is also used in the process, is almost totally regenerated and recycled. The main advantage of
this process is the availability of the relatively pure (depending on local conditions) raw
materials, which can be found almost everywhere in the world and, therefore, allows operating
production units relatively close to the market.

The Solvay process produces ‘light soda ash’, with a pouring density of about 500 kg/m’. It is
used in that form mainly for the detergent market and certain chemical intermediates. ‘Light
soda ash’ is transformed by recrystallisation firstly to sodium carbonate monohydrate, and
finally to ‘dense soda ash’ after drying (dehydration). Dense soda ash has a pouring density of
about 1000 kg/m’. It is used mainly in the glass industry. Dense soda ash can also be produced
by compaction.

Large Volume Inorganic Chemicals — Solids and Others 33



Chapter 2

Some producers have made several modifications to the original process. The main ones are:

e the ‘dual process’, which allows soda plants to co-produce ammonium chloride in nearly
equal quantities, which is used as a fertiliser in rice cultivation. There are several plants in
the world which use that process. Most are situated in China

e the ‘Akzo’ or ‘dry lime’ process, which uses dry lime instead of lime milk for ammonia
recovery.

21.2.2 Trona and nahcolite based process

All processes are based on ore treatment from which impurities (i.e. organics and inorganics)
have to be stored underground or in tailing ponds.

21.2.21 Trona

Trona minerals can be found underground (Green River trona deposit in Wyoming — US, Inner
Mongolia — China, Henan — China) or in dry lakes (Searles Lake trona brine deposit in
California — US, Magadi Lake trona brine deposit in Kenya, Sua Pan trona brine deposit in
Botswana) — refer also to [82, UNIDO, 1988].

Underground ‘dry’ trona processing consists of several steps:

e mechanical mining by the ‘room and pillar’ or ‘long wall’ method

e as trona is an impure sodium sesquicarbonate mineral (Na,CO;*NaHCO;2H,0), it has
firstly to be calcined to produce a soda ash still containing all the impurities from the ore

e next, the calcined trona is dissolved, and the solution is settled and filtered to remove
impurities (inorganics and organics)

e the purified liquor is sent to evaporators where sodium carbonate monohydrate crystals
precipitate

e the monohydrate slurry is concentrated in centrifuges before drying and transformation into
dense soda ash.

Deposits from trona lakes and solution mined trona are processed as follows:

dissolving trona in wells

carbonation of the solution in order to precipitate sodium bicarbonate

filtration of the slurry

calcination of the bicarbonate to get ‘light soda ash’, recycling of the carbon dioxide to the
carbonation

‘light soda ash’ transformation into ‘dense soda ash’ by the ‘monohydrate method’

e carbon dioxide make-up produced by burner off-gas enrichment.

2.1.2.2.2 Nahcolite

A nahcolite deposit had been found in Piceance Creek in Colorado - US and an industrial soda
ash plant was put into operation at the end of the year 2000. Little practical experience of this
process is therefore available.
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Nabhcolite is processed as follows:

e by solution mining (wells, with injection of hot mother liquor returned from the surface
facilities)

as nahcolite is an impure sodium bicarbonate mineral (NaHCQ;), it must be treated

the hot solution is decarbonated by heating

the solution is sent to settling and filtration

next, the purified liquor is sent to evaporators where sodium monohydrate precipitates

the slurry is concentrated by centrifugation and the monohydrate crystals are transformed to
soda ash by drying

e the mother liquor is sent back to the solution mining.

21.2.3 Nepheline syenite process

There is still a process operated in Russia, mainly in a plant situated in Siberia, which uses
mixed minerals and allows the co-production of alumina, cement and soda ash.

21.24 Carbonation of caustic soda

Small quantities of soda ash are made by the carbonation of caustic soda. This produces a soda
liquor solution which is treated in similar ways to those described above. Alternatively, where
this caustic soda is from diaphragm cells, it contains high levels of residual sodium chloride
which can be used either in conjunction with a conventional Solvay ammonia soda process or in
the brine purification process.

21.25 Soda ash as a by-product from the production of caprolactam

Soda ash is also manufactured as a by-product from the production of caprolactam. This process
is only specific to one site in Europe (the BASF company in Ludwigshafen, Germany — refer to
Table 2.3).

In a special plant, the effluents from the synthesis of caprolactam, loaded with organic sodium
salts and carboxylic acids solutions from different processes, are converted to soda, which is
obtained in partly molten and partly ash state, and then by dissolving, crystallisation and
calcination is finally converted into marketable soda ash [45, UBA - Germany, 2001].

21.3 Uses in industrial sectors

Soda ash is a commodity chemical used in several branches of industry (refer to Figure 1.15).
The main ones are quoted below.

Glass industry

Soda ash is used in the manufacturing of flat and container glass. Acting as a network modifier
or fluxing agent, it allows a lower melting temperature of sand and, therefore, reduces the
energy consumption.

Detergent industry

Soda ash is used in a large number of prepared domestic products: soaps, scouring powders,
soaking and washing powders containing varying proportions of sodium carbonate, where the
soda ash acts primarily as a builder or water softener.

Steel industry
Soda ash is used as a flux, a desulphuriser, a dephosphoriser and a denitrider.
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Non-ferrous metallurgy industry
Soda ash is used for: treatment of uranium ores, oxidising calcination of chrome ore, lead
recycling from discarded batteries, as well as for the recycling of zinc and aluminium.

Chemical industry
Soda ash is used in a large number of chemical reactions to produce inorganic and organic
compounds which have many applications. The main compounds are listed below.

Refined sodium bicarbonate, among others used in:

animal feeds

paper industry for paper sizing

plastic foaming

water treatment

leather treatment

flue-gas treatment, especially in incinerators

detergent and cleaning products

drilling mud to improve fluidity

fire extinguisher powder

human food products and domestic uses: baking soda, effervescent drinks, toothpaste, etc.
pharmaceutical applications: effervescent tablets, haemodialysis.

Sodium sesquicarbonate, used in bath salts, and as a water softener.

Chemically pure sodium carbonate, used in the pharmaceuticals industry, cosmetics, food
industry and fine chemicals.

Sodium percarbonate, used as a bleaching agent for various fabrics and as a constituent of
domestic detergent powders, as well as in cosmetics.

Other inorganic chemicals, such as: sodium phosphates, sodium silicates, sodium sulphites, and
sodium bichromate. Some of these belong to the LVIC-S industry and have many applications
(refer to Chapter 7).

Other applications

Apart from the uses in the industrial sectors mentioned above, soda ash also finds applications
in: production of various synthetic fertilisers, production of artificial sodium bentonites or
activated bentonites, organic and inorganic colouring industry, enamelling industry, petroleum
industry, fats, glue and gelatin industry, etc.

214 Production capacity in the world and in Europe

2.1.41 Worldwide

The current worldwide soda ash nameplate capacity is estimated to be around 42 million t/year.
The split between processes and geographical zones is given in Table 2.2.
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Production EU-25 | Rest of North Latin Asia | Africa | Oceania | Total
capacity Europe* | America | America

million t/year

Solvay process 7.7 6.6 0.5 9.7 0.1 0.4 25
Na minerals 11.6 0.5 0.6 12.7
process

Others 0.1 0.8 3.7 4.6
Total 7.8 7.4 11.6 0.5 13.9 0.7 0.4 42.3

*Rest of Europe — soda ash capacity in Russia, Ukraine, Turkey, Romania, Bulgaria and Bosnia

Table 2.2: Worldwide capacity of soda ash manufacture (reference year: 2002)
[33, CEFIC-ESAPA, 2004]

214.2 European Union

There are only five producers in the European Union (EU-25) applying the Solvay process:
Producer A, Producer C, Producer D, Producer E, and Producer F, with a total capacity of
7725 kt/year. Producer K has two plants which co-produce sodium carbonate with a combined

capacity of 65 kt/year.

Producer A has seven plants situated in six countries: France, Germany, Italy, Spain, Portugal
and Austria with a total capacity of 4200 kt/year. Producer C has three plants in two countries:
United Kingdom and Netherlands with a total capacity of 1375 kt/year. Producer D has one
plant, in France, with a capacity of 600 kt/year. Producer E has one plant, in Germany, with a
capacity of 450 kt/year. Producer F operates two plants in Poland with a combined capacity of

1100 kt/year.

European soda ash capacity and producers (reference year 2002) are given in Table 2.3.

Producers Country - location Capacity (kt/year) | Plant start-up (¥)
Producer A France — Dombasle 700 1874
Germany — Rheinberg 600 1903
Germany — Bernburg 540 1883
Spain — Torrelavega 950 1908
Italy — Rosignano 1020 1917
Portugal — Povoa 230 1934
Austria — Ebensee 160 1885
Producer B Bulgaria — Devnya 1200 1954
Producer C United Kingdom — Northwich 1000 1873
(Winnington/Lostock)
The Netherlands — Delfzijl 375 1958
Producer D France — La Madeleine 600 1884
Producer E Germany — Stassfurt 450 1886
Producer F Poland — Janikowo 550 1957
Poland — Inowroclaw 550 1879
Producer G Turkey — Mersin 800 1975
Producer H Romania — Govora 400 1960
Producer 1 Romania — Ocna Mures 310 1894
Producer J Bosnia — Herzegovina 260 1893
Producer K Germany — Ludwigshafen 65 -
Total EU-25 + 4 Countries 10760 1873 — 1975
(*) All these plants have been revamped several times in order to implement technology upgrade and plant
capacity has been increased progressively to follow market demand.
Note 1: EU-25 soda ash capacity 7790 kt per year.
Note 2: In total EU-25 + (Bulgaria, Romania, Turkey and Bosnia—Herzegovina) soda ash capacity is
estimated at 10760 kt per year.
Note 3: Compared to Table 2.2, Table 2.3 does not include soda ash capacity in Russia and Ukraine.
Note 4: Soda ash plant in Ludwigshafen is based on a special process related to the production of caprolactam

Table 2.3: European soda ash capacity and producers (reference year: 2002)

[33, CEFIC-ESAPA, 2004]
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Production sites in the European Union (EU-25), are shown on a map in Figure 2.1 (reference
year 2002). Consistent with data included in Table 2.3, the map in Figure 2.1 also indicates the
locations of five soda ash plants in four countries outside of the EU-25 (Bulgaria 1, Romania 2,
Turkey 1, Bosnia — Herzegovina 1).

Figure 2.1: Distribution of soda ash plants within the EU-25 and outside (Solvay process, 2002)
[33, CEFIC-ESAPA, 2004]
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21.5 Socio-economic aspects
21.51 Social integration — employment

The total number of people employed directly by the European producers (EU-25) is estimated
at 8500 persons (or about 900 t per person employed per year). These numbers depend upon the
boundary of operation and vary from site to site. Furthermore, there are a certain number of
subcontractors working in the plants on activities such as bagging, loading, transport,
engineering, construction, and maintenance. These activities can be estimated as needing
14000 persons, and thus about 22500 people are employed, directly and indirectly, in the
production of soda ash and derivatives in the EU.

21.5.2 Capital intensity in the EU soda ash industry

The estimated invested capital necessary to build a new soda ash plant in the EU is very high:
about EUR 600/t of annual capacity (excluding the cost of steam and power plant). The current
economic situation in the EU does not justify the construction of new plants and for many years
producers have been progressively revitalising and modernising existing plants (refer to
Sections 1.1.4.3 and 2.1.1).

2153 General economic standing

Since the end of the 1980s, the progressive opening of the borders, the reduction of trade
barriers and transportation costs have created very competitive conditions in the soda ash sector.
Today, the soda ash market can be considered as a worldwide and predominant commodity.

The European Union soda ash industry has suffered severely from these changes. In the last ten
years, six plants have been shut down: three in Germany, one in France, one in Belgium and one
in Austria (closed in 2005).

Constant efforts have been made by the EU soda ash industry to improve its competitiveness in
order to resist cheap Eastern Europe and US soda ash imports. The soda ash industry in these
regions for many years has been, and in several instances still is, favoured by lower energy costs
both for natural gas and electricity.

On top of this, one tonne of soda ash produced in the US from trona requires less energy than
that based on the Solvay process [91, Takuji Miyata, 1983], [82, UNIDO, 1988]. This cost
advantage is, however, reduced by a higher transportation cost of soda ash being exported from
the US to Europe.

Also, total manpower costs in the EU are, in general, significantly higher than in the US and
than in Eastern Europe [9, CEFIC, 2004].

21.54 Environmental taxes and levies

The soda ash sector is especially sensitive to environmental taxes or levies when they are based
on occupied surface, water consumption or energy inputs/outputs and emission. In some
countries of the EU, the total amount of taxes and levies, including local taxes, energy, mining,
housing, training, and properties (only some of them fully attributable to the environment), is as
high as EUR 6.4/t soda ash.
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2.1.5.5 Manufacturing and operating cost

Exact figures for production costs are confidential. A rough indication provided by consultants

is given in Table 2.4.

Table 2.4:  Soda ash manufacturing costs

[33, CEFIC-ESAPA, 2004]

Item Cost (EUR/t soda ash)
Raw materials 25
Energy 40
Labour 35
Maintenance 20
Total (cash costs) 120

These data need to be considered carefully since operating costs will vary depending on a
number of factors, including plant location, ownership of raw materials, energy sources etc.
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2.2 Applied processes and techniques
221 The Solvay process
2211 Main chemical reactions

The Solvay process for the production of soda ash may be summarised by the theoretical global
equation involving the two main components: sodium chloride and calcium carbonate.

2 NaCl + CaCO; — Na,CO; + CaCl, (global theoretical equation)

In practice this direct way is not possible and it needs the participation of other substances and
many different process steps to get the final product: soda ash.

The first reactions occur in the salt solution (brine). First of all, ammonia is absorbed (1) and
then, the ammoniated brine is reacted with carbon dioxide to form successive intermediate
compounds: ammonium carbonate (2) then ammonium bicarbonate (3). By continuing carbon
dioxide injection and cooling the solution, precipitation of sodium bicarbonate is achieved and
ammonium chloride is formed (4). Chemical reactions relative to different steps of the process
are given below:

NaCl + H,O + NH; <> NaCl + NH,OH (1)
2 NH,OH + CO, <> (NH,),CO; + H,0 )
(NH,),CO; + CO, + H,0 <> 2 NH,HCO; 3)
2 NH,HCO; + 2 NaCl <> 2 NaHCO; | + 2 NH,CI )

Sodium bicarbonate crystals are separated from the mother liquor by filtration, then sodium
bicarbonate is decomposed thermally into sodium carbonate, water and carbon dioxide (5).

2 NaHC03 - N32CO3 + Hzo 7+ COZ 7 (5)

CO, is recovered in the carbonation step (see equations 2 and 3 above). The CO, recovery cycle
is shown in Figure 2.2 below.

The mother liquor is treated to recover ammonia. The ammonium chloride filtrate (4) is reacted
with alkali, generally milk of lime (6), followed by steam stripping to recover free gaseous
ammonia:

2 NH,Cl + Ca(OH), — CaCl,+ 2 NH; 7+ 2 H,0O (6)

NH; is recycled to the absorption step (equation 1 above). The ammonia recovery cycle is
shown in Figure 2.2.

Carbon dioxide and calcium hydroxide originate from limestone calcination (7) followed by
calcium oxide hydration (8).

CaCO; — CaO+CO,” (7
CaO + H,0 - Ca(OH), (®)

Brine (NaCl) has to be treated before being input into the process to remove impurities: calcium
and magnesium. If these are not removed, they would react with alkali and carbon dioxide to
produce insoluble salts contributing to scale formation inside the equipment. Brine purification
reactions are described in the following equations:

Ca* + CO;* — CaCO;y 9)
Mg® +2 OH — Mg(OH), (10)
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The sodium carbonate formed (equation 5) is called ‘light soda ash’ because its pouring density
is approximately 0.5 t/m’.

A subsequent operation called densification enables this value to be approximately doubled by
either crystallisation to sodium monohydrate (equation 11) followed by dehydration
(equation 12) or, occasionally, by the compaction of light soda ash. The final product is ‘dense
soda’.

N32CO3 + Hzo - N32CO3.H20 (1 1)
N32C03.H20 e d Na2C03 + HzO 2 (12)
2.21.2 Process steps

The Solvay process has been described in several references, such as: [33, CEFIC-ESAPA,
2004], [13, EIPPCB, 2000], [41, Solvay S.A., 2003], [39, S. Leszczynski et al, 1978]. Chemical
reactions described in Section 2.2.1.1 are realised industrially in the different process steps
(plant areas) as illustrated in Figure 2.2.
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Figure 2.2: Process flow diagram for the manufacture of soda ash by the Solvay process
[33, CEFIC-ESAPA, 2004]
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The usual names of the plant area where the main process operations take place are given in
Table 2.5.

Area Operation
Brine purification Brine preparation (9) (10)
Lime kilns and slaker (dissolver) | Limestone calcination and milk of lime production (7) (8)
Absorption Absorption of ammonia (1)
Columns (Carbonation Towers) | Precipitation of NaHCOj; (2) (3) (4)
Filtration Separation of NaHCO; crystals from mother liquor
Calcination Decomposition of NaHCO; to Na,COj; (5)
Distillation Recovery of ammonia (6)
Densification Production of dense soda ash (11) (12)
(*) Figures in brackets refer to equations in Section 2.2.1.1

Table 2.5:  Plant areas/operations in the soda ash plant based on the Solvay process
[33, CEFIC-ESAPA, 2004]

2.21.21 Brine purification

Impurities such as calcium and magnesium have to be removed from brine. This operation is
achieved in the brine purification area. Magnesium ions, Mg, are precipitated as insoluble
magnesium hydroxide Mg(OH),, by the addition of an alkaline reagent. The most commonly
used reagent is milk of lime as it is already produced in large quantities for ammonia recovery;
another possibility is to use sodium hydroxide (NaOH). Calcium ions Ca*" are precipitated as
insoluble calcium carbonate CaCQO;, by reaction with sodium carbonate. Depending on the
purification process used and the sulphate and magnesium contents, a certain amount of calcium
can be precipitated as gypsum (CaSO,2H,0).

Addition of these two reagents is regulated in such a way as to reach the necessary reagents’
excess for adequate purification. A sufficient reaction time of the suspension, that contains
suspended CaCO; and Mg(OH),, ensures a correct crystallisation of the two components.
Thereafter, the separation of Mg(OH), and CaCO; from the purified brine is usually achieved in
a decanter or brine settler. The decanter has to be purged frequently (stream LO1 in Figure 2.2).
The purge can be treated in the same way as the distillation waste water (see Section 2.3.10) or
sent back to salt wells or cavities after treatment (see Section 2.3.10.2.2).

221.2.2 Lime kilns and milk of lime production

Theoretically, in the soda ash process, the CO, balance is stoichiometrically neutral. However, a
CO; excess is needed to compensate the incomplete absorption of CO, in the carbonation stage,
in the different washers (streams GO2 and GO3), and its losses in the treatment of the mother
liquid in the distillation area (LI2). This CO, excess is generated by combustion of (normally)
coke, which provides energy used for limestone decomposition and is the additional source of
CO,. Burning of the limestone (natural form of CaCQs) is carried out in a temperature range of
950 to 1100 °C.

The operating conditions of a lime kiln fitted to soda ash production are critically different from
those used for lime production, because of the need to produce a gas with the maximum
concentration of carbon dioxide for its subsequent use in the process. This is done to the
detriment of the purity of produced lime, which will be less than that necessary in the lime
industry (see the BREF on Cement and Lime Manufacturing Industry). To improve the particle
size of limestone loaded into the lime kiln, screening is sometimes carried out prior to kiln
charging (stream SO1 in Figure 2.2).

Taking into account the quantities of limestone to be burned and the necessary CO,
concentration to be achieved in soda ash plants, the energy contribution is generally provided by
means of solid high carbon fuels such as coke, coal or lignite.
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The use of gaseous fuel would lead to too low a CO, concentration in the gas produced, making
its subsequent use impossible without an additional reconcentration unit.

Raw burned lime produced by lime kilns associated with a soda ash plant contains
approximately 75 to 90 % of CaO. Although in the ‘Akzo’ variant of the Solvay process — refer
to Section 2.1.2.1 — ‘dry lime’ is used locally, with some benefits, direct use of raw burned lime
in a solid form is uncommon because of the difficulty in controlling an adequate feed rate of a
material in which the active constituent, CaO, is not constant. By hydrating the CaO to milk of
lime, a better control of the alkali addition is achieved during the ammonia recovery step.

Hydration of the raw lime is carried out in slakers (dissolvers) where raw lime and water flows
are regulated to ensure that the alkali content of milk of lime produced is as constant as
possible.

This reaction is highly exothermic. Part of the heat generated causes some water to vaporise
which is released from the slaker vent (GO4). During the hydration, fine inert materials
contained in limestone (sulphates, silica, clay, silico-alumina compounds, unburned limestone
and others) can mainly be found in milk of lime. Larger particles are separated by screening,
then washed and recycled or released out of the process (stream SO2 in Figure 2.2). The
unburned pieces of limestone are recycled.

221.2.3 Absorption of ammonia

Ammonia is recovered by recycling the outlet gas from the distillation plant to the absorption
stage where it is absorbed in purified brine. This flow mainly contains recovered NH; and a
quantity of CO,. This chemical operation is performed in equipment that allows close gas/liquid
contact. As ammonia absorption is an exothermic reaction, cooling of the liquid is necessary
during the operation to maintain efficiency. The outlet solution, with a controlled ammonia
concentration, is called ammoniacal brine. Any gas that is not absorbed (stream GI2) is sent to
the washer, where it is put into contact with purified brine to remove traces of ammonia before
it is recycled or released to the atmosphere (stream GO2).

221.24 Precipitation of sodium bicarbonate

Ammoniacal brine is progressively CO,-enriched (carbonated) with recycled carbon dioxide
from sodium bicarbonate calcination and carbon dioxide originating from lime kilns. To ensure
adequate CO, absorption and sodium bicarbonate precipitation, the ammoniacal brine is cooled
with water. The suspension of crystals exiting from columns or carbonators is sent to the filters.
Outlet gas from the carbonation towers is sent to a final washer, where it is put into contact with
purified brine to absorb NHj traces still present in the gas, before being released to the
atmosphere (stream GO2). Optionally, separate or combined washers with waste gas from the
absorber vacuum system may be used.

221.25 Separation of sodium bicarbonate from the mother liquor

Separation of sodium bicarbonate crystals from the mother liquor is achieved by means of
centrifuges or vacuum filters. After washing the cake to eliminate the mother liquor, the cake is
sent to the calcination step. The liquid phase ‘mother liquor’ is sent to the distillation area for
ammonia recovery. Where filters are used, air is pulled through the cake by means of vacuum
pumps. Thereafter, this gas carrying ammonia and some CO, (stream GI3) is cleaned in a
washer fed with purified brine before being released to the atmosphere (stream GO3).

‘Crude’ sodium bicarbonate manufactured by the carbonation process is the primary ‘output’ of
the Solvay ammonia soda process. The bicarbonate produced in this way is fed to the
calcination stage (Section 2.2.1.2.6), where it is converted to the finished solid soda ash product.
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In some cases a small part of this ‘crude’ bicarbonate which, although predominantly sodium
bicarbonate, also contains a mixture of different salts (ammonium bicarbonate, sodium
carbonate and sodium chloride), may be extracted from the Solvay process cycle to be dried as a
‘crude’ bicarbonate product made without purification, by a simple drying process. This crude
product may find applications in some commercial outlets. However, since any drying gases
produced by this simple process are handled in combination with gases from the Solvay
ammonia soda ash process and common abatement technology is applied, this process is not
described in more detail. ‘Crude’ bicarbonate must not be confused with refined sodium
bicarbonate, which is a purified product manufactured according to the process described in
Section 2.3.6.2.

2.21.2.6 Sodium bicarbonate calcination

Sodium bicarbonate cake is heated (160 to 230 °C) to achieve calcination into a solid phase
‘light soda ash’ and a gaseous phase containing CO,, NH; and H,O.

This gas is cooled to allow water to condense from it. The condensate formed is sent to
distillation for NH; recovery, either directly or via filter wash-water. After cleaning, the gas
(high CO, concentration) is compressed and sent back to the carbonation columns (see CO,
recovery cycle in Figure 2.2).

Normally, the energy needed for the calcination of sodium bicarbonate is provided by steam that
condenses in a tubular heat exchanger which rotates through the bulk of sodium bicarbonate.
The method, consisting of heating externally by gas or fuel oil combustion in a rotating drum
containing sodium bicarbonate, is occasionally encountered in the soda ash industry.

221.27 Ammonia recovery

One of the major achievements of the Solvay process is the high efficiency of the ammonia
recycle loop illustrated in Figure 2.2. This loop circulates roughly 500 to 550 kg NH;/t soda ash
from which the ammonia loss is less than 0.5 % of this flowrate. The purpose of this important
process ‘distillation’ is to recover ammonia from the ammonium chloride containing mother
liquors recovered from the bicarbonate filters/centrifuges.

After being preheated with outlet gas from the distiller, supported by the injection of steam at
the bottom of the NHj stripping column, the mother liquor releases almost all its CO, content.
Addition of alkali normally in the form of milk of lime decomposes NH,Cl into CaCl, and NH;
which is stripped from the solution by injecting low pressure steam at the bottom of the
distillation column. The outlet solution contains calcium chloride together with all the residual
solid materials. The yield of ammonia recovery is controlled according to the required minimum
of ammonia concentration in the released liquid. The lower the required value, the higher the
quantity of stripping steam and, therefore, the higher global energy consumption (cross-media
effects), and the higher the cost of the ammonia recovery. Based on local considerations, an
optimum value can be found. This control can only be applied up to a theoretical minimum
ammonia concentration level.

After cooling and condensation of steam, the gaseous phase containing recovered CO, and NH;
is returned to the absorption area for re-use. The liquid phase coming out of the distillation unit
contains: unreacted sodium chloride (reaction (4) given in Section 2.2.1.1 is not complete due to
thermodynamic and kinetic limitations), calcium chloride resulting from a reaction with NH4CI,
solid matter that is derived primarily from the original limestone and, finally, a small quantity of
lime maintained in an excess that can ensure a total decomposition of NH,Cl. This liquid, called
‘DS-liquid’ or ‘Distiller Blow Off (DBO)’ (stream LI2 in Figure 2.2), is treated in different
ways depending on the particular site and processes used. Clear liquid derived from the ‘DS-
liquid’ can be further used for the production of calcium chloride. Various grades are produced
to suite the market requirements, including concentrated CaCl, solutions and hydrated or
anhydrous solids.
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2213 Product storage and handling

Soda ash has to be stored in a dry place to avoid hydration, crusts formation or hardening.
Precautions are taken to prevent contamination by other nearby stored products, and to prevent
the release of soda ash dust during handling (refer to the BREF on Emissions from Storage).

Most of the time, sodium carbonate is stored in large capacity metallic or concrete silos.
Because of high daily capacity of large production units (1000 t/day or more), the available total
storage volume is normally for less than a week’s production.

Bulk handling of dense soda ash is easily achieved, for example, by belt conveyor. Necessary
precautions have to be taken to avoid and control dust release. Handling methods are selected to
minimise any particle size reduction of the product.

2.2.2 Raw materials

Because the production of sodium carbonate is a large-tonnage, low cost operation, the plants
have been historically situated close to some or all of the critical raw materials deposits
(limestone, salt deposits, water) to reduce the transport cost.

It should be stressed that the selection of raw materials is a decision of strategic importance, as
the quality of raw materials has a direct influence on the quantities of waste produced — refer in
particular to Sections 2.2.2.1,2.2.2.2,2.2.2.3,2.2.4.1,2.3.4.1,2.4.7, and 2.4.7.1 below.

One of the important issues, relating to the quality of raw materials used for the production of
soda ash, is the load of heavy metals in suspended solids discharged with waste waters from the
distillation unit — refer in particular to Section 2.2.4.1.1 below.

It should be noted, however, that the selection of raw materials is based on a number of critical
factors, among which the heavy metals content is only one of the aspects that has to be
considered. As heavy metals naturally occur, to a various degree, in the main raw materials used
(limestone and salt brine), the producers have only limited influence on reducing the quantity of
heavy metals entering soda ash plants.

2.2.21 Brine

Sodium chloride (i.e. common salt) is extracted by solution mining from underground deposits
formed during the geological periods (Mesozoic and Cenozoic eras) by the evaporation of
seawater. In the Solvay process, the sodium chloride reacts in a liquid phase. This is known as
brine which contains as much sodium chloride as possible (around 300 g NaCl/l) and is virtually
saturated. This brine also contains impurities, mainly magnesium, calcium and sulphate (see
Section 2.2.1.2.1). In several cases the mother liquor from the salt production process can also
be used as raw material to partially replace brine when the liquor has a suitable composition for
the soda ash process.

The basic criteria to select raw brine include [108, CEFIC-ESAPA, 2005]:

e maximum purity of salt, to avoid excessive purification costs
e appropriate thickness of the deposit, allowing technically viable extraction and economic
exploitation.

The raw and purified brine can be stored in open tanks made of mild steel, polymers, or in open
lined reservoirs.

46 Large Volume Inorganic Chemicals — Solids and Others



Chapter 2

22211 Typical brine composition

A typical composition of raw and purified brine is given in Table 2.6.

Composition (g/l) | Raw brine | Purified brine
Na' 120 — 125 115125
Cl 186 — 192 180 — 190
SO~ 24-10 2.6—8.5
Ca™" 0.8—1.7 0-0.2
Mg™ 0-15 0-0.1
CO;~ 0.4—-0.9
OH 0-0.3

Table 2.6: Raw and purified brines (typical composition ranges)
[33, CEFIC-ESAPA, 2004]

It should be noted that raw brine also contains heavy metals, however the importance of heavy
metals in raw brine is relatively low, at about 6 % of the total heavy metals entering the soda
ash plant (see Section 2.2.4.1.1 below). Also, the heavy metals content in raw brine varies over
time.

2.2.2.2 Limestone

Limestone deposits originate from calcareous shell and skeletons of biota as well as chemical
and biochemical precipitation in the sea during the Mesozoic and Paloezoic eras.

Basically, a high content of CaCO; in the limestone is an important parameter to avoid
difficulties related to the limestone calcination and to improve production efficiency. The cost to
transport the inert part of the limestone from the quarry to the soda ash plant is also minimised.

A limestone rich in CaCOs (see Section 2.2.4.1 for other relevant limestone properties) will not
only allow a reduction of solid matters in the effluent of the distillation unit but, for those soda
ash plants that have settling, it will also allow a reduction in the volume of solids to be treated.

Particle size distribution of the limestone from quarries is generally between 40 and 200 mm.
The more homogeneous it is, the better the lime kiln will work but the greater the amount of
limestone fine by-product produced at the quarry will be.

The following are basic criteria and a hierarchy to select a suitable limestone source [107,
CEFIC-ESAPA, 2005], [108, CEFIC-ESAPA, 2005], [39, S. Leszczynski et al, 1978]:

e chemical quality, including:
o limestone purity, in terms of CaCO; content (%)
o impurities, mainly concerning MgCOj; content (%)
e physical characteristics, including:
o size of lumps of limestone fed to the lime kilns in a range as narrow as possible
o appropriate hardness of limestone, to withstand handling operations between the
limestone quarry and soda ash plant and resistance to compression in the vertical shaft
lime kilns
o low porosity (not to allow excessive retention of water in the limestone)
o appropriate burning properties of limestone, suited for burning in a vertical shaft lime
kiln, thus allowing a high yield to reactive lime to be obtained
e Jocation of limestone deposit
e availability of economic transport
e heavy metals content in naturally occurring limestone deposits.
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Therefore, in selecting a suitable limestone source, the appropriate set of parameters has to be
established for any particular location. It should be stressed that limestone deposits are normally
selected prior to the construction of a given soda ash plant, and limestone quarries are typically
exploited through the life-time of a soda ash plant, with limited prospects for major sourcing
changes.

In specific local conditions, limestone deposits can be shifted from one to another (depletion of
a deposit, encountered limestone layers of much lower quality, requiring selective quarrying),
but normally the selection of a limestone deposit is a decision of strategic importance for the
design, construction and further exploitation of a soda ash plant — refer to Section 2.4.7.1.

Due to its particle size distribution and consequent low drift sensitivity, the storage of limestone
requires no specific precaution other than that normally adopted, i.e. open ground storage.

22221 Typical limestone composition

Limestone quality is a very important parameter in the production of soda ash, as it has a direct
influence on the level of solids discharged with the waste waters from the distillation unit.

There is no typical composition of limestone used by the 14 soda ash plants across the EU-25,
and CaCQO; content in the limestone varies in the range of 84 — 99 % [33, CEFIC-ESAPA,
2004], [85, EIPPCB, 2004-2005]. However, the higher the CaCO; content in the limestone and
the less impurities, especially heavy metals, the more suitable the limestone is for lessening the
impact from the production of soda ash on the environment.

Based on recent analyses performed in European limestone quarries [107, CEFIC-ESAPA,
2005], [108, CEFIC-ESAPA, 2005], data on averages of the composition of some limestones
used for the production of soda ash in the EU-25 are given in Table 2.7 (refer also to
Section 2.4.7.1 on selection of appropriate quality limestone, salt brine and coke).

Quarries unit 1 2 3 4 5 6 7 8 9
CaCO; % 99.0 98.4 99.2 97.6 95.0 89.1 97.8 84.8 96.2
MgCO; % 0.44 1.03 0.54 1.41 1.41 0.89 1.19 4.44 1.47
Si0, % 0.15 0.35 0.54 0.56 0.97 0.12 0.11 4.68 0.56
SO; % 0.04 0.01 0.15 0.14 0.18 0.15 0.45 0.01
Al,O4
+ Fe,0; % 0.10 0.17 0.10 0.10 0.44 0.10 0.12 2.21 0.57
Heavy metals
As ppm | 0.32 0.3 0.67 0.3 1.4 <1.3 0.48 <0.02 1
Cd ppm | 0.41 0.34 0.57 0.3 0.2 <0.15 0.12 <0.002 | 0.4
Cr ppm | 3.21 5.81 6.18 2.7 0.7 <3.8 1.4 <0.09 1.5
Cu ppm | 0.94 3.02 1.4 0.4 0.7 <0.6 1.25 <0.002 | 1.5
Hg ppm | 0.001 | 0.001 | 0.001 | 0.010 | 0.015 | <0.025 | 0.220 <0.015 | 0.020
Ni ppm | 1.04 1.36 2.53 0.9 1.2 <3 0.89 <0.02 2.1
Pb ppm | 10.21 | 0.85 1.7 1.3 14.1 <3.1 45.1 <0.02 1.8
Zn ppm | 42.43 | 3.28 14.1 34 14.7 <1.4 9.2 <0.14 7.9

Table 2.7:  Composition of some limestones used for the production of soda ash in the EU-25
[107, CEFIC-ESAPA, 2005]

In the illustrative example of Table 2.10 (see Section 2.2.4.1.1 below) it should be noted that
limestone contains about 73 % of the total heavy metals entering the soda ash plant. The origin
of heavy metals in limestone is from natural abundance of these elements in the bulk stone
(when the limestone was geologically deposited and in the late phase of mineralisation along
fault lines in limestone formation). Variations between different limestone sources for
individual elements are noted.
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2223 Carbon for limestone burning in the lime kiln

Coke, and rarely coal, are used for limestone burning in lime kilns for soda ash production due
to the necessity to obtain the highest CO, concentration possible. Other type of fuels, natural gas
or fuel oil, would result in too low a CO, concentration in the kiln gas. This is very important as
the kiln gas is further used in the process for its CO, contents. Higher CO, concentration in the
kiln gas enables the reduction of the equipment size and prevents ammonia losses.

The particle size distribution of the solid fuel has to be appropriate in order to get an
homogeneous distribution within the kiln. Basic criteria to select suitable quality coke used for
limestone burning in the lime kiln include [108, CEFIC-ESAPA, 2005]: size, hardness, high

carbon content, and reactivity.

Coke is stored in an open ground storage (refer to the BREF on Emissions from Storage).

2.2.2.31 Typical coke composition

Typical compositions for coke to the lime kiln are given in Table 2.8.

Constituents Coke
H,0 (kg/t) 40 —70
Volatiles (kg/t) 0-30
Fix carbon (kg/t) 800 — 890
Ashes (kg/t) 60— 110
Net calorific value (GJ/t) | 26.6 —29.6

Table 2.8:  Coke for lime Kkilns (typical composition ranges)
[33, CEFIC-ESAPA, 2004]

In the illustrative example of Table 2.10 (see Section 2.2.4.1.1 below) it should be noted that
coke contains about 21 % of the total heavy metals entering the soda ash plant, however, the

heavy metals content in the coke is the highest, on average approx. 95 mg/kg dry coke — see
Section 2.2.4.1.1 below [108, CEFIC-ESAPA, 2005].

2224 Ammonia

22241 Ammonia characteristics

The Solvay soda ash process requires an input of ammonia to compensate for the inherent losses
from the process. The input is generally carried out either as aqueous ammonia solution
(10 to 35 %), or direct injection of anhydrous gaseous ammonia into the purified brine, or by the
use of an aqueous solution of ammonium bisulphide. The addition of ammonia to the soda ash
process may also be achieved by the use of ammoniacal liquor from coal gas plants.

22242 Ammonia storage

The aqueous ammonia solution is stored in steel tanks. Specific precautions are taken during
maintenance of the equipment, because mixtures of air and NH; are explosive when in contact

with a heat source or flame (16 — 26 % NHj in air).

When liquified NH; is stored, additional specific preventive measures are required for safety.
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2.2.2.5 Miscellaneous additives

In addition to the major raw materials, there are a number of miscellaneous raw materials which
may be added to the process for their various physical attributes, such as: compounds to aid gas
absorption, compounds to avoid scaling, corrosion inhibitors, and settling aids.

223 Main output streams
The main streams leaving the process under solid, liquid or gaseous form are summarised in

Table 2.9, closely related to the flow sheet presented in Figure 2.2. Details about composition
and treatment options of these streams are covered in Section 2.3.

Stream Description
LOl1 Waste water from brine purification
LI2 (LO2) Waste water from distillation (after optional treatment)
LO3 and LO3bis | Waste water from washing/cooling of lime kiln gas
LO4 Water from compressed gas cooling
GOl Vent gas from lime kiln, not used to carbonation
GO2 Vent gas from columns washing, not recycled to carbonation
GO3 Air from bicarbonate filtration, after washing
GO4 Waste gas from lime slaking
GO5 Water vapour from densification (monohydrate drying)
GO6 Air from light soda ash dedusting
GO7 Air from dense soda ash dedusting
SO1 Solids from screening of limestone upstream of kiln
SO2 Solids from screening milk of lime

Table 2.9: Main output streams from the soda ash process
[33, CEFIC-ESAPA, 2004]

224 Options for process optimisation and improvement

The possibilities to improve the process are mainly connected with yield increase, the reduction
of raw materials and energy consumption, and with the reduction of environmental impact.

2241 Purity of raw materials

The purity of raw materials has a direct influence on the specific consumptions of the process
and the quantities of waste (residues) produced. Limestone with a high CaCO; content will
produce a milk of lime with a relatively low inert content, resulting in less solids from
distillation units and less subsequent treatment. CaCO; content in the limestone is in the range
84 — 99 %. This variation induces a ratio of 1 to 16 in the non convertible content of the
limestone.

Similarly, a crumbly limestone produces a lot of fines that need to be removed before it is put
into the kilns. The more robust the stone is, the less fines that are produced. The quantity of
fines ranges from 2.5 to 25 % of the limestone fed to the kiln. These properties are inherent to
the limestone available in the region (restricted choice) and cannot, therefore, be modified. Salt
used in the form of brine contains more or less impurities following the composition of the salt
deposit. So, the quantity of precipitated impurities will be directly dependent on its source.

The soda ash plant is normally located near salt and limestone deposits to reduce transportation
costs. Using salt or limestone from other deposits will normally not be economically viable,
unless in specific local conditions a deposit located nearby with a higher level of raw material
purity can be chosen.
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22411 Heavy metals in raw materials used for the production of soda ash

Based on analytical and research work [107, CEFIC-ESAPA, 2005], [108, CEFIC-ESAPA,
2005], an approximate illustration of the load of heavy metals contained in the raw materials
used by the EU-25 soda ash plants is given below in Table 2.10.

HEAVY METALS (HM): INLET IN A SODA ASH PLANT
Typical values ©

Units As Cd Cr Cu Hg Ni Pb Zn Sum
Limestone
HM content mg/kg dry 049 1031 293 |1.50 [0.02 |1.71 |6.58 | 10.08 | 23.63
Limestone consumption | t/tsodaash |1.33 @
Heavy metals g/t soda ash 0.65 041 |3.88 [1.99 |0.03 |2.27 [8.72 |13.35 |[31.31
% of total 73
Fuel
HM content mg/kg dry 229 10.30 ]19.99 |18.78 |0.17 ]19.76 [10.35 | 23.65 | 95.29
Fuel consumption kg/t sodaash | 94.4
Heavy metals g/t soda ash 0.22 0.03 |1.89 [1.77 |0.02 [1.86 |0.98 2.23 8.99
% of total 21
Raw brine
HM content mg/l 0.044 ]0.009 ]0.032 ]0.017 ]0.000 [0.023 [0.133 | 0.254 0.51
Brine consumption m’/t soda ash 5
Heavy metals g/t soda ash 0.22 0.04 |0.16 [0.08 |0.00 |[0.12 |0.66 1.27 2.56
% of total 6
Total inlet HM gsodaash 1y, ) g5 |59 |38 |01 |43 |104 | 169 | 429
(or ppm)
% of total 100
If the total quantity of HM leaves the soda ash plant in the liquid effluents of NH; recovery, the load will be:
Units As Cd Cr Cu Hg Ni Pb Zn Sum
HM concentration mg/l 0.11 ]0.05 [0.59 [0.38 [0.01 |043 [1.04 | 1.69 | 4.29
mg/kg 0.10 |0.04 |0.54 |0.35 |0.00 |0.39 |0.94 1.53 3.90
HM loads, one plant ® |  kg/year 544 (239 [2964 [1921 | 25 [2125 |5182 | 8429 21429
(1) For a specific volume blow-off of NH; recovery: 10 m’/t soda ash
(2) For a capacity of a medium sized soda ash plant: 500 kt soda ash/year

(3) The figures presented are the result of momentaneous data collection and therefore should not be used as
representative of all the yearly average data for all plants
(4) Limestone consumption — limestone entering the lime kiln after fines have been sieved off (see Figure 2.2, SO1).

Table 2.10: Heavy metals in the raw materials entering soda ash plants in the EU-25
[107, CEFIC-ESAPA, 2005], [108, CEFIC-ESAPA, 2005]

The following list gives characteristic features of heavy metals distribution in the raw materials
used for the manufacture of soda ash:

e of the total amount of heavy metals entering a soda ash plant, approximately:
o 73 % are derived from the limestone
o 21 % from the fuel used for burning the limestone
o 6% from the salt brine

e cach raw material has its own heavy metals distribution

e the main contributors of heavy metals are limestones, followed by fuel for the burning of
limestone (in which the concentration of heavy metals is highest), the contribution of the raw
brine being relatively low

o the total load of the analysed heavy metals entering the EU soda ash plants represents a
quantity of approximately 43 grams per tonne of soda ash (or ppm).

It should be stressed that these data are based on several averages derived from more detailed
data on the concentrations of heavy metals in limestone, salt brine and coke, and although these
are characteristic for the EU soda ash industry, they do not represent any specific plant situation.
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As can be assumed from the above data, the quantity of heavy metals entering the plant and,
consequently, the load of heavy metals in the waste water outlet distillation of a typical medium
sized soda ash plant with a capacity of 500 kt/year, is at the level of approximately 21.5 tonnes
per year, while the overall load of heavy metals discharged from the EU soda ash plants
(14 plants are located within the EU-25 — refer to Figure 2.1 above) is at the level of
approximately 330 tonnes per year.

2.2.4.2 Raw materials consumption

Limestone, salt and coke consumption can be reduced by an in depth knowledge of the process
and, therefore, of the equipment design. In addition, the use of advanced process control
technology will ensure a closer approach to a theoretical equilibrium of chemical reactions and
consequently minimise the excess of reagents — refer to Section 2.3.1 below.

2243 Energy

Several possibilities to reduce the consumption of energy are available as far as the technology
and economics allow. These should primarily be implemented in the initial design stages to
incorporate combined heat and power generation, the efficient use of energy and appropriate
heat exchange systems for energy recovery. Within the plant itself, the reduction of energy
losses is ensured by favouring energy transfer between process streams at different thermal
levels, by the installation of both heat exchangers and flash vessels for hot fluids. A good
knowledge of the process, with the assistance of advanced control technology will lead to a
reduction in energy consumption.
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2.3 Present consumption and emission levels

Table 2.11 provides indicative ranges for the major input and output levels of the Solvay soda
ash process. They are further described in Sections 2.3.1 to 2.3.11. Information concerning the
major possible co-products of the soda ash process are given in Section 2.3.6.

INPUT®
Main raw material kg/t soda ash
Limestone 1050 — 1600 (inlet lime kiln) 1090 — 1820 (inlet plant)
Raw brine NaCl (1530 — 1800) + water (4500 — 5200)
INH; make up 0.8 2.1
Water m’/t soda ash (dense)
Process ") 2.5-3.6
Cooling 50— 100
Energy GJ/t soda ash (dense)
Fuels (lime kiln) 22-28
Fuels (soda ash)"®, 7.5-10.8,
including electricity 0.18 — 0.47 (50 — 130 kWh/t soda ash)
OUTPUT®
Gaseous emissions kg/t soda ash
CO, 200 — 400
CO 4-20
NH;® <1.5®
Dust"” <0.2
Liquid emissions (outlet distillation) ©) kg/t soda ash
CI 850 - 1100
Ca™ 340 — 400
Na" 160 — 220
SO,~ 1-11
NH, 0.3 -2%
Suspended solids 90 — 700
Solids emissions kg/t soda ash
Fines of limestone 30 —300
Non recycled grits at slaker 10— 120
(1) see Section 2.3.2.2 (3) see Section 2.3.4.1 (4) see Section 2.3.5 (6) see Section 2.3.3.5
(7) see Section 2.3.3.1
(2) includes electric energy and primary fuels (gas, coal, fuel oil) for the process needs (mechanical and
thermal power) without fuels for lime kilns, of that the energy required for densification to convert soda ash
light into soda ash dense amounts approximately to 0.9 GJ/t soda ash [39, S. Leszczynski et al, 1978]
(8) indicative upper value of input NH; make-up can be lower than the sum of upper limit outputs of gaseous
and liquid NH; emissions, as the extreme emission values do not normally sum up
(5) figures in this table are indicative ranges of annual averages based on various measurement or estimation
techniques

Table 2.11: Soda ash process major input/output levels
[33, CEFIC-ESAPA, 2004]

The data in Table 2.11 is taken from plants that operate with both a number of process-
integrated and end-of-pipe techniques to reduce emissions. Information regarding these
techniques and their effect to minimise emissions is given in Section 2.4. Liquid emissions
relate to the outlet of the distillation stage, prior to any further treatment. The different treatment
schemes, relevant to specific locations, are described in Section 2.3.10.

It should be noted that consumption and emission levels relevant to brine and limestone
extraction and transportation, as well as power generation and cooling systems are not included
in Table 2.11 and are outside the scope of this document (refer to the BREFs on: the Cement
and Lime Manufacturing Industries, Management of Tailings and Waste-Rock in Mining
Activities, Large Combustion Plants, and Industrial Cooling Systems).
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2.3.1 Raw materials

Major inputs to the process and the quality of raw materials are covered in Section 2.2.2, while
Table 2.11 gives specific raw materials usage.

In order to better assess the scale of consumption of raw materials and the volume of liquid
effluents discharged from the production of soda ash, the following illustrative figures relating
to a medium sized 500 kt/year soda ash plant are given in Table 2.12:

Description Unit Production, Annual Daily production,
consumption, production consumption and
and effluent consumption and | effluent discharge
discharge factors | effluent discharge
*)
Illustrative plant capacity | t
(medium sized plant) 1.00 500000 t/year 1400 t/day
Limestone usage t/t soda
(at the plant inlet) (**) ash 1.40 700000 t/year 2000 t/day
Salt usage t/t soda
(NaCl in crude brine) ash 1.66 830000 t/year 2300 t/day
7 . K
Liquid effluent volume | m /t soda 10 5000000 m’/year 14000 m*/day
(approximate, average) ash
Suspended solids kg/m’
(inert/unreacted solids) effluent 24 120000 Vyear 340 vday

(*) The factors presented are illustrative and should not be used as representative of the yearly average data of all
plants.
(**) Illustrative limestone usage prior to screening of the limestone, fines included — see Figure 2.2, stream SO1.

Table 2.12: Raw materials consumption and effluent discharge for a 500 kt/year soda ash plant
[108, CEFIC-ESAPA, 2005]

As can be seen from Table 2.12, soda ash plants require large quantities of the basic raw
materials and this scale of production can lead to apparently significant total emissions even
from a single installation, when just considered in kilograms per year [108, CEFIC-ESAPA,
2005]. These high volumes of raw materials used and emission loads are typical of the large
volume chemical industry.

2.3.2 Utilities
2.3.21 Steam

Steam is an important energy input into the manufacture of soda ash by the Solvay process both
because of its mechanical capability (to drive a range of machinery including turbo-generators,
gas compressors, vacuum machines, etc.) and as a thermal energy carrier for decomposition,
distillation and drying.

A range of steam pressures and temperatures are, therefore, required to meet the process needs
and maximise the energy efficiency of the process. Steam is typically generated at superpressure
(SP: 100 — 150 bar) or high pressure at 60 — 80 bar. Mechanical energy is removed from the
steam reducing its pressure to 10 —40 bar (IP: intermediate pressure steam) and then to low
pressure steam (LP <5 bar). IP steam is normally used for thermal decomposition and drying
duties associated with the conversion of sodium bicarbonate to light soda ash, as well as the
decomposition of sodium carbonate monohydrate and drying to produce dense ash. LP steam is
primarily used for ammonia distillation.
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The consumption of steam lies in the range of:

e for recovery of ammonia (depending on the process applied): 1300 to 2400 kg/t soda ash
e for decomposition of sodium bicarbonate: 1100 to 1300 kg/t soda ash
e for drying of monohydrate (to obtain dense soda ash): 350 to 450 kg/t soda ash.

2.3.2.2 Process water

Basically, the main consumer of water (apart from brine) is the slaker, where the lime coming
from the lime kilns reacts with water to produce milk of lime. The quantity of process water is
in the range of 1.9 to 2.4 m’/t soda ash. The quality requirement for this water is not high. It is
normally taken from the outlet of the cooling water system (warm water).

Other water needs, in the range of 0.6 to 1.2 m’/t soda ash, require higher purity (i.e. absence of
Ca and Mg salts) for different uses as additional wash-water to wash the sodium bicarbonate
cake at the filter outlet. The above quoted process water requirements exclude the water
entering into the process in the form of brine, typically 4500 — 5200 kg/t soda ash, as well as
steam condensate from the distillation tower (roughly 650 kg/t soda ash).

2.3.23 Cooling waters

Several unit operations of the soda ash process are exothermic. The cooling agent is normally
cooling water either in an open or closed loop. The closed loop requires a cooling tower with
special water treatment. The open loop is the once-through system using, for example, river
water. In the latter case, the total flow of cooling water required for:

lime kiln gas treatment
carbonation towers
CO, compression
distillation

absorption
calcinations.

all amount to 50 to 100 m’/t soda ash respectively depending upon the cooling water
temperature. Cooling water consumption is minimised by managing different cross-flow heat
exchangers.

23.24 Electricity

The CO, gas compressors can be driven either by electrical motors or steam turbines, with the
consumption of electricity in a range of between 50 and 130 kWh/t soda ash. The consumption
of energy required for CO, gas compression is directly linked to gas concentration.
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2.3.3 Emissions to air
2.3.31 Particulate dust

Dust is emitted from soda ash production in limited quantities, arising from the following steps:

¢ handling of mineral raw materials (coke, limestone) as diffuse sources

e limestone burning in kilns, but in limited quantities or during abnormal operation only,
since all the process kiln gas is collected prior to a washing-cooling step and thereafter is
used in the carbonation stage, whilst the excess kiln gas (which can optionally pass through
a gas washing step), is either vented to the atmosphere or partially used in the production of
sodium bicarbonate

e handling of soda ash and densification of light soda ash (hydration and dehydration) to
produce dense soda ash

e  during the handling of these products.

It is common to use bag filters or wet scrubbers which significantly reduce the levels of dust
emitted to the atmosphere.

The dust emitted is around 0.10 — 0.15 kg of dust/t soda ash, and for a plant with the annual
capacity of 500 kt per year, this represents a typical quantity of 50 — 75 t/year.

The composition of dust relates to the material handled, namely:

C from coke

CaCQOs;, ALLO; and SiO, from limestone (and sand and clays present in limestone)

CaO from burned lime

Na,CO; and NaHCO; from the production and transport of soda ash and sodium
bicarbonate.

The high volume of gas flows that require treatment often require very large pieces of specific
equipment. A number of abatement techniques are used depending on the characteristics of
streams to be treated — refer to the BREF on CWW.

For dry gas streams, such as those encountered in product handling (conveying) and the storage
section of a soda ash plant, dust abatement techniques normally achieve figures below
50 mg/Nm’, and with modern equipment (e.g. bag filters) below 20 mg/Nm’, in accordance with
national environmental regulations in some Member States of the EU (e.g. TA Luft 2002).

For wet streams, dust abatement techniques normally achieve figures below 200 mg/Nm® and
with modern equipment (e.g. wet scrubber) may be expected to achieve figures below
50 mg/Nm’.

Specific emissions of 0.014 kg dust from all sources per tonne of soda ash are quoted by a
German plant in Rheinberg, whilst the range of dust emissions from different sources is reported
between 1.2 — 25 mg/Nm’ [45, UBA - Germany, 2001].

The Dutch plant in Delfzijl reaches values: <10 mg/Nm’ for dust of soda ash and limestone, and
<5 mg/Nm’ for CaO dust. Only two sources, scrubbers of the light and dense soda dedusting,
comply with a higher limit value of <25 mg/Nm® [85, EIPPCB, 2004-2005].

To minimise dust emissions, raw materials and products should be optimally handled, e.g. by
encapsulating storage and transport facilities, equipping vents with bag filters, etc.
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2.3.3.2 Carbon dioxide and monoxide

During CaCO; burning to CaO in the lime kilns, CO and CO, are produced from the
combustion of coke and decomposition of limestone. The Solvay process needs an excess of
CO, above that stoichiometrically required. Some of the excess is required to compensate for
non-ideal absorption of CO, in the carbonation towers.

Carbonating towers also have an outlet for the discharge of gases that have not reacted in the
process. This gas is cleaned with brine in a washer to recover NH; and possibly H,S, if present,
and to recycle these components back into the process, while CO,, CO and other inert gases
pass out into the atmosphere (stream GO2 in Figure 2.2).

Further excess CO, may be beneficially used in the production of sodium bicarbonate. Any
surplus CO, is vented as kiln gas to the atmosphere (GO1).

The amount of CO, vented to the atmosphere from a standalone soda ash process is in the range
of 200 to 300 kgCO,/t soda ash. The split of losses to the atmosphere depends on the detailed
plant configuration.

CO gas is virtually inert throughout the process. All CO produced must therefore be vented to
the atmosphere either at the kilns or through the carbonation tower at the outlet of gas scrubbers.
CO generation is in the range of 4 to 20 kg CO/t soda ash, depending on the conversion of CO
to CO, during the limestone calcination step.

When released into the atmosphere, the CO is converted by natural processes into CO,.
Furthermore, provided the dispersion of CO and CO, is adequate and the stack responds to the
normal dispersion rules, no local impacts on the environment or on health are expected or
experienced.

2333 Nitrogen oxides

NOx are produced inside the kiln by the oxidation of nitrogen contained in the air used in the
combustion process. Since the temperature inside the kiln is moderate (up to 1100 °C), the
formation of NOx is rather limited.

Specific emission value of 0.193 kg NO,/t soda ash was reported for the soda ash plant in
Rheinberg, Germany [45, UBA - Germany, 2001].

Measurements in some plants indicate concentration after gas washing of less than
500 mg NOx/Nm® of the outlet gas. Concentrations in the range of 240 — 290 mg NO,/m’ at the
outlet of gas scrubbing section, and below 300 mg NO,/m’ of the outlet gas from the lime kiln,
were reported for the soda ash plant in Rheinberg, Germany [45, UBA - Germany, 2001].

The NOy emission limit values of <200 mg/Nm’ are achieved by the soda ash plant in Delfzijl,
the Netherlands.

2334 Sulphur oxides

SOx are produced by the oxidation of compounds containing sulphur in the limestone and coke.
The formation of SOy is limited both due to the low sulphur content in fuels used in limestone
burning and some autopurification reactions in the lime kilns (see Section 2.3.8.1). Furthermore,
SOx in the kiln gas sent to the process are absorbed.
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A specific emission value of 0.0003 kg SO/t soda ash and the concentration of 2.5 mg SO,/m’
of the outlet gas were reported for the soda ash plant in Rheinberg, Germany [45, UBA -
Germany, 2001].

It should be noted, however, that such emission values are not achievable by any plant on a
regular basis, because it depends on the raw materials and equipment used, the location of the
sampling, and other factors [85, EIPPCB, 2004-2005].

2.3.3.5 Ammonia

The main atmospheric emissions containing ammonia originate from the bicarbonate
precipitation and the filtration stages of the process:

from the precipitation of bicarbonate in carbonation towers after cleaning in tower washers
o from the filtration of bicarbonate, after cleaning in filter washers

in addition, there are a number of diffuse losses of ammonia from filters, bicarbonate

conveyors and from the handling and processing of the distillation effluent.

The emissions fluctuate and can be explained by:

e performance of the stripping columns and operating parameters control (height, steam
injection, temperature control, monitoring of outlet concentrations)
e disturbances in the mother liquor feed (flowrate, composition).

Because of the above-mentioned fluctuations, the spread of reported emitted gaseous loads can
be very large. The total emitted gaseous load is in a typical range of 0.6 to 1.5 kg NH;/t soda ash
from the production unit, representing a release into the environment of 300 to 750 t/year for a
500 kt/year soda ash unit.

Emissions as low as 0.06 kg NH;/t soda ash have been reported for individual source emissions
by one plant in Germany in 1996 [45, UBA - Germany, 2001].

The typical concentration is around 30 — 40 mg/Nm’, but much higher values can be
encountered (>100 mg/Nm?) [33, CEFIC-ESAPA, 2004].

For point source emissions only, one plant reported five measurements of between
19 and 40 mg/Nm® in 1996 [45, UBA - Germany, 2001], this being largely in compliance with
an ELV of 50 mg/Nm’ set in TA Luft 2002 for ammonia emissions of existing soda ash plants
in Germany (the ELV for ammonia in the German TA Luft is 30 mg/Nm’®) [85, EIPPCB, 2004-
2005].

This wide range of ammonia concentration results from a number of international variations in
regulatory requirements and equipment availability. Considering the high turnover in the
process (550 kg NHs/t soda ash), the loss rate of ammonia in the process is, therefore, very low
(generally much less than 0.5 %).

2.3.3.6 Hydrogen sulphide
In some plants H,S may be added as a corrosion inhibitor, in the form of sodium hydrogen

sulphide. Emission sources are from the tower gas washers and H,S is typically controlled at
maximum emission levels of 5 to 15 mg/Nm® of the outlet gas.
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2.34 Emissions to water

The main sources of liquid effluent from the soda ash process are typically:

e waste water from the distillation (after treatment)
e waste water from the brine purification.

Cooling waters from lime kiln gas washers, cooling in the CO, compression loop, cooling of the
absorption and distillation towers, and calcination (once through or closed circuits) may be
carriers of traces of pollutants, and although their volumes may be very large, they normally
only have very minor environmental impact. A proportion of these waters may be re-introduced
as process water, allowing for the recovery of their thermal energy.

2.3.4.1 Waste water from distillation

Flowrates and concentrations of the major components present in the liquid outlet distillation
(stream LI2 in Figure 2.2) are given in Table 2.13. These indicative ranges represent distiller
effluent prior to any form of treatment and should not necessarily be considered as levels or
concentrations emitted to the environment.

Component Quantity ¥ Concentration
(kg/t soda ash) (kg/m3 post-distillation liquid)
A 9300 — 11800
Clear liquid 8.5 — 10.7 (m’/t soda ash)
Cr 850 - 1100 99 — 115
OH 9-30 1-2.7
S0~ 1-11 0.1-1.2
Ca” 340 — 400 39-45
Na* 160 — 220 18 —25
NH," 0.3-2.0 0.03-0.24
Suspended solids 90 — 700 11-70
‘alkalinity expressed as 7-20-80" 0.7-9.0
CaQ’ 2)
CaCO; 30-70-110 3.8-11
SO, as CaSO, 15-35-90 1.7-7.1
Rest (clays, sands...) By difference By difference
Heavy metals & ©
(1) underlined values are typical averages
(2) determined as total Ca minus Ca in CaSQ,4, CaCO; and CaCl,
(3) figures in this table are indicative ranges of annual averages based on various measurement or
estimation techniques
(4) typical annual loads and concentrations of heavy metals in the waste water of a soda ash plant
have been given in Table 2.10
(5) for data on heavy metals load and concentration relating to two EU soda ash plants (Ebensee,
Austria and Rheinberg, Germany) refer to Table 2.14 and Table 2.15 below

Table 2.13: Waste water from distillation
[33, CEFIC-ESAPA, 2004]

The particle size distribution of suspended solids is typically characterised by an average of
between 5 and 10 pm, 85 % of particles being smaller than 50 pm and 100 % being smaller than
1.25 mm. Large variations in quantity and composition of suspended solids depend on the
composition and type of the available limestone.

Some additional low quantities of calcium sulphate (CaSQ,), calcium hydroxide Ca(OH), and
trace elements are also present. Heavy metals originating naturally from raw materials are
related to limestone, coke and salt composition; the process in itself does not add heavy metals.
Given the alkaline nature of waste water emissions, metals are mainly insoluble and are
included as part of the suspended solids. According to their composition, the suspended solids
are classified as non-hazardous.
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While the solid materials from the purification of brine (Section 2.3.4.2) are mainly composed
of precipitation products, the suspended solids in the liquid effluent from the distillation unit
essentially originate from impurities in the used raw materials (mainly limestone and coke). The
suspended solids are extremely fine and generally settle down very slowly [45, UBA -
Germany, 2001].

It is also noted [85, EIPPCB, 2004-2005] that once discharged to water, heavy metals can
remobilise in the watercourse (river or sea).

23411 Suspended solids and heavy metals discharged with waste waters

As mentioned in Sections 2.1.1, 2.3, and 2.3.4.1, both the composition and load of waste waters
from the distillation unit released to the aquatic environment either directly for dispersion to the
open sea or to an estuary of a river, or via settling ponds to a river or a lake, or directly to a local
watercourse (no settling ponds), is an important environmental issue (refer also to
Sections 2.2.2,2.2.4.1,2.3.4.1.2,2.3.9.2,2.3.10, 2.4.6, and 2.4.7).

Of major concern is, in particular, the load of suspended solids discharged with waste waters
(annual average 90 — 700 kg/t soda ash — see Table 2.11 and Table 2.13), with an average value
estimated at 240 kg/t soda ash — refer to Table 2.12. The presence of solids in the distillation
waste water is an intractable fact associated with the process [108, CEFIC-ESAPA, 2005].

The environmental impact depends on the purity of raw materials selected for the production of
soda ash (see Sections 2.2.2 and 2.2.4.1.1) and on the absorption capacity of the aquatic
environment to which liquid effluents from the distillation unit are released, this being of
importance in particular in those locations where there is no solid/liquid separation.

One of the major issues, subsidiary to suspended solids, is the discharge of heavy metals from
the production of soda ash to the environment. Heavy metals are neither deliberately introduced
or used in the soda ash process. Heavy metals naturally occur in the main raw materials
(limestone, coke and brine), they are not retained in the soda ash, but pass through the process,
to be finally released mainly with suspended solids in waste waters from distillation — refer to
Section 2.2.4.1.1 above and Section 2.4.7 and Figure 2.4 below [108, CEFIC-ESAPA, 2005].

The typical annual loads and concentrations of heavy metals in the waste water of a soda ash
plant have been given in Table 2.10 above, which illustrates the input-output balance of heavy
metals for a medium sized 500 kt/year soda ash plant. Refer also to data on heavy metals
included in Table 2.14 (Austrian case) and Table 2.15 (German case) below.

Environmental impact studies have not shown direct effects of the emitted levels of heavy
metals [108, CEFIC-ESAPA, 2005]. However, it has been reported that in recent years one
specific plant of a larger capacity in Germany discharged about one tonne of arsenic and eight
tonnes of lead per year to water [85, EIPPCB, 2004-2005].

Other plant in Austria, with a lower capacity, using limestone with a CaCO; content of
98 - 99 %, discharged: 151 kg As, 95 kg Cd, 1258 kg Cr, 663 kg Cu, 20 kg Hg, 1427 kg Pb,
598 kg Ni and almost 18 tonnes Zn in 2003[85, EIPPCB, 2004-2005].

The selection of a high quality limestone deposit, with a high CaCO; content and a low content
of heavy metals, is one of the potential ways to decrease the discharges of suspended solids and
heavy metals to water (see Section 2.4.7.1).

It has been reported that in this way discharges of heavy metals to water from a soda ash plant
with a capacity of around 600 kt/year can be reduced by over 10 tonnes per year, while, at the
same time, other benefits are expected to be achieved, as combined discharges of aluminium,
iron, manganese, barium and phosphorus can be reduced by over 600 tonnes per year [85,
EIPPCB, 2004-2005].
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The installation of settling ponds to allow highly efficient sedimentation of settleable matter is
another way to reduce the impact of the discharge of waste waters on the environment (refer to
Section 2.4.7.4). It was reported [45, UBA - Germany, 2001] that settling ponds in Germany are
characterised by very high efficiency of sedimentation of over 99.5 % (inflow of settleable
matter of about 400 — 500 kg/t soda ash, and outflow of no more than 2 kg/t soda ash).

23.4.1.2 Waste water emissions from example plants

Austrian and German cases — presented below, based only on partial data and information
available — illustrate to a certain degree the emission levels of soda ash plants. These cases are
characteristic to soda ash plants having no settling ponds and discharging liquid effluents
directly to a watercourse of a limited absorption capacity (refer to Section 2.3.4.1 above).

Austrian case

A land-locked soda ash plant in Ebensee, Austria — with the capacity of 160 kt/year, the smallest
one on the EU scale — is situated near a lake in the mountainous area in a small valley, in which
there is no space for the location of settling ponds and, therefore, waste waters from the soda
ash plant are directly released into the deep lake.

Even though there are techniques available for the removal of at least coarse solids (see
Section 2.4.7.3 below), the limited economic feasibility of such potential projects and the future
life of the plant itself keeps the company from implementing such improvements. In fact, the
plant was shut down in 2005 [85, EIPPCB, 2004-2005].

Extracted from Annex A of the Austrian Ministerial order (Section A2 concerning inorganic
parameters), the emission limit values given in Table 2.14 below refer to one tonne of
production of the Austrian soda ash plant and are minimum requirements for discharge to water.
These emission limit values have to be complied with along with several specific requirements
relevant to self-monitoring and external control [85, EIPPCB, 2004-2005].

Compared to emission limit values, the data on heavy metals content given in Table 2.14 below
are actual minimum and maximum values expressed both in g/tonne of soda ash produced and
g/m’ of waste waters at the outlet of the soda ash plant.

Emission Heavy metals Heavy metals
Number Parameter limit values content cogltent
(per tonne of (per tonne of (per m” of waste
soda ash) soda ash) water)
A2 Inorganic parameter
5. Lead as Pb 12 g/t 1.14—7.25 g/t 0.11-0.70 g/m’
6. Cadmium as Cd 0.8 g/t 0.1 -0.81 g/t 0.01 —0.08 g/m’
7. Chromium-total as Cr 12 g/t 1.05 —8.04 g/t 0.10—0.77 g/m’
8. Chromium-VI as Cr 6 g/t
9. Copper as Cu 10 g/t 1.76 —8.91 g/t 0.17-0.86 g/m’
10. Nickel as Ni 10 g/t 1.39-9.80 g/t 0.13-0.94 g/m’
11. Mercury as Hg 0.1 g/t 0.002 - 0.07 g/t 0.0002 —0.01 g/m’
12. Ammonium as N 0.8 kg/t
13. Chloride as CI 1100 kg/t
14. Phosphorus total as P 0.2 kg/t

1. In Section A1 — General parameters — the emission limit value for suspended solids is set at 270 kg/t soda ash.
2. In Section A2 — Inorganic parameters — the emission limit values for arsenic and zinc are not established,
however, arsenic and zinc contents in waste waters are as follows:

As 1.12 —4.01 g/tonne soda ash (0.11 — 0.39 g/m’ waste waters);

Zn 7.71 - 29.09 g/tonne soda ash (0.74 — 2.80 g/m’ waste waters).

3. In turn, the following emission limits for As and Zn are set in the Austrian Ministerial order on general waste
water discharge: As — 0.1 g/m®, and Zn — 2.0 g/m’® [85, EIPPCB, 2004-2005].

4. Figures quoted in this table are characteristic of waste water discharged from the production of soda ash in
Austria and emission limit values of the Austrian Ministerial order on soda ash production.

Table 2.14: Limitations of waste water discharges from the production of soda ash in Austria
[85, EIPPCB, 2004-2005]
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German case

A land-locked soda ash plant in Rheinberg, Germany with a capacity of 600 kt/year is the only
plant in Germany having no settling ponds and, therefore, waste waters from the soda ash plant
with a flow of approx. 2300 m’/s are directly released to the River Rhine, one of the biggest
watercourses in Europe (see Section 2.3.4.1 above, and Section 2.4.7.3 below).

When compared to the other two soda ash plants in Germany (Bernburg and Stassfurt), which
use limestones with a lower CaCO; content of about 85 %, the soda ash plant in Rheinberg uses
limestone with a much higher CaCO; content of about 95 % [45, UBA - Germany, 2001].

However, in contrast to soda ash plants in Bernburg and Stassfurt, which have settling ponds to
retain settleable matter with the efficiency of above 99.5 %, the soda ash plant in Rheinberg
discharges waste waters directly to the river Rhine but after a treatment intended to remove a
part of the coarse fraction of solids to respect the official permitted value. Because of the load of
suspended solids and some heavy metals, the company is currently examining the viability of
using another limestone deposit of an even higher quality [85, EIPPCB, 2004-2005].

Although the cost of transporting limestone from a more distant source would be higher, the
change of limestone deposit, even without constructing settling ponds, may prove to be very
beneficial for the aquatic environment (refer to Section 2.4.7.1), provided that a newly selected
limestone deposit would be of a very high quality with a lower content of heavy metals [85,
EIPPCB, 2004-2005].

Available 1999 data on the composition and load of waste waters from the soda ash plant in
Rheinberg [45, UBA - Germany, 2001] are given below in Table 2.15. Although the main
stream of liquid effluent comes from the distillation unit, these waste waters actually originate
from three sources (the second source being the brine purification unit) and are jointly
discharged into the recipient.

Concentration and load of waste waters, the Rheinberg soda ash plant, 1999 measurement values

Control values | Values 1999 (minimum and maximum)
Average volume of waste waters: approx. 8.7 m’/tonne soda ash
Concentration (mg/l) | Load (g/t soda ash) | Concentration (mg/l) | Load (g/t soda ash)
pH 9.5-11.3
COD 70 700 <15-170 120-510
N-NH, (70) 900 43-73 40 — 600
N-NO, 0.11 -0.62
P 10 5.8-8.5
Ca 37-51.4(g/)
Cd 0.03 0.3 <0.011 -0.034 0-0.31
Cl 1.2x10° 86 — 115 (g/1) (0.7 — Dx10°
Cr 0.5 5 0.09-0.18 0.8-1.8
Cu 0.6 6 0.11-0.32 09-24
Hg 2x10” 0.02 (<0.2 - 0.72)x10~ 0.002 — 0.005
Ni 0.5 5 0.07-0.22 0.6 —1.8
Pb 1.5 15 0.34-1.13 2.9-9.6
Gp um 32
Gg 8* <32 -48
GL 4-8
residues 130 6—14 (g/l) 54 — 126 (kg/t)

Gp — the daphnia toxicity; Gg—the fish toxicity; G; — the luminescent bacteria toxicity are German terms, equivalent
to the EU genotoxicity LIDp,,; dilution factors from bioassays, usually the dilution, where 50 % of the organisms
show immobilisation or death.

* Gp — the fish toxicity value of 8 mg/l has been corrected from the original value of 32 mg/l because of an
additional fish toxicity effect caused by the salinity of waste water.

Table 2.15: Characteristics of waste waters from the Rheinberg soda ash plant, Germany
[45, UBA - Germany, 2001]
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2342 Waste water from brine purification

Waste water from brine purification is basically brine with suspended precipitated CaCO; and
Mg(OH), in variable proportions according to the nature of the salt deposits (calcium and
magnesium ions coming naturally from the original seawater). These solids (10 — 70 kg/t soda
ash) can be treated separately or can be disposed of together with liquid effluent from the
distillation unit for solid removal and treatment — see Figure 2.4.

Typical concentrations are given in Table 2.16.

Component Concentration
(% wiw)

CaSO, 2H,0 0-8
Mg(OH), 1-6
CaCO; 5-15
Brine By difference
(1) figures in this table are indicative ranges of annual averages
based on various measurements or estimation techniques

Table 2.16: Effluent from brine purification (typical composition)
[33, CEFIC-ESAPA, 2004]

2.3.5 Solid wastes

Typical solid wastes produced by the soda ash process are given in Table 2.17.

Effluent Quantity "V (kg/t soda ash)
Fines of raw limestone from screening 30 —-300
Grits from slaker containing inert material 10—-120

(1) figures in this table are indicative ranges of annual averages based on various measurement or
estimation techniques

Note: the quantities of solid wastes given above do not include suspended solids contained in
waste waters discharged from the soda ash plant. These are covered in Section 2.3.4 above.

Table 2.17: Solid wastes from soda ash process
[33, CEFIC-ESAPA, 2004]

2.3.51 Fines of limestone

After crushing, the limestone is passed through a sieve in order to remove the ‘fine gravel’
fraction (0 — 40 mm) which could be a cause of plugging and bad distribution of combustion air
in the lime kiln. This may be done at the quarry or, in some cases, at the soda ash plant if the
limestone is too crumbly. The fines composition is 85 to 97 % CaCO; with impurities of sand
and clays (as SiO,, Al,0;) depending on the limestone composition in the deposit.

2.3.5.2 Non-recycled stone grits at the slaker

Some unburned stone, due to imperfect conversion reaction inside the kiln, is drawn with the
lime to the slaker. The coarser unburned stone can be separated at the slaker and sent back to the
kiln. Typically, the smaller sizes of unburned stone are rejected and the very fine material is
suspended in the milk of lime and simply passes through the distiller and out with the distiller
waste liquid — refer to Figure 2.4. The unburned stone contains most of the impurities and
pieces of silica present in the limestone feeding the kiln.
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2.3.6 Co-products

The manufacturing of soda ash by the Solvay process enables two main co-products (calcium
chloride and refined sodium bicarbonate) to be produced.

Calcium chloride can be produced either within an integrated soda ash complex or via other
process routes, starting from different raw materials. In turn, the refined sodium bicarbonate
process is almost always fully integrated within the soda ash complex and, therefore, it is
described below in Section 2.3.6.2.

2.3.6.1 Calcium chloride

Outlet liquor from the distillation unit contains primarily CaCl, in solution in quantities
corresponding to production of sodium carbonate. By treating this liquid to remove suspended
solids and dissolved sodium chloride, a pure solution of calcium chloride can be obtained. By
successive concentration steps, the solution is concentrated up to around 78 % CaCl,, to produce
a white solid hydrated flake or prill (see Section 7.11).

2.3.6.2 Refined sodium bicarbonate
2.3.6.21 Background information

Refined sodium bicarbonate is produced in all major regions of the world and the current
worldwide capacity is estimated to be around 2.4 million t/year (2002) — see Table 2.18. The
predicted growth of the market for the coming years is 3 — 5 % per year.

Production | EU-25 | US Central and Africa and | Japan | Others | Total
capacity Eastern Europe | Middle East
kt/year 650 800 210 100 105 500 2365
% 28 34 9 4 4 21 100 %

Table 2.18: Worldwide refined sodium bicarbonate annual capacities (reference year: 2002)
[33, CEFIC-ESAPA, 2004]

The capacities and location of production sites in Europe are given in Table 2.19.

| Producers Country - location Capacity (kt/year)
Producer A France — Dombasle 120
Germany — Rheinberg 50
Spain — Torrelavega 120
Italy — Rosignano 125
Portugal — Povoa 10
Austria — Ebensee 15
|Producer B Bulgaria — Devnya 10
[Producer C United Kingdom — Northwich 90
[Producer D France — La Madeleine 20
[Producer E Germany — Stassfurt 45
[Producer F Poland — Inowroclaw 50
[Producer G Turkey — Mersin 70
|Pr0ducer 1 Romania — Ocna Mures 24
[Producer L Czech Rep. — Usti nad Labem 5
[Producer J Bosnia — Tusla 15
|(1) production not coupled with a soda ash plant

Table 2.19: European refined sodium bicarbonate capacity and producers (reference year: 2002)
[33, CEFIC-ESAPA, 2004]
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Refined sodium bicarbonate has a wide range of uses (see Section 2.1.3). The consumption
breakdown in the EU-15 is presented in Table 2.20.

Application Per cent (%) Application Per cent (%)
Animal feed 43 Detergents/Cleaning Agents 7
Personal care/pharmaceuticals 18 Fire Extinguishers 2
Flue-gas treatment 11 Textiles/leather 1
Baking/foodstuffs 10 Others 8
Total 100 %

Table 2.20: Consumption of refined sodium bicarbonate in the EU-15 (reference year: 2002)
[33, CEFIC-ESAPA, 2004]

2.3.6.2.2 Process description

The refined sodium bicarbonate is mostly produced from a solution of sodium carbonate that
may also contain small amounts of dissolved sodium bicarbonate. This solution can be prepared
following two ways. The first consists of dissolving soda ash in water. In the second, the
solution is the result of the thermal decomposition of crude sodium bicarbonate from the
filtration step of the soda ash process, after being suspended in a soda ash solution (Figure 2.3).
In the latter case, the thermal decomposition reaction is as follows:

2 NaHCO3 e d Na2C03 + C02 + HzO

The CO, produced by this reaction is totally recovered in the soda ash process by mixing it with
the outlet gas from the calcination of the crude sodium bicarbonate (Figure 2.2). The prepared in
the sodium carbonate solution is sent to a bicarbonation tower where CQO, is blown until
precipitation of sodium bicarbonate occurs. Soda ash dissolution followed by the crystallisation
(precipitation) of sodium bicarbonate ensures the purity of the refined NaHCO; product:

N32CO3 +CO, +H,0—>2 NaHCO3

If the refined sodium bicarbonate unit is linked to a soda ash plant, the CO, gas is sourced from
the lime kiln gas excess.

The bicarbonate is separated from the mother liquor by filtration/centrifugation. The mother
liquor is recycled upstream for the preparation of the sodium carbonate solution. The purge
from the recycle loop may be used as a carbonate source (e.g. it may be sent to the brine
purification area in a soda ash plant — see Figure 2.2).

The bicarbonate cake from the separation unit (filtration/centrifugation) is dried (e.g. by hot
gas), sieved, graded, stored and sold as a bagged or bulk product.

The process diagram for the manufacture of refined sodium bicarbonate is given in Figure 2.3.
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SODIUM CARBONATE SOLUTION

DA ASH
so S or coming from soda ash plant

Preparation of | P=urge
sodium carbonate| 4
solution
CO; gas Preparation Bicarbonation of ) Vent gas
. Cleaning of vent
------ #| of the CO, gas |----9|sodium carbonate[-====-¥ e ===
(filtration,...) solution
A
Filtration of Mother liquor

bicarbonate slurr

Drying gas
_____ | Preparation | ____] Drying of [~~~ et Outlet gas
of the drying gas| bicarbonate cake | -=----| Gas cleaning "[%
(1) 0
Grading of sodiumn
bicarbonate
Air
Storageand | ____ -+ Airdedusting F---- >
bagging
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(1) depending upon the drying technique which is used

Figure 2.3: Process flow diagram for the manufacture of refined sodium bicarbonate
[33, CEFIC-ESAPA, 2004]

2.3.6.2.3 Major environmental impact

Gaseous effluents

The gaseous effluent from the bicarbonation columns (GO100) contains some unconverted CO,
due to the equilibrium limit of the reaction. When kiln gas is used to feed the carbonation
columns, the CO already present in the gas stream (essentially inert, as in the soda ash process),
flows through the bicarbonation step and is dispersed with the vent gas into the atmosphere,
where it is converted to CO, (see Section 2.3.3.2). Typical quantities of CO, and CO in the gas
released after bicarbonation are given in Table 2.21.

Component Quantity ¥

(kg/t sodium bicarbonate)
CO, 130 —290

CO 3-25

(1) figures in this Table are indicative ranges of annual averages based on
various measurement or estimation techniques

Table 2.21: Vent gas from bicarbonation columns blown with lime kiln gas
[33, CEFIC-ESAPA, 2004]

The gas from the dryers is cleaned before being released (GO101) or recycled, depending upon
the drying technique used.

Liquid effluents

If the bicarbonate plant is located near a soda ash plant, any purge from the recycle loop
(LO100) is recovered, for instance in the brine purification area, such that the bicarbonate
process has no liquid waste water process stream.
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Integration with the soda ash plant

Refined sodium bicarbonate plants are typically integrated with the soda ash plants (refer to
Figure 1.15 and Figure 2.3). The degree of integration in the EU-25 is quite high, with 10 sites
currently producing refined sodium bicarbonate out of the total of 14 soda ash producing sites.

However, the size of the refined sodium bicarbonate plants in relation to the soda ash capacity is
variable from the smallest representing just 3 to 4 % of the total plant output compared with the
largest accounting for 17 %.

Approximately 0.7 tonne of raw soda ash and up to 1.1 tonnes of 40 % CO, gas, depending on
the CO, gas concentration, CO, conversion rate due to the equilibrium of the reaction and plant
configuration [33, CEFIC-ESAPA, 2004], are used for the production of 1 tonne of refined
sodium bicarbonate. It is assumed that, on average, some 550 kg 100 % CO, is used for the
production of one tonne of NaHCOs, of that 260 kg CO, is captured by the product and 290 kg
CO, is released to the atmosphere.

2.3.7 Energy management in the production of soda ash

The significant aspect of soda ash manufacture is its energy need in different forms: electrical,
thermal and mechanical. Much attention has been paid, during the development of the process,
to reduce energy consumption and to improve the transformation efficiency of the primary fuels
involved. Those improvements have had a positive impact on the environment through the
reduction of consumption of primary fuels and of the emissions resulting from their combustion
[33, CEFIC-ESAPA, 2004].

It should be noted that, during the initial stages of the design, there is a need to verify, on the
side of primary energy use, the applicability of a combined heat and power (CHP) system to
improve the overall efficiency of steam and electricity generation, bearing in mind that the soda
ash plant acts as a final stage condenser [33, CEFIC-ESAPA, 2004], [86, The Council of the
EU, 2004].

Within the plant itself, the minimisation of energy losses is favoured by energy transfer between
flows at different thermal levels via heat exchangers and flash vessels for hot fluids.

2.3.71 Energy conversion of primary fuels

The Solvay process requires large amounts of steam, a vast amount of which is used as low
pressure steam (<5 bar abs), injected directly into the process liquids for the recovery of
ammonia (steam stripping). It is, therefore, logical to include (within the energy conversion
process, from primary fuel combustion to its final use at a low energy level) a system of
electricity generation by reducing steam pressure in a set of turbogenerators within a soda ash
plant. Thus, electricity is produced with a ‘cogeneration’ of steam, at a very high efficiency
level (about 90 %), since all the steam leaving the turbines is used in the process.

The concern for reducing energy consumption has lead to some operators giving up the direct
use of fuels in other parts of the process where only thermal inputs are needed, such as sodium
bicarbonate decomposition or sodium monohydrate drying to obtain dense soda ash. Thermal
inputs in the form of steam have been preferred instead.

With the improvement of the efficiency of primary energy use, cogeneration units, preferably
with gas turbines, have been installed in soda ash complexes. CHP systems generate large
quantities of electricity which normally exceed the needs of the soda ash plant and, therefore,
feed the national electricity network [33, CEFIC-ESAPA, 2004].
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The possibility of using large quantities of steam produced, especially with a low energy
content, makes the soda ash industry an ideal sector for installing the CHP systems. This, in
turn, allows an increase in the overall energy efficiency of soda ash production.

2.3.7.2 Energy saving in the process

Energy saving in the soda ash process is achieved at two levels: heat recovery and minimisation
of energy consumption [33, CEFIC-ESAPA, 2004], [41, Solvay S.A., 2003], [91, Takuji
Miyata, 1983], [13, EIPPCB, 2000], [39, S. Leszczynski et al, 1978], [73, G.V. Ellis, 1979].

2.3.7.21 Heat recovery

The recovery of heat has been gradually improved throughout the history of the process by
optimising the use of energy contained in gas and liquid streams flowing through the process at
different thermal levels. Low grade heat is used to preheat different streams such as:

raw brine entering the brine purification step to improve purification efficiency
raw water used for milk of lime production

boiler feed-water

mother liquor from the filtration to the recovery of ammonia by distillation.

Vacuum flashing of the distillation liquor may be used for producing low pressure steam
available for distillation and any evaporation units, like salt production.

2.3.7.2.2 Energy minimisation
The following measures may be considered with regard to the minimisation of energy use:

e careful control of limestone burning and a proper choice of raw materials allow for the
reduction of primary energy use in this operation

e improvement of process control by the installation of distributed control systems

e reduction of water content in the crude bicarbonate by centrifugation before calcination to
minimise the energy need for its decomposition

e back-pressure evaporation (e.g. calcium chloride liquors)
energy management of standby machinery

e cquipment lagging, steam trap control and elimination of energy losses.

The energy consumption achieved by a soda ash plant applying the above guidelines is given in
Table 2.22. Refer also to Section 2.3 and in particular to Table 2.11).

Energy GJ/t soda ash (dense)
Fuels (lime kiln)"¥ 22-28
Fuels (soda ash) ™ 7.5-10.8
including electricity 0.18 — 0.47 (50 — 130 kWh/t soda ash)

(1) includes electrical energy and primary fuels (gas, coal, fuel oil) for the process needs (mechanical and
thermal power) without fuels for lime kilns, of that the energy required for densification to convert soda
ash light into soda ash dense amounts to approximately 0.9 GJ/t soda ash [39, S. Leszczynski et al, 1978]
(2) fuel consumption relates to a kiln of the vertical shaft type, satisfying the constraints relating to the
calcination of limestone

(3) figures in this table are indicative ranges of annual averages based on various measurement or
estimation techniques

Table 2.22: Ranges of energy consumption in soda ash production
[33, CEFIC-ESAPA, 2004]

The applicability of each of the above-mentioned measures depends on the economics of its
application (refer also to Section 2.4.5).
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2.3.8 Management of air emissions

The main air emissions discharged from point sources to the atmosphere have four origins: the
excess gas from lime kilns, the production of sodium carbonate itself, the production of dense
soda ash, and the handling and storage of light and dense soda ash [33, CEFIC-ESAPA, 2004],
[41, Solvay S.A., 2003], [39, S. Leszczynski et al, 1978].

Gaseous effluents are generated in the following main steps of the process (names in brackets
are reference to the name of the corresponding streams in Figure 2.2):

calcination of limestone (GO1)

precipitation of crude bicarbonate (GO2)

filtration of bicarbonate (GO3)

production of dense soda ash (GOS5)

storage of light soda (GO6) and dense soda (GO7).

Gaseous emissions from lime slaking (GO4) are of minor importance.

2.3.8.1 Calcination of limestone

The CO, necessary for the formation of the sodium carbonate molecule originates from the
CaCO; contained in the limestone. Theoretically, in the Solvay process, the CO, balance is
stoichiometrically neutral. A certain excess is necessary and it is provided by CO, originating
from the combustion gases of the fuel delivering the energy necessary to decompose the CaCOs.

The calcination of limestone produces both CaO and CO; and is designed to maximise the CO,
content by minimising the presence of oxygen in the process gas. A conventional ammonia soda
process produces about 30 to 80 % more CO, than is theoretically needed and it is necessary to
purge some of the CO, produced to the atmosphere (stream GO1 in Figure 2.2).

Before discharge to the atmosphere, kiln gas may be cleaned and generally cooled at the same
time in washing towers.

In the operation of the lime kilns, two factors are to be considered in relation to the generated
CO, gas: the quantity of gas produced and its composition.

23811 Quantity of lime kiln gas produced

Under normal conditions, the operation of the kiln is driven by the amount of lime needed to
recover ammonia in the distillation stage. As more CO, is generated than is normally required
for the production of soda ash, then any excess lime kiln gas may, before its discharge to the air,
be de-dusted. As its composition remains unchanged, the excess CO, gas may be used in the
production of refined sodium bicarbonate, and thus gas wasting can be substantially reduced.

Alternatively, gas cleaning systems (bag filters) can also be used to collect the dust as dry
material. If dry cleaning is used, residual material is made of fine particulates containing
limestone, lime, and carbon (coke). This can be collected separately and may be disposed of
without further treatment. However, this type of gas cleaning is difficult to operate because the
lime kiln gas may be too hot for the filtering media (risk of fire).

Typical quantities of CO,, CO and dust in the gas effluent from lime kilns after cleaning (stream
GOl in Figure 2.2) are given in Table 2.23. This excludes inert components, mainly nitrogen
contained in the air used for limestone burning.

Large Volume Inorganic Chemicals — Solids and Others 69



Chapter 2

Component Quantity ® (kg/t soda ash)
CO, 200" — 300
CcO 0-8
Dust 0.1-0.2

(1) values are significantly lower when a refined sodium bicarbonate plant is operating
(2) figures in this table are indicative ranges of annual averages based on various measurement or
estimation techniques

Table 2.23: Vent gas from lime kilns after cleaning
[33, CEFIC-ESAPA, 2004]

2.3.8.1.2 Composition of lime kiln gas

Various fuels can be used, but in the case of a soda ash plant using the gas as a reagent in the
process, the CO, concentration must be as high as possible. This is maximised by the use of
solid rather than gaseous fuels. A range of typical gas composition resulting from limestone
calcination is given in Table 2.24.

Component Volume fraction ) (%)
N, Approx. 60
CO, 36-40%
CO 0.5-2
0O, 0.5-2

(1) figures in this table are indicative ranges of annual averages based on
various measurement or estimation techniques

(2) achievable CO, concentration in the lime kiln gas is within the range of
36 — 42 %, the target being 40 — 42 % (refer to Section 2.4.4).

Table 2.24: Typical gas composition from limestone calcination
[33, CEFIC-ESAPA, 2004]

Operating parameters in the lime kiln not only require a reduction of the amount of excess air
that would normally be associated with combustion processes in order to increase the CO,
content, but also the adjustment of the fuel flowrate, so as to minimise the production of CO.
This helps to maximise the thermal efficiency of the lime kiln and to avoid excessive operating
costs. The CO content of the kiln gas is not directly manageable and depends on the kiln load,
the quality of fuel, and the composition of limestone. The retention time for lime in the vertical
shaft kiln is in the range of 24 to 48 hours.

NOx and SOx which are the components of kiln gas, are not directly controllable by the process.
The NOx concentration is limited by the kiln operating temperatures, while the SOy
concentration is controlled by the autopurification reaction with lime. These gaseous
components are essentially inert through the process and leave the soda ash plant with the
nitrogen content of the gas (refer to Sections 2.3.3.3 and 2.3.3.4 above).

Atmospheric emissions of SO, from the lime kilns depend on the concentration of sulphur in
both the fuel (coke) and limestone. The small amount of SO, produced is fixed by CaO and
CaCQOs; in the form of CaSO, (autopurification).
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Note:

As straightforward reference to the Cement and Lime Manufacturing Industries BREF cannot
be made here, because captive lime kilns used in the soda ash industry have not been included
in the CL BREF. Moreover, there are several distinct differences in the production of lime in the
CL industry and the production of CO, and lime within the soda ash industry, for example: the
captive usage of both CO, and lime downstream in the soda ash process (in market lime
production, this is not the case), different fuels used in the lime industry and coke typically used
in the soda ash industry, different temperature profiles in the kiln (typically a lower and much
narrower temperature range in the soda ash kiln), a high difference in excess air used (in
principle, there is no excess air in the soda ash kiln), a much higher CO, concentration from the
soda ash kiln, and a much higher energy intensity and thermal inputs per kiln in the lime
industry.

2.3.8.2 Precipitation of crude sodium bicarbonate

Efficient carbonation of ammoniated brine requires an excess of carbon dioxide. Unreacted CO,
passes through the columns along with inert nitrogen and CO derived from the kiln gas used in
the process. However, the flow of inert and unreacted gases through the ammoniated brine leads
to pick up of ammonia and, therefore, the final washing stage is designed primarily to remove
the ammonia and return it to the process in order to avoid it being lost to the atmosphere.

Outlet gas from the carbonation columns (stream GO2) is subjected to a cleaning process with
brine in a packed or plate washer to recover NH;, and possibly H,S, and recycle them into the
process via the feed brine. Washers may have an optional final water washing section to
minimise emissions. This type of equipment has been designed to meet the specific needs of the
process and to allow efficient recycling of valuable raw materials.

Details of individual washers vary between different plants and locations. The majority of
washers achieve high ammonia removal efficiencies with ammonia concentrations in the vent at
or below 50 mg NH3/Nm® (annual average), representing an efficiency of absorption of almost
100 % [33, CEFIC-ESAPA, 2004] — refer also to Section 2.3.3.5. However, it is necessary to
minimise the pressure drop across these units in order not to increase the pressure at the outlet
of the CO, blowers (gas compressors) and at the inlet to the carbonation columns, thus
minimising the total energy consumption. CO emissions are effectively uncontrollable as this is
virtually inert throughout the process.

Typical quantities of CO,, CO, and NHj; in the gas from carbonation columns after cleaning,
achieved by the developed abatement techniques, are given in Table 2.25.

Component Quantity
(kg/t soda ash)
CO, 40 -100
CO 4-12
NH; 0.01 -0.6
(1) figures in this table are indicative ranges of annual averages
based on various measurement or estimation techniques

Table 2.25: Vent gas from the column section after washing
[33, CEFIC-ESAPA, 2004]

Regarding the potential of CO, emission reduction discussed above, one has to consider the
overall balance of the soda ash process, because the kilns are run to provide a sufficient amount
of lime for the decomposition of ammonium chloride in the distillation phase with an associated
excess of CO,. Therefore, any reduction of CO, from the carbonation towers would have to be
off-set by an increased wasting of CO, in the lime kilns area.
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2.3.8.3 Filtration of the bicarbonate

Air containing ammonia (stream GO3 in Figure 2.2) from the vacuum filtration of crude sodium
bicarbonate undergoes a cleaning process with brine in a washing tower to recover NH; and
then recycle ammonia to the process — refer also to Section 2.3.3.5. The design is very similar to
that used for scrubbing the gases from carbonation columns.

Typical quantities of CO, and NHj in the filter air after cleaning are given in Table 2.26.

Component Quantity (1) (kg/t soda ash)
CO, 2-4
NH; 0.005-10.3

(1) figures in this table are indicative ranges of annual averages based on
various measurement or estimation techniques

Table 2.26: Filter gas after washing
[33, CEFIC-ESAPA, 2004]

2.3.84 Production of dense soda ash

Outlet water vapour (stream GIS in Figure 2.2) from dense soda dryers is cleaned with water by
means of a packed or spray washer to eliminate soda ash particles in the vapour and recover this
soda water for use in the production process. The cleaned vapour stream (GOS5) is a mixture of
air and water vapour. Additional gas cleaning may be required in cases where calcination is
carried out in fluid beds rather than steam heated rotary calciners.

As mentioned above, additional energy required for densification to convert light soda ash into
dense soda ash amounts to approximately 0.9 GJ/t soda ash [39, S. Leszczynski et al, 1978].

2.3.8.5 Conveying and storage of light and dense soda ash

Light and dense soda ash is stored in large silos equipped with dedusting systems, which keep
the products dry and prevent dust emissions to the atmosphere.

The emissions of dust are generated mainly during the handling of raw materials and final
products (via conveyors, elevators, air lock valves, etc.) and the storage of the soda ash, when
fine material is entrained in forced airflow through the various pieces of equipment. The high
volumes of gas flows that need de-dusting, often require very large pieces of equipment. The
soda ash process typically uses a range of high efficiency bag filters to separate dust from vent
gas streams, but a number of abatement techniques can be used which may be expected to
achieve dust emission figures much below 50 mg/Nm’ [33, CEFIC-ESAPA, 2004]. Dust
emissions reported by Austria and the Netherlands are in the range of between 5 — 20 mg/Nm’
depending on the product (refer also to Section 2.3.3.1) and the available technology.

2.3.9 Measures applied for the reduction of emissions to water

The measures applied for the reduction of emissions to water commonly used in the heavy
inorganic chemical industry sector are typically also applicable to the soda ash industry [6,
CEFIC, 2002], [13, EIPPCB, 2000], [31, R. N. Shreve, 1945], [48, W. Buchner et al, 1989], [78,
World Bank, 1991].

It should be stressed, however, that some of the measures and techniques used for the reduction
of emissions to water in the soda ash industry, which are described below, are specifically
tailored to the Solvay process, raw materials used in large capacity soda ash plants, and locally
available infrastructure to cope with the major environmental problems in the soda ash industry
[33, CEFIC-ESAPA, 2004], [41, Solvay S.A., 2003], [39, S. Leszczynski et al, 1978], [45, UBA
- Germany, 2001].
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2.3.9.1 Ammonia

Distillation is the primary abatement technique for ammonia recovery and recirculation within
the process. The recovery of ammonia in the distillation section is performed in the two
following steps:

e initially, a chemical reaction between the mother liquor (ammonium chloride solution)
leaving filtration and a strong alkali (milk-of-lime), followed by
e steam stripping of the released ammonia.

The strong alkali used is a suspension of Ca(OH),, which also contains all the inerts of the
calcined limestone as well as fine fractions of the non decomposed limestone and traces of ash
from the carbon source (usually coke), used in the CO, production process in the kilns.

During the chemical reaction phase of the distillation, the crystallisation of calcium sulphate is
observed in a number of different complex forms, due to the presence of sulphate ions in the
mother liquor. Calcium sulphate may appear as suspended crystals or a deposited scale
depending upon reaction conditions, retention time, etc.

This reaction needs a sufficient residence time to ensure good crystallisation in situ, not to allow
for further scaling in the downstream equipment. Only after the chemical reaction holding time
can the released ammonia be effectively stripped by steam and recycled back into the process.
The set of successive unit operations involves treatment of hot chloride, high alkalinity and
scaling liquids, loaded with suspended solids. Over the years, the techniques used have been
fine tuned to enable a good contact between the reaction components, to achieve an optimal
stripping of the ammonia, despite the solids loading, while treating liquids at very high
flowrates (e.g. about 570 m’/h for a 500 kt/year capacity soda ash plant).

The efficiency of ammonia recovery cannot be increased ‘ad infinitum’, as it is governed by
physico-chemical equilibrium laws. Any increase in the efficiency of ammonia recovery would
require a huge additional quantity of steam that, technically and economically, would not be
sustainable. Distillation uses low pressure steam to strip ammonia from the solution. The
amount of ammonia remaining in the distiller effluent is related to the amount of steam
consumed. The higher the quantity steam used, the lower the ammonia concentration in the
liquid leaving the distiller. Because of the theoretical limitations related to the physico-chemical
equilibria, heat and mass transfer constraints and hydrodynamic conditions, the relationship
between steam consumption and ammonia concentration is asymptotic. Therefore, increasing
the amount of steam has to be balanced with the target of energy conservation and
minimisation, all the more so that increasing the amount of energy used, increases the amount of
CO, emitted during its generation.

In spite of the difficult conditions described above, it may be concluded that, with modern and
adequate equipment and with the objective to remain economically sustainable, it is possible to
keep the annual average ammonia losses as low as 0.9 kg N-NH3/t soda ash (approx. 1.1 kg
NH; per tonne of soda ash produced) [33, CEFIC-ESAPA, 2004].

It should be stressed, that older equipment may not be able to achieve these conditions and yet it
may not be economically feasible to replace them [33, CEFIC-ESAPA, 2004]. On the other
hand, lower ammonia losses, i.e. 0.5 kg N-NH;/t soda ash, are reported by Germany [85,
EIPPCB, 2004-2005], and the minimum achievable level being estimated at 0.23 kg N-NH;/t
soda ash [33, CEFIC-ESAPA, 2004].

Therefore, in each case a feasibility analysis needs to be carried out to appraise the techno-
economic viability of a project aimed at modernising a distillation unit and/or upgrading process
control, to reduce the losses of ammonia to the lowest level possible.
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From the energy requirements point of view, stripping with low pressure steam (1 to 3 bar abs)
positively contributes to the rational and optimal use of primary energy. This is the basic
concept of high efficiency embedded in combined heat and power (CHP) systems.

The configuration with CHP system enables the distillation to optimally operate as a final stage
condenser to use various streams of steam, depending on the particular location of a soda ash
plant and its equipment arrangement.

High ammonia recovery rates necessitate an advanced automatic control of the process, as well
as consistent checking of the quality of the raw materials used.

2.3.9.2 Suspended solids

The liquid leaving the distiller, following the stripping of ammonia, contains solids which are a
combination of those derived from the burned limestone (usually via milk of lime), a quantity of
CaCO; formed by the reaction between the milk of lime and residual CO, not desorbed from the
liquid containing NH,Cl1 (in spite of a recovery rate higher than 95 %), and precipitated calcium
sulphate from sulphate ions in the incoming brine.

The total quantity and composition of this solids matter depends on the composition of the raw
materials, i.e. limestone and brine. These are mainly CaCO;, CaSO,;, Mg(OH),, silica and
alumina components, and a small quantity of lime corresponding to the reactive excess needed
to achieve effective decomposition of NH4Cl. The solid component in the waste water from
distillation is in the range of 90 to 700 kg/t soda ash produced (for the annual average, refer to
Section 2.3.4.1, Table 2.13).

The type of effluent treatment for the suspended solids depends on the local conditions. There
are no abatement techniques as such to eliminate the solids generated in the soda ash process
and, therefore, the environmental impact requires an analysis of the cross-media effects. Two
basic techniques are used:

e total dispersion (possibly with the previous separation of coarse suspended solids)
e separation and storage of the solids and dispersion of the liquid.

Throughout the history of the development of the Solvay process, the solid materials have been
the subject of research and tests to find alternative uses. Various sectors have been investigated
including use in construction (for block and cement manufacture), as fillers and potential road
building materials, as well as in agricultural applications, as soil conditioners and acidity
regulators. Attempts have failed to provide a long term viable alternative, the major restrictions
being the chloride content of the material and its physical properties. Moreover, the variability
of its composition does not guarantee constant quality of a material, which limits its use in low
value applications for which other more readily processed materials already exist in abundance.

2.3.10 Management of emissions to water

Waste water discharge treatment is the environmental operation in which significant differences
arise from one production plant to another [33, CEFIC-ESAPA, 2004], [41, Solvay S.A., 2003],
[45, UBA - Germany, 2001], [53, EIPPCB, 2004], [39, S. Leszczynski et al, 1978].

Apart from cooling water, waste waters from the soda ash production plants are characterised by
a high concentration of suspended solids and dissolved salts, as well as a high temperature and a
high alkalinity. These solids and salts are unreacted limestones and salts of natural origin as
well as the ashes of the coke — refer to Section 2.4.7 and Figure 2.4 below.
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Suspended solids and dissolved salts originate from three different steps of the process (names
in brackets make reference to the name of the corresponding streams in Figure 2.2):

e Dbrine purification (LO1)

e ammonia recovery (L02)

e cleaning of CO, gas originating from the calcination of limestone (L03), which is a minor
contribution in the balance of suspended solids.

In most production plants, the effluent from brine purification is discharged jointly with the
effluent originating from the distillation unit. The possibilities of using products from brine
purification are mentioned in Section 2.3.10.4.3. The typical composition varies according to
the quality of the raw materials. Different treatment schemes have been developed according to
the geographical location of the production plants and the requirements of the local regulatory
authorities.

The following options are available for the treatment of liquid effluents:

e direct discharge of raw effluent, with or without partial removal of some fraction of the
solids, and with or without preliminary pH adjustment

e indirect discharge of waste water after removal of suspended solids (for possible re-use of
this material see Section 2.3.10.4.2), and with or without preliminary pH adjustment

e further treatment to produce by-products, such as CaCl,, etc. (see Section 2.3.10.4.1).

Depending on the location of a soda ash plant and raw materials deposits, two basic lines are
established for the treatment of suspended solids: total dispersion, and/or deposition/dispersion
(separation of the suspended solids and liquid dispersion).

2.3.101 Total dispersion

Total dispersion, with or without the previous separation of coarse suspended solids [85,
EIPPCB, 2004-2005], is employed when a production plant is close to the sea or high flow
rivers [41, Solvay S.A., 2003], [53, EIPPCB, 2004].

This technique ensures that the solid material is assimilated with the natural sediments of
similar composition. Chlorides and other soluble salts present in the liquid fraction are dispersed
in a medium which, in the sea case, already contains them in large quantities.

2.3.10.1.1 Marine outfalls

Waste waters from the production of soda ash containing suspended solids, in some cases is
discharged directly to the sea or into an estuary under tidal influence by means of an open
channel or underwater outfalls, designed with the necessary environmental and technical
studies. For more detailed information on this technique, refer to Section 2.4.7.2.

2.3.10.1.2 Lake and river discharge

The direct discharge of waste water to fresh water environment is practised in one case without
any treatment and in one case with some preliminary removal of coarse solids. For more
detailed information on this technique, refer to Section 2.4.7.3.

In other cases across the EU, waste waters discharged to fresh water, are subjected to solids
removal treatment prior to discharge of the soluble fraction — see Sections 2.3.10.2, 2.3.10.2.1,
and 2.3.10.2.2 below.
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2.3.10.2 Deposition/dispersion

Deposition/dispersion has generally been used where there is no suitable environmental medium
to allow for total dispersion. This method involves the physical separation of liquid and solid
phases. The liquid phase is then discharged to a local watercourse with or without pH
adjustment as appropriate, and solids are used to build up the settling basin itself.

The underground deposition of the solids is carried out when salt deposits are found near
production plants and when deposit characteristics and the salt extraction system enables it.

Where market conditions permit, it is also possible to use the separated solids after further
treatment as a lime fertiliser.

2.3.10.21 Settling ponds

The clarification by decanting large quantities of suspended solids from aqueous effluents is
usually achieved in settling ponds. The location and operating area of settling ponds depend on
several factors. For a more detailed description of this technique, including: purpose and
principles of liquid/solid separation, operation, monitoring, hydraulic confinement, coverage
and final closure of settling ponds, refer to Section 2.4.7.4 below.

2.3.10.2.2 Underground disposal

Methods for the underground disposal of the distillation solids in salt cavities have been
developed. Firstly, the suspended insoluble material is separated from the clear liquor phase and
is re-suspended in saturated crude brine. The resulting slurry is then pumped to dedicated
‘disused’ salt cavities where the solids settle out within the large volume of the cavity.
Displaced brine from the cavity is recycled for the repeated transport of the solids. As with
basin settling, the clear liquor phase is discharged to the local watercourse. For a more detailed
description of this technique, refer to Section 2.4.7.5 below.

2.3.10.3 Liquid effluent discharge options

The impact of direct discharge of the liquid phase containing soluble salts into rivers is linked to
the flowrate of the receiving rivers, flowrate fluctuations and the inherent qualities of the water,
including its natural salinity.

2.3.10.3.1 Equalisation in modulation basins

In some cases of small or medium size receiving waters or low seasonal flows, a buffer
equalisation storage basin may be used to store the settled liquid effluent prior to discharge. The
holding capacity of such a buffer basin is determined by the average and peak load to be
discharged and the available diluting flowrate of the receiving water. The basin may be as large
as the equivalent of 6 to 9 months of production (typically of 3 million m’ capacity).

The optimal use of equalisation basins allows to minimise the impact of chloride on the
receiving water and to avoid high peak concentrations during low river flow conditions.

In determining appropriate control levels, it is critical that the local conditions and the quality of
the receiving waters are taken into account.

Flow equalisation storage basins can be built as aboveground basins with earth or stone walls or
in excavated areas. The walls and the bottom of such basins need to be impervious (usually
made in concrete or polyethylene liners) or need to have a recovery pumping of the leakage
flow.
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The management of buffer equalisation basins can be optimised by continuous monitoring of
the flowrate and chloride concentration in the receiving water, after complete mixing, thus
controlling the daily discharge which is allowed.

2.3.10.3.2 Adjustment of pH

The typical pH value of the raw effluent is higher than 11.5 due to the alkalinity of OH" ions
contained in Ca(OH),. Theoretically, the pH adjustment of such an effluent can be achieved
either by mixing, in open channels or basins, with natural or raw waters containing dissolved
calcium bicarbonate, by reacting with gas containing CO, (for example, flue-gas from power
units), in pH adjustment columns or by other pH adjustment mechanisms, if acid solutions or
acids waste waters are available.

In practice, the pH adjustment of soda ash waste water is usually achieved by mixing it with
natural water according to the following mechanism:

Ca(OH), + Ca(HCOs), — 2 CaCOs; + 2 H,0

Waste water is mixed with available natural water (either cooling waters after use or surface
waters: river, channel, lake, sea or undergroundwater, etc.) in a typical ratio natural water/waste
water at 5:1 to 10:1. The CaCO; particles formed are discharged or settled in ponds, in natural
or artificial lakes or in a dedicated channel of the waterway or estuary.

Appropriate hydraulic retention time for settling in quiescent waters is usually 6 to 8 hours.
Periodic removal of settled particles is achieved by dredging where the speed of the existing
stream is not sufficient to keep the particles in suspension up to settling zones (e.g. the sea).
This method offers numerous advantages: the pH adjustment mechanism is efficient and
reliable, no consumption of supplementary reactants is needed, the settled particles are inert, and
finally neither complex mixing and decanting equipment nor instrumentation and monitoring
are needed.

23104 By-products recovery and re-use
2.3.10.4.1 Dissolved CaCl, in distillation waste water

The recovery of CaCl, dissolved in waste water from distillation requires a large amount of
energy mainly in the form of steam to concentrate the diluted solution to solid CaCl, (see
Section 2.3.6.1). Moreover, the market for CaCl, is limited. For these reasons, the number of
CaCl, recovery units operating in soda ash plants has progressively decreased (refer also to
Section 7.11).

2.3.104.2 Suspended solids in distillation waste water

Numerous studies have been carried out in order to find ways to recover and re-use the
suspended material coming out of the distillation unit.

The major difficulty to overcome is the removal of the salt content of the material by several
washing steps. These operations can consume very large quantities of water, depending on the
required chlorides content, which is to be further discharged as a salt solution.

The second difficulty is to dry the material to an acceptable level of residual humidity for
transportation and re-use. This can be achieved by gravity settling and dehydration, but this
takes a long time, or by drying in a rotary kiln, which requires a large amount of energy.

The costs associated with the complete removal and treatment (decanting, washing and
dehydration) for the re-use of suspended solids in the waste water effluent of a soda ash factory
are high. In most cases, they are now prohibitive for full scale implementation.
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Attempts have been made to recover the coarse solid fraction suspended in the distillation waste
water. The efficiency of clarifying in hydrocyclones is limited due to operational constraints
(scaling, plugging, erosion) and require frequent maintenance interventions and cleaning.

Due to the higher grain size, the dewaterability of the fraction obtained is easier but, because the
remaining chloride content is around 15 %, a preliminary washing is necessary in order to
enable the re-use or recovery.

Other obstacles to overcome are to find a commercial or useful application for the residual
material. In general, it exhibits unfavorable properties for civil engineering works or
construction material, due to the presence of residual chlorides, the low size of particles, the
thixotropic characteristics of the material and variability of its composition.

Some practical experience has been gained with certain industrial recovery options, such as soil
amendment, cement manufacture, gypsum raw material, concrete filler, but none — apart from
soil modifiers — have been implemented to a full industrial scale. In this last case, final
dewatering is achieved using press filters, and the product can be used without further drying.

2.3.10.4.3 Product from brine purification

Several attempts have been made to recover the CaCO; fraction from the brine purification
effluent, but they inevitably faced the problem of the chloride content in the effluent needing to
be treated and of the impurities remaining after the treatment. The final product could never
compete with purer products available on the market.

Some experience of agricultural applications for acidic soils with a high clay content is
available, but the use of the recovered CaCOs; is restricted to the soils exhibiting the
corresponding characteristics.

It should be noted that heavy metals originating from the brine are passed to the solids removed
from the brine during its purification. Therefore, where there are no viable end applications for
the solids from brine purification, they are normally handled with the other solids arising from
the process or, where geological conditions are favourable, are separately re-injected into the
salt strata from which the salt was originally extracted.

2.3.11 Solid materials management
23111 Limestone fines

Since the composition of the limestone fines is the same as, or close to, raw limestone, this
material can be used without any restriction for civil engineering works and as filler material for
roads, highway, dams, banks and for cement manufacturing.

In some existing soda ash factories, it is mainly used for internal purposes (walls of the dykes,
roads in quarry operation).

2.3.11.2 Large lumps of unburnt limestone

Unburnt limestone (backstone) may be recycled to the lime kilns for reprocessing, while the
smaller fraction is either milled and incorporated into the milk of lime or is separated and used
as a soil conditioner for pH correction, as a filler in concrete, as a raw material for cement
manufacture or filler material for the landscape recovery of quarries. Unburnt limestone may
also be used as an engineering material for the construction of dykes for the settling ponds.

A milling step is required to adjust the particle size distribution, as fine as possible for soil
conditioning or as regular as possible for concrete incorporation.
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2.4 Techniques to consider in the determination of BAT

This section sets out techniques considered generally to have potential for achieving a high level
of environmental protection in the industries within the scope of this document. Management
systems, process-integrated techniques and end-of-pipe measures are included, but a certain
amount of overlap exists between these three when seeking the optimum results.

Prevention, control, minimisation and recycling procedures are considered as well as the re-use
of materials and energy.

Techniques may be presented singly or as combinations to achieve the objectives of IPPC.
Annex IV to the Directive lists a number of general considerations to be taken into account
when determining BAT and techniques within this section will address one or more of these
considerations. As far as possible a standard structure is used to outline each technique, to
enable comparison of techniques and an objective assessment against the definition of BAT
given in the Directive.

The content of this section is not an exhaustive list of techniques and others may exist or be
developed which may be equally valid within the framework of BAT.

Generally a standard structure is used to outline each technique, as shown in Table 2.27:

Type of information considered Type of information included

Description Technical description of the technique

Achieved environmental benefits | Main environmental impact(s) to be addressed by the technique
(process or abatement), including emission values achieved and
efficiency performance. Environmental benefits of the
technique in comparison with others

Cross-media effects Any side-effects and disadvantages caused by implementation
of the technique. Details on the environmental problems of the
technique in comparison with others

Operational data Performance data on emissions/wastes and consumption (raw
materials, water and energy). Any other useful information on
how to operate, maintain and control the technique, including
safety aspects, operability constraints of the technique, output
quality, etc.

Applicability Consideration of the factors involved in applying and
retrofitting the technique (e.g. space availability, process
specific)

Economics Information on costs (investment and operation) and any

possible savings (e.g. reduced raw material consumption, waste
charges) also as related to the capacity of the technique
Driving force for implementation | Reasons for implementation of the technique (e.g. other
legislation, improvement in production quality)

Example plants Reference to a plant where the technique is reported to be used
Reference literature Literature for more detailed information on the technique

Table 2.27: Information breakdown for each technique described in this section

Reference is also made here to Section 8.9, providing key information on the Environmental
Management System (EMS) which is a tool for IPPC installations that operators can use to
address the design, construction, maintenance, operation and decommissioning issues in a
systematic demonstrable way.

Techniques broadly applicable in the chemical industry, described in the BREF on Common
Waste Water and Waste gas Treatment/Management Systems in the Chemical Sector, are not
included in this section (refer to the BREF on CWW).
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241 Integrated design and operation of soda ash plants

Description
An integrated design of a soda ash plant based on the Solvay process, with a required degree of

reserve and standby equipment within the plant and the associated boiler/power plant at the site
(refer also to Section 2.4.2), allows for a longterm continuous operation of the soda ash plants,
this being an outstanding and distinct feature of the European soda ash industry.

Unlike some inorganic chemical plants — (characterised by similar media, like inorganic
solutions and salts, and therefore subject to common problems resulting from the scaling of
equipment and crystallisation of process media in the installation) — which are shut down once
or more times per year, soda ash plants maintain continuous steady operation for a number of
years before being shut down for planned maintenance.

Due to the complexity and inertia of a soda ash plant based on the Solvay process, careful
design is essential to assure the required operational flexibility of the plant, which allows
individual units to be taken out of operation while maintaining long term continuous operation
of the plant, thus reducing the losses and emissions arising during the periods of unstable
operation (following start-up until steady state operation is achieved again). If the required
operational flexibility of the plant is not at a sufficient level, then standby equipment is needed.

Examples of reserve units for a soda ash plant in various sections of the process include: lime
kilns, CO, gas compressors, carbonation columns, bicarbonate filters and calciners, as well as
boilers to continuously provide steam at parameters required by the soda ash process.

Achieved environmental benefits

Higher raw materials and energy efficiency, and a reduced impact of soda ash production on the
environment — refer to Section 2.3, and Table 2.11. For example, long term overall gaseous
emissions of ammonia at a level below 1.5 kg NHs/tonne soda ash can only be achieved with
such extended periods of steady state operation. However, other data available from the soda
ash industry indicate that registered point source gaseous emissions of 0.06 kg NH;/tonne soda
ash are also possible.

Cross-media effects
No negative cross-media effects. Generally positive effects on waste production and energy
utilisation.

Operational data
Typical performance of the production of soda ash is as indicated in Section 2.3, and Table
2.11. At least one plant reports many years of continuous operation before a planned shut down.

Applicability
Applicable, in principle, to all larger size soda ash plants based on the Solvay process, where the
economy of scale is in the production of soda ash.

Economics
No data available but industrial experience have been proven over many years’implying that the
investment in reserve equipment is offset by increased production, less waste and better energy
utilisation.

Driving force for implementation
Improvements in the usage of raw materials and energy, and in lessening the impact of the soda
ash industry on the environment.

Example plants
Torrelavega soda ash plant in Spain.

Reference literature
[33, CEFIC-ESAPA, 2004], [53, EIPPCB, 2004], [41, Solvay S.A., 2003], [45, UBA -
Germany, 2001], [39, S. Leszczynski et al, 1978], [76, Union of Inorganic Industry, 1977].
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242 Energy conversion of primary fuels

Description
The Solvay process requires large amounts of steam — a vast amount of which is used at low

pressure. It is, therefore, possible to include, within a soda ash plant, a system of electricity
generation by reducing steam pressure in a set of turbogenerators. Thus, electricity is produced
with a ‘cogeneration’ of steam in combined heat and power (CHP) units, at a very high
efficiency level, since all the steam leaving the turbines is used in the process (refer also to
Section 2.3.7.1). The possibility of using large quantities of steam produced, especially with a
low energy content, makes the soda ash industry an ideal sector for installing CHP systems. The
CHP units, preferably with gas turbines, have been installed in some soda ash complexes. This,
in turn, allows an increase in the overall energy efficiency of soda ash production.

The following three main features are particularly relevant to the soda ash industry:

e demand for different forms of energy in the Solvay process, including demand for steam at
various pressure levels, with a very high requirement for steam condensation, fully in line
with the strategic CHP concept

e large scale production of soda ash, also allowing the utilisation of the economy of scale in
the associated CHP systems

e high onstream factor of soda ash plants, which favours the applications of the most modern,
reliable CHP systems and justifies the investment for such systems.

The above-mentioned features justify the applications of CHP units in the soda ash industry,
regardless of the primary energy source (e.g. coal vs. natural gas) used for the cogeneration of
steam and electricity.

Achieved environmental benefits

Higher energy efficiency in the conversion of primary fuels used in the CHP units associated
with soda ash plants, this benefiting to the reduction of CO, and SOx emissions at the site. The
high reliability of the steam and power supply from the CHP unit at the site allows for a steady
state operation of a soda plant which, in turn, leads to lower emissions from the soda ash
process.

Cross-media effects
No negative cross-media effects. Positive effects on the overall energy efficiency at the site, in
particular when the CHP unit is based on natural gas and uses efficient gas turbogenerator(s).

Operational data
Efficiency levels of about 90 % are achieved, since almost all the steam leaving the turbines is
used in the process.

Applicability

Applicable to all larger soda ash plants based on the Solvay process having an easy access to the
natural gas network and, in particular, where the integration of the soda ash plant with the
associated CHP system utilises the economy of scale — refer also to Section 2.4.1 above.
However, as shown in the example from Austria, there are also soda ash plants operating a coal
fired CHP system. The cogeneration of energy in the EU also results from the Council Directive
2004/8/EC of 11 February 2004 on the promotion of cogeneration based on a useful heat
demand in the internal energy market, with the soda ash industry being one of the best areas in
the chemical industry sector to combine heat and power generation (CHP).

Economics

A rough comparison of the primary energy needed for a soda ash plant using a cogeneration
unit, with that required for the separate production of steam and electricity (by a classical coal-
based power station for electricity and boilers for steam), indicates that it is possible to achieve
up to 30 % savings with gas-based heat and power cogeneration. Moreover, globally the
emissions of CO,, SOx and NOx are substantially reduced [33, CEFIC-ESAPA, 2004].
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Driving force for implementation

o reduction of the manufacturing cost of soda ash production
e improvements in energy efficiency at a soda ash complex
e reduced impact of the soda ash industry on the environment.

Example plants
Torrelavega soda ash plant in Spain.

The integration of the soda ash plants with CHP units is reported to be applied in several soda
ash plants across the EU-25.

Reference literature
[33, CEFIC-ESAPA, 2004], [41, Solvay S.A., 2003], [53, EIPPCB, 2004], [86, The Council of
the EU, 2004]. Refer also to the BREF on Large Combustion Plants (LCP).

243 Optimisation of the soda ash process to avoid excessive CO;
emissions

Description
All industrial activities that irreversibly use, by burning, natural resources containing a

carbonate ion (COj), such as limestone, during which carbon dioxide evolves, contribute to the
build-up of CO, concentration in the atmosphere and to climate change.

The manufacture of soda ash by the Solvay process (which also needs to burn limestone to
produce the lime necessary for the production of soda ash), also belongs to this group of
industrial activities.

It should be noted, however, that the emissions of CO, from the soda ash manufacturing process
itself are relatively moderate, as:

e the CO, gas from limestone burning is, for the main part, used in the soda ash
manufacturing process. Each tonne of soda ash contains approximately 415 kg of CO,, so
this represents over 3 million tonnes of CO, per year for the production of soda ash in the
EU-25

e part of the CO, (that otherwise would have been vented to the atmosphere) may be used
again in the production of refined sodium bicarbonate, typically associated with the soda
ash industry. About 170 kt of CO, per year is captured at the present time by the production
of sodium bicarbonate at the regional level in the EU-25, the current combined NaHCO;
capacities being about 650 kt per year (refer to Section 2.3.6.2)

o only excess CO,, in total within the maximum range of 200 — 400 kg/t of soda ash (refer to
Table 2.11), is vented to the atmosphere.

On the other hand, it is clear that soda ash cannot be considered a final CO, sink, as the main
part of the CO, is emitted again in the downstream sectors (e.g. tge glass industry) in which
soda ash is used to yield new value added products. And even though these downstream CO,
emissions cannot be attributed to the manufacture of sodium carbonate — an industrial activity
directly referred to in IPPC Annex I, 4.2.(d) — in order to analyse the protection of the
environment as a whole in global terms, there is a need to focus on the optimisation of the soda
ash process in order to avoid excessive CO, emissions from the soda ash plant itself.

Achieved environmental benefits

Despite the overall net emissions of CO, generated in the soda ash process, in total within a
maximum range of 200 — 400 kg/t of soda ash, substantial CO, emissions can be avoided in
global terms by the optimisation of the soda ash process (and, in local/regional terms only, by
the integration of the production of soda ash with the production of refined sodium bicarbonate).
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Each tonne of avoided excessive CO, emission to the atmosphere, contributes positively to
slowing down the process of depleting natural resources (limestone) and to the mitigation of
global climate change.

Cross-media effects
No negative cross-media effects have been reported.

Operational data
For the illustration of CO, recovery cycle (CO, from both the lime kiln section and from the
calcination section) refer to Figure 2.2.

One of the key concepts of the Solvay process is the captive usage of both CO, and lime
downstream in the process, in order to keep material efficiency in the process at a high level and
to avoid excessive CO, emissions from the soda ash plant. To this end, both a stable and a
highly balanced flow of concentrated CO, gas is required within the so-called ‘CO, recovery
cycle’ —a dominating loop in the process.

Apart from maintaining the required stable flow of CO, gas and high operational flexibility
between, on the one hand, the lime kiln section (typically several kilns are in operation) and, on
the other hand, the calcination of the crude bicarbonate section (typically several calciners are in
operation) and then, via the CO, gas compression section (typically several turbo-compressors
are fed with washed and cooled CO, gas), to the carbonation section (again several carbonation
columns are in operation), direct process optimisation is possible in several plant sections, with
regard to decreasing the amount of CO, released to the atmosphere.

This pertains in particular to the limestone burning and operational parameters maintained in
this process step, including as narrow as possible temperature profile in the kiln and as little as
possible excess air used to reach a high concentration of CO, gas (see Sections 2.2.1.2.2,2.3.8.1
and 2.4.4), the selection of optimum quality limestone (see Section 2.2.2.2 and 2.4.7.1) and fuel
— typically coke (see Section 2.2.2.3), as well as for maintaining optimum process parameters in
during the carbonation of ammoniated brine (see Sections 2.2.1.2.4, 2.3.8.2, and 9.2.2) and the
calcination of crude bicarbonate (see Section 2.2.1.2.6).

On top of the above, if the market conditions permit, an increased degree of the integration of
soda ash plants with refined sodium bicarbonate plants (see Section 2.3.6.2), may also positively
benefit the optimisation of the operation of both plants, in order to avoid excessive emissions of
CO, from the soda ash process.

Applicability
The optimisation of the process to reduce CO, emissions is, to a varying degree, applicable for
all soda ash plants in the EU-25. This technique is broadly applied in the EU-25 industry.

Economics

According to current trends on CO, prices at the emission trading market in Europe, each tonne
of avoided CO, emission to the atmosphere can be valued within a range of approx. EUR
20 - 33/tonne (data as of September 2005). For a typical 500 kt soda ash plant, avoided emission
of 100 kg CO,/tonne soda ash, and the assumed lower price of CO, emissions permit of EUR
20/tonne, the gross benefits would be at the level of ~ EUR 1 million per year.

Driving force for implementation

Apart from the mitigation of climate change, with regard to reduced CO, emissions, the
optimisation of the soda ash process directly results in decreasing the manufacturing cost of the
production of soda ash.
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Example plants
For the optimisation of the soda ash process within the soda ash plant, and the integration of the

soda ash plant with the refined sodium bicarbonate plant:

Torrelavega soda ash plant in Spain.
Dombasle soda ash plant in France.
Rosignano soda ash plant in Italy.
Winnington soda ash plant in the UK.

Reference literature

[33, CEFIC-ESAPA, 2004], [41, Solvay S.A., 2003], [53, EIPPCB, 2004], [39, S. Leszczynski
et al, 1978], [79, BIPROKWAS, 1985-1995], [76, Union of Inorganic Industry, 1977], [85,
EIPPCB, 2004-2005].

244 Vertical shaft kiln for the production of concentrated CO; gas
and reactive lime

Description
The decomposition of limestone for soda ash manufacturing places a number of constraints on

the type and design of lime burning kilns that can be used. These constraints include:

CO; concentration in the resulting gas as high as possible (>40 %)

o sufficient supply of CO, providing an excess over the stoichiometric quantity for the
carbonate production reaction, this excess being derived from the energy source

e high yield to reactive lime, one of the major parameters in the lime burning operation, being
of key importance for the overall high performance of the Solvay process

e maximum thermal efficiency of the limestone burning process

e an ability to accept a wide particle size distribution of limestone to minimise the avoidable
limestone processing and losses at the quarrying step

o high unit capacity considering tonnages of limestone to be treated.

When analysing the standard available types of kiln such as vertical shaft, rotary, annular and
Maerz kilns, fuelled either with coke, fuel oil or natural gas, it can be concluded that the vertical
shaft kiln, fed with coke, represents the best compromise for the soda ash industry, satisfying
the constraints mentioned above (see also the BREF on Cement and Lime industry).

A vertical shaft kiln allows for:

e achieving the concentration of gas between 36 and 42 % CO,. The other kilns can only
deliver a gas ranging between 25 and 32 % CO,

e producing an additional amount of CO, (apart from that derived by decomposition of
limestone) by combustion of coke, sufficient to feed a soda ash plant and, possibly, also an
associated refined sodium bicarbonate plant, if included in the integrated soda ash complex
(refer to Figure 1.15, Section 2.5 and Figure 2.3)

e achieving a high yield to reactive lime, one of key factors to reduce the amount of dead-
burnt lime in the downstream slaking of the lime process step which, in turn, will help to
decrease the amount of suspended solids in the waste water from the distillation unit (refer
to Figure 2.2 and Section 2.4.7.1)

e achieving the maximum thermal efficiency compatible with the requirements above. The
other solutions have an energy demand of up to 52 % greater than a vertical shaft kiln

e using a larger spectrum of limestone lumps. The other types of kilns require limestone with
a narrower particle size distribution and higher graded limestone, this leads to larger
quantities of rejected fines and a less efficient use of natural resources

e the design and operation of the vertical shaft kiln gives the additional advantage of
providing a reserve gas capacity of several hours without loss of kiln control, this being
very important for the continuous and flexible operation of downstream soda ash units
without the need to install a large capacity buffer storage for the CO, gas.
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Achieved environmental benefits

A higher concentration of CO, in the lime kiln gas, this being of key importance for keeping
material and energy efficiency in the soda ash process at a high level. As the productivity of the
process increases, the environmetal impact of the production of soda ash decreases. High energy
efficiency, greater CO, output, and broader flexibility of the soda ash plant can be achieved.

Cross-media effects
No side-effects or disadvantages are associated with applying this technique.

Operational data

Vertical shaft kilns of various capacity levels are operational in the soda ash plants across the
EU-25. They are characterised by different life-times, are of different technical specifications
originally guaranteed by the suppliers and, therefore, require different maintenance procedures.

On average, some 590 — 900 kg of burned lime is produced per one tonne of soda ash. Energy
intensity in the lime kiln section of a typical soda ash plant amounts to approximately
2.2 - 2.8 GlJ/tonne of soda ash (refer to Table 2.11 and Table 2.22), equivalent to approximately
2.4 —3.1 Gl/tonne of raw burned lime.

The high concentration of the gas, at the level of 40 — 42 % CO,, and the high yield to reactive
lime are the targets.

The emission levels from the lime kiln section are at the level of 200 — 300 kg CO,/t soda ash
produced (see Section 2.3.8.1.1).

Applicability
Applicable to all soda ash plants operating across the EU-25 (as well as to all soda ash plants
worldwide using the Solvay soda ash process).

Economics
No data available.

Driving force for implementation

Improvement of the soda ash plant productivity, flexibility, and material and energy efficiency
and, therefore, lessening the impact of the soda ash process on the environment (gaseous and
liquid emissions, and solid wastes).

Example plants
Vertical shaft kilns are normally used by all the EU-25 soda ash producers.

Reference literature
[33, CEFIC-ESAPA, 2004], [41, Solvay S.A., 2003], [53, EIPPCB, 2004], [39, S. Leszczynski
et al, 1978]. Refer also to the BREF on Cement and Lime (shaft kilns used in other industries).

245 Centrifugation of crude sodium bicarbonate — energy saving

Description
The technique available for energy saving in the process (refer to Section 2.3.7.2), is that of

decreasing water content in the crude sodium bicarbonate by its centrifugation before the
calcination section, in order to minimise the energy requirements for its decomposition.

Crude sodium bicarbonate, precipitated in the carbonation section, is fed to the filtration section
in order to separate bicarbonate crystals. Because of the different characteristics (size, shape) of
the bicarbonate crystals and the high production volumes encountered in the operation of the
soda ash process, rotary or belt vacuum bicarbonate filters are preferably used in the European
soda ash industry. After filtration, the content of water in crude sodium bicarbonate typically
oscillates in the range between 15 — 19 % of H,0, the lower value being an obvious target.
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The higher the water content in the filter cake, the lower the overall process efficiency and the
higher the energy requirements in the following sodium bicarbonate calcination section, where
the wet sodium bicarbonate is converted to dry calcined soda ash.

Quite a substantial reduction of water content in the separated crude bicarbonate can be attained
when using centrifugation, after which it is much dryer, i.e. with 12 — 14 % H,O content, or
possibly less, depending on the application of a system for the sedimentation of the bicarbonate
crystals prior to centrifugation. The reduction of water content in the crude bicarbonate by
centrifugation would result in the reduction of energy required for its decomposition in the
downstream calcination section.

The centrifugation of the crude bicarbonate saves energy by reduction of the cake moisture (by
5 to 6 percentage points). But this possibility must take into account the following points:

o the bicarbonate crystals quality has a higher importance for centrifuges than for belt or drum
filters to ensure good filterability (and the quality of bicarbonate suspension may vary with
time)

e the crystal quality is of a lesser importance if the centrifugation is a second filtration step
(after drum or belt filtration)

e capital and operating costs of centrifuges are relatively high.

Achieved environmental benefits

Energy savings, directly resulting in reduced steam requirements in the sodium bicarbonate
calcination section, reduced usage of fuel and decreased emissions of CO,, SOx and NOx in the
associated boiler/power plant.

Cross-media effects

Certain disadvantages may result from the necessity to apply the strict continuous control of
process parameters in the upstream carbonation section, so as to assure that the characteristics of
sodium bicarbonate crystals are appropriate for centrifugation. Additional energy is required to
centrifuge the crude bicarbonate suspension.

Operational data

Centrifugation is a very well known unit operation, applied across the chemical industry on a
full industrial scale. In the EU-25, two Polish producers use this technique, mainly to increase
calcination capacity. As claimed by the Japanese soda ash producers, sodium bicarbonate
crystals obtained in the upstream modified carbonators (refer to Section 9.2) are suitable for
continuous centrifugation and the water content of the crystals is reduced by about 30 per cent
compared to those in the conventional system.

Applicability
In principle, applicable to all soda ash plants, subject to plant configuration, equipment layout
and the availability of space.

The effectiveness of centrifugation in reducing the water content prior to calcination is
dependent upon the form and size of crystals formed in the upstream carbonation step.
Therefore, optimally, this technique needs to be analysed jointly with the improvements
applicable to the carbonation step (see Section 9.2), especially where the centrifuges would be
the first filtration step.

Economics

It was reported, that the energy consumption in the subsequent sodium bicarbonate calcination
section, one of the major energy requirements in the production of soda ash, had been reduced
by about 10 per cent.

Installation of centrifuges should in any case be the result of a cost-benefit analysis, as
conclusions could be very dependent on both the local situation and the type of a soda ash plant
in question (a new plant or an existing one).

86 Large Volume Inorganic Chemicals — Solids and Others



Chapter 2

Driving force for implementation
Improvement of the overall energy efficiency in the soda ash process and decreasing the
manufacturing cost of the production of soda ash.

Example plants
Soda ash plants at Inowroclaw and Janikowo, Poland.

Reference literature
[91, Takuji Miyata, 1983], [39, S. Leszczynski et al, 1978], [53, EIPPCB, 2004], [33, CEFIC-
ESAPA, 2004], [85, EIPPCB, 2004-2005].

2.4.6 Ammonia recovery in the distillation section

Description
In the Solvay ammonia soda ash process, ammonia is, in principle, a reaction aid circulating

within the process (see Figure 2.2). As much as about 0.5 tonne of ammonia per one tonne of
soda ash circulates in the ammonia recovery process loop, while the external ammonia input is
approximately 0.8 — 2.1 kg NH; per tonne of soda ash produced (see Table 2.11).

The efficiency of ammonia recovery is over 99.5 % for a recycle loop of ammonia (refer to
Section 2.2.1.2.7 above). This is due to the efficient recovery of ammonia in the distillation
section, the performance of which is of utmost importance for lessening the impact of the
production of soda ash on the environment.

As described in Section 2.3.9.1, distillation is the primary abatement technique for ammonia
recovery and recirculation within the process. The stripping of gaseous ammonia from the
solution using low pressure steam, positively contributes to the rational use of energy and
favours the application of the CHP concept in the soda ash plants (refer to Sections 2.3.9 and
2.4.2).

When the distillation section is operated appropriately, the losses of ammonia in the waste water
at the outlet of distillation are in the range of 0.23 — 1.55 kg N-NH;/t soda ash, equivalent to
approximately 0.3 — 1.9 kg NH; per tonne of soda ash (see Table 2.11, Table 2.13, and Sections
2.3.8.2,2.3.8.3 and 2.3.9.1). At the same time, the quantity of waste water from the distillation
unit should not exceed the operational range of 8.5 - 10.7 m’ per tonne of soda ash (see Table
2.13).

Apart from the quantity of steam used and the losses of ammonia in the liquid effluent, which
are the main indicators of the distillation unit operating properly, the quantity of waste water as
above needs to be maintained in accordance with the mass and heat balances assumed for the
Solvay process.

The measures to reduce the impact of waste waters on the environment, in particular relating to
suspended solids and heavy metals discharged with liquid effluents, are dealt with separately in
Section 2.4.7 below.

Achieved environmental benefits
High efficiency of ammonia recovery in the distillation unit with the recycling of gaseous
ammonia to the upstream ammonia absorption unit (where it is absorbed into the salt brine).

The efficient operation of the distillation unit is critical to maximising the recovery of ammonia
within the soda ash process and to minimising the impact of liquid effluents from the production
of soda ash on the environment (waste waters).

In particular, the composition (including suspended solids) and the quantity of waste waters
leaving the distillation unit (see Table 2.13), are of key importance for the follow up treatment
(solid-liquid separation) of the waste water leaving the distillation unit and for the impact of the
production of soda ash on the environment (refer to Sections 2.3.4, 2.3.9, 2.3.10 above, and to
Section 2.4.7 below).
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Cross-media effects

The higher the quantity of steam used, the lower the ammonia concentration in the liquid
leaving the distiller, but the increased amount of energy used for the generation of steam
increases the amount of CO, emitted to the atmosphere during steam generation. It is, therefore,
important that the technical, economic, and environmental optimum is looked into in each case,
also taking into account local conditions in which a given soda ash plant operates.

Operational data
Refer to Table 2.13, to Sections 2.3.4, 2.3.9 and 2.3.10 above, and to Section 2.4.7 below.

Applicability
Applicable to all soda ash plants operating across the EU-25 (as well as to all soda ash plants
worldwide using the Solvay ammonia soda ash process).

Economics
The costs of ammonia recovery are related to the costs of steam and lime, as well as to the
capital cost involved in the construction of a given distillation unit.

As mentioned above, when the distillation section is operated appropriately, it is possible to
keep the annual average ammonia losses as low as approx. 0.23 — 1.55 kg N-NH;/t soda ash.
With modern and adequate equipment it is currently possible to achieve losses of ammonia in
waste water from the distillation unit of less than 0.9 kg N-NHs/t soda ash. It should be noted,
however, that older equipment may not be able to achieve these conditions.

Therefore, it is important to analyse each case in detail, also taking into consideration the impact
of the production of soda ash on the environment outside the site of a soda ash plant in question,
if it is feasible to replace the equipment in the distillation unit.

Driving force for implementation
Reducing the impact of the production of soda ash on the environment.
Refer to Table 2.11, Table 2.13, Sections 2.3.4, 2.3.9, 2.3.10, 2.4.2, and to Section 2.4.7.

Example plants
Torrelavega soda ash plant, Spain.

Bernburg soda ash plant, Germany.

Reference literature

[33, CEFIC-ESAPA, 2004], [40, CEFIC-ESAPA, 2003], [45, UBA - Germany, 2001], [41,
Solvay S.A., 2003], [53, EIPPCB, 2004], [39, S. Leszczynski et al, 1978], [86, The Council of
the EU, 2004], [106, Sodawerk Stassfurt GmbH &Co. KG, 2002], [85, EIPPCB, 2004-2005].

Refer also to the BREFs on CWW, MON, WT, and MTWR.

247 Management of waste waters from the production of soda ash

As stems from the information included in Sections 2.2.2, 2.3.4, 2.3.9 and 2.3.10, and also
Figure 2.4 below, there are different routes possible for the reduction of the impact of waste
waters from the production of soda ash on the environment, in which the stress is put on the
high quality of raw materials (predominantly limestone, but also brine and coke) and on the
treatment and disposal of waste waters from the production of soda ash.
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Figure 2.4: Interlinkages between raw materials, products and waste in soda ash production
[108, CEFIC-ESAPA, 2005]

As indicated in Section 2.3.10, waste waters from the production of soda ash in the EU-25 are:

o discharged directly to the aquatic environment — see Section 2.3.10.1.1 on total dispersion —
marine outfalls; and Section 2.3.10.1.2 on total dispersion — lake and river discharge

e passed via settling ponds (sedimentation of solids) and possibly, via modulation basins, and
then discharged to the aquatic environment — see Section 2.3.10.2 on deposition/dispersion,
in particular Section 2.3.10.2.1 on settling ponds and Section 2.3.10.3.1 on the concept of
equalisation in modulation basins

discharged after solids are removed and passed into underground brine cavities — see Section
2.3.10.2.2 on deposition/dispersion — underground disposal.

The mass balance of the Solvay process dictates that the content of suspended solids in the
waste waters is fundamentally related to the CaCO; content of the limestone. Furthermore, any
heavy metals contained in the raw materials will be carried through the production process into
the waste waters discharged from the distillation unit.

There is, therefore, a number of techniques which can be used to mitigate the impact of the
waste water discharged to the aquatic environment.
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24.71 Selection of appropriate quality limestone, salt brine and coke

Description
The quality of basic raw materials (limestone, salt brine and coke) plays an important role in the

production of soda ash and its impact on the environment. Of particular importance here is the
quality of limestone available for the production of soda ash, both in terms of the CaCO;
content and the purity of limestone, especially with regard to the traces of heavy metals. The
appropriate burning properties of limestone are also of a very high importance as a precondition
to obtain a high yield to reactive lime, used downstream in the process (refer to Sections 2.2.2.2
and 2.4.4 above).

Suspended solids in the waste waters originate from lime (obtained in the process from
limestone), sulphates from salt brine, and calcium carbonate formed in the process. The load of
suspended solids in waste waters from distillation varies in the range of 90 kg/tonne (best case)
to 700 kg/tonne of soda ash produced (worst case), which relates both to the range of limestone
quality reported and the process parameters maintained in the limestone burning and lime
slaking units (refer to Sections 2.2.2.2, 2.4.4 above and ‘Operational data’ below).

Heavy metals mainly originate from impurities present in limestones used in the Solvay process
for the production of CO, and lime, and although there is no correlation between the CaCOs
content and the content of heavy metals in limestones, it is known that whatever mass load of
heavy metals is present in the limestone, it will be present in the waste waters discharged from
distillation.

Achieved environmental benefits

The purer and more reactive the raw materials, the lower the overall impact of the production of
soda ash on the environment, in particular with regard to waste waters from distillation and to
the load of suspended solids and heavy metals contained in the waste waters.

It should be noted that the CaCO; content in the limestone is in the range 84 — 99 %. This
variation induces a ratio of 1 to 16 in the non-convertible content of the limestone and,
therefore, along with appropriate reactivity of the limestone, is of high importance for reducing
environmental impact and achieved environmental benefits, both within the plant and outside of
the soda ash plant.

Cross-media effects

Apart from additional costs of transporting raw materials from more distant sources (additional
energy use and connected environmental impacts) in cases where raw materials of an
appropriate quality are not available locally, no side-effects or disadvantages are associated with
applying this technique.

The purer and more reactive the raw materials upstream of a given soda ash plant, the less
feedstock is necessary to obtain the same amount of soda ash, and the lower the quantities of
waste produced.

Operational data
For detailed information refer to Sections 2.2.2, 2.2.4, 2.3.4, 2.3.5, 2.3.9, 2.3.10, 2.3.11 and
2.4.4 above.

Based on recent analyses carried out in over 20 European limestone quarries, data on the
average composition and heavy metals content in nine limestones among those used for the
production of soda ash in the EU-25 are given in Table 2.7 above.

Also, other data on the quality of salt brine and coke used for the production of soda ash, which
do not need to be repeated here, are included in Section 2.2.2 above.
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It should be noted, however, that the purer and more reactive the limestone, the higher the
overall material and energy efficiency of the soda ash process, the lower the amount of dead-
burnt lime, and the lower the load of suspended solids in waste waters discharged from the
distillation unit will be (refer to Section 2.4.4 above).

Applicability

Applicable for all soda ash plants in the EU-25. Two cases are reported where existing soda ash
plants in the EU have either changed to other limestones or have considered a change to higher
quality limestones. Another plant changed their limestone deposit only because of the depletion
of the previous limestone quarry.

Economics
Apart from general data relevant to one soda ash plant, which are still not accessible to public,
no detailed data are available. Also, it is difficult to valorise all the recovered solid materials.

The purer and more reactive the limestone, the lower amounts of waste solids for disposal,
hence this should result in reduced disposal costs. Increased costs of transporting raw materials
(mostly limestone delivered from more distant sources) will have a negative effect here. On the
other hand, the purer the limestone, the less material will be transported, reducing some of the
additional transportation costs.

It should be also noted that the majority of soda ash plants having their own land and raw
material extraction facilities cannot discard them without compromising their economic
viability. Therefore, in each case a detailed feasibility study with a complex cost-benefit
analysis would be required prior to any strategic decision on changing a raw material base for
the production of soda ash — refer also to Section 2.2.2.2 above.

Driving force for implementation
Substantial reduction of the environmental impact from the production of soda ash and overall
improvement of the efficiency of the Solvay process.

Example plants
Rheinberg soda ash plant, Germany.

Delfzijl soda ash plant, The Netherlands.

Reference literature

[33, CEFIC-ESAPA, 2004], [45, UBA - Germany, 2001], [39, S. Leszczynski et al, 1978], [41,
Solvay S.A., 2003], [53, EIPPCB, 2004], [85, EIPPCB, 2004-2005], [107, CEFIC-ESAPA,
2005], [108, CEFIC-ESAPA, 2005].

2472 Total dispersion of waste waters — via an extended marine outfall

Description
Total dispersion of waste waters with an extended marine outfall can be employed when a

production plant is located close to the sea. The discharge point is located as such to ensure that
natural currents disperse the waste waters into deep water and they are not carried back to the
shore by tidal or storm action. In addition to the hydraulic calculations, the marine outfall
diffuser design requires a detailed study of the receptor medium to set the co-ordinates of the
discharge point to ensure an adequate dispersion and a minimum environmental impact. Refer
also to Sections 2.3.10.1 and 2.3.10.1.1.
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Achieved environmental benefits

This technique ensures that the solid material is dispersed into the aquatic environment,
assimilated with the natural sediments of similar composition, and not carried back onto the
shoreline. Chlorides and other soluble salts present in the liquid fraction are dispersed in the sea,
which already contains them in large quantities.

Apart from some data relating to the soda ash plant in Spain (indicating that the concentrations
of heavy metals in benthic organisms are far lower than the permitted limits), no data on the
concentration of heavy metals in the sea are available for other EU soda ash plants located by
the sea, although the load of heavy metals will be influenced by the quality of raw materials.

Cross-media effects
No side-effects or disadvantages associated with applying this technique have been reported.

Operational data
Some general data are available from the Torrelavega soda ash plant in Spain.

The study on the environmental impact of the production of soda ash in Torrelavega for the
aquatic environment of coastline area of the Cantabrian Sea was elaborated in 1995, prior to the
reconstruction and extension of the new marine outfall to the sea, commissioned in July 2002.

The study indicated for the excessive concentrations of inorganic salts (mainly CaCl,, NaCl and
CaCOj; from distillation) in the seawaters close to the shore line and for substantially reduced
concentrations of these salts in seawaters in the distance greater than 600 m from the shore.

This led to the project of the new marine outfall in Torrelavega with the outfall extended from
the shore to the distance of 660 m from the shore and 14 m deep into the sea, close to the line of
deep seawaters, thus allowing for good distribution of the above-mentioned salts in seawaters.

Approximately 1000 m’ of liquid effluents, containing suspended solids, can be discharged each
hour from the Torrelavega soda ash plant via new marine outfall into the Cantabrian Sea.

A new environmental study aims to analyse the improvements in marine and coastal
environment in detail a couple of years after commissioning the new marine emissary and to re-
examine the impact of soda ash production on the aquatic environment of the Cantabrian Sea in
the Torrelavega coastline area.

Applicability

Depending on local conditions, including the characteristics of the aquatic environment, this
technique can be applicable to soda ash plants in the EU located by the sea and within a cost-
effective distance of a suitable deep water discharge point.

Economics
No data available, apart from the information that the new marine outfall in Torrelavega was
designed by a specialist engineering company and built at a cost of EUR 5 million.

Driving force for implementation
Reduced environmental impact of the liquid effluents from the production of soda ash on the
marine environment in the proximity to a given soda ash plant.

Example plants
Torrelavega soda ash plant, Spain.

Reference literature
[33, CEFIC-ESAPA, 2004], [41, Solvay S.A., 2003], [53, EIPPCB, 2004], [85, EIPPCB, 2004-
2005].
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24.73 Removal of coarse solids from waste waters — particularly for lake
and river discharge

Description
The separation technique consists of a combination of classification operations, to extract the

coarse fraction of the suspended solids, followed by washing, to remove the remaining chloride
from the recovered materials, see the process flow sheet in Figure 2.5 below.

Liquid from NH;recovery
dp <50 ym
Muilti-
hydrocyclones
Washing water yd
A 4
Rake classifier
r==----
Coarse ‘sand’ 1
=400 1
Dpsoy, um I dp <150um
v
v
Liquid discharge to river

Figure 2.5: Separation of coarse solid fraction from the distillation waste waters
[33, CEFIC-ESAPA, 2004], [85, EIPPCB, 2004-2005]

The waste waters from the distillation unit are pumped to a battery of hydrocyclones operating
in parallel (multi-hydrocyclones). The overflow from hydrocyclones contains the finest fraction
of solids (typically less than 50 pum), while the underflow contains a concentrated slurry of
coarser material.

The underflow stream is then sent to a rake classifier, where the undersized fines (<150 um) are
kept in suspension by the rake motion until they flow over a weir. The coarse fraction settles
rapidly and is transported up the inclined bottom of the classifier by the motion of the rake
blades. Decarbonised water is sprayed to wash the drained grits and remove the remaining
chloride. Due to the large grain size, the dewatering of this fraction is achieved by drainage.

Achieved environmental benefits

This technique aims at reducing the amount of suspended solids discharged into the inland
waters (lake or river), prior to the dispersion of solid material to the aquatic environment, while
not creating additional cross-media effects (solid waste).

The discharge of waste waters from distillation without preliminary treatment, may have a
substantial impact on the inland waters and, therefore, the application of this technique aims at
reducing the impact of soda ash production on the aquatic environment.

Cross-media effects

Apart from the consumption of energy and washing water, a significant cross-media effect may
arise if all the removed solids may not be used as a product. Reduction of solids discharged to
water gives a solid output stream as waste or product. Pre-used water may be employed for
chloride washing to avoid net additional water consumption.

Large Volume Inorganic Chemicals — Solids and Others 93



Chapter 2

Operational data

The operational data on the separation of the coarse fraction of the suspended solids from the
waste waters (separation efficiency, energy and water consumption), are summarised in Table
2.28 below.

Separation of coarse solid fraction in distillation discharge —
Operational data

Separated solids (dpsgo, 400pum)
kg/t soda ash 20— 40
% weight inlet solids 15-25
Humidity (%) <30
Chloride content (%) <1.2
Particle size distribution
Range (um) 60 — 2000
Average (um) 400
Washing water (m’/t soda ash) 0.4-0.7
Energy (kWh/t soda ash) 2.6
M based on the operating data of the Rheinberg soda ash plant

Table 2.28: Separation of coarse solid fraction in distillation discharge
[85, EIPPCB, 2004-2005]

It should be noted that the efficiency of separating the coarse fraction of suspended solids from
the waste waters using multi-hydrocyclones and a clarifier is quite limited, due to operational
constraints (scaling, plugging, erosion, corrosion) and the system requires frequent maintenance
interventions and cleaning.

Refer also to Section 2.3.4.1 on waste water from distillation, Section 2.3.9.2 on suspended
solids, and Section 2.3.10.1.2 on lake and river discharge.

Applicability

This technique is applicable to all soda ash plants in the EU, however, it is applicable in
particular to those landlocked soda ash plants, which do not have settling ponds and cannot
discharge liquid effluents with non-separated solids directly to a lake or river of limited
absorption capacity. A necessary condition of applicability, however, is to find a practical usefor
all the revovered solids (see Cross-media effects).

Economics
The order of magnitude of the capital cost: EUR 3 million. The maintenance and operation costs
are substantial due to the abrasive characteristic of the slurry.

The product competes as a soil conditioner with other industrial by-products containing calcium
and can be sold on the local market at prices that do not cover the outgoing expenses.

Driving force for implementation

Reduces the amount of solids discharged to the aquatic environment (lake or river). In the case
of the Rheinberg plant, the driving force was to achieve the specific quantity of separated solids
per tonne of soda ash produced similar to that already achieved by another soda plant also
discharging waste water to the Neckar river in Germany (see Example plant paragraph below).

Example plants
Rheinberg soda ash plant, Germany.

Note: This technique was previously used also in the Heilbronn soda ash plant in Germany
which had a lower production capacity (plant is shut down at present), and had great difficulties
in selling the recovered solids.

Reference literature
[33, CEFIC-ESAPA, 2004], [45, UBA - Germany, 2001], [85, EIPPCB, 2004-2005]
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24.7.4 Deposition/dispersion — settling ponds

Description

Purpose and principles of liquid/solid separation

The clarification by decanting large quantities of suspended solids from aqueous effluents is
usually achieved in settling ponds (also called settling ‘basins’ or ‘lagoons’). Fines of
limestones or solid particles settled in the basin can be used, in some cases, to build up the walls
as the deposit in the basin accumulates. The height of the deposit can reach 25 — 40 m above
ground. The aqueous outfall is collected at several points through separators and drainage pipes
to a peripheral channel collecting all drainage outfalls.

For a 500 kt/year soda ash plant, the necessary surface area for the pond in the settling phase is
at least 15 — 30 ha, but can be much larger (depending on the quantity and characteristics of the
settled material) in order to limit the number of alternate settling/drying phases
(2 - 4 times/year). The pond in the drying phase may represent an additional area, equivalent to
one to two times the operating area, giving a total occupied area of 60 — 120 ha for a soda ash
plant of the above-mentioned capacity. The dedicated area may be larger (according to the
characteristics of the settled material: local conditions), several times the minimum area quoted
above.

The location of settling ponds depends on several factors including: area available for
permanent long term land occupation, distance between factory and final discharge point,
underground geological and hydrogeological characteristics and landscape impact. Settling
ponds occupy a large land area, which otherwise could be used either for agricultural production
or other purposes, depending on the plans for developing local infrastructure. Also, such a big
deposit changes the landscape and, therefore, it is possible that the local authority may refuse to
grant a permit to build up such a deposit.

In the case of available alluvial deposits with economic value (gravels or sands), the area can be
excavated beforehand, thereby increasing the volume available for deposition, the excavated
material being used as a civil engineering product.

Hydraulic confinement

Usually the base of the basins is not constructed to achieve complete impermeability, because of
the size of the area occupied and because of the necessity to ensure sufficient drainage of the
deposit through the walls and through the bottom of it. This is essential for the structural
stability of the walls and the basin itself.

In order to control the drainage and the release of salts (mainly NaCl and CaCl,) from the
deposit, it is a common practice to install the deposit above an impervious ground mass with no
shallow aquifer or to manage a hydraulic confinement in order to direct the water that has been
in contact with salt to surface waters (river, lake).

Achieved environmental benefits
Settling ponds are characterised by a very high sedimentation efficiency of solid matter
suspended in waste waters from distillation, refer to Sections 2.3.4.1, 2.3.9.2 and 2.3.10.2.1.

In Germany, the achieved efficiency of sedimentation was reported to be over 99.5 % (inflow of
settleable matter of about 400 — 500 kg/t soda ash, and outflow of no more than 2 kg/t soda ash).

Given the separation from waste waters of the majority of suspended solids, including heavy
metals, cleaner waste waters are discharged to the local watercourse, thus reducing the impact of
the production of soda ash on the aquatic environment.

Cross-media effects

If not properly managed, settling ponds may cause uncontrolled emission of liquid effluents to
the local surface and groundwaters (refer to the ‘Operational data’, in particular ‘Monitoring
during operation’ paragraph below). There is also some diffuse emissions to air together with
the evaporated water, although no detailed data are available.

Large Volume Inorganic Chemicals — Solids and Others 95



Chapter 2

Operational data

Operation of settling basins

Usually, two to four basins are built and used alternately — one basin is in operation for settling,
and one or more basins for drying the deposits and leaving the water draining.

The peripheral wall of a basin is increased using either limestone fines (size 0/30 or 0/40 mm),
unburnt limestone in larger lumps and smaller fractions, possibly mixed with boiler ashes, or the
settled material itself. This practice of leaving beds to dry out is known as ‘resting’ or
‘consolidating’. In the case of very large ponds, the operation of several separate basins is not
needed.

Monitoring during operation

During normal operation, several parameters are measured and monitored in order to secure the
operation and achieve a good settling efficiency: piezometric water level, flowrates at the inlet
and the outlet of the basin, remaining suspended solids (<250 mg suspended solid/litre). Regular
visual inspections are done in order to detect any failure. Bed wall stability is monitored by
regular piezometric monitoring along with other geophysical measurements.

Coverage and final closure
The basin is closed down when its final height has been reached. The final closure may include
covering the last layer with earth (typically 0.5 — 1.5m), with an appropriate slope and drainage
of rainwater out of the basin.

The landscape can be enhanced with natural greening or the planting of trees and providing
natural habitats for wildlife (including small ponds) or for other recreational purposes (including
sport activities). Considering the inert characteristics of the material, no special provision is
required for prohibiting access to the sites. The natural drainage of the deposit will
progressively remove the soluble salts.

Applicability
Applicable for all soda ash plants in the EU, if the required area is available.

Economics
Settling ponds (2 x 20 ha) have been recently built in La Madeleine, France at a cost of
EUR 7 million. This figure is illustrative, since the cost is very dependent on local conditions.

Driving force for implementation
The protection of the aquatic environment.

Example plants
Stassfurt soda ash plant, Germany

Bernburg soda ash plant, Germany
La Madeleine soda ash plant, France.

Reference literature
[33, CEFIC-ESAPA, 2004], [45, UBA - Germany, 2001], [85, EIPPCB, 2004-2005], [41,
Solvay S.A., 2003], [106, Sodawerk Stassfurt GmbH &Co. KG, 2002]
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24.7.5 Deposition/dispersion — underground disposal

Description
Brine for soda ash manufacture is normally produced by the in situ dissolution of salt from salt

bearing strata at depths of 200 to 1500 m below ground level. Fully developed cavities are
typically in the range of 500000 to 2000000 m’. The actual volume left by dissolution depends
on the brine field layout, the depth and thickness of the salt deposit, and the possibilities for
future use (e.g. gas storage). In favourable conditions, each cavity is essentially a self contained
unit with no cross connection to other cavities and is hydraulically sealed, in order to avoid any
contact between the saturated brine in the cavity and any underlying or overlying aquifers or
groundwater flows.

Methods for the underground disposal of the distillation solids in salt cavities have been
developed. Firstly, the suspended insoluble material is separated from the clear liquor phase in
the thickeners and is then re-suspended in saturated crude brine. The resulting slurry is then
pumped to dedicated ‘disused’ salt cavities where the solids settle out within the large volume
of the cavity. Displaced brine from the cavity is recycled for the repeated transport of the solids.

The most critical aspects of this activity are:

e to avoid dilution of the saturated brine with water which can lead to further salt dissolution
with eventual destabilisation of the cavity

e the control of calcium sulphate concentration of the brine phase to avoid scaling in the
pipeline

e the control of temperature.

As with basin settling, the clear liquor phase is discharged to the local watercourse and may
require pH adjustment (see Section 2.3.10.3.2) using one of a range of techniques.

If excess CO; is used to reduce the alkalinity of the liquor, further solid separation is required
before liquor discharge to the local watercourse. Where settling solids in ponds continues to be
used in combination with cavity disposal, lagoon capacity is maintained by regular dredging of
solid material, suspension in saturated brine and disposal to the brine cavity.

Achieved environmental benefits

Underground disposal assures a high sedimentation efficiency of solid matter suspended in
waste waters from distillation, refer to Section 2.3.4.1. Given the separation of the majority of
solids from distillation waste waters, cleaner waste waters leaving underground salt brine
cavities are discharged to the local watercourse, and thus the impact on the aquatic environment
is substantially reduced.

Cross-media effects
No side-effects or disadvantages associated with applying this technique have been reported.

Operational data
Apart from the information included in the ‘Description’ above, no other data are available.

Applicability
Applicable for all soda ash plants in the EU-25, in those locations where salt brine cavities are
not being used for storing natural gas, and where the cavities meet all the technical parameters

required for underground disposal of solids from the production of soda ash.

Economics
No data available.

Driving force for implementation
The reduction of the impact of the production of soda ash on the aquatic environment.
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Example plants
Winnington soda ash plant, UK

Reference literature
[33, CEFIC-ESAPA, 2004], [85, EIPPCB, 2004-2005].
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2.5 Best Available Techniques for the production of soda
ash by the Solvay process

In understanding this section and its contents, the attention of the reader is drawn back to the
preface of this document and in particular the fifth section of the preface: ‘How to understand
and use this document’. The techniques and associated emission and/or consumption levels, or
ranges of levels, presented in this section have been assessed through an iterative process
involving the following steps:

e identification of the key environmental issues for the sector, including:

o limited material efficiency of the Solvay process, due to intractable chemical
equilibrium limitations, with the conversion of a Na' cation at the level of ~ 70 % and
CO;” anion at the level of ~ 80 %, this having a direct impact of the production of soda
ash on the environment [85, EIPPCB, 2004-2005]

o the influence of the quality and purity of the raw materials used (including the heavy
metals content), in particular limestone, for the overall impact of the production of soda
ash on the environment

o the relatively high volume of the waste waters discharged from the process to the
aquatic environment

o the load of suspended solids in the waste waters, including heavy metals derived from
the raw materials, and the limited possibilities to separate them from the waste waters in
all soda ash producing sites. The best management option depends on local conditions,
however, in several locations total dispersion is used without any separation of
suspended solids

e cxamination of the techniques most relevant to address these key issues

e identification of the best environmental performance levels, on the basis of the available
data in the European Union and worldwide

e examination of the conditions under which these performance levels were achieved; such as
costs, cross-media effects, and the main driving forces involved in implementation of the
techniques

e sclection of the best available techniques (BAT) and the associated emission and/or
consumption levels for this sector in a general sense, all according to Article 2(11) and

Annex IV of the Directive.

Expert judgement by the European IPPC Bureau and the relevant Technical Working Group
(TWGQ) has played a key role in each of these steps and in the way in which the information is
presented here.

On the basis of this assessment, techniques, and as far as possible consumption and emission
levels associated with the use of BAT, are presented in this section that are considered to be
appropriate to the sector as a whole and in many cases reflect the current performance of some
installations within the sector. Where emission or consumption levels ‘associated with best
available techniques’ are presented, this is to be understood as meaning that those levels
represent the environmental performance that could be anticipated as a result of the application,
in this sector, of the techniques described, bearing in mind the balance of costs and advantages
inherent within the definition of BAT. However, they are neither emission nor consumption
limit values and should not be understood as such. In some cases it may be technically possible
to achieve better emission or consumption levels but due to the costs involved or cross-media
considerations, they are not considered to be appropriate as BAT for the sector as a whole.
However, such levels may be considered to be justified in more specific cases where there are
special driving forces.

The consumption and emission levels associated with the use of BAT have to be seen together
with any specified reference conditions (e.g. averaging periods).
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The concept of ‘levels associated with BAT’ described above is to be distinguished from the
term ‘achievable level’ used elsewhere in this document. Where a level is described as
‘achievable’ using a particular technique or combination of techniques, this should be
understood to mean that the level may be expected to be achieved over a substantial period of
time in a well maintained and operated installation or process using those techniques.

Where available, data concerning costs have been given together with the description of the
techniques presented in the previous section. These give a rough indication about the magnitude
of the costs involved. However, the actual cost of applying a technique will depend strongly on
the specific situation regarding, for example, taxes, fees, and the technical characteristics of the
installation concerned. It is not possible to evaluate such site-specific factors fully in this
document. In the absence of data concerning costs, conclusions on economic viability of
techniques are drawn from observations on existing installations.

It is intended that the general BAT in this section are a reference point against which to judge
the current performance of an existing installation or to judge a proposal for a new installation.
In this way they will assist in the determination of appropriate ‘BAT-based’ conditions for the
installation or in the establishment of general binding rules under Article 9(8). It is foreseen that
new installations can be designed to perform at or even better than the general BAT levels
presented here. It is also considered that existing installations could move towards the general
BAT levels or do better, subject to the technical and economic applicability of the techniques in
each case.

While the BAT reference documents do not set legally binding standards, they are meant to give
information for the guidance of industry, Member States and the public on achievable
consumption and emission levels when using specified techniques. The appropriate limit values
for any specific case will need to be determined taking into account the objectives of the IPPC
Directive and the local considerations.

All BAT figures hereafter relate to yearly average. They have been derived from information
based on various measurements or estimation techniques [85, EIPPCB, 2004-2005].

For soda ash plants in the EU-25 based on the Solvay process, the following are BAT:

1. Total consumption of salt in the raw brine in the range of 1.5 — 1.7 tonne NaCl per
tonne of soda ash, although the consumption of up to 1.8 tonne NaCl per tonne of soda
ash produced may be justifiable in some circumstances, e.g. raw brine quality and local
cooling water temperature — see Sections 2.3, 2.3.1 and 2.4.1.

2. Total consumption of limestone at the plant inlet in the range of 1.1 — 1.5 tonne per
tonne of soda ash, although the consumption of up to 1.8 tonne limestone per tonne of
soda ash produced may be justifiable for plants where good quality limestone is not
available (i.e. limestone with a lower carbonate content, poor burning characteristics
and stone friability) — see Sections 2.3, 2.3.1and 2.4.1.

3. Selection of appropriate quality limestone (see Sections 2.2.2.2, 2.2.4.1 and 2.4.7.1),
including:

e high CaCO; content, preferably in the range betweeen 95 — 99 % (low MgCQO;,
Si0,, SOs, and Al,O;tFe,0; content)

e appropriate physical limestone characteristics required in the process (particle size,
hardness, porosity, burning properties), and

e limited content of heavy metals (As, Cd, Cr, Cu, Hg, Ni, Pb and Zn) in either the
purchased limestone or limestone from the currently exploited own deposit.
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In cases where a limestone deposit of lower grade, with a content of 85 to 95 % CaCO;,
is used, and where other limestone of better quality are not readily available, low
MgCOs, Si0,, SO;, and Al,O;+Fe,O; content is not achievable.

4. Total energy consumption in the production of soda ash in the range of 9.7 — 13.6 GJ
per tonne of dense soda ash produced (or 8.8 — 12.8 GJ per tonne of light soda ash
produced) of which 2.2 — 2.8 GJ/t is in the lime kiln unit — see Sections 2.3, 2.3.7, 2.4.1
and 2.4.2.

5. Optimised operation of the soda ash plant, to maintain the emissions of CO, from the
process in the range of 0.2 — 0.4 tonne of 100 % CO, per tonne of soda ash produced
(integrated production of soda ash with refined sodium bicarbonate at the site can lead
to much lower emission levels) — see Sections 2.3, 2.3.3.2, 2.4.1 and, in particular, to
Section 2.4.3.

6. High concentration of the CO, gas in the range of 36 — 42 % at the outlet of the vertical
shaft lime kiln, thus allowing high process efficiency and low impact of the production
of soda ash on the environment. For modern lime kilns and new soda ash plants, the
concentration is expected to be at the higher end of the range — see Sections 2.3.8.1,
2.3.8.1.2 and, in particular, Section 2.4.4.

7. High recovery of ammonia in the process, with the total losses of ammonia in waste
waters from the distillation unit of less than 0.9 kg N-NH; per tonne of soda ash
produced. It should be noted, however, that older equipment may not be able to achieve
such levels, as significant additional quantities of steam which has both the cross-media
effects of emissions associated with the steam generated, as well as a significant
increase in cost, are required. — see Sections 2.3, 2.3.3.5, 2.4.1 and, in particular, to
Section 2.4.6.

8. The quantity of waste waters, discharged from the distillation unit to a local
watercourse, in the range of 8.5 — 10.7 m’ per tonne of soda ash produced — see Sections
23.1,2.34.1,23.4.1.2and 2.4.7.

9. The quantity of suspended solids in the waste waters discharged from the distillation
unit, within the range of 0.09 — 0.24 tonne solids per tonne of soda ash produced — see
Sections 2.3,2.3.1,2.3.4.1,2.3.4.1.1,2.3.9.2 and 2.4.7.1.

In cases where a limestone deposit of lower grade, with the content of 85 to 95 %
CaCQOs, is used, and where other limestones of better quality are not readily available,
these levels will not be achievable.

This is a process related BAT, whilst, e.g. BAT 10 in this section, addresses
downstream waste water treatment options outside of the process plant itself.

10. With regard to the impact of waste waters (containing suspended solids and associated
heavy metals) discharged from the production of soda ash to the aquatic environment:

A. Where the final discharge is made to the marine environment (to the sea or into
an estuary of a river under tidal influence, depending on local considerations),
to ensure dispersion of the solids avoiding localised build-up of deposited solids
and in any case to minimise the discharge of heavy metals using feedstock
selection — see Sections 2.3.10.1.1,2.4.7.2,2.4.7.1 and 2.4.7.3.
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11.

12.

13.

B. Where the final discharge is made to a fresh water body, to:

minimise the emission of heavy metals by the application of at least one of the
following techniques:

o selection of appropriate feedstocks (see Section 2.4.7.1)

o removal of coarse solids from waste waters (see Section 2.4.7.3)

o deposition/dispersion — settling ponds (see Section 2.4.7.4)

o deposition/dispersion — underground disposal (see Section 2.4.7.5)

minimise the emission of suspended solids by the application of at least one of
the following techniques, depending on the characteristics of the receiving

water body:

o selection of appropriate feedstocks (see Section 2.4.7.1)

o removal of coarse solids from waste waters (see Section 2.4.7.3)

o deposition/dispersion — settling ponds (see Section 2.4.7.4)

o deposition/dispersion — underground disposal (see Section 2.4.7.5).

Where no use exists for the waste solids originating from the purification of salt brine
(carbonates, sulphates, Ca, Mg and heavy metal ions), dispose of them either in the
brine cavities or, if this is not possible, in a similar manner as with the liquid effluent
from the distillation unit — see Sections 2.3.4.2, 2.3.10.4.3,2.4.7 and 2.4.7.5.

Discharge of fines of limestone and non-recycled grits from the slaker in the range of
50 - 350 kg per tonne of soda ash produced — see Sections 2.3, 2.3.5 and 2.4.7.

Reduce dust emissions by using a combination of modern dust abatement techniques
and optimum handling of raw materials and products (e.g. encapsulation of storage and
transport facilities) — see Section 2.3.3.1.

A. For dry gas streams, apply bag filters to achieve a total dust emission level to air
of <5 — 20 mg/Nm’.

B. For wet gas streams, apply wet scrubbers to achieve a total dust emission level
to air of <25 — 50 mg/Nm’. Recent experience shows that these levels can be
difficult to achieve, e.g. in gas streams with pressure drop limitations.
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3 TITANIUM DIOXIDE

3.1 General information

3.11 Introduction

Titanium dioxide (TiO,) white inorganic pigments are used primarily in the production of
paints, printing inks, paper and plastic products. TiO, is also used in many white or coloured
products including foods, cosmetics, UV skin protection products, ceramics, fibres, rubber
products and more. Titanium dioxide is of outstanding importance as a white pigment because
of its scattering properties, its chemical stability, and lack of toxicity [13, EIPPCB, 2000].
Titanium dioxide pigments are made from one of two chemical processes: the chloride route,
which leads to TiO, products by reacting titanium ores with chlorine gas; and the sulphate route,
which leads to TiO, products by reacting titanium ores with sulphuric acid. Chloride and
sulphate pigments are both used in a wide range of applications. There are some preferred end
uses for pigments from each process.

As illustrated in Table 3.1, in 1996 world TiO, consumption reached nearly 3.4 million tonnes;
approximately 59 % go into paints, 20 % into plastics, and 13 % into paper.

Table 3.1:

Use Consumption, kt | Percentage (%)
Coatings 1988 59
Paper 424 13
Plastics 686 20
Others 286 8
Total 3384 100

World consumption of TiO, pigments in 1996

[87, Ullmann's, 2001]

Estimated 1993 — 2000 growth rates of TiO, consumption by region, given in Table 3.2,
illustrate that the titanium dioxide industry is one of the most dynamically developing segments

of the global chemical industry sector.

End use | US Middle & Eastern Europe, Africa | Asia and Pacific | World total

Coatings | 3.4 2.0 5.0 2.5

Paper 2.0 4.0 4.0 3.0

Plastics 4.5 5.0 10.0 5.5

Total 3.0 2.5 6.5 33
Table 3.2:  Annual growth rates of TiO, use (1993 — 2000, %)

[87, Ullmann's, 2001]

Titanium dioxide is the most important inorganic pigment in terms of quantity. The world
production in 2000, amounting to nearly 4 million tonnes per year, is given below in Table 3.3:

Table 3.3:

Year Sulphate process ) Chloride process Total
kt per year % |ktperyear| % kt per year
1965 1254 90.3 135 9.7 1389
1970 1499 77.4 437 22.6 1936
1977 1873 72.3 716 27.7 2589
1988 1781 60.2 1178 39.8 2959
1995 1481 46.0 1739 54.0 3220
2000 1540 40.0 2310 60.0 3850
(1) Estimated; (2) A number of plants based on the sulphate process have
recently been commissioned in China.

World production of TiO, pigment

[87, Ullmann's, 2001], [85, EIPPCB, 2004-2005]
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World TiO, pigment production capacities in 1995 by region are given in Table 3.4.

Country Capacity, kt per year
Chloride | Sulphate | Total
Total America 1381 211 1592
Total W. Europe 364 930 1294
Total E. Europe 0 216 216
Total Africa 0 38 38
Total Australia 143 35 178
Total Japan 55 289 344
Total Far East 137 109 246
Total world 2080 1828 3908

Table 3.4:  World TiO, pigment production capacities in 1995 by region
Based on [87, Ullmann's, 2001]

World TiO, production capacities in 1995 were split approximately to 47 % for the sulphate
process and 53 % for the chloride process.

Present capacities of the EU-25 (plus Norway) titanium dioxide industry and TiO, producers,
illustrated by country, company, location and the capacity in either the chloride or sulphate
process route, are given in Table 3.5.

Country Location Capacity, kt per year
Chloride | Sulphate | Total
Germany Leverkusen 100 30 130
Nordenham 62 62
Krefeld-Uerdingen 130 130
Duisburg-Homberg 100 100
UK Grimsby 80 80
Greatham 100 100
Stallingborough 150 150
France Le Havre 95 95
Thann 30 30
Calais 100 100
Finland Pori 120 120
Italy Scarlino 80 80
Belgium Langebrugge 60 60
Spain Huelva 80 80
Netherlands Rotterdam 55 55
Norway Fredrikstad 30 30
Czech Republic Prerov 41 41
Poland Police 40 40
Slovenia Celje 44 44
Total EU-25 + Norway 465 1062 1527
Note: Czech Republic, Poland and Slovenia — updated TiO, capacities.

Table 3.5:

Based on [20, CEFIC-TDMA, 2004], [85, EIPPCB, 2004-2005]

3.1.2

EU-25 (plus Norway) TiO, pigment production capacities in 2002

General description of the European titanium dioxide industry

The titanium dioxide industry has developed dynamically over the past few decades. From its
first commercialisation in the 1920s, the titanium dioxide (Ti0O,) product has ever increasingly
been used to enhance the opacity, whiteness and brightness of many everyday articles. It is a
global industry in which about 1.5 million tonnes of titanium dioxide per year is produced at the
19 European sites. Approximately 30 % of this is produced at five sites by the chloride process.
The remainder is made by the sulphate process.
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Almost all titanium dioxide is sold as a pigmentary powder to industrial manufacturers of
paints, plastics, paper, fibres, printing inks, ceramics and similar products where its purpose is
to provide a white or pastel colour.

Over the past 20 years, the European TiO, industry has invested as much as EUR 1400 million
in environmental improvement [20, CEFIC-TDMA, 2004]. This expenditure was initiated in the
1970s and boosted as a result of the three specific TiO, Harmonisation Directives: 78/176/EEC;
82/883/EEC and 92/112/EEC [21, The Council of the EU, 1992], which prescribe minimum
environmental performance standards for the titanium dioxide industry, to which the TiO,
industry is required to comply. Most of this investment has been put into the sulphate process
and it is believed that environmentally there is little difference between a modern sulphate
process and a modern chloride process [20, CEFIC-TDMA, 2004]. This is discussed further in
the subsequent sections. Company environmental cultures have also evolved over the same
period, which has resulted in a proactive approach to environmental issues. This has resulted in
each company applying environmental techniques most applicable to the process used at their
specific sites.

3.1.3 History of markets

Titanium dioxide pigments have been produced since the end of the First World War, but it was
not until the late 1920s that production of high purity anatase pigments by the sulphate process
reached commercial levels. These pigments rapidly began to replace the existing pigments such
as ‘lead white’, which itself is toxic. Rutile pigments began to be marketed in the 1940s.
Anatase and rutile are different crystal forms of TiO,; rutile makes a generally superior pigment
but is not suitable for all applications.

Commercial chloride pigment production was introduced in the late 1950s. World sales of TiO,
pigments grew to 1 million tonnes per year by 1963, achieved over 2 million tonnes by 1977
and reached over 3.9 million tonnes by the end of the 1990s. Once it was established, the overall
Ti0O, market grew broadly in line with world Gross Domestic Product (GDP).

The long term growth rate for the titanium dioxide industry is just under 3 % per year. For most
of the 1990s, the titanium dioxide industry in Asia had been growing significantly faster than
the worldwide long term rate and today represents 20 % of the world market, with north
America at 38 % and Europe at 30 %. The global production capacity is approximately 55 %
chloride and 45 % sulphate compared with 30 % chloride and 70 % sulphate in Europe. No new
plants have been built in Europe for more than a decade. Some markets require pigment
specifically from either the chloride process or the sulphate process, but for around 80 % of end-
use, pigments from either process can be produced to meet the customer’s needs equally well.

The whiteness and brightness of the TiO, pigment requires that the base material is made to a
high degree of purity and its suitability for different uses is dictated by its particle size and final
treatment (coating).

As illustrated in Figure 3.1, there has been a downward trend in prices in real terms over the
past three decades in all regions, and it is clearly visible when average TiO, prices are analysed
over that period. This has resulted in considerable efforts to improve plant efficiencies and
increase the scale of operations in order to reduce costs.
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Short term fluctuations have been smoothed from this graph

Figure 3.1: Trend prices in titanium dioxide pigment commodity product
[20, CEFIC-TDMA, 2004]

There is a significant fluctuation in the long term trend price in all regions, depending on
changes in the supply and demand balance within each region. The variable and cyclic nature of
demand means that it is very difficult to plan plant capacity increases in time correctly, and
historically it has been seen that new capacity is often just coming on stream as the market
begins to turn down. It should be noted that the cycles in the titanium dioxide industry are not
expected to always be in phase with the overall chemicals industry cycle.

3.1.4 Producer companies

Five companies account for about 80 % of the global market. Throughout much of the 1990s
there has been an excess capacity in the industry and intense competition amongst producers.

These market conditions have tended to favour the larger and more cost competitive producers.
In addition, prices have not been at levels sufficient to justify major new investments in
production capacity. All these factors have led to some consolidation in the industry recently
[20, CEFIC-TDMA, 2004], [8, CEFIC, 2004].

European plants covered by this document are situated in the UK, Germany, France, Italy, the
Netherlands, Belgium, Spain, Finland, Czech Republic, Poland, Slovenia, and Norway — see
Table 3.5 and Table 3.6. However, apart from the Czech Republic, less information is available
for the other new Member States.

The majority of the plants were built during the period 1948 to 1980, but they have all
undergone major overhauls during the last 12 years and some have been shut down and replaced
with a new plant on the same site.

Table 3.6 illustrates a very high cost burden for the European TiO, industry, in particular in
older plants based on the sulphate route, to cope with more and more stringent emissions levels.
Because of the economic situation in the industry, new grass root plants are unlikely to be built
but the trend is to debottleneck or build new streams on existing locations. On average,
environmental improvement has increased running costs by 10 to 15 %.
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Company Location Process melflltlz‘u,ll lg:pex Ca[')ex Factory
route EUR million period start-up year
Company A Fredrikstad, Sulphate 20 1988 to 1999 1916
Norway
Langerbrugge, Chloride™ 75 1987 to 1999 | 1957 (SP)
Belgium 1989(CP)
Nordenham, Sulphate 70 1986 to 1999 1969
Germany
Leverkusen, Chloride and 125 1982 to 1999 1972
Germany Sulphate 1927
Company B Grimsby, UK Sulphate 59 1990 to 1999 1948
Greatham, UK Chloride 19 1990 to 1999 1971
Huelva, Spain Sulphate 67 1990 to 1999 1973
Calais, France Sulphate 146 1990 to 1999 1967
Scarlino, Italy Sulphate 40 1985 to 1999 1974
Company C Pori, Finland Sulphate 96 1980 to 1999 1961
Company D®  [Rotterdam, the Chloride 160 1989 to 1999 1961
Netherlands
Uerdingen, Sulphate 34 1992 to 2000 1957
Germany 200 up to 1991
Company E Stallingborough, Chloride 619 1987 to 2000 1968
UK
Le Havre, France Sulphate
Thann, France Sulphate 33 1989 to 2001 1922
Company F Prerov, Czech Sulphate 15 1990 to 1999 1968
Republic
Company G Duisburg, Germany | Sulphate 125 1987 to 1994 1962
Company H Police, Poland® Sulphate 11 1995 to 2003 1977
Company I Celje, Slovenia® Sulphate ? ? ?
(1) The Langerbrugge sulphate plant in Belgium was closed in 1989 and a chloride plant started up in 1989 on the
same site.
(2) The Antwerp plant in Belgium was shut down in 2001 due to being too small a unit to run economically.
(3) The Rotterdam sulphate plant in the Netherlands was closed and a chloride plant started up in 1990.
(4) Including EUR 4.8 million on Stallingborough sulphate plant which was closed in 1996.
(5) Data on the Polish plant are based on new information submitted.
(6) The data which also need to be included in the EU-25 scale are those on the TiO, plant in Celje, Slovenia.

Table 3.6:

TiO, industry site details including capital costs of environmental improvements
[20, CEFIC-TDMA, 2004], [85, EIPPCB, 2004-2005]

It should be said that over the last decade or so there have been very positive changes in
environmental culture of the EU-25 companies producing TiO,. The attitudes have changed

from defensive to proactive. This is demonstrated by the following:

in the EU-15 all companies listed in this document are signatories to ‘Responsible Care’

six of the 19 sites have achieved ISO 14001 or EMAS and are, therefore, committed to a
programme of continual environmental improvement
seven are actively working to achieve these management standards

12 plants issue publicly available annual environmental reports.

These factors have lead to the companies progressively upgrading the equipment and improving
management of their plants.

There are in total 19 production sites and 20 TiO, plants in the EU-25, as given in Table 3.5.
The size of the plants varies from 30 kt up to 150 kt per year (refer to Section 1.1.5.2). About
7000 persons are employed directly in the manufacturing of TiO, across Europe [20, CEFIC-
TDMA, 2004], [8, CEFIC, 2004].
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3.2 Titanium dioxide — the chloride process
3.21 Introduction

Titanium dioxide can be made by one of two basic routes: The chloride process covered in
Section 3.2, and the sulphate process covered in Section 3.3. In both processes pure titanium
dioxide powder is extracted from its mineral feedstock after which it is milled and treated to
produce a range of products designed to be suitable for efficient incorporation into different
substrates as described above. Although current versions of the two processes have been
demonstrated to be environmentally equivalent by the use of life cycle assessment techniques
[20, CEFIC-TDMA, 2004] (see Section 3.4.5), the two processes are fundamentally different in
most aspects. Therefore, in this document the processes and their emission abatement
techniques are treated separately. A comparison of the two processes is included in Section 3.4.

3.2.2 Applied processes and techniques — the chloride process

As illustrated in Figure 3.2, chlorine gas is used as an intermediary in the process and is
recovered for re-use. The chloride process can treat a wide range of ores including natural rutile
(95 % TiO,), titanium rich slag and synthetic rutile (90 — 93 % TiO,). Higher concentration ores
are preferred to minimise chlorine losses, because impurities, such as iron in the ore feed result
in a net loss of chlorine. Significant quantities of make-up chlorine gas are required for low
TiO, content feedstocks.

3.2.21 Raw material import and preparation

Ore containing titanium dioxide is sourced from outside Europe. In the past, it was normally
high grade mineral rutile, however in recent years this has become increasingly scarce and
costly and has been replaced by a material whose TiO, content has been artificially upgraded.
This can be a slag from a blast furnace process in which the iron is extracted for use in its own
right or a synthetic rutile in which metals (mainly iron) are leached out with dilute acid. This is
typically done at the quarrying site of the primary ore. The environmental impact of these
beneficiation processes is taken into account when making a comprehensive environmental
comparison of the chloride process with the alternative sulphate process.

In a life cycle assessment used to compare the two processes (see Section 3.4.5), both the
energy use and associated emissions resulting from the TiO, beneficiation process are taken into
account, to analyse the overall environmental burden for modern TiO, manufacturing processes.

Suppliers of ore upgraded by wet methods should be encouraged to use environmentally
acceptable methods of leaching the original feedstock and disposing of the wastes. There is
potential here for developing co-products from the waste streams. It is a core principle of
ISO14001 to require suppliers and customers to commit to environmental improvements and
this is a clear example.

Similarly, slag producers should be encouraged to have an active environmental policy and
procedures for producing the slag.

The wet mineral feedstock may be stored in stockpiles without problems but before feeding it to
the titanium dioxide plant the ore has to be dry. Usually feedstock drying is not necessary, but in
the event of the moisture specification being exceeded, drying is usually done in flue-gas dryers
heated directly at about 120 °C. Currently feedstock drying is not carried out in any of the
European sites, except for one site where ore and coke material from chlorinator blow-over is
recovered in a wet state and must be dried before re-use. The dry dust is separated from the flue-
gas by cyclones and filters and fed to the chlorinators.
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Figure 3.2: OQOutline flow diagram — TiO, chloride process route
[20, CEFIC-TDMA, 2004]

Feedstock purchasing decisions are multidimensional (economic, plant operability, product
quality, cost of abatement, waste disposal, etc.) and can change over time. The feedstock of the
required purity is purchased according to a set of specifications, set as part of the feedstock
purchasing strategy. One of the critical factors is the question of impurities and, therefore, the
purity check of titanium ore plays an important role in the production process.

There are two main issues here. Some heavy metal impurities are not acceptable since trace
levels in the final product can influence the whiteness and brightness. The other issue is trace
levels of Naturally Occurring Radioactive Materials (NORM) which are present in some ores.
This means that with these feedstocks the processing is subject to the Euratom Directive, 96/29
[22, Euratom, 1996], which may mean that the ore handling and disposal of some wastes is
subject to exposure assessment.

The companies take all necessary precautions to protect personnel and the environment as
required by Euratom.

The other main solid raw material is coke, which is required in a granular form suitable for
fluidisation in the chlorination process.
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If drying is required, it results in normal furnace gaseous emissions (NOy, SOy, etc.), however
the main issue in feedstock preparation on site is dust emissions during the movement of
materials. Normally this is controlled by handling the ore in closed systems kept under reduced
pressure with the dust being collected in cyclones and filters for re-use.

Table 3.7 illustrates components in the main mineral feedstocks for the titanium dioxide
industry based on the chloride process route.

Type of feedstock | Component (mass 53;:::: in %)
Mineral rutile Ti0, 95-96
Slag TiO, 86 — 87
Synthetic rutile Ti0, 90-93

Table 3.7:  Components in the main mineral feedstocks for the titanium dioxide industry
[20, CEFIC-TDMA, 2004]

Another main raw material involved at this stage is chlorine, which is invariably recycled within
the process, with any ‘make up’ chlorine usually being imported by tanker as a liquid. The
hazardous nature of chlorine is the main property, which influences the basic design of the
chloride process. This means that the initial primary stages of the process (the ‘black end’) are
totally enclosed and of high integrity. In Europe, all processes are controlled by the Seveso 11
EU Directive regulations [23, The Council of the EU, 1996] and by the Titanium Dioxide
Harmonisation Directive [21, The Council of the EU, 1992], which require detailed hazard
assessments to be carried out and minimal emissions of chlorine into the environment
respectively. Chlorine is delivered by pipeline rail and road depending on the site location.

Pure gaseous oxygen is essential to ensure full oxidation of the titanium tetrachloride. This is
normally obtained off-site by pipeline, however, it can be cost effective to have the liquefaction
plant close to the TiO, site. Increasingly, nitrogen gas (which is obtained from the same source)
is used as a gland purge gas to minimise moisture ingress.

3.2.2.2 Chlorination

Ore containing titanium dioxide and coke are fed to a fluidised-bed reactor where an exothermic
reaction with chlorine gas takes place at 1000 °C. The primary reaction is:

2TiO,+4Cl1,+3C - 2TiCl; +2 CO + CO,
Impurities such as iron oxide will react in a similar manner:
FeO + Cl, + C — FeCl, + CO
Impurities such as silica and zirconium do not chlorinate and may accumulate in the reactor.
There is, however, a natural attrition and carryover of fines along with the off-gases, and this
may be sufficient to prevent their build-up. Otherwise the solids will require periodic removal.

The reactors may require total bed replacement about once a year.

In one location, coke and unreacted bed material is separated and re used as raw material feed.

3.223 Solids separation

The resulting vapours of titanium tetrachloride plus other volatile metallic chloride impurities
are cooled with recycled cold TiCly, which allows the removal of some impurities.
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3.2.24 Waste solid metal chlorides treatment

Solid metal chlorides are usually neutralised with lime which renders the residual metals
insoluble before disposal as a solid waste to landfill. Historically, many attempts have been
made to treat the metal chlorides to recover the chlorine. This has usually been done with the
objective of using feedstocks with a lower TiO, content such as ilmenite. This development has
never been commercially successful. At one site, ore and coke are separated from the metal
chloride stream prior to this stage and filtered and stockpiled for re-use as a feedstock. At
another site, separated coke is sold commercially, and the same site markets ferrous chloride
(FeCly).

3.2.25 Condensation

The majority of the titanium tetrachloride is condensed from the gas stream and pumped to a
dedicated storage facility. More impurities and tetrachloride are removed from the gas stream by
jet scrubbing with cold tetrachloride, which is also pumped to storage. The gas stream is then
passed for waste gas treatment.

3.2.2.6 Waste gas treatment

See Section 3.2.2.14 below — Abatement systems for gases.

3.2.2.7 Distillation

Further purification of TiCl, by distillation is carried out and the distillate product is stored for
further downstream uses or export.

3.2.2.8 Vanadium oxychloride removal

Vanadium oxychloride has similar thermal properties to titanium tetrachloride and is not
separated upstream of distillation and, furthermore, would not be separated by conventional
fractional distillation. Separation is achieved by the addition of an appropriate quantity of
mineral or organic oil to the liquid being distilled. Vanadium oxychloride complexes with this
oil and it is separated as a sludge, which is recycled back to solids separation, where it is
removed from the process stream.

3.2.2.9 Oxidation

From storage, the liquid titanium tetrachloride and oxygen are preheated before mixing.
Oxidation of the TiCl1, to titanium dioxide and chlorine is carried out at between 900 — 1000 °C
and 1500 — 2000 °C (overall range between 900 — 2000 °C), in either a plasma arc furnace or in
a toluene fired furnace, using oxygen injection [20, CEFIC-TDMA, 2004], [42, UBA-Germany,
2001]. The reaction involved is:

T1C14 + 02 — T102 +2 C12

The oxidation phase is used to control the final quality of the TiO, crystal size to enable the
product to be used as a pigment. Light metal chlorides (usually of aluminium and alkali metals)
are used to aid this process. The reaction products are cooled and the titanium dioxide powder is
collected in bag filters and the chlorine is recycled.
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Oxygen supply and storage also need to be described. Of the five chloride plants covered in this
document, four are supplied by pipeline with the production and storage of liquid oxygen on
remote sites. One site has a local supplier with production and storage facilities on an adjacent
site. The arrangement is supply on demand with only limited quantities of liquid storage to
cover maintenance and unplanned downtime. The energy consumption and associated emissions
are included in the LCA study — refer to Section 3.4.5.

3.2.210 Cooling and separation

The oxidation product stream is a mixture of chlorine, oxygen and titanium dioxide powder.
After exiting the reactor, these are cooled by indirect water-cooling. The titanium dioxide is
slurried with water and transferred to the finishing stage (see Section 3.3.2.9). Finishing
treatment is similar to that of the sulphate process, including conditioning with additives.

Chlorine is separated in one of two ways. In the first (the older process), chlorine is
absorbed/desorbed in liquid titanium tetrachloride before being returned to chlorination. In the
second process, the chlorine from oxidation is directly recycled to chlorination [26, EIPPCB,
2003]. The basic processing stages are similar.

3.2.2.11 Absorption/desorption process

In the oxidation stage of the older process, the oxide is separated from the carrier gas, which is
predominantly chlorine. The titanium dioxide is slurried in water and sent for finishing. The
chlorine gas is drawn from the filters and then absorbed in liquid titanium tetrachloride in an
absorption column. This liquid is stored, whilst the tail-gases pass to a scrubber train, to remove
residual chlorine, with inerts passing to the main process stack.

Chlorine is recovered by desorption from the liquid titanium tetrachloride. The recycled
chlorine is liquefied and stored or directly used in the chlorination section.

3.2.212 Direct chlorine recycling process

This process involves the direct recycling of chlorine from oxidation to chlorination, by
operation of the oxidation reactors at a higher pressure than the chlorinators. It requires both the
oxidation and chlorine process systems to be precisely synchronised. In both the new and old
chlorine recovery processes, the gas solid separation systems are similar.

3.2.213 Finishing

This is common to both the chloride and sulphate process — refer to Section 3.3.2.9.

3.2.214 Abatement systems for gases

Off-gases from chlorination that include carbon monoxide (not present if a thermal oxidiser is in
the process line — see below), carbon dioxide, with some hydrogen chloride and titanium
tetrachloride, pass through the scrubbing train. Aqueous scrubbers absorb the HCl and then
caustic scrubbing removes any chlorine that may ‘slip’ from the reaction stage.

This is achieved either by using a dedicated caustic scrubber with a backup caustic solution
injection available or by direct injection of caustic into an aqueous scrubber in the event that
chlorine is detected. When sodium hypochlorite is produced, it can either be sold or converted
catalytically to salt water and oxygen before discharge.
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It is practicable to produce sale grade hydrochloric acid in the first stage of scrubbing using
demineralised water. This is done by a number of the European factories.

In the last few years, thermal converters have been installed to convert carbon monoxide and
carbonyl sulphide (COS) in the tail-gas to carbon dioxide and sulphur dioxide, which reduces
the toxicity of the discharge gases. There are specific variations at different sites:

e gases are scrubbed via 14 % and 28 % acid in scrubbers, then fed to a thermal converter,
and then to a final scrubber or are directly sent to a final caustic scrubber. 28 %
hydrochloric acid is sold as a co-product. No hypochlorite is sold. Waste caustic is
neutralised with other effluents generated at the site

e the acid scrubber is followed by a thermal converter. No hydrochloric acid is sold.
Hypochlorite is produced

e the acid scrubber is followed by a caustic scrubber or a thermal converter depending on the
location. Hydrochloric acid is sold as a co-product. Sulphur is removed from the thermal
converter stream for sale. No hypochlorite is produced.

Other venting and pressure reliefs from the process and storage areas (particularly chlorine) are
usually scrubbed with caustic soda solution.

Refer also to the BREF on CWW, and to Section 8.2.4.1.

3.2.2.15 Abatement systems for solids

Waste solids from the chlorination stage, which consist of metal chlorides, coke and some ores,
are neutralised in a chalk or lime slurry. The metals are precipitated and stabilised, and the filter
cake is landfilled, while the aqueous filtrate is discharged to the appropriate aqueous
environment.

Alternatively, the waste solids can also be treated by a special process to convert them into by-
product hydrochloric acid and oxides. The conversion process involves roasting the chlorides in
air to form HCI and leaving the oxides and unreacted coke as a solid residue. Steam may be
raised with a waste heat boiler. The process has the potential for producing a relatively inert
oxide and its possible use as an inert filler. It also allows for the chlorine content of the wastes
to be utilised as hydrochloric acid. In the situation where the acid is sold, excess acid is usually
neutralised.

Sand, salt (or granular TiO,) may be used to scour titanium dioxide from the oxidation cooler. It
is separated through lock hoppers or sand screens and sent to landfill, or re-used.

3.2.2.16 Abatement systems for liquids

Liquid emissions from the process are treated in a variety of ways. They can be an integral part
of the gas and solids treatment systems, which normally has the effect of neutralising residual
acidity and precipitating soluble metal chlorides. A significant proportion of the effluent can
originate from the finishing section of the plant. This liquid consists of slightly alkaline
solutions of alkali metal sulphates and chlorides together with suspended solids (TiO,), which
result from the coating process. These variations mean that the final effluent can be acidic or
alkaline. In all cases, the consent limits of the effluent composition are influenced by the nature
of the receiving media.

Refer also to the BREF on CWW, and to Section 8.3.4.
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3.2.217 Co-products for sale or re-use
As described above, various emission treatment systems produce different co-products. They
are sodium hypochlorite, hydrochloric acid, coke, iron chloride, metal oxide beads, TiOCl,
solution, and sulphur cake (refer also to Section 7.4).

3.2.2.18 Purified titanium tetrachloride for sale

At least in one European TiO, plant based on the chloride process route, a minor part of the
purified TiCly is sold outside of the plant. To this end, a storage facility exists which is also
subject to the provisions of the Seveso II Directive [23, The Council of the EU, 1996].

The co-production of the purified TiCly is determined by several reasons, including market
demand (also for the TiCly used in the nucleation system in the titanium dioxide sulphate
process), the possiblilty to lighten the process load in the back end of the plant (oxidation,
cooling, separation), and to optimally adjust the energy balance in the plant.

3.23 Present consumption and emission levels — the chloride
process
3.2.31 Current environmental performance

All data originate from the five European chloride sites and are for the year 1999 [20, CEFIC-
TDMA, 2004]. Also, to bridge the gap between 1999 and the present time two case studies
summaries of the environmental performance of two sites in 2002, one chloride and one
sulphate, are given in Sections 3.2.3.7 and 3.3.3.6. Emissions to air and water, and waste to
land, are given for the main stages of the process. Energy usage and water consumptions are
given similarly but the process units are less detailed.

Unless stated otherwise, emissions and usages are given in kg per tonne of titanium dioxide
pigment and, where appropriate, volume based emissions are included.

3.2.3.2 Raw materials consumption
3.23.21 Chlorination
Ore usage

The TiO, content of the main feedstocks range from 85 to 95 % and most sites use a selection of
these materials in any one year. This makes direct comparison of the usages not very
meaningful [20, CEFIC-TDMA, 2004]. A more useful comparison can be made by looking at
the TiO, throughput. It is seen that the average consumption is 1075 kg TiO, (in feedstock) per
tonne of TiO, pigment with a range of less than 5 %. Even here it is not valid to read too much
into the maxima and minima data because they are made up of two or more different usages
(including blends), which sometimes means that the usage is over or under estimated [20,
CEFIC-TDMA, 2004].

Table 3.8:

Material Mean Max Min
kg/t TiO, kg/t TiO, kg/t TiO,
Feed 1075 1145 975

[20, CEFIC-TDMA, 2004]

The TiO, content of the main feedstocks
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The minimum figure in this box may cause some confusion, as it appears to indicate a reaction
efficiency of over 100 %. However, as shown in Table 3.8, the results are reported as kg per
tonne of TiO, pigment [20, CEFIC-TDMA, 2004]. For the record, the range of ore consumption
is 1060 — 1189 kg/tonne pigment [20, CEFIC-TDMA, 2004]. The figures reflect a high physico-
chemical efficiency of the chlorination process.

Chlorine usage
As illustrated in Table 3.9 below, chlorine gas is used as an intermediary in the process, the
majority of which is recovered for re-use. However, some is used for chlorinating the impurities
in the feedstock.

Table 3.9:

The variation in usage is a direct function of the level of impurity in the feedstock that will

Material Mean Max Min
kg/t TiO, kg/t TiO, kg/t TiO,
Chlorine 201 300 114

Chlorine usage

undergo chlorination at the same time as the TiO,.

Coke usage

The chlorination reaction requires carbon. It is supplied by high grade coke, which is
continually added to the fluid bed.

Material Mean Max Min
kg/t TiO, | kg/t TiO, | kg/t TiO,
Coke 366 429 285

Table 3.10: Coke usage

As illustrated in Table 3.10 above, coke usage can be a function of chlorinator design, in
particular allowable fluidisation velocities. In recent years there has been a trend to run at higher
velocities, which increases elutriation of unchlorinated particles (both ore and coke) and this
reduces the need to shut down and purge these ‘inerts’. The penalty for this is an increase in
coke usage, which in turn offers the potential for recovery and re-use or sale of the recovered
coke.

3.23.2.2 Solids separation and waste solid metal chlorides treatment
Material Mean Max Min
kg/t TiO, | kg/t TiO, kg/t TiO,
Lime 137 220 91
Coal 90

Table 3.11: Lime and coal usage

Various novel methods are used to reduce waste solids and convert them into useful co-
products. One site uses coal in a fluid bed reactor to break down the metal chlorides into metal
oxide beads and nominally 18 % hydrochloric acid.

This process is, however, technically very problematic and is currently under close examination
as to whether, in its present form, it is both environmentally and economically effective [20,
CEFIC-TDMA, 2004]. Iron chloride is extracted by another process (refer to Section 7.4). As
given in Table 3.11 above, lime is used to neutralise the excess acid and to stabilise waste metal
chlorides.
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3.23.23

TiCl, purification

As given in Table 3.12 below, mineral or vegetable oil is used to complex the vanadium.

Material Mean Max Min
kg/t TiO, kg/t TiO, | kg/t TiO,
Oil 5 10 2
Table 3.12: Oil usage
3.23.24 Oxidation

As given in Table 3.13 below, pure oxygen is required to oxidise titanium tetrachloride. Some
sites burn toluene [42, UBA-Germany, 2001] to achieve the heat input that others achieve by an
electric arc (plasma) [20, CEFIC-TDMA, 2004]. In most cases, the oxygen supply gas is by
pipeline with the liquefaction and storage plant sited remotely.

Material Mean Max Min
kg/t TiO, kg/t TiO, kg/t TiO,
Oxygen 467 573* 395
Toluene (Included in energy balance)
*  One site high figure for 1999 because of problems on chlorination that was solved by excess oxygen.

Table 3.13: Pure oxygen used to oxidise titanium tetrachloride

3.23.25 Cooling and separation

Abrasive solids are used to scour the primary coolers, as shown in Table 3.14.

Material Mean Max Min
kg/t TiO, | kg/t TiO, | kg/t TiO,
Silica sand 49 73 26
Rock salt 16 29 7

Table 3.14: Abrasive solids usage

3.2.3.2.6 Finishing
Although finishing uses some raw materials, they are either not significant in this context or are
covered in other sections (e.g. for caustic soda see box below).

3.23.2.7 Abatement systems for gases

Gases emitted from the above process are either scrubbed with HCI and the excess HCI is re-
used or they are scrubbed with caustic soda solution and converted to sodium hypochlorite for
resale or decomposition. The caustic soda solution usage is shown in Table 3.15. There are a
number of different configurations of these systems.

Material Mean Max Min
kg/t TiO, kg/t TiO, | kg/t TiO,
NaOH 104 178 7

Table 3.15: Caustic soda solution usage
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3.2.3.2.8 Abatement systems for liquids

No significant materials usage occurs here except the lime, which was included in
Section 3.2.3.2.2 above.

3.233 Utilities consumption — energy and water

3.2.3.31 Energy

As given in Table 3.16 below, based on data compiled in 1999, the overall energy consumption
for the production of a titanium dioxide pigment by the chloride process route was in the range
of 17 to 29 GJ/t, with an average of approximately 25 GJ/t.

These data were also based on the application of a technique in which extra energy was used for
chlorine absorption and desorption (at least 4 GJ/t pigment). This technique, however, is no
longer in use in the EU titanium dioxide industry.

Even though a new set of data detailing energy usage in 2005 was not made available by the EU
TiO, industry, given the progress made in energy efficiency, it has been reported that the upper
level of overall energy usage for the chloride process is currently in the range of 21 to 23 GJ/t,
and on average 17 to 22 GJ/t pigment [85, EIPPCB, 2004-2005] (refer to Table 3.29 below,
which illustrates a clear downward trend of energy consumption between 1999 and 2002 in
Greatham, UK).

Refer also to [42, UBA-Germany, 2001], where the energy demand in 2001 (average figures)
for the chloride process route, illustrative for one plant in Leverkusen, Germany, was estimated
at the level of 18.8 GJ/t and from this for TiO, manufacture 6.1 GJ/t and for follow-up treatment
12.7 GJ/t pigment.

Table 3.16 illustrates energy consumption in 1999 of the main production areas [20, CEFIC-
TDMA, 2004]. These were site usages of energy, which did not include the energy used in the
production of raw materials (ore, oxygen, etc.). These had been taken into account in the LCA
study — see Section 3.4.5 [20, CEFIC-TDMA, 2004].

Site/process Chloride Chloride Chloride
(averages) | (maximum) | (minimum)

Date/year 1999 1999 1999
Energy TiO, usage ore preparation to oxidation (*)
Electricity GJ/t 2.3 3.3 1.5
Steam GJ/t 2.4 7.6 1.3
Gas GJ/t 3.2 6.6 1.3
Energy: TiO, usage finishing
Electricity GJ/t 2.6 5.7 0.8
Steam GJ/t 6.9 10.4 7.1
Gas GJ/t 5.7 13.2 2.8
Energy: effluent treatment
Electricity GJ/t 1.7 2.9 0.5
Steam GJ/t 0.0 0.0 0.0
Gas GJ/t 0.0 0.0 0.0
Heavy fuel oil GJ/t 0.0 0.0 0.0
Overall total energy per site 24.8 28.7 17.4
(*) Average and maximum energy consumption figures 1999 up to oxidation include the operation of indirect,
more energy intensive chlorine recycling at some of the sites. This technique is no longer in use in the EU
TiO, industry.

Table 3.16: Energy consumption in TiO, production based on the chloride process in 1999

[20, CEFIC-TDMA, 2004]
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It should also be noted [20, CEFIC-TDMA, 2004] that different sites use different sources of
energy to perform the same function, hence the above 1999 data rows are the average, maxima
and minima for all the sites which helps to explain the variations [20, CEFIC-TDMA, 2004].

As with the sulphate process the energy usage analysis has been simplified [20, CEFIC-TDMA,
2004]. As explained earlier, there is relatively little energy required for effluent treatment since
this is effectively carried out at the feedstock production site during the increase in TiO, content
of the feedstock [20, CEFIC-TDMA, 2004].

3.2.3.3.2 Water

As seen in Table 3.17, there is a wide disparity in water usage that is not easily explained. It is
probable that local availability of water has some influence [20, CEFIC-TDMA, 2004]. Water
usage is quite a complex issue and direct intersite comparison is difficult, however, it may help
to set the targets for the reduction of annual water usage, including water re-use.

Site/process Chloride averages | Max. chloride | Min. chloride
(m*/tonne) (m*/tonne) (m*/tonne)
Date/year 1999 1999 1999
Treated 21.49 43.14 10.95
Non treated 11.0 17.0 0.0
Treated water for steam generation 1.82 3.65 0.76
Total water per site 34.5 48.0 22.6

Table 3.17: Water consumption for the chloride process

The above data are the average, maxima and minima for all the sites, which helps to explain the
variations, and means that the totals quoted are not necessarily the sums of the columns [20,
CEFIC-TDMA, 2004].

3.2.34 Emissions to air

Because of the nature of the main process, most of the gaseous effluents pass through a common
scrubbing system and exit into the atmosphere via a single stack. For the purposes of assessing
the effectiveness and efficiency of the primary processing units, the main gaseous emissions
have been allocated to their most probable source.

3.2.3.41 Raw material import and preparation

Dust is the major issue here and the preparation stage is an intermittent source of dust
emissions. There is a wide disparity in the frequency of measurements on different sites due to
their particular regimes. For example, one site does not do routine measurements but personnel
monitors are used. This makes the combination of the data difficult. Dust and NOx emissions
are given in Table 3.18.

Emissions to air

Emitted substance Dust NOx
Treatment method Bag filters

kg/t TiO, (average) 0.002 0.008
kg/t TiO, (max) 0.005 0.016
kg/t TiO, (min) 0.000 0.000
Collection period 1999 1999
Number of data (average) 91750 4000
Typical volume based value Dust NOx
mg/Nm’ (average) 18 54

Table 3.18: Dust and NOx emissions — TiO, production, the chloride process
[20, CEFIC-TDMA, 2004]
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NOyx is emitted in the exhaust gas of the heater when there is a need to dry the feedstock. One
site dries the recovered ore and coke.

3.2.3.4.2 Chlorination

Emissions to air from the chlorination stage are given in Table 3.19 below.

Emissions to air

Emitted substance Cl, | co [ cos | co, | sO, | NOx | HCI
Treatment method Oxidiser followed by water, acid or lime scrubbing
kg/t TiO, (average) 0.003 | 159 2.39 923 1.14 0.10 | 0.10
kg/t TiO, (max) 0.008 | 297 3.99 | 1790 | 4.00 0.12 0.16
kg/t TiO, (min) 0.000 0 0.00 56 0.01 0.07 0.05
Collection period 1999 | 1999 | 1999 | 1999 | 1999 | 1999 | 1999
No of data (average) 18 15 8 11 11 11 192
Typical volume based value Cl, CO COS CO, SO, NOx HCI1
mg/Nm’ (average) 1 1570 21 49344 | 286 51 35

Table 3.19: Emissions to air from chlorination — TiO, production, the chloride process
[20, CEFIC-TDMA, 2004]

Chlorine emissions are rare and are controlled by water or caustic scrubbing, usually in packed
spray towers, for maximum efficiency. Small quantities of HCI remain in the off-gas. All sites
now have thermal oxidisers for burning CO and COS.

Heat generated at the oxidiser stage is recovered to raise steam. The data also reflect the
commissioning and start up of some units in the year of measurement (1999). Natural gas is
used for burning COS and CO, which results in emissions of NOyx, CO, and SO, [20, CEFIC-
TDMA, 2004].

It should also be noted, in particular as far as SO, emissions are concerned, that the 1999 data
given above in Table 3.19 were representative for a sulphur content of 0.8 — 1.0 % in the input
pet coke used in the process [20, CEFIC-TDMA, 2004]. In turn, it is reported that in 2005 it is
possible only to buy coke with a sulphur content of 1.0 to 1.8 %, which results in higher SO,
emissions from the process [85, EIPPCB, 2004-2005].

3.2.343 Solids separation
Emitted substance HCl
Treatment method Acid scrubbing
kg/t TiO, (average) 0.0037
kg/t TiO, (max.) 0.0070
kg/t TiO, (min.) 0.0003
Collection period 1999
No of data (average) 2

Table 3.20: Data on hydrogen chloride emissions

Data on hydrogen chloride emissions given in Table 3.20 are from one site — no volume based
data available.
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3.2344 Waste solid metal chlorides treatment
Emissions to air
Emitted substance NOx HCl Dust
Treated method Combustion | scrubber None
kg/t TiO, (average) 1.40 0.6 0.5
Collection period 1999 1999 1999
No of data (average) 4 Continuous 4

Table 3.21: Emissions to air from waste solid metal chlorides treatment

As seen in Table 3.21, the emissions are all from the site that treats its metal chlorides in a coal
fired fluid bed, where the exit gases are quenched and scrubbed. No volume based values are
available.

3.2.3.4.5 Condensation

No gaseous emissions are allocated to condensation but it is likely that some residual HCI
originates from here.

3.2.3.4.6 Waste gas treatment

See Section 3.2.3.4.9 below — Abatement systems for gases.

3.2.3.4.7 Oxidation

All sites use either gas or steam to preheat the tetrachloride feed to oxidation. The emission data
from one site are given in Table 3.22.

Emissions to air
Emitted substance SO,
Treatment method None
kg/t TiO, (average) 0.14
Collection period 1999
No of data (average) 6
Typical volume based value | SO,
mg/Nm’ (average) 2

Table 3.22: Emissions to air from oxidation

3.23.4.8 Finishing

Dust is the main emission of concern and invariably strict control measures are in place to keep
them to a minimum. This is as much an occupational hygiene issue as an environmental one.
Dust and NOy emissions from the finishing section are given in Table 3.23.
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Emissions to air
Emitted substance Dust NOx
Treatment method Bag filters
kg/t TiO, (average) 0.158 0.020
kg/t TiO, (max.) 0.400 0.020
kg/t TiO, (min.) 0.002 0.020
Collection period 1999 1999
No of data (average) 7 4
No of data (max.) 18 4
No of data (min.) 1 4
Typical volume based value Dust NOx
mg/Nm’® (average) 21

Table 3.23: Dust and NOyx emissions, finishing section — TiO, production, the chloride process
[20, CEFIC-TDMA, 2004]

3.2.34.9 Abatement systems for gases

In principle, there are two abatement systems used. Both use scrubbing trains, the difference is
the liquid medium one uses caustic soda and produces hypochlorite as a co-product. The other
uses water and produces hydrochloric acid for sale or re-use. The choice of which system is
preferred, depends on the local market for co-products.

3.2.3.5 Emissions to water

3.2.3.51 Waste solid metal chlorides treatment

Emissions of metals to water are presented in Table 3.24.

Emissions to water

Treatment method Neutralisation as required

Emitted substance Fe Hg Cd Other metals*
Collection period 1999 1999 1999 1999

No. of data (average) 75 130 156 209

No. of data (max) 183 365 365 365

No. of data (min) 12 52 52 52

kg/t TiO, (average) 23 | 856E°" | 576E " 1.334

kg/t TiO, max 88 | 200E™ | 180E™™ 2.000

kg/t TiO, min 0.0001 | 1.60E"™ | 8.00E ™ 0.003
Typical volume based Fe Hg Cd Other metals*
concentrations

mg/litre 0.56 0.0002 0.0012 32.6

Note: Data from the German TiO, plant, based on the chloride process, are broadly consistent with the above-
mentioned data, as the emission of waste solid metal chlorides after neutralisation are reported to be as follows: Fe
—0.011 kg/t TiO,; Hg— 2.2 E -07 kg/t TiO,; Cd—2.2 E -07 kg/t TiO,; Other metals — 0.0025 kg/t TiO,.

* Other metals: Manganese (Mn), Vanadium (V), Titanium (Ti), Zinc (Zn), Chromium (Cr), Lead (Pb), Nickel (Ni),
Copper (Cu), Arsenic (As). It should be noted that in the group of other metals, Ti and Mn are much less harmful
for the environment than the remaining metals listed above. The emission level of the remaining metals (V, Zn, Cr,
Pb, Ni, Cu, As) is estimated at <0.1 kg/t TiO, pigment [85, EIPPCB, 2004-2005].

Table 3.24: Emissions of metals to water — TiO, production by the chloride route
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001]
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3.2.3.5.2 Condensation and gas scrubbing

Emissions of hydrochloric acid and suspended solids to water is given in Table 3.25.

Emissions to water
Treatment method Lagoon
Emitted substance HCI | Suspended solids
Collection period 1999 1999
No of data (average) | 365 365
kg/t TiO, (average) 16 0.36

Table 3.25: Emissions of hydrochloric acid and suspended solids to water

This is information from one site only and it should be noted that the HCI figure is relatively
high and modifications are already in hand to reduce it. No volume-based concentrations are
available.

3.2.3.5.3 Finishing

Emissions of suspended solids and chlorides to water are given in Table 3.26.

Suspended solids (which basically are inert titanium dioxide particles and, on some sites, solids
from imported river or seawater) are the only significant aqueous emission attributed to this
section, however for editing convenience, chloride ion values for the liquid effluent are also
included here. It can be noted that a certain quantity of soluble sulphate ions are released from
the finishing section which come from the coating process in the form of sodium sulphate.

Emissions to water
Treatment method Filtration, settling
Emitted substance Suspended solids | Chlorides
Collection period 1999
No. of data (average) 98
No. of data (max) 183
No. of data (min) 12
kg/t TiO, (average) 4.64 164
kg/t TiO, max 11.10 330
kg/t TiO, min 0.57 38
Typical volume based concentration | Suspended solids | Chlorides
mg/litre 5.23 185

Table 3.26: Emissions of suspended solids and chlorides to water — TiO, chloride process
[20, CEFIC-TDMA, 2004]

It should be also noted that, as compared to the range of emissions of chlorides to water, i.e.
38 to 330 kg/t TiO, pigment characteristic for the chloride process route as given in Table 3.13
above, the TiO, Harmonisation Directive 92/112/EEC limits emissions of chlorides to water
depending on the titanium feedstock used, namely:

o 130 kg chlorides/t TiO, pigment for natural rutile as raw material
o 228 kg chlorides/t TiO, pigment for synthetic rutile
e 450 kg chlorides/t TiO, pigment for slag used as raw material in the production process.

3.23.54 Abatement systems for gases

There are no direct emissions from this section, however, it should be noted that aqueous
emissions from gas scrubbers at the sites form part of liquid effluent stream.
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3.2.3.5.5 Abatement systems for liquids

The liquids concerned are hydrochloric acid or caustic soda solution. It can be seen from the
above that most processes are designed so that the emission of these substances to the aqueous
environment is minimised.

3.2.3.6 Solid wastes
3.2.3.6.1 Chlorination
Waste to land
Emitted substance Inerts (solids)
kg/t TiO, (average) 224

Table 3.27: Waste sent to landfill from the chlorination unit

Table 3.27 reflects one site where the blow-over from the chlorination section is sent to landfill.
Some recovery of waste is expected for 2000.

3.2.3.6.2 Waste solid metal chlorides treatment
Waste to land
Treatment method Neutralisation or roasting
Emitted substance Solids
kg/t TiO, (average) 397
kg/t TiO, max 660
kg/t TiO, min 99

Table 3.28: Emission levels of solids from metal chlorides treatment by neutralisation or roasting

Table 3.28 gives the emission levels of solids from metal chlorides treatment by neutralisation
or roasting. Lime is usually used to render the heavy metals insoluble so the material is suitable
for disposal to land. Some sites separate unreacted coke for sale or re-use, others extract the iron
component as ferrous chloride for sale.

3.2.3.6.3 Distillation and vanadium oxychloride removal

Although this section technically produces solids for disposal, the material is internally
transferred and it is combined with waste from solid metal chloride treatment — see
Section 3.2.3.6.2.

3.23.7 Environmental performance — Greatham Works 2002

The purpose of this case study is to help bridge the gap after 1999 when the original
performance data was collected. Year 2002 saw the closure of the older Black End plant in
August and the start-up of the new ICON 2 (ICON = Integrated Chlorination and Oxidation)
titanium dioxide plant in October. Since the closure of the Black End plant, considerable
progress has been made on the inventory of hazardous chemicals and work has commenced on
demolition.

Figure 3.3 gives the overall production balance for 2002 in Greatham, illustrating major inputs
and outputs from the titanium dioxide production process based on the chloride process route.

Large Volume Inorganic Chemicals — Solids and Others 123



Chapter 3
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Figure 3.3: Main raw materials inputs and production outputs for the Greatham site for 2002
[20, CEFIC-TDMA, 2004]

Most emissions to air and water showed a reduction compared to 2001. This is partially
explained by a small reduction in production from the site due to the change-over from the
Black End to ICON 2.

Hazardous waste disposal shows a significant increase, however, most of this is material
removed from the (shut-down) Greatham Black End as part of the decontamination/demolition
programme.

Improvements achieved in 2002:

e total neutralisation plant — all acidic liquid effluent from the site is now treated before
discharge, to neutralise residual acid

e ozone depleting substances — the black End refrigeration plant was decommissioned and the
refrigerant was removed.

Detailed annual emissions 1999 — 2002 in kg per tonne of TiO,, recorded in the Greatham
Works titanium dioxide plant based on the chloride process are given in Table 3.29.
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kg/tonne kg/tonne | kg/tonne | kg/tonne

1999 2000 2001 2002
Discharges to water
Hydrochloric acid 16 13 13 12
Titanium (T1) 0.8 0.6 0.5 0.6
Suspended solids 0.6 0.5 0.4 0.5
Manganese (Mn) 0.6 0.6 0.4 0.5
Iron (Fe) 0.28 0.55 0.67 0.61
Vanadium (V) 0.03 0.03 0.03 0.02
Chromium (Cr) 0.003 0.004 0.004 0.002
Zinc (Zn) 0.006 0.007 0.009 0.005
Nickel (Ni) 0.019 0.015 0.004 0.001
Lead (Pb) 0.011 0.009 0.002 0.000
Copper (Cu) 0.003 0.003 0.006 0.001
Arsenic (As) 0.0001 0.0001 0.0001 0.0000
Cadmium (Cd) 0.00018 0.00013 0.00012 0.00001
Mercury (Hg) 0.00007 0.00001 0.00000 0.00000
Chlorinated organic compounds 0.00041 0.00027 0.00025 0.00025
Emissions to air
Carbon monoxide 181 116 65 83
Carbonyl sulphide 3.2 1.9 1.3 0.4
Nitrogen oxides (as NO,) 1.2 1.3 1.2 1.2
Particulates 0.4 0.1 0.1 0.1
Sulphur dioxide 0.3 0.2 0.1 0.1
Hydrogen chloride 0.2 0.0 0.0 0.0
Chlorine 0.00041 0.00054 0.00050 0.00012
Hydrogen sulphide 0.1 0.1 0.0 0.0
Carbon dioxide (ex process) 437 487 729 576
Carbon dioxide (ex combustion) 1304 1090 1110 989
Carbon dioxide (from bought in energy) 609 588 561 540
Wastes to land
Non-hazardous waste 729 785 881 962
Hazardous waste to land/incineration 0.5 1.8 0.9 1.8
Resource consumption
Water usage m’ 38 32 31 32
Energy usage GJ 29 26 26 23

Table 3.29: Emissions 1999 — 2002 in the Greatham Works TiO, plant, the chloride process
[20, CEFIC-TDMA, 2004]
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3.24 Techniques to consider in the determination of BAT - the
chloride process

This section sets out techniques considered generally to have potential for achieving a high level
of environmental protection in the industries within the scope of this document. Management
systems, process-integrated techniques and end-of-pipe measures are included, but a certain
amount of overlap exists between these three when seeking the optimum results.

Prevention, control, minimisation and recycling procedures are considered as well as the re-use
of materials and energy.

Techniques may be presented singly or as combinations to achieve the objectives of IPPC.
Annex IV to the Directive lists a number of general considerations to be taken into account
when determining BAT and techniques within this section will address one or more of these
considerations. As far as possible a standard structure is used to outline each technique, to
enable comparison of techniques and an objective assessment against the definition of BAT
given in the Directive.

The content of this section is not an exhaustive list of techniques and others may exist or be
developed which may be equally valid within the framework of BAT. Generally a standard
structure is used to outline each technique, as shown in Table 3.30:

Type of information considered Type of information included

Description Technical description of the technique

Achieved environmental benefits | Main environmental impact(s) to be addressed by the technique
(process or abatement), including emission values achieved and
efficiency performance. Environmental benefits of the technique
in comparison with others

Cross-media effects Any side-effects and disadvantages caused by implementation of
the technique. Details on the environmental problems of the
technique in comparison with others

Operational data Performance data on emissions/wastes and consumption (raw
materials, water and energy). Any other useful information on
how to operate, maintain and control the technique, including
safety aspects, operability constraints of the technique, output
quality, etc.

Applicability Consideration of the factors involved in applying and retrofitting
the technique (e.g. space availability, process specific)
Economics Information on costs (investment and operation) and any

possible savings (e.g. reduced raw material consumption, waste
charges) also as related to the capacity of the technique

Driving force for implementation | Reasons for implementation of the technique (e.g. other
legislation, improvement in production quality)

Example plants Reference to a plant where the technique is reported to be used
Reference literature Literature for more detailed information on the technique

Table 3.30: Information breakdown for each technique described in this section

Reference is also made here to Section 8.9, providing key information on the Environmental
Management System (EMS) which is a tool for IPPC installations that operators can use to
address the design, construction, maintenance, operation and decommissioning issues in a
systematic demonstrable way.

Techniques broadly applicable in the chemical industry, described in the BREF on Common
Waste Water and Waste gas Treatment/Management Systems in the Chemical Sector, are not
included in this section (refer to the BREF on CWW).
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3.241 Raw material import and preparation

3.24141 Dry titanium dioxide ore

Description
The ore needs to be in a dry state and with a low moisture content prior to processing. Ensuring

that the ore is delivered to the site in a dry state may require collaboration with upstream
suppliers and those who transport and handle the ore. Covered storage prevents wetting of the
ore by rain. Drying of the ore (typically synthetic rutile) is not normally required in the
European titanium dioxide plants based on the chloride process route, but, if required, would
entail the use of energy with associated emissions of combustion products. Low moisture
content in the ore reduces chlorine losses in the downstream chlorination section due to the
undesirable formation of the HCl and results in a higher yield of titanium ore to titanium
tetrachloride.

Achieved environmental benefits
The higher the yield of the TiO, ore to TiCly, the lower the overall impact of titanium dioxide
production on the environment.

Cross-media effects
Increased amounts of dust may be expected when the titaniferous ore is handled in a dry state,
however, this is restricted by enclosed handling and storage — refer also to Section 3.2.4.1.2.

Operational data

No information submitted on the acceptable levels of moisture content in the titaniferous ores
used for the production of TiO, based on the chloride process. Although there is no clear
equivalence between the chloride and sulphate processes, and there are quite different reasons
for keeping the titanium ore dry prior to its further processing, reference is made here to the
information source on the sulphate process [42, UBA-Germany, 2001], quoting that the required
moisture content in the ore prior to processing is below 0.1 %.

Applicability
Applicable to all plants using the chloride process route.

Economics
No data submitted.

Driving force for implementation

Higher performance of the whole process due to the avoided chlorine losses in the chlorination
section and, hence, the higher yield of titanium ore in the process. Additionally, reduced or
eliminated emissions from drying the ore.

Example plants
Titanium dioxide plant in Greatham, UK.

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003].

3.241.2 TiO, ore dedusting systems

Description
The main issue in feedstock preparation on the site of a titanium dioxide plant is dust emission

during the movement of dry bulky materials. Normally this is controlled by handling the ore in
closed systems kept under reduced pressure with the dust being collected in cyclones for re-use.
Cyclones are more robust depending on their proper design. The cyclones may be followed by
reverse pulse bag micro-filters, which are likely to minimise dust emissions, provided they are
supported by an efficient monitoring and maintenance regime. High quality maintenance
routines are necessary to minimise dust emissions from worn or badly fitted filter socks.
Continuous dust measurement systems are an obvious aid to minimising feedstock losses.
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Achieved environmental benefits
Minimisation of TiO, ore dust emissions in the raw materials preparation section.

Cross-media effects
No side effects or disadvantages caused by implementation of this technique are reported.

Operational data

As presented in Section 3.2.3.4.1 and, in particular, in Table 3.18. Average specific emissions of
dust to air are at the level of 0.002 kg/t TiO,, the maximum emission of dust to air being
reported at the level of 0.005 kg/t TiO, produced.

Applicability
Applicable to all plants using the chloride process route.

Economics
No data submitted.

Driving force for implementation
Standard requirements of dust emissions to air.

Example plants
Titanium dioxide plant in Greatham, UK.

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003].

3.241.3 Low sulphur content in feedstock granular coke

Description
Low sulphur coke is required in a granular form suitable for fluidisation in the chlorination

process. The sulphur content of the coke influences the COS concentration and subsequently the
SO, concentration in the off-gas from the thermal oxidisers. However, the availability of low
sulphur coke is limited, as the average sulphur content in the coke was reported to have
increased from 0.8 — 1.2 % in 1999 to 1.0 — 1.8 % in 2005.

Achieved environmental benefits
Reduced emissions of SO, from the TiO, plant.

Cross-media effects
No side effects or disadvantages caused by implementation of this technique are expected to be
encountered in the titanium dioxide industry.

Operational data
Refer to data included in Sections 3.2.2.14 and 3.2.3.4.2. Specific emissions of SO, to air are in
the range of 0.01 to 4.00 kg/t TiO,.

Applicability
Technique applicable to all plants using the chloride process route.

Economics
No information submitted.

Driving force for implementation
Standard requirements of COS and SO, emissions to air.

Example plants
Titanium dioxide plant in Greatham, UK.
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Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003], [85, EIPPCB,
2004-2005].

3.2414 Low chlorine inventory

Description
Chlorine is recycled within the process, with any ‘make up’ chlorine usually being imported by

tanker as a liquid. Afterwards, chlorine is delivered to the chlorine storage in the TiO, plant
either by a rail pipeline or by road, depending on the site location. For the storage and the
handling of chlorine, refer to the BREF on the Chlor-Alkali Manufacturing Industry.

The hazardous nature of chlorine is the main property, which influences the basic design of the
titanium dioxide chloride process. This means that the initial primary stages of the process (the
‘black end’) are totally enclosed and of high integrity. In Europe, all TiO, plants based on the
chloride process route are controlled by both the Seveso II Directive [23, The Council of the
EU, 1996] and by the Titanium Dioxide Harmonisation Directive [21, The Council of the EU,
1992], which require detailed hazard assessments to be carried out and minimal emissions of
chlorine into the environment.

Good production and maintenance planning, together with a proper relationship with the
chlorine suppliers, is required to maintain a low chlorine inventory. A minimum chlorine
inventory is an obvious goal in order to minimise potential harm in the event of a major chlorine
release.

Achieved environmental benefits
In the case of any accidental release of chlorine from storage, a lower inventory will result in a
lower impact on the environment as a result of the release.

Cross-media effects

A minimum chlorine inventory involves more frequent handling operations of liquid chlorine
transport from the chlorine supplier and liquid chlorine loading into chlorine storage in the TiO,
plant, which may potentially result in uncontrolled local emissions of chlorine gas (leaking
valves, flanges, gaskets, etc.).

Excellent co-operation between the liquid chlorine supplier and the TiO, producer is required to
maintain a minimum stock on site.

Operational data
No information submitted.

Applicability
Applicable to all plants using the chloride process route.

Economics
No data provided.

Driving force for implementation
The maximum degree of safety both of the operator’s staff and of the human beings living in the
proximity of the TiO, plant based on the chloride process route.

Example plants
Titanium dioxide plant in Greatham, UK.

Titanium dioxide plant in Stallingborough, UK.

Titanium dioxide plant in Langebrugge, Belgium.

Titanium dioxide plant in Leverkusen, Germany (the chloride process route).
Titanium dioxide plant in Rotterdam, the Netherlands.

Large Volume Inorganic Chemicals — Solids and Others 129



Chapter 3

Reference literature

[20, CEFIC-TDMA, 2004], [6, CEFIC, 2002], [26, EIPPCB, 2003], [70, Environment Agency,
1999], [12, European Environment Agency, 2004], [75, J. A. Lee, 1985], [21, The Council of
the EU, 1992], [23, The Council of the EU, 1996], [11, The Council of the EU, 1996], [42,
UBA-Germany, 2001], [78, World Bank, 1991].

Refer also to the BREFs on:

CAK (Chlor-Alkali Manufacturing Industry)

MON (General Principles of Monitoring)

ESB (Emissions from Storage)

CV (Industrial Cooling Systems)

CWW (Common Waste Water and Waste gas Treatment/Management Systems in the
Chemical Sector).

3.24.2 Chlorination

Description
Steady state operation of a fluidised-bed reactor to sustain a good temperature and composition

control to avoid chlorine slip and downtime from sintered beds is the best measure to minimise
environmental impacts from chlorination. In modern titanium dioxide plants based on the
chloride process, this section uses a pressurised chlorinator fed directly with recycled chlorine at
an optimum fluidisation velocity. Modern plants have been redesigned with rapid maintenance
in mind to minimise unplanned downtime. This, combined with modern low volume systems,
helps to minimise losses. Chlorinators should be designed for ease of maintenance to maximise
overall process efficiency.

Achieved environmental benefits
Steady state operation of the chlorination section allows for:

e maximising chlorine utilisation in the chlorine recovery loop and a higher chlorine yield to
titanium tetrachloride in one reaction pass, thus increasing overall plant efficiency and
reducing the impact on the environment

e keeping a fluidised-bed reactor in operation for an extended time, thus minimising the
number of stoppages required to replace the reactor bed, and reducing the impact on the
environment.

Cross-media effects

Intermittent purge of solids from the reactor (mainly unchlorinated particles of the ore and
coke). Normally, the re-use of unchlorinated particles is problematic because of the fine particle
size and impurity contamination.

Operational data

All raw materials, including coke, should be dry and free from volatile substances, in order to
avoid chlorine losses by the formation of HCIl. The chlorine conversion rate is approx.
98 - 100 %, while the TiO, content in the raw material is converted to a rate of approx.
90 - 100 %. The chlorination temperature is approximately 1000 °C, in which most of the
generated metal chlorides are gaseous, with the exception of Mg and Ca chlorides. Therefore,
the raw materials should not exceed certain limit values of Mg and Ca, in order to avoid their
sticking in the fluidised bed. The chlorination reactors may require total bed replacement about
once a year. The gases leaving the chlorinator contain Cl,, CO, COS, and HCI. The train for
waste gas treatment contains multistage washing, combustion and, sometimes, desulphurisation
[42, UBA-Germany, 2001], refer to Section 3.2.4.5.
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All sites have thermal oxidisers for burning CO and COS, sometimes with the heat recovered to
raise steam. Heat recovery as steam has an obvious environmental advantage but periodic
descaling of the boiler tubes causes the abatement unit to be out of action for 10 — 15 % of the
plant operational time.

Natural gas is used for burning COS and CO, which results in the emissions of CO,, SO,, and
NOx. For more detailed information on the chlorination process, as well as on emissions to air
and wastes to land from the chlorination stage, refer to Sections 3.2.2.2, 3.2.3.2.1, 3.2.3.4.2, and
3.2.3.6.1.

Applicability
Steady state operation of the chlorination section, equipped with modern fluidised-bed reactors,
are applicable to all plants using the chloride process route.

Economics
No information submitted.

Driving force for implementation
The overall process efficiency increases, leading to the reduction of TiO, manufacturing costs,
and lessening the impact of TiO, production on the environment.

Example plants
Titanium dioxide plant in Greatham, UK.

Titanium dioxide plant in Stallingborough, UK.

Titanium dioxide plant in Langebrugge, Belgium.

Titanium dioxide plant in Leverkusen, Germany (the chloride process route).
Titanium dioxide plant in Rotterdam, the Netherlands.

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003], [48, W. Buchner
et al, 1989].

3.24.3 Solids separation — coke and ferrous chloride recovery

Description
Fine solids of residual TiO,, SiO,, and coke as well as gaseous metal chlorides are discharged

from the reactor together with the TiCl, and the residual reaction gases. These are cooled by the
addition of cold TiCl,, upon which the main part of other metal chlorides condenses and can be
separated together with the solids present in the main gas stream of the reactor. Recovery of
unreacted ore and coke may be a potential option for systems with a high carryover of these
materials in the gas stream.

Deeper analysis of the environmental impact and a cost-benefit assessment would be necessary
to ensure, on balance, that the recovery of unreacted ore and coke is justified. Typically, at this
stage of the process, coke and ferrous chloride solution are separated, which can then be sold as
a by-product, provided a local market can be developed (refer also to Section 7.4).

Achieved environmental benefits
Separation of residual coke and ferrous chloride that would otherwise be the waste solid
materials directed to a landfill and for waste water treatment.

Cross-media effects
Additional energy requirements and the consumption of hydrochloric acid (refer to Section 7.4).

Operational data
As described in Section 7.4, the recovery of 942 kg of 20 % FeCl, solution per tonne of TiO,
produced has been reported. No data on the degree of coke recovery was submitted.
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Applicability
In principle, this technique is applicable to all plants using the chloride process route.

Economics
No information submitted.

Driving force for implementation
Reduction of waste materials directed to a landfill and for the waste water treatment.

Example plants
Titanium dioxide plant in Leverkusen, Germany.

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [90, CEFIC-INCOPA, 2004].

3.244 Waste solid metal chlorides neutralisation with chalk or lime

Description
After the optional treatment of solids and metal chlorides to recover both coke and FeCl, from

the waste stream, solid metal chlorides are usually neutralised in a chalk or lime slurry which
renders the residual metals insoluble. The metals are precipitated and stabilised, and the filter
cake is landfilled, while the filtrate is discharged to the appropriate aqueous environment.

Where the neutralised metal chlorides are disposed of to landfill, tight pH control of
neutralisation and leachate checks from the landfill site are necessary to guarantee the waste
metal ions are stabilised and do not contaminate the water table.

The off-gas from the treatment of solid metal chlorides is cleaned in a scrubber before being
discharged to the atmosphere (refer to Section 3.2.3.4.3). The acid wash-water from the
scrubber is recycled to the main section for the treatment of solid metal chlorides.

Achieved environmental benefits

The neutralisation of solid metal chlorides with chalk or lime renders the residual metals
insoluble, before their disposal as a solid waste to landfill. It should be noted, that it is necessary
to use high purity chalk or lime.

Cross-media effects
Additional lime usage in the range of 91 to 220 kg/t TiO..

Operational data
In Sections 3.2.3.5.1 and 3.2.3.6.2, as well as in Table 3.29, specific emission figures from one
site in Germany (Leverkusen) are reported.

It should be noted, that solid emissions also depend on the abatement system for liquids used in
the titanium dioxide plants based on the chloride process route. Relevant data on waste to land
are also included in Section 3.2.4.10.3.

Applicability
Applicable to all plants using the chloride process route.

Economics
No data submitted.

Driving force for implementation
The metal ions are stabilised and when landfilled they do not contaminate the water table.

Example plants
Titanium dioxide plant in Greatham, UK.

Titanium dioxide plant in Leverkusen, Germany.
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Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003].

3.24.5 TiCl, condensation and waste gas treatment

Description
In this step the majority of the titanium tetrachloride is separated from the gas stream by

multistage cooling/condensation to temperatures below 0 °C. Carefully designed high efficiency
condensers are used at this stage. Depending on the process conditions, the CFC-free cooling
system usually uses ammonia or brine.

The gas stream — containing traces of TiCl, CO, CO,, COS, HCl, and Cl, — is then passed to the
multistage waste gas treatment unit, in which several consecutive operations are performed to
remove (Cly) and utilise chlorine compounds (HCI, NaClO), to desulphurise off-gas (COS) to
possibly extract sulphur, and finally, to thermally convert CO (and COS) contained in the off-
gas to CO,, before the off-gas is released to the atmosphere.

In principle, there are two abatement systems used. Both use scrubbing trains, the difference is
the liquid medium one uses caustic soda and produces sodium hypochlorite as a co-product. The
other uses water and produces hydrochloric acid for sale or re-use.

Specific configurations of the multistage waste gas treatment unit used in the titanium dioxide
industry based on the chloride process route are:

e absorption of chlorine compounds, yielding 28 % HCI, which is sold, followed by a thermal
combustion of CO and COS in the off-gas, and then a final scrubbing of the off-gas with the
solution of caustic soda

e the acid scrubber is followed by a thermal converter. No hydrochloric acid is sold. Sodium
hypochlorite is produced at the site

e the acid scrubber is followed by a caustic scrubber or thermal converter depending on the
location. Hydrochloric acid is sold as a co-product. Sulphur is removed from the thermal
converter stream for sale. No sodium hypochlorite is produced.

Thermal converters or oxidisers are used to render the carbon monoxide and carbonyl sulphide
(COS) in the tail-gas harmless. There are two similar systems. In one, the gases are converted to
carbon dioxide and sulphur dioxide (the latter is scrubbed with an alkali). In the other, the end-
products are carbon dioxide and sulphur. Thermal oxidisers need careful design and operation
because it is critical to avoid acid corrosion (particularly triggered by the over-cooling of the
off-gas, and therefore, its condensation and subsequent hydrochloric acid formation).

There are a number of different scrubbing systems, which can be taken into consideration. Their
efficacy is dependent on local circumstances, the availability of markets and the internal usage
of co-products.

Achieved environmental benefits

The main chemically active constituents contained in the off-gas (TiCly, Cl,, CO, and COS) are
either absorbed (to form HCI or NaOCI, which are utilised locally or neutralised) or converted
to other compounds, such as sulphur (which can be sold) and CO, (which is then released to the
atmosphere in the main stream of off-gas).

Cross-media effects
Fuel is consumed to keep the oxidiser online during production.

Operational data
The information from one site, relating to emissions of hydrochloric acid and suspended solids
to water from the condensation and waste gas scrubbing unit, is given in Section 3.2.3.5.2.
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In turn, data relating to varied abatement systems for gases used in the chloride process are

given in Table 3.31.

Emissions CO incinerator CO incinerator | CO incinerator +
kg/t No alkali scrubber | + alkali scrubber | sulphur recovery
HCI 0.2 0.1 0.05
Cl, 0.003 0.003 0.003
COS* 0.2 0.2 <<0.003
CO 0.2 0.2 <<1
SO, 4 0.5 1.8
Costs: EUR/t
Capital +/-30 % 50 150 140
Treatment 5 20 16
* Based on continuous operation of the plant
Sites Rotterdam (NL) Stalingborough Langebrugge
Greatham (UK) Leverkusen (DE)

Table 3.31: Abatement systems for gases — TiO, production by the chloride process
[20, CEFIC-TDMA, 2004]

A thermal oxidiser is maintained online whenever production units are operational. Techniques
used in scrubbing systems will be dependent upon the local design. Markets for co-products
should be established as firmly as possible to ensure their manufacture is worthwhile.

Specific emission figures from one site in Germany (Leverkusen) have been reported [42, UBA-
Germany, 2001].

Applicability
Applicable to all plants producing TiO, by the chloride process route.

Economics
Refer to Table 3.31 above.

Driving force for implementation
Minimisation of gaseous emissions from TiO, production based on the chloride process.

Example plants
The three European plants of TiO, production by the chloride process route mentioned in Table

3.31 above.

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [70, Environment Agency, 1999], [26,
EIPPCB, 2003], [21, The Council of the EU, 1992].

3.24.6 Purification of raw TiCl, and vanadium oxychloride removal

Description
The liquid raw titanium tetrachloride, separated by condensation, is fed into a distillation unit,

where it is put into contact with a reducing agent (oil), in order to convert impurities, such as
vanadium oxychloride, to lower valency state compounds, remove them by precipitation and,
subsequently, treat them with other waste solid metal chlorides.

In particular, vanadium must be almost completely removed, as even small traces of it in the
intermediate purified TiCly would finally lead to a yellow colouring of the TiO, pigments.
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Complexing vanadium oxychloride with oil within the distillation column appears to be the only
available option known [20, CEFIC-TDMA, 2004]. Careful selection of the oil is necessary to
prevent choking and to minimise the formation of chlorinated hydrocarbons.

A high efficiency specifically designed distillation column is required.

Achieved environmental benefits

Indirect environmental benefits result from the application of this technique, as it is one of key
unit operations used in the TiO, chloride process, determining the process performance
upstream and downstream (as well as the TiO, product quality).

Without steady operation of this unit operation, efficient operation of the whole plant would not
be achieved.

Cross-media effects
Removed vanadium oxychloride adds to the balance of other waste solid metal chlorides.

Operational data
The usage of the oil to complex the vanadium is given in Section 3.2.3.2.3. No other data
submitted.

Applicability
Applicable to all plants producing TiO, by the chloride process route.

Economics
No data submitted.

Driving force for implementation
The performance of the chloride process and the quality of the final TiO, products.

Example plants
Titanium dioxide plant in Greatham, UK (and the other four European TiO, plants based on the

chloride process route).

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [48, W. Buchner et al, 1989], [26,
EIPPCB, 2003], [85, EIPPCB, 2004-2005].

3.24.7 Oxidation

Description
Oxidation is one of the key unit processes applied in the production of TiO, by the chloride

process route.

There are two environmentally equivalent systems:

e a toluene fired furnace, using injection oxygen and titanium tetrachloride which is also
preheated with toluene
e aplasma furnace, with the reactants preheated by gas firing.

This is very specialised equipment requiring tailor made designs, which have not always
specifically targeted environmental efficiency. However, a key design criterion is maximising
the conversion to TiO, with minimum energy input, which is clearly an environmental benefit.
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Further advances in the design of this equipment have improved online times and allowed for
direct chlorine recycling. As a consequence, both have reduced the environmental burden of the
operation. The key factor in reactor design is to develop the units to minimise blockage and
thereby enable the replacement of the units to be carried out under a planned maintenance
regime. Steady state operation is the best option to minimise losses during subsequent
shutdowns.

It should be noted, that hot chlorine-rich gases (containing the suspended TiO, particles) leaving
the oxidation reactor are passed through a long chain of sections included in the gas recycling
loop (gas cooling, the TiO, product separation, ore chlorination, solids separation, TiCl,
condensation), the tail off-gases to be finally cleaned in the waste gas treatment section (refer to
Section 3.2.4.5), and only then released to the atmosphere.

Achieved environmental benefits
High conversion of the TiCl, into TiO,, leading to higher energy efficiency in the process and to
reducing the impact of the production of TiO, on the environment.

Cross-media effects
Prior to the oxidation, the TiCl, needs to be preheated. Natural gas or steam are used for this
purpose. Relevant SO, emission data from one site are given in Section 3.2.3.4.7.

Operational data
For the usage of pure oxygen to oxidise titanium tetrachloride refer to Section 3.2.3.2.4. The
usage of toluene is included in the balance of energy (refer to Section 3.2.3.3.1).

Applicability
Applicable to all plants producing TiO, by the chloride process route.

Economics
No data submitted.

Driving force for implementation

A very modern and compact plant section, requiring less investment and maintenance cost. A
highly material and energy efficient oxidation process, e.g. one based on plasma oxidation
technology. A high process efficiency translates to reducing the impact of the plant on the
environment.

Example plants
Titanium dioxide plant in Greatham, UK (a plasma reactor).

Titanium dioxide plant in Leverkusen, Germany (a toluene fired furnace).
Titanium dioxide plant in Rotterdam, the Netherlands (a toluene fired furnace).

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [48, W. Buchner et al, 1989], [26,
EIPPCB, 2003], [85, EIPPCB, 2004-2005].

3.2438 Cooling and separation

Description
Simple corrosion-resistant coolers are designed to minimise internal scouring abrasion with

TiO, dust, as well as rock salt or sand used for cleaning to prevent deposits of TiO,. Gas/solid
separation is carried out with reverse pulse bag filters, which minimise undesirable dust
carryover to the chlorination reactor. Both the coolers and the filters are supported by an
efficient monitoring and maintenance regime. Cooler design has improved over time with
modern coolers offering easy access for monitoring and maintenance.
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Achieved environmental benefits
Reverse pulse bag filters used for the separation of the TiO, minimise dust carry-over, and
prevent dust transfer into the chlorination systems, thus minimising downtime.

Cross-media effects
The usage of abrasive solids to scour the primary coolers.

Operational data
No data submitted.

Applicability
Applicable to all plants producing TiO, by the chloride process route.

Economics
No data submitted.

Driving force for implementation

The operability of the whole plant and, therefore, the manufacturing cost of TiO, production
depends on both a high onstream factor of the cooling section and an efficient maintenance
regime applied in this section. High efficiency reverse pulse bag filters minimise carryover of
the dust to the chlorination reactor.

Example plants
Titanium dioxide plant in Greatham, UK (and the other four European TiO, plants based on the

chloride process route).

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003].

3.249 Direct chlorine recycling process

Description
Direct chlorine recycling is currently used as an alternative to the absorption/desorption system,

because it allows for an efficient operation, which in turn saves resources. Also, the need for a
large tetrachloride inventory (TiCl, saturated with gaseous chlorine) is avoided. Steady state
operation of chlorination and oxidation in tandem is essential to minimise the environmental
impact of a titanium dioxide plant. This requires careful design of the systems with experience
used to identify and phase out the weak links in the system to minimise downtime.

Achieved environmental benefits

Phasing out the older chlorine absorption/desorption system in favour of the direct chlorine
recycling process, results in the simplification and higher operability of the plant, as well as in
lessening the impact of the production on the environment (no tail chlorine gas scrubbing with
NaOH solution necessary).

Cross-media effects
No data submitted.

Operational data
No data submitted.

Applicability
Applicable to all plants producing TiO, by the chloride process route.

Economics
No data submitted.

Driving force for implementation
Lower inventory of TiCl, saturated with chlorine.
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Example plants
Titanium dioxide plant in Greatham, UK (and the other four European TiO, plants based on the

chloride process route).

Reference literature
[20, CEFIC-TDMA, 2004], [23, The Council of the EU, 1996], [42, UBA-Germany, 2001], [26,
EIPPCB, 2003].

3.24.10 Abatement systems for gases, solids and liquids
3.2.4.10.1 Abatement systems for gases

Abatement systems for gases in the production of titanium dioxide by the chloride process are
described in Sections 3.2.4.1.2, 3.2.4.1.3, 3.2.4.4, 3.2.4.5, and Sections 3.3.3.3.6 and 3.3.4.9
which relate to the finishing operations in the production of titanium dioxide, as these
operations are, in principle, the same in both the chloride and sulphate process routes. Refer also
to Section 3.2.3.7 (Environmental performance — Greatham Works 2002).

3.24.10.2 Abatement systems for solids

Abatement systems for solids in the production of titanium dioxide by the chloride process route
are described in Sections 3.2.4.3 and 3.2.4.4. Refer also to Section 3.2.4.10.3 below, and to
Section 3.2.3.7.

3.24.10.3 Abatement systems for liquids

Description
As a titanium dioxide plant is operated to maximise internal co-neutralisation, one general

principle that is applied in the design of a new plant is to arrange for the recycling and co-
mixing of acid and alkali streams to minimise the usage of materials. It is an overall requirement
to stabilise heavy metal impurities to prevent them contaminating the aqueous environment in
particular. All residual acids should be neutralised, the pH being, to a certain extent, dependent
on local conditions.

Achieved environmental benefits
Lessening the impact of the production of TiO, by the chloride process on the environment.

Cross-media effects
No data submitted.

Operational data
Abatement systems for the main liquid and solid emissions applied in titanium dioxide plants
operated by the chloride process route are presented in Table 3.32.
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Stallingborough (UK)
Sites Rotterdam (NL) Langebrugge (DE)
Leverkusen (BE)
Treatment pH 4 8
Liquid emissions
Chloride kg/t TiO, 30-300 3-300
Fe kg/t TiO, 8 0-1
Solid emissions

Waste to land (as wet solids) 100 200 — 1000
kg/t TiO,
Notes: FeCl, export significantly reduces waste.
Neutralisation to pH 4 was allowed and required when the plant was set up due to a
restriction on landfill space, but the pH 8 limit will be invoked in 2007. Refer also to data
included in Section 3.2.3.7 (Greatham site).

Table 3.32: Abatement systems — liquid and solid emissions from TiO, plants, using the chloride
process
[20, CEFIC-TDMA, 2004]

Applicability
Applicable to all plants producing TiO, by the chloride process route.

Economics
No data submitted.

Driving force for implementation
Reducing the impact on the environment, among others resulting from the requirements of the
TiO, Harmonisation Directive [21, The Council of the EU, 1992].

Example plants
All five European plants of TiO, production by the chloride process route.

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003].

3.24.11 Co-products for sale or re-use

Description
Ferrous chloride (see Section 7.4), sulphur, sodium hypochlorite and possibly, hydrochloric acid

are potential co-products. Their production depends mainly on local markets. The principle to
maximise co-product production and minimise resource consumption is an obvious solution and
there are good examples of this in the European TiO, industry.

The goal to maximise the conversion of wastes into co-products to suit local demand, typically
associated with the selection and development of a new location to enable the maximum use of
co-products, is a proven long term strategy applied across the European TiO, industry.

Achieved environmental benefits
Minimisation of wastes otherwise released to the environment (refer also to data included in
Section 3.2.3.7).

Cross-media effects
Often there are local restrictions on markets but, on the other hand, it is counterproductive to
transport low cost co-products long distances.

Operational data
No other data submitted apart from these included in the preceding sections. For information on
ferrous chloride refer to Section 7.4.
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Applicability
In principle, applicable to all plants producing TiO, by the chloride process route.

Economics
No data submitted.

Driving force for implementation
Reducing the impact on the environment, among others resulting from the requirements of the
Ti0, Harmonisation Directive [21, The Council of the EU, 1992].

Example plants
Titanium dioxide plant in Greatham, UK.

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003], [90, CEFIC-
INCOPA, 2004].

3.24.12 Energy usage

Description
For the description of energy usage in the chloride process by site, refer to Section 3.2.3.3.1.

Plant design is such as to minimise energy usage. Energy saving in an existing plant is also a
matter of management and control. Generally a combination of plant design, operation and
management is taken into consideration when determining techniques to minimise energy
usage. In particular, for new plants it would also include the supply of its power by a high
efficiency combined heat and power (CHP) system [86, The Council of the EU, 2004].

The range of energy usage in 1999 in TiO, plants operated by the chloride process route is given
in Table 3.33.

Energy Energy use
GJ/tonne TiO,

Black end 6—10(*)
Finishing 12 -18
Effluent treatment 1-3
Total 17 —29 (%)
(*) Including an older chlorine recycling system applied
in 1999, but not used at the present time.

Table 3.33: Energy usage in 1999 in TiO, plants operated by the chloride process route
[20, CEFIC-TDMA, 2004]

These data were also based on the application of a technique in which extra energy was used for
chlorine absorption and desorption (at least 4 GJ/t pigment). This technique, however, is no
longer in use in the EU titanium dioxide industry.

Achieved environmental benefits

Energy efficiency in the process is also an indirect measure of the impact of TiO, production on
the environment. The less energy used for TiO, production, the less energy used in primary
fuels and, consequently, the less emissions of CO,, SOy, and NOx to the atmosphere related to
the generation of energy used in the process.

Cross-media effects
No side effects or disadvantages caused by the implementation of this technique are reported.
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Operational data
Refer to Table 3.16 and Table 3.33. Refer also to the information on energy usage at the
Titanium dioxide plant in Leverkusen [42, UBA-Germany, 2001].

Even though a new set of data detailing energy usage in 2005 was not made available by the EU
Ti0, industry, given the progress made in energy efficiency, it has been reported that the upper
level of overall energy usage for the chloride process is currently in the range of 21 to 23 GJ/t,
and on average 17 to 22 GJ/t pigment [85, EIPPCB, 2004-2005] (refer to Table 3.29 below,
which illustrates a clear downward trend of energy consumption between 1999 and 2002 in
Greatham, UK).

Refer also to [42, UBA-Germany, 2001], where the energy demand in 2001 (average figures)
for the chloride process route, illustrative for one plant in Leverkusen, Germany, was estimated
at the level of 18.8 GJ/t and from this for TiO, manufacture 6.1 GJ/t and for follow-up treatment
12.7 GJ/t pigment.

Applicability
Applicable to all plants producing TiO, by the chloride process route.

Economics
No data submitted.

Driving force for implementation
Reduced impact on the environment and decreased manufacturing cost of TiO, production.

Example plants
Titanium dioxide plant in Greatham, UK (and the other four European TiO, plants based on the

chloride process route).

Reference literature

[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003], [85, EIPPCB,
2004-2005], [86, The Council of the EU, 2004], [25, D.G. Heath, 1996], [24, Tioxide Group
Ltd, 1995], [73, G.V. Ellis, 1979].
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3.3 Titanium dioxide — the sulphate process
3.3.1 Introduction

Titanium dioxide can be made by one of two basic routes: the chloride process (Section 3.2
above) and the sulphate process (as in this Section 3.3). In both processes, pure titanium dioxide
powder is extracted from its mineral feedstock after which it is milled and treated to produce a
range of products designed to be suitable for the efficient incorporation into different substrates.

Although applied life cycle assessment techniques (see findings of the LCA study in
Section 3.4.5) demonstrated that the current versions of the two processes were environmentally
equivalent, the two processes are fundamentally different in most aspects. Therefore, in this
document the processes and their emission abatement techniques are treated separately. A
comparison of the two processes is included in Section 3.4.

3.3.2 Applied processes and techniques — the sulphate process

The sulphate process, described in this section, uses concentrated sulphuric acid to digest the
prepared titanium dioxide ore.

The sulphate route uses low concentration ores such as ilmenite as well as higher concentration
synthetic slags — see Table 3.34. The greater presence of iron in ilmenite leads to the
cogeneration of a greater amount of iron sulphate from the process. A minimum quantity of iron
is required to ensure a high conversion efficiency, thus 80 % TiO, is the highest concentration
that can be used without unacceptable losses. Only the sulphate process can readily form both
crystalline forms (anatase and rutile) of TiO..

Type of feedstock | Component Portion
(mass content in %)

Ilmenite TiO, 44 — 61

Slag TiO, 75 - 80

Table 3.34: Components in main mineral feedstock — TiO, production, the sulphate process
[20, CEFIC-TDMA, 2004]

As illustrated in Figure 3.4 below, the sulphate process generally consists of the following
sequential stages.

3.3.21 Raw material import and preparation

Ore containing titanium dioxide is usually sourced from outside Europe, however, there is a
source of rock ilmenite in Norway, which is used by some companies.

Feedstock purchasing decisions are multidimensional (economic, plant operability, product
quality, cost of abatement, waste disposal, etc.) and can change over time. The feedstock of the
required purity is purchased according to a set of specifications, set as part of the feedstock
purchasing strategy. One of the critical factors is the question of impurities and, therefore, the
purity check of titanium ore plays an important role in the production process.

There are two main issues here. Some heavy metal impurities are not acceptable since trace
levels in the final product can influence the whiteness and brightness. The other is trace levels
of Naturally Occurring Radioactive Materials (NORM) which are present in some ores. This
means that with these feedstocks, the processing is subject to the Directive, 96/29 [22, Euratom,
1996], which may mean that the ore handling and disposal of some wastes is subject to exposure
assessment. The companies take all the necessary precautions to protect personnel and the
environment as required by Euratom.
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The raw ore is usually stored in covered storage silos. Although covered storage is, in principle,
not necessary for the sulphate process, it does have advantages. If the ore becomes wet in transit
then it must be dried before further processing. It is then ground using large ball mills to
produce optimum size particles (typically 40—-60 um) for efficient dissolution with
concentrated sulphuric acid. The main environmental issue at this stage is dust emissions, which
are normally controlled by operating the milling and conveying equipment under mild suction
and discharging the gas through bag filters. The content of combustion gas is monitored when
drying is required. The collected ore dust is conveyed to a storage bin for the milled ore.
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Figure 3.4: OQutline flow diagram — titanium dioxide production by the sulphate process
[20, CEFIC-TDMA, 2004]

3.3.2.2 Digestion

Digestion of the ore can be operated either batch wise or continuously. The more usual process
is batch. It is noted that batch processing is preferred by the EU producers. The continuous
process has been tried in the past, however with some feedstock types, this process works with
lower efficiency (see Section 9.3.2.1). Since the EU producers have an extensive experience and
the necessary know-how to run the batch process optimally, all European sites use the batch
process. The ilmenite or slag (or a carefully controlled blend of both) is mixed with highly
concentrated sulphuric acid (80 — 95 %) and this is necessary to digest the feedstock containing
TiO,. A highly exothermic reaction is initiated by the addition of a measured quantity of steam,
water or diluted acid and takes place at around 140 °C.

The equation for the digestion reaction may be summarised as:

FeTiO; + 2 H,SO4 — TiOSO4 + 2 H,0 + FeSO4
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During the batch process, the exothermic reaction raises the temperature of the reactor from
180 to 210 °C and water evaporates. Agitation/mixing of the reactor is achieved by air blowing.
In the case of ilmenite as a feedstock, the off-gases contain small quantities of dust, sulphur
dioxide and acid fumes, which are removed by scrubbing. Using slag, the off-gases contain
dust, sulphur dioxide, sulphur trioxide and traces of hydrogen sulphide, which are normally
removed by a multistage scrubbing system.

Two sites use a blend of slag and ilmenite and treat off-gases by normal scrubbing, although
using a multistage scrubbing system is a possible option.

In most cases, the scrubbing systems have been uprated in the recent past as a result of the
Titanium Dioxide Harmonisation Directive [21, The Council of the EU, 1992]. The systems are
usually custom built to suit local conditions. The cyclic nature of the batch process requires that
the scrubbers have to be capable of handling large volumes of gases during the short reaction
period (minutes) followed by relatively low volumes during the subsequent long 'bake' period
(hours).

The resulting solid cake is dissolved in water and acid recycled from a subsequent washing step.
Any insoluble material is removed by flocculation and filtration. Afterwards, the titanyl
sulphate (TiOSO,) in the clarified liquor is hydrolysed which results in a precipitation of the
hydrated TiO,, while other sulphates, e.g. iron-sulphate (FeSO,), remain in the solution.

Because of the exothermic reaction, the quality and reactivity of the ore has to be checked
carefully. Normally the amounts of all components, i.e. ore, concentrated acid and in the case of
slag, oleum are carefully metered before they are added to the reactor in order to prevent
unintentional pressure release.

The primary intermediate from the reaction is titanyl sulphate (TiOSO,) and both ferrous and
ferric sulphates are produced as by-products, all of which are held in solution in a supersaturated
state and care must be taken to avoid instability of the liquor to prevent uncontrolled
precipitation of the TiO, crystallites.

Off-gases are treated by a variety of methods most of which are dependent on local conditions
(refer to Section 3.3.4.10.1).

3.3.2.3 Reduction

When the primary ore is ilmenite (or a blend of slag with ilmenite) the digester liquor is
contacted with scrap iron to convert ferric ions (Fe’") to ferrous ions (Fe®"), otherwise the iron
would remain with the TiO, throughout all subsequent processing stages. The quality of the
scrap iron has to be controlled in order to prevent the contamination of the solution with heavy
metals like chromium or nickel. This process generates a small amount of hydrogen, which is
normally rendered harmless by dispersion in air.

The explosion risk is extremely low particularly when the area is designated free from ignition
sources. It should be noted that the sulphate process is not subject to the Seveso II regulations
[23, The Council of the EU, 1996].

One site blends liquor from slag digestion with unreduced liquor of ilmenite digestion and thus
uses no scrap iron.
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3.3.24 Clarification and crystallisation

Any suspended material is removed from the solution by flocculation and filtration. It is washed
with dilute waste acid to recover the titanyl sulphate. The acidic filtrate liquors are recycled
back to the process. The solid residue is neutralised with lime or limestone before going to
landfill. This material can sometimes be used as an inert filler or in other applications after
further treatment but this is usually not possible due to the limited markets and the presence of
impurities, which originate from some ores.

At one site, a small part (<3 %) of the residues is neutralised with caustic soda, washed, dried
and added in the digestion step to enhance the yield of TiO,.

When ilmenite (or a blend of slag with ilmenite) is the main feedstock, the clarified solution is
usually pumped to batch cooler/crystallisers to remove the bulk of the iron sulphate as the solid
heptahydrate (‘copperas’). This solid and its associated products are widely used for example in
water treatment, pharmaceutical and pigment industries. Reference is made here to Section 7.5
on ‘Copperas and related products’. The iron-depleted product liquor is polished using filters to
remove fine particles and is finally concentrated in evaporators.

3.3.25 Hydrolysis (hydrate precipitation)

Hydrated titanium dioxide is produced by hydrolysing the liquor with steam in rubber and
brick-lined mild steel vessels.

The hydrolysis reaction is:
TiOSO, + 2 H,O — TiO(OH), + H,SO,

Precipitation of the hydrated TiO, is achieved by boiling the liquor for some hours followed by
cooling to 60 °C. The addition of the correct TiO, nuclei to the batch determines the final crystal
size and form of the titanium dioxide (anatase or rutile crystals). It is noted that there are many
local variations of this stage of the process.

The hydrated TiO, is filtered off from the suspension and the filter cake is washed to remove
any absorbed metal ions. At this stage of the process, the spent acid with a concentration of
20-25% H,SO4 and 10-15% of soluble salts (mainly iron, aluminum and magnesium
sulphates) arises and is either recycled or neutralised with lime/limestone to produce gypsum
which is preferentially sold at local markets as a commercial product (e.g. white gypsum) or, if
there is no possibility to sell it, it is landfilled.

It should be noted that because the main process liquor is a supersaturated solution of hydrated
titanium ions, it has to be treated carefully to prevent uncontrolled hydrolysis (‘instability’). To
reflect this, the process requires steady state operations both in production rate and temperature
control. Liquor, especially that made from ilmenite, is often preconcentrated to aid stability and
to help control hydrolysis.

Working with so-called low ‘F/T’ (iron/titanium) ratios is an example of the expertise that has
been built up in the industry over the years. All systems, as long as they allow good control
during precipitation, appear to be equivalent from the operational point of view. The unique
variable is the size of the flocculates of crystallites. This is carefully controlled to allow for as
narrow as possible, consistent particle size distribution of calciner discharge downstream in the
process.
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3.3.2.6 Filtration and washing

The precipitated hydrated TiO, is separated on vacuum filters from the mother liquor (i.e.
‘strong’ acid, approx. 20 —25 % H,SO,). This acidic filtrate can either be reconcentrated and
recycled back to the digestion step or may be neutralised with lime/limestone and the product
gypsum sold for wallboard manufacture, etc. After the separation of the mother liquor, the filter
cake is washed with water or a weak acid. The resultant solid is slurried with dilute sulphuric
acid and aluminium or a solution of trivalent titanium is usually added as a reducing agent to
maintain the iron in the ferrous state.

The slurry is ‘leached’ (sometimes called ‘bleaching’) at 50 °C to remove final traces of iron.
Thus the residual solid metals (Fe, Cr, Mn, and V) are eliminated from the hydrate by the
addition of a reducer additive (e.g. trivalent titanium or aluminium) and acid (leaching agent).
The use of zinc is not recommended due to its potential effect in the food chain.

The slurry then undergoes final washing and dewatering. The pulp still contains adsorbed
sulphuric acid, which is impossible to remove by washing. Conditioning agents and rutile nuclei
can be added at this stage to the resulting pulp to enhance crystallite growth and to determine
the final crystal form during calcination.

One site in the EU-25 reports the usage of concentrated sulphuric acid for bleaching, but there
are no details of this technique available [85, EIPPCB, 2004-2005].

3.3.2.7 Calcination

The rotary kilns are directly fired with oil or gas. The pulp moves under gravity
countercurrently to the combustion gases. Water and oxides of sulphur are driven off the pulp.
Temperature control (particularly where there is direct contact with the gas flame) is important
in the production of the correct crystalline type and particle size of the pigment.

As with digester gas, scrubbing calciner gas treatment has been upgraded in the past in order to
reduce SO, emissions to below the limit prescribed in the Titanium Dioxide Harmonisation
Directive [21, The Council of the EU, 1992]. TiO, dust is removed by scrubbing and recycled.
SO; is removed by electrostatic precipitators. The SO, component of the gas is either scrubbed
out or catalytically oxidised to SO; and absorbed to form sulphuric acid, which in turn is
recycled. In one site, the off-gases are partly used for the preconcentration of waste acid.

3.3.2.8 Effluent treatment

It is common practice in the titanium industry to use the terms ‘strong’ and ‘weak’ acid. They
are defined in the TiO, Harmonisation Directive [21, The Council of the EU, 1992]. In simple
terms, strong acid is sulphuric acid at the strength it occurs immediately after hydrolysis of the
digestion cake (see Section 3.3.2.2 above). Weak acid is the sulphuric acid that results from the
dilution of the strong acid particularly when washing the precipitated TiO, pulp that results from
the digestion cake hydrolysis. There are two options for the treatment of the strong waste acid:
reconcentration followed by recycling, or neutralisation — see Section 3.3.2.6 and Figure 3.5.
Weak waste acid is directly recycled (there is only a limited capacity for this within the process)
or neutralised. It is not cost effective or environmentally sensible to reconcentrate weak acid.
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3.3.29 Finishing section

The finishing section is common to the chloride and the sulphate processes. The resulting solid
is cooled, milled, coated, washed, dried, micronised and packed. Before coating, two stages of
milling are used:

e dry milling to break down aggregated particles from the calcining process (up to 20 mm) to
75 -100 pm; and

e wet milling to achieve fine particles of the correct size for optimum pigment properties
(0.2 -0.4 pm).

3.3.2.91 Coating

The main purpose of coating is to improve durability and to lessen the yellowing which occurs
in certain types of paints, and also to improve the dispersibility of the pigments within their
particular substrates.

Coating involves the deposition of a small percentage of other materials on to the pigment
surface. Hydroxides of silica, titanium, zirconium and aluminium are commonly used. The
coating agents are normally added to the milled slurry as soluble sulphates or chlorides, while it
is continuously stirred.

By adjusting the solution pH, hydrated oxide is precipitated on to the surface of the pigment
particles. Coatings of two or more hydrated oxides may be applied to a pigment, either
separately by successive operations or simultaneously in one operation.

3.3.2.9.2 Final processing

After coating, the pigment is washed and dried before being ground by entrainment in high
velocity steam in a microniser or fluid energy mill to separate the aggregated particles. This
stage is essential in order to produce the high quality required for all modern pigment
applications.

Particulate matter generated during micronising is removed to low levels by bag filters prior to
the condensation of steam from fluid energy milling, either in conventional heat exchangers or
in a barometric leg. In case steam condensation is not used, particulate matter is removed prior
to steam venting to the atmosphere.

Many TiO, pigments are also given a light organic surface treatment to improve their
dispersibility in a variety of media. This is usually carried out during the final milling stage. A
variety of organic compounds are used as additives. The most common types are polyols,
amines and silicone derivatives.

The final product is packed in paper sacks (either manually or automatically); packed in ‘semi-
bulk’ containers; or exported in road tankers.

3.3.2.10 Abatement systems for aqueous emissions from the sulphate
process

If there were no effluent treatment operations then the sulphate process would produce large
quantities of strong waste sulphuric acid and aqueous acidic effluents, which contain metal
sulphates and waters from the post-treatment section.
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The two main systems used to treat this strong waste acid are acid recycling or neutralisation.
However, it must be understood that in modern titanium dioxide manufacturing processes there
is often a whole co-product strategy including the production and marketing of copperas, which
influences the particular combination of treatments that is chosen for any particular site — refer
to Section 7.5.

3.3.2.10.1 Acid recycling

The strong waste acid is concentrated by evaporation in a complex multistage process to
approximately 70 % H,SO,. During the concentration process, the soluble salts are precipitated
and are filtered off after the cooling of the 70 % acid. This acid can be used again in the
digestion step or can be further concentrated up to approximately 80 % H,SO,, and then used in
the digestion of the ore containing TiO..

One site reports that the waste acid, after being concentrated to an appropriate level, is used for
the production of phosphoric acid, the latter being used for the production of fertilisers.

The separated filter-salts (mainly iron sulphate in the monohydrate form) can be thermally
decomposed to iron oxide and sulphur dioxide, which is converted to fresh sulphuric acid,
which is used in the digestion step, too. So there are essentially two recycling loops: one dealing
with the acid that remains an acid in the TiO, process, and one dealing with the acid which is
transformed into a metal sulphate and needs to be decomposed to recover the sulphur values.
Alternatively the filter salts can be neutralised for use in the fertiliser industry or for landfill.

The production of sulphuric acid from the SO, of filter salts roasting is the point at which the
operation is covered by the sulphuric acid process — see BREF on LVIC-AAF.

The overall scheme is shown in Figure 3.5 below.
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Figure 3.5: Overall process-scheme of sulphuric acid recycling — TiO, sulphate route
[20, CEFIC-TDMA, 2004]

3.3.2.10.2 Neutralisation

Neutralisation is used for both strong and weak acid. The process normally adopted for strong
acid is a two-stage neutralisation:

e stage 1: Neutralisation with chalk or limestone in which pure white gypsum is produced
e stage 2: Neutralisation to pH 8 — 9 with lime to produce ‘red gypsum’, which is a mixture of
stabilised metal hydroxides and gypsum.

The purpose of this staged process is that it is designed to produce marketable co-products for
use in many industrial and agricultural applications. If white gypsum is required for
plasterboard then extra process steps are required to ensure the gypsum’s properties are
compatible with the plasterboard manufacturing requirements. The long term strategy of the
Ti0, sulphate process industry is aimed at the optimum balancing of inputs and outputs, the best
example here being probably white gypsum, which — because of its good quality — finds its
applications in the production of gypsum plasterboards, even though there are abundant supplies
of cheap, subsidised flue-gas desulphurisation (FGD) gypsum across Europe.

Weak acid is usually also neutralised by a two-step process using limestone and lime producing
single product (‘red’) gypsum.
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3.3.2.10.3 Waste water from post treatment

Waste water contains mainly pigment and sodium sulphate, which results from using caustic
and caustic based additions in the final coating process. Depending on the quality, it can either
be sent to the rivers after removing of the suspended solids, or treated and then combined with
the acidic waste water from the sulphate plant.

3.3.2.10.4 Cooling waters

Any water that is used specifically for cooling can be considered using the horizontal ‘Industrial
Cooling Systems’ BREF.

3.3.2.10.5 Co-products
The principle co-products and their uses are listed below:

e ferrous sulphate is used in municipal waste water treatments (phosphorus removal), as raw
material for iron oxide pigments and as an additive for concrete (Cr anti allergen), fodder
and fertilisers

e ferrous sulphate is converted to ferric form, which is used in water treatment

e white gypsum (for wallboards and the cement industry) and red gypsum (agricultural use).
Red-gypsum can also be used as a solidifying agent for loose clay soils to make them stable
(for highways, etc). Red gypsum, blended with organic fertiliser, is also used for capping
and landscaping activities of quarries, landfills and contaminated sites. Finally, this co-
product can be used in the cement industry

e ilmenite residue (ilmenite sand) can be used as a silicate product in the cement industry and
as a filler in land improvements
iron oxide from filter salt roasting is used in the cement industry

e concentrated acid can be used in the fertiliser industry
a high quality CO, may be produced during gypsum manufacture. This may be bottled and
sold for carbonated drinks.
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3.3.3 Present consumption and emission levels — the sulphate
process

All data originate from the European sites designated in Table 3.5 (apart from Police, Poland
and Celje, Slovenia) and are for the year 1999 [20, CEFIC-TDMA, 2004] and, unless stated
otherwise, all consumption and emission units are in kg per tonne of TiO, pigment. For current
environmental performance of the TiO, production using sulphate process — see Figure 3.4 and
refer to the environmental performance case study in Section 3.3.3.6.

3.3.31 Raw materials consumption
3.3.3.11 Digestion
Ore usage

The TiO, content of the main feedstock range from 44 to 80 % and most sites have their unique
range of feedstock which best suit their supply and processing conditions. Usually in any one
period, a site will use either slag or ilmenite, but blends of slag and ilmenite can also be used
and two sites use them to good effect.

It is noted that the impact of different ores is a complex process, for example, the use of slag
increases the overall energy consumption but reduces the solid emissions, however, with an
active co-product sales policy this effect can be balanced. This is covered in detail in the life
cycle assessment in Section 3.4.5.

Main materials into section Ilmenite Slag TiO, throughput
kg/t TiO, (average) 1662 956 1131

kg/t TiO, 2540 1405 1222
(maxima of averages)

kg/t TiO, 220 @ 0 1057
(minima of averages)

Notes:

1. This figure is much below theoretical consumption, but it is incorrect to imply that the site
using the minimum amount of ilmenite also used the minimum amount of slag;

2. In this case, one site blended a small amount of ilmenite with the main slag feed in 1999.

Table 3.35: Usage of the main titaniferous raw materials in the sulphate process

The usage of the main titaniferous raw materials in the sulphate process is given in Table 3.35.
As with the chloride process, this makes direct comparison of usages not very meaningful.
Looking at the TiO, throughput can provide a more useful comparison. It is seen that the
average consumption is 1131 kg TiO, in the feedstock per tonne of TiO, pigment with a range
of +/- 8 %. It is considered that a variation across this range is not very significant, particularly
in the light of the variation in the feedstock blends.

Sulphuric acid usage

The consumption of sulphuric acid is primarily dependent upon the impurity content of the
feedstock, however, it is also influenced by the choice of effluent treatment, which controls how
much recycled acid can be used. This is a complex environmental issue and it contributes to the
life cycle assessment balance because there is an interplay of different environmental effects
depending on the acid and ore combination that is used. Sulphuric acid usage in titanium
dioxide production by the sulphate process is given in Table 3.36.

Main materials into Sulphuric acid new Sulphuric acid recycled | Sulphuric acid total
section (as 100 %) (as 100 %) (as 100 %)
kg per t TiO, (average) 2362 1067 3250
kg per t TiO, 3740 1634 4394
(maxima of averages)
kg per t TiO, 956 80 2430
(minima of averages)

Table 3.36: Sulphuric acid usage in titanium dioxide production by the sulphate process
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3.3.3.1.2 Reduction

Scrap iron is required if ilmenite or a blend of slag and ilmenite is the feedstock. The usage is
primarily dependent on the amount of ferric iron in the system. Scrap iron usage is given in
Table 3.37.

Main materials into section | Scrap iron
kg per t TiO, average 150
kg per t TiO, max 250
kg per t TiO, min 127

Table 3.37: Scrap iron usage

3.3.313 Clarification and crystallisation

Small amounts of filter aid are used to assist the removal of unreacted fine particles of impurity
from the liquor. No other materials are consumed at this stage of the process. However, the
residue is neutralised to stabilise metal ion impurities and remove any retained acid before

subsequent use or disposal. Lime or limestone is normally used for this purpose. These data are
included in the table of general materials usage (Table 3.38) given below.

3.3.31.4 Hydrolysis, filtration and washing
No significant materials are consumed during these stages of the process, however it is here that

the strong waste acid is produced which requires treatment. This is done by reconcentration, etc.
or by neutralisation as described above in Section 3.3.2.10 and illustrated in Figure 3.5.

3.3.3.1.5 Calcination

Small proportions of mineral salts, such as KCl, are added to assist crystal growth.

3.3.3.1.6 Effluent treatment

See Sections 3.3.3.1.8 and 3.3.3.1.9 below.

3.3.31.7 Finishing

Inorganic metal sulphates and caustic soda are consumed at this stage and their usage is
included in the summary Table 3.38 below.

3.3.3.1.8 Abatement systems for aqueous emissions from the sulphate process

Significant quantities of lime and limestone are used if neutralisation is the chosen abatement
system — see Table 3.38, covering also the usage of materials in the finishing section.

Main materials | Al,(SO,), | H,0, Ca(OH), CaCl, CaCoO; NaOH | Al(OH);
into section (100 %) | (50 %) | (100 %) | (100 %) | (100 %) | (100 %) | (100 %)

kg per t TiO, 21 12 363 15 1380 90 30

(average)

kg per t TiO, 21 12 800 15 2954 168 53

(max. average)

kg per t TiO, 21 12 30 15 36 46 15

(min. average)

Table 3.38: Materials used — abatement systems aqueous emissions and the finishing section
[20, CEFIC-TDMA, 2004]
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3.3.31.9 Abatement systems for gaseous emissions from the sulphate process

Small amounts of caustic and peroxide may be used. These are included in Table 3.38 above.

The main point to note when summing up the major materials used in the whole process (not
included in the boxes and tables above) is the wide range of neutralising materials that are used
depending whether or not neutralisation is the main method of effluent treatment. Some of the
data are specific for one or two sites. It should be pointed out that the more internal recycling
that is done, the less neutralising raw materials are used.

3.3.3.2 Utilities consumption — energy and water

The original concept was to give energy and water consumptions for each process stage as is
done above, however this was found to be excessively complicated due to limitations on the
measurement systems that the sites have in place and in the case of water, the many recycling
arrangements that exist. Instead, a simplified set of data for the sites as a whole is given.

3.3.3.21 Energy

The overall energy consumption for the production of a titanium dioxide pigment based on the
sulphate process is in the range of 24 to 45 GJ/t, with an average of approximately 36 GJ/t.

Energy units are GJ per tonne of TiO, pigment. Consumptions of electricity, steam, gas and
heavy fuel oil, given in Table 3.39, are for the following three major sections of the process [20,

CEFIC-TDMA, 2004]:

1. Ore preparation to calcination — Sections 3.3.2.1 to 3.3.2.7.

2. Finishing — Section 3.3.2.9.

3. Effluent treatment — Section 3.3.2.8.

Process section Sulphate average | Maximum sulphate | Minimum sulphate
Date 1999 1999 1999
Energy TiO, usage ore preparation to cacination/oxidation
Electricity GJ/t 1.9 3.1 1.0
Steam GJ/t 5.5 9.0 1.4
Gas GJ/t 9.7 12.5 7.3
Energy: TiO, usage finishing
Electricity GJ/t 1.3 34 0.6
Steam GJ/t 8.5 12.8 1.2
Gas GJ/t 24 4.2 0.0
Energy effluent treatment

Electricity GJ/t 1.0 2.5 0.1
Steam GJ/t 33 11.4 0.0
Gas GJ/t 0.4 3.0 0.0
Heavy fuel oil, coal,coke GJ/t 2.4 8.7 0.0
Overall total energy per site 36.4 45.3 23.7

Table 3.39: Energy consumption in TiO, production — the sulphate process

[20, CEFIC-TDMA, 2004]

It should be noted that these data rows are the average, maxima and minima of all the data for
the individual sections of the individual sites [20, CEFIC-TDMA, 2004]. As with the chloride
process, the energy usage analysis has been simplified [20, CEFIC-TDMA, 2004].
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It should be also noted that these are site usages of energy and do not include energy used in the
production of raw materials (ore, oxygen, etc). These are taken into account in the LCA
study - refer to Section 3.4.5. Also the LCA has a recognised and auditable method of using
realistic heat/power energy conversion efficiencies [20, CEFIC-TDMA, 2004].

Ore preparation to calcination — comments

A number of sites have a significantly lower energy consumption in this section of the process
than all the others for no simple reason. There is a variation about the mean of approximately
+/-30 %. Typical explanations are given below:

electricity usage largely depends on the number and size of streams

drying feedstock uses up to 0.5 GJ/t of titanium dioxide pigment

slag will require more energy for milling, i.e. about 0.2 GJ/t

steam: slag plants need not use concentrators worth ~ 0.5 — 1.3 GJ/t

use of ammonia for crystallisation cooling can reduce energy consumption

steam usage at concentration can vary widely with the use or not of liquor preheaters and
multi-effect concentrators

e gas is mainly used for calcination and its usage depends on the type of dewatering (feed
solids), type of feed and the use of hot gas recycling. Pressure filters on calciner feed can
save 2 — 3 GJ/t TiO,, while the recycling of hot gases during calcinations saves ~ 0.5 GJ/t
TiO,.

Typical values are:

e rotary vacuum screw no hot gas recycling (38 % solids): 12.5 GJ/t
e pressure filter screw + hot gas recycling (45 % solids): 7 — 8 GJ/t
e it is common to have any combination in between.

Acid recycling with roasting all the salts adds approximately an extra 11.5 GJ/tonne to the total
compared with neutralisation — see box in ‘Effluent treatment — comments’ section below:

Finishing — comments

Variations here are easier to account for since the dominant energy (steam) consumer is the final
fluid energy milling (‘micronising’). The higher quality pigment grades often require two passes
of milling, i.e. using almost twice the energy as single milled grades. Each company will have
its own range of the double milled grades, which is dependent on its customer base. One site
does not micronise at all. Other variations are:

e clectricity usage varies with the techniques for dry and wet milling (Raymond mills, sand
mills, beads), as well as with the production of uncoated grades. Wet milling can add ~
1 GJ/t TiO, pigment produced

e gas is normally only used for drying. The differences can be explained by technology (a
spray dryer only uses gas, a band dryer uses different combinations of gas and steam)

e steam is used for milling and drying. Milling usage, depending on the type of grades, can
vary from 5 to 10 GJ/t, and average about 7 GJ/t. Double micronising can add up to ~ 5GJ/t
TiO, pigment.
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Effluent treatment — comments

Neutralisation requires significantly less primary energy than acid recycling. This is because for
recycling both reconcentration of the ‘strong acid’ and roasting of the filter salts are usually
required to bring the acid to the required strength. In Europe, many different permutations are
adopted which means that the contribution to the overall energy usage varies significantly from
plant to plant (see Section 3.3.3.2.1 above) as detailed below:

one site recycles and neutralises, and some of the salts are exported for roasting

another site exports its strong acid to another site for reconcentration and subsequently
reimports an equivalent quantity of the reconcentrated acid

another site recycles and neutralises its filter salts

some sites neutralise only

one site exports its filter salts to another for roasting and reimports an equivalent quantity of
acid

three sites recycle acid and roast salts. The energy usage needed for roasting all salts adds to
~5 GJ/t TiO.,.

As seen in Table 3.40, in broad terms, neutralisation uses 2 — 3 GJ/t of site energy whereas acid
recycling (with roasting all the salts) adds approximately 14 GJ/t, the difference being as high as
up to 12 GJ per tonne of TiO, pigment produced:

Average energy usage for 2.3
neutralisation GJ/t
Maximum energy usage for 6.5
neutralisation GJ/t
Minimum energy usage for 0.2
neutralisation GJ/t
Average energy usage for 13.8

acid recycling GJ/t

Maximum energy usage for | 18.0
acid recycling GJ/t

Minimum energy usage for 10.2
acid recycling GJ/t

Table 3.40: Energy usage in the production of TiO, via the sulphate process

3.3.3.2.2

Water consumption

Because of different technological options used, water consumption is specific to each site.
Water saving in an existing plant is often a matter of management and control. This is
particularly the case on the older sites when, in former times, water was freely available and not
seen as a commodity that was worth saving. Awareness of the main users is an essential feature.
Modern sulphate plants are generally fitted with equipment that is designed to be water
efficient, and there are many ways that water can be re-used in the sulphate process.

Site/process type Averages | Maximum | Minimum
sulphate sulphate sulphate

Date 1999 1999 1999
Total water per site m’/t 189 770 60
Industrial total m’/t * 77 210 35
Sea or river water m’/t 246 720 79
* ‘Industrial total’ is water imported into site for TiO, processing and effluent treatment,
except for cooling water for once through open systems, denoted here as sea or river water.

Table 3.41:

Water consumption in the production of TiO, via the sulphate process
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3.3.3.3

Emissions to air

In contrast to the chloride process, plant sections are not usually integrated as far as gaseous
emissions are concerned, so it is easier to attribute specific emissions to particular sections of
the plant.

3.3.3.31 Raw material import and preparation

The major concern here is dust. Some sites monitor their emissions from their feedstock dryers;
often these are not regarded as significant. Dust and NOx emissions are given in Table 3.42.

Emitted substance Dust | NOx
Typical treatment method Bag filters

kg per t TiO, (average) 0.04 0.03
kg per t TiO, (max) 0.08 0.04
kg per t TiO, (min) 0.0002 0.002
Collection period 1999 1999
No of data (average) 11 3
Typical volume based value Dust NOx
mg/Nm’ (average) 390 23
* If one site is excluded, the average would be 18 mg/Nm’.

Table 3.42: Dust and NOx emissions — TiO, production, the sulphate process
[20, CEFIC-TDMA, 2004], [85, EIPPCB, 2004-2005]

3.3.3.3.2 Digestion

SO, and H,S emissions from the digestion section for treatment are given in Table 3.43.

Gaseous emissions for treatment

Emitted substance SO, H,S
Typical treatment method Scrubbing | Scrubbing
kg per tonne TiO, (average) 0.47 0.003
kg per t TiO, (max) 1.91 0.010
kg per t TiO, (min) 0.00 0.000
Collection period 1999 1999
No of data (average) 3 3
No of data (max.) 10 4
No of data (min) 1 1
Typical volume based value SO, H,S
mg/Nm’ (average) 87 4

Table 3.43: Gaseous emissions in the digestion section — TiO, production, the sulphate process
[20, CEFIC-TDMA, 2004]

Sulphur dioxide emissions are usually the main concern here. It is noted that if the feedstock is
rock ilmenite then the SO, emission is likely to be zero and, in this case, simple water scrubbing
can be used to remove any acid mist and SOs. If slag is the feedstock, then small amounts of
H,S are emitted. Water and caustic scrubbing can be used.
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3.3.3.3.3 Reduction

Some hydrogen is emitted in the reduction step — see Table 3.44.

Emitted substance Hydrogen
Typical treatment method None
kg per t TiO, (average) 1
kg per t TiO, (max) 2
kg per t TiO, (min) 0
Collection period 1999
Data estimated at one site only, no volume based data available

Table 3.44: Hydrogen emissions during the reduction step

3.3.3.34 Hydrolysis, filtration and washing

There are no atmospheric emissions from these sections, however reference can be made to
Section 7.5 on ‘Copperas and related products’, since some atmospheric emissions occur
depending on how the copperas is subsequently treated to convert it into saleable co-products.

3.3.3.3.5 Calcination

As can be seen from Table 3.45, sulphur dioxide emission is the major concern for all countries
of the European Union. The Czech plant did not have its sulphuric acid plant operational until
the 4th quarter of 1999, hence the average for the year is high. Most plants have proprietary
equipment in which there is the catalytic conversion of SO, to SO; and subsequent absorption to
sulphuric acid, which is recycled. The performance of these units is dependent on many factors
such as age of catalyst, degree of dust contamination, size and number of units, etc. (refer to the
BREF on LVIC-AAF).

The explanation of the large range of data numbers is that some sites have ‘continuous’
measurement. One plant has a unique arrangement where the calciner gases are fed directly to
their sulphuric acid plant. Another has a direct water scrubbing system that is ‘waste-free’ since
all the scrubbing water is re-used in the process.

Emitted substance Acid mist Dust SO, NO,

Typical treatment method Electrostatic mist Catalytic oxidation | None
precipitators

kg per t TiO, (average) 0.65 0.24 3.5 0.6
kg per t TiO, (max) 1.57 0.65 12.10 1.20
kg per t TiO, (min) 0.00 0.00 0.01 0.04
Collection period 1999 1999(*) 1999 1999
No of data (average) 4 4 70082 2
No of data (max) 4 10 175200 4
No of data (min) 4 1 4 1
Typical volume based value Acid mist Dust SO, NO,
mg/Nm’ (average) 33 23 713 98
(*) Four sites — estimated data

Table 3.45: Gaseous emissions from calcination — TiO, production, the sulphate process

[20, CEFIC-TDMA, 2004]
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3.3.3.3.6 Finishing

Dust emissions from the finishing section are given in Table 3.46.

Emitted substance Dust from milling | Dust from micronising
Typical treatment method Cyclones/bag filters Bag filters
kg per t TiO, (average) 0.01 0.156
kg per t TiO, (max) 0.02 0.370
kg per t TiO, (min) 0.00 0.002
Collection period 1999 1999
No of data (average) 7 18
No of data (max) 12 40
No of data (min) 2 2
Typical volume based value | Dust from milling | Dust from micronising
mg/Nm’ (average) 12 270
® When data from 2001 are taken into account, a typical volume based value for dust
from micronising is 20 mg/Nm’, mainly due to improvement at one site.

Table 3.46: Dust emissions from the finishing section — TiO, production, the sulphate process
[20, CEFIC-TDMA, 2004], [85, EIPPCB, 2004-2005]

Dust emissions during jet milling are subject to careful control. Since all plants use similar
equipment, it is presumed that the variation in the data is due to operational reasons.

3.3.3.3.7 Abatement systems atmospheric emissions — the sulphate process

It should be noted, as shown in Figure 3.5, that the SO, from a filter salts roasting plant is
considered to be treated according to the information given in the BREF on LVIC-AAF.

3.3.3.4 Emissions to water
3.3.3.41 Hydrolysis, filtration and washing

The major aqueous emissions are allocated to the filtration and washing section, specifically
washing since the ‘strong acid’, which is the product of the filtration section (originating from
the primary titanyl sulphate hydrolysis) and is forbidden by the TiO, Harmonisation Directive
[21, The Council of the EU, 1992] to be discharged into the aqueous environment.

It should be noted that the concentration of sulphate and most of the metal ions in the final plant
effluent is dependent both on the amount of copperas and copperas related products that are
extracted (refer to Section 7.5) and the level of effluent treatment. There is no difference in the
type of emission whether neutralisation or acid recycling has been used, however, it is possible
to achieve a lower level of contaminants with neutralisation. As illustrated in Table 3.47, there
are no other significant emissions to water from the process, except for suspended solids and
sodium sulphates from the finishing section, which are given below. Sodium sulphate originates
from caustic and caustic based agents, which are used to deposit the surface coating on the
pigment. Sulphate and metals are the ions of concern and these are monitored closely in all
countries.

158 Large Volume Inorganic Chemicals — Solids and Others



Chapter 3

Treatment method Acid recycling or neutralisation

Emitted substance | Sulphate | Iron Cd Hg Other metals * | Susp. solids
Collection period 1999 1999 1999 1999 1999 1999
kg per t TiO, 274 18 | 0.000799 | 0.000310 3 12
(average)
kg per t TiO, (max) 730 158 |0.003200 | 0.002200 17 41
kg per t TiO, (min) 30 0 0.000001 | 0.000000 0.001 0.09
No of data (average) 296 335 65 65 155 4579
No of data (max) 1095 1095 365 365 730 35040
No of data (min) 12 12 4 4 1 12
Typical volume Sulphate | Iron Cd Hg Other metals Suspended
based values solids
mg/litre 5151 259 0.022 0.0089 58 213
* Other metals are: Manganese (Mn) Vanadium (V) Titanium (Ti) Zinc (Zn) Chromium (Cr) Lead (Pb) Nickel

(Ni) Copper (Cu) Arsenic (As)

Note: As stems from the figures provided by UBA-Germany, German plants performed better as, apart from
Cadmium (Cd), all the other maximum load figures (sulphate, iron, mercury, and suspended solids) were lower,
the maximum load of ‘other metals’ being 1 kg/t TiO,, with a load of 0.05 kg Cr/t TiO, pigment.

Table 3.47: Major aqueous emissions from the TiO, production based on the sulphate process
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [85, EIPPCB, 2004-2005]

The following are comments on particular emitted ions:

Sulphate: This is a key prescribed variable in the TiO, Harmonisation Directive [21, The
Council of the EU, 1992] where the maximum allowable emission level is 800 kg/t TiO,. The
lower the level, the more effluent treatment that is carried out. There is a baseline sulphate
concentration of ~100 kg/t which results from sodium sulphate from the coating process
mentioned above.

It is known that the plants with the highest sulphate emission have projects in hand to reduce the
current level by a further significant amount. Plants discharging into the Mediterranean Sea
have, for many years, been special cases where the State regulatory authorities require total
treatment. The same is now true for the Baltic Sea. This accounts for the lower end of the range.
Similarly plants that discharge into the Rhine have special limits but in this case the controlling
variable is the chromium content (see ‘other metals’ below).

Iron: This has been singled out of the metals since it is the major metal next to titanium in the
original ilmenite ore (the formula of pure ilmenite is FeO Ti0O,).

Mercury and Cadmium: Data are given on these metals because they are the so-called ‘black
list’ metals because they are the most ecotoxic. Fortunately the emissions are very low and are
approaching the limits of detection of normal analytical methods. It is likely that the primary
source of these metals is sulphuric acid rather than titaniferous ore.

It is believed that they are not affected by normal effluent treatment. To give these values a
perspective, on average there is less than one gram emitted for every tonne of TiO, produced.

Other Metals (Mn, V, Ti, Zn, Cr, Pb, Ni, Cu, As): These are included to ensure that there is a
perspective on all potentially harmful emissions. In general, the concentration of these ions (like
iron and sulphate) is dependent on the source of the ore and the extent of the effluent treatment.

3.3.34.2 Finishing

Suspended solids (insoluble TiO,) are the only significant emission to water, which are included
in the last column of the Table 3.47 above.
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3.3.3.5 Solid wastes
3.3.3.51 Clarification and crystallisation
The unit quantity of neutralised digester residue is primarily a function of the unsulphateable

impurity content of the feedstock. This is usually mainly a function of the silica content. Data
on waste to land relating to neutralised digester residue are given in Table 3.48.

Waste to land
Treatment method Neutralisation with lime
Emitted substance Neutralised residue
kg per t TiO, (average) 307
kg per t TiO, (max) 420
kg per t TiO, (min) 180

Table 3.48: Waste to land from the digester residue (for TiO, production via the sulphate process)
[20, CEFIC-TDMA, 2004]

3.3.3.5.2 Abatement systems for aqueous emissions from the sulphate process

Wastes to land mainly from the neutralisation of aqueous emissions from the sulphate process
are given in Table 3.49.

Wastes to land
Treatment Neutralisation | Neutralisation Roaster Neutralisation
limestone/lime limestone limestone
Emitted Neutralised Red White gypsum | Roasted Neutralised
residue gypsum filter salts filter salts
kg/t TiO, (average) 117 3849 0 196 1327
kg/t TiO, (max) 6918 0
kg/t TiO, (min) 1113 0

Table 3.49: Wastes to land from the neutralisation of aqueous emissions, the sulphate process
[20, CEFIC-TDMA, 2004]

This is a complex situation since, in the short to medium term, the amount of waste disposed to
land is a function of a number of different factors:

o the effluent treatment process
e the success of the co-product marketing strategy, and in some cases
e commitments to landfill contracts.

Looking at the data for each substance:

Red gypsum: The range of tonnage here is dependent on a number of factors connected with
the feedstock type and its mode of processing as indicated above in the section on acid usage.
However, it is also dependent on the success that any site has on marketing it as a co-product. In
some geographical areas, where there are old quarries that need to be filled with inert material,
there may be a strong demand for red gypsum and the tonnage disposed to landfill could be
substantially reduced or even eliminated.

White gypsum: It can be seen that the quantities disposed of to land are zero. This is because it
is all used as a commercial co-product for the production of plasterboard.

Roasted filter salts: Data from one site.

Neutralised filter salts: Data from one site.
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3.3.3.6 Environmental performance — Grimsby Works 2002

The purpose of this case study is to help bridge the gap after 1999 when the original
performance data was collected.

The year 2002 was the first full one of operation on the new Combined Heat and Power (CHP)
plant [86, The Council of the EU, 2004] and the new sulphuric acid import facility. This major
restructuring of the energy supply to the site and the source of a critical raw material achieved
all of its key objectives, primarily in making a massive reduction in emissions from the site, and
also in simplifying the operation and improving business performance at the site.

Figure 3.6 gives the overall production balance for 2002 in Grimsby, illustrating major inputs
and outputs from the titanium dioxide production process based on the sulphate process route.

GRIMSBY
2002 production balance
kg/t of TiO2
Pigment Materials
COPPERAS Water treatment chemicals
IL“ggz‘z:TE — Ferric 1989
Digesti 1725 sulphate plant
IMPORT ACID N| igestion
4000 l
Iron/acid [ .
removal Dried copperas
»220
REAGENTS J'
680 ACID
Calcination
—————» WHITE GYPSUM 2270
» Gypsum plant
— RED GYPSUM 3200
\WME

. ALK

Finishing cH 2700
Final pigment

product LANDFILLED

1000 Digester residue : 350

Red gypsum: 820

Figure 3.6: Main raw materials inputs and production outputs — the Grimsby site, 2002
[20, CEFIC-TDMA, 2004]

Emissions inventory

In the 2001 site report, major reductions in the emissions of SOx, NOx and particulates were
predicted as a result of the combined heat and power and the sulphuric acid import projects.
These allowed the closure and decommissioning of the on-site boiler plant and acid production
plants — the major sources of these emissions. The first year of full operation of these two
projects has fully demonstrated these reductions, as follows:

Sulphur oxides

The overall site emission of sulphur oxides, SOx, decreased by 84 % during 2002. These
improvements are only the latest in a series of Grimsby Works initiatives to reduce SOx
emissions since the early 1990s. Pigment calcination now accounts for over 99 % of all SOx
released from the site.

Nitrogen oxides

The overall site emission of nitrogen oxides (NOx) decreased by 89 % during 2002. This was
due to the closure of the boiler plant and the decommissioning of the original gas turbines at the
gypsum plant. Again, pigment calcination is now the largest source of NOx emissions — 77 % of
the total.
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Hydrogen chloride (HCI)

The two site sources of HCI are the dilution of titanium tetrachloride and the preparation of
TiO; nuclei (by reacting sodium hydroxide with dilute titanium tetrachloride). Both areas now
have new scrubbing systems. The upgraded scrubber at titanium tetrachloride dilution was
commissioned in 2002 and the total site HCI emissions have now been reduced from 2 tonnes in
2001 to 8 kilograms in 2002.

Carbon dioxide (CO,)

The on-site emissions of carbon dioxide (CO,), the main contributor to global warming, showed
a decrease of 44 % in 2002. This CO, originates from fuel use and as a by-product from the
neutralisation of acidic waste streams to form gypsum.

Carbon dioxide emissions associated with the TiO, production in the Grimsby Works in the
period between 1997 — 2002 are illustrated in Figure 3.7.
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Figure 3.7: CO, emissions related to TiO, production in the Grimsby Works, the sulphate process
[20, CEFIC-TDMA, 2004]

Carbon monoxide (CO)
Carbon monoxide (CO) emissions have fallen by 91 %. The only significant source on-site is
now the white gypsum dryer.

Particulates (dust/droplets)

There was a reduction of 67 % from 2001 in the amount of particulates released. There are
many emission points that contribute to this total such as ilmenite milling, pigment drying and
pigment milling. The largest source had been incomplete combustion of heavy fuel oil in the
site boiler plant. With the boiler plant decommissioned, the particulate emissions have dropped
significantly. During 2002, several projects to reduce droplet emissions were completed.

Liquid effluent emissions

The reduction in these emissions was achieved by increased treatment (neutralisation) of plant
effluent streams. The site has set a target for 2003 to consolidate the sulphate discharge at this
figure and has set daily/weekly limits on the concentrations of a number of species in liquid
effluent mainly acid, solids and metals.

Liquid effluent sulphate concentration in the Grimsby Works in the period of 1995 — 2002 is
illustrated in Figure 3.8.
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Ligquid Effluent Sulphate
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Figure 3.8: Liquid effluent sulphate load from TiO, production via the sulphate route in Grimsby
Works
[20, CEFIC-TDMA, 2004]

Non-renewable resources
This area continues to be the focus of much attention. During 2002, the enormous benefits to the

site in reduced unit energy consumption due to CHP plant operation have been realised. The site
has also been able to set a new water consumption baseline for the new plant set up.

The site achieved a reduction of 18.7 % (over the 2000 baseline) in unit energy consumption.
This puts the site in a very strong position to meet its objective of a 25 % reduction in unit
energy consumption by the end of 2005. Unit energy consumption for 2000 — 2002 for the TiO,
production at the Grimsby Works is illustrated in Figure 3.9.
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Figure 3.9: Unit energy consumption from TiO, production via the sulphate route in Grimsby
Works
[20, CEFIC-TDMA, 2004]

Water usage
The total site water consumption was 6.13 million m® per year. This is a very small (2 %)
overall increase from 2001. However, the unit water usage fell by 13 % from 115.9 m’/tonne

TiO, to 100.4 m*/tonne TiO,.

Increased level of acid recycling
The acid recycling figure for 2002 was 8.0 % which achieved the target. The target in 2003 was
based on an acid/ilmenite ceiling in order to control sulphate input to site.

Detailed annual emissions 2002 in the Grimsby Works (in kg/tonne TiO, pigment) are given in
Table 3.50.
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1999 2000 2001 2002
kg/t TiO, kg/t TiO, kg/t TiO, kg/t TiO,

Discharges to water

SO, total 630 689 619 591

H,SO, 152 169 149 170

Fe 159 174 143 136

Solids 41 36 30 59

Ti 6 6 5 6

Mn 7 8 7 7

\ 0.23 0.30 0.26 0.20

Zn 0.17 0.25 0.17 0.18

Cr 0.08 0.11 0.11 0.08

Pb® 0.009 0.009 0.010 0.009

Cu 0.020 0.022 0.022 0.020

Ni 0.023 0.028 0.011 0.013

As 0.003 0.001 0.001 0.001

Cd 0.0003 0.0004 0.0002 0.0004

Hg © 0.00002 0.00001 0.00001 0.00003

Emissions to air

SOx total 37.9 38.1 334 0.0

SOx TiO, 7.7 4.7

Particulates 1.9 2.5 2.2 0.7

NOx 6.0 5.8 5.2 0.5

HCI 0.0 0.0 0.0 0.0

CO 0.8 0.8 0.6 0.0

CO, (from off-site generation) @ 306 401 872 1979

CO, (from fuel)@ 2328 2363 2083 778

CO,; (from the gypsum plant) 673 699 713 616

Wastes to land

Gypsum 1329 1512 1586 819

Neutralised digester residue 303 352 360 348

Misc. industrial wastes 52 155 70 55

Misc. hazardous wastes © 4 9 9 7

Recycled waste 15 41 21 28

Energy usage

GJ 41 43 42 40

1GJ=1 x 10’ Joules or approximately 278 kWh. Energy use was calculated by converting total site energy

consumption in kWh (for electricity and fuel) to GJ by conversion factors (at 34 % conversion efficiency).

Data for 1992 to 1997 are available in the 1998 Grimsby site report.

(a) Special waste including acid plant catalyst, solvents, oils and greases.

(b) The concentration of lead in the effluent has been reported as less than the analytical instrument level of
detection. Since 1994, the mass emissions have been recalculated using a standard detection limit figure for
each year. There has been no change in detectable lead concentrations.

(c) Mercury emissions calculated from external Environment Agency analyses that have lower limits of
detection than Huntsman Tioxide methods.

(d) Calculated using new factors proposed by the Chemical Industries Association for current Climate Change
Levy reporting.

Table 3.50: Detailed annual emissions 2002 in Grimsby Works, the sulphate process
[20, CEFIC-TDMA, 2004]

3.34 Techniques to consider in the determination of BAT - the
sulphate process

This section sets out techniques considered generally to have potential for achieving a high level
of environmental protection in the industries within the scope of the document. Management
systems, process-integrated techniques and end-of-pipe measures are included, but a certain
amount of overlap exists between these three when seeking the optimum results.

Prevention, control, minimisation and recycling procedures are considered as well as the re-use
of materials and energy.
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Techniques may be presented singly or as combinations to achieve the objectives of IPPC.
Annex IV to the Directive lists a number of general considerations to be taken into account
when determining BAT and techniques within this section will address one or more of these
considerations. As far as possible a standard structure is used to outline each technique, to
enable comparison of techniques and an objective assessment against the definition of BAT
given in the Directive.

The content of this section is not an exhaustive list of techniques and others may exist or be
developed which may be equally valid within the framework of BAT. Generally a standard
structure is used to outline each technique, as shown in Table 3.51:

Type of information considered Type of information included

Description Technical description of the technique

Achieved environmental benefits | Main environmental impact(s) to be addressed by the technique
(process or abatement), including emission values achieved and
efficiency performance. Environmental benefits of the technique
in comparison with others

Cross-media effects Any side-effects and disadvantages caused by implementation of
the technique. Details on the environmental problems of the
technique in comparison with others

Operational data Performance data on emissions/wastes and consumption (raw
materials, water and energy). Any other useful information on
how to operate, maintain and control the technique, including
safety aspects, operability constraints of the technique, output
quality, etc.

Applicability Consideration of the factors involved in applying and retrofitting
the technique (e.g. space availability, process specific)
Economics Information on costs (investment and operation) and any possible

savings (e.g. reduced raw material consumption, waste charges)
also as related to the capacity of the technique

Driving force for implementation | Reasons for implementation of the technique (e.g. other
legislation, improvement in production quality)

Example plants Reference to a plant where the technique is reported to be used
Reference literature Literature for more detailed information on the technique

Table 3.51: Information breakdown for each technique described in this section

Reference is to be made here also to Section 8.9, providing key information on the
Environmental Management System (EMS) which is a tool for IPPC installations that operators
can use to address the design, construction, maintenance, operation and decommissioning issues
in a systematic demonstrable way.

Techniques broadly applicable in the chemical industry, described in the BREF on Common
Waste Water and Waste gas Treatment/Management Systems in the Chemical Sector, are not
included in this section (refer to the BREF on CWW).

3.3.4.1 Raw material choice from import

Description
The general principle of choosing ores with as low as practical impurities is advisable. The

choice of slag or ilmenite at one level is an LCA question (refer to Section 3.4.5), however,
once this basic choice is made, and it is optimally made before starting the investment in a new
plant, as it usually fixes the long term co-product marketing strategy. Typically there is limited
chance to switch from ilmenite to slag or vice versa, because of capacity reasons, co-product
management or availability of acid feed of different concentrations. However it is possible to
use a blend of ilmenite and slag (refer to Section 3.3.3.1.1), or to digest ilmenite and slag
separately combining the resulting liquor, but only within narrow limits.
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Achieved environmental benefits

The choice of titaniferous ores with a low content of impurities results in the minimisation of
wastes released from TiO, production on the environment. At the TiO, production site, the use
of slag gives rise to less waste from TiO, production. However, some TiO, producers are able to
find uses for these ‘waste’ streams. In order to assess the impact on the environment as a whole,
cross-media effects need to be taken into consideration.

Cross-media effects

From the point of view of environmental impact at the TiO, production site alone, the choice of
titanium slag may appear to be a better long term strategy than the choice of ilmenite. However,
the more pure the feedstocks for the production of TiO, (e.g. titanium slag), the more energy
needed for the beneficiation of titaniferous raw materials and the more wastes generated at the
supplier’s site (refer to the life cycle assessment in Section 3.4.5).

Operational data

No detailed data submitted, in particular with regard to processing blends of slag and ilmenite,
but since the cost of titanium slag is much higher than that of ilmenite, a thorough analysis of
the material and energy efficiency of the process, including an overall assessment of the impact
on the environment, and a detailed calculation of the manufacturing cost need to be carried out
prior to any long term strategic decisions, e.g. revamping of the plant or a new TiO, plant built
at the site.

Applicability

The choice of feedstock is applicable to all producers of TiO, pigments (in total in the EU-25,
nine producers, 19 sites and 20 plants — see Table 3.5). It should be stressed that this technique
is applicable, however, to some extent (as natural rutile is currently a very scarce raw material
and the operators of the plants based on the chloride process use mostly synthetic rutile), to both
the sulphate and chloride process routes.

Economics
No detailed data submitted apart from the LCA study included in Section 3.4.5.

Driving force for implementation

Decreased usage of energy and reduced impact on the environment at the TiO, producing site,
counterbalanced by the higher prices of the upgraded titaniferous raw materials. This is a
complex issue, and many factors should be considered, as indicated by the LCA.

Example plants
Fifteen European TiO, plants based on the sulphate process route, using either ilmenite or

titanium slag or the blend of both (see Table 3.5).

Reference literature

[20, CEFIC-TDMA, 2004], [25, D.G. Heath, 1996], [26, EIPPCB, 2003], [70, Environment
Agency, 1999], [21, The Council of the EU, 1992], [24, Tioxide Group Ltd, 1995], [42, UBA-
Germany, 2001], [48, W. Buchner et al, 1989], [85, EIPPCB, 2004-2005].
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3.34.2 Raw material preparation

Description
The ore needs to be in a dry state and with a low moisture content prior to processing. Ensuring

that the ore is delivered to the site in a dry state may require collaboration with upstream
suppliers and those who transport and handle the ore. Covered storage prevents wetting of the
ore by rain. The ore is ground before further processing and, therefore, it cannot be wet, as the
performance of the grinding section would then drop substantially, bottlenecking the TiO,
production process. Also, the excessive content of moisture in the ore (ilmenite, titanium slag)
may cause a warming-up and a premature reaction during the mixing of the ore with sulphuric
acid in the digestion section (refer to Section 3.3.4.3). Therefore, if the ore becomes wet in
transit, it must be dried before further processing, and this entails the use of energy with
associated emissions of combustion products. Milling ilmenite to an optimum size maximises
the efficiency of sulphation and, therefore, saves resources. In ore preparation, dust emissions
are best controlled using high integrity bag filters with appropriate filter cloth material and a
maintenance routine to minimise dust emissions.

Achieved environmental benefits

Less energy required for drying (and grinding) the titanium ore delivered with a low moisture
content and, therefore, less CO,, SOx and NOx emissions, that would otherwise result from the
generation of an additional amount of energy required for drying more humid ore.

Cross-media effects
Increased amounts of dust may be expected when the titaniferous ore is handled in a dry state.

Operational data

The ore (ilmenite, titanium slag) is dried to a humidity content of <0.1 % [42, UBA-Germany,
2001]. Dust and NOx emission levels are as presented in Section 3.3.3.3.1. Specific emissions
of dust to air are in the range of 0.0002 to 0.08 kg/t TiO, [20, CEFIC-TDMA, 2004], the
maximum emissions of dust to air being reported at the level of 4 kg/t TiO, [42, UBA-Germany,
2001]. Specific emissions of NOx to air are in the range of 0.002 to 0.04 kg/t TiO, [20, CEFIC-
TDMA, 2004].

Applicability
This technique is applicable to all TiO, plants using the sulphate process route.

Economics
No data submitted.

Driving force for implementation
Reduced emissions from drying. Better performance of the grinding section. Controlled reaction
in the digestion section.

Example plants
Titanium dioxide plant in Grimsby, UK.

Titanium dioxide plants in Leverkusen (sulphate process route), Nordenham, Uerdingen, and
Duisburg, which are all in.ermany

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003].

3.343 Digestion of the ore

Description
In the batch digestion process, the ground titaniferous material reacts with sulphuric acid,

normally to 80 — 95 %. However, different streams of sulphuric acid are used, with
concentrations from 70 %, through 80 %, to 96 %. The concentration of the added acid varies
between 92 and 106 % [20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001].
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After achieving the required temperature, the cake has to ripen for 1 — 12 hours, depending on
the raw material used, in order to reach the highest possible yield. During the digestion of
titaniferous ore, off-gases are generated. These off-gases contain SO, and H,S. The batch
system is connected to a high efficiency scrubbing system, in which off-gases are treated before
being released to the atmosphere. The cake obtained by digestion of the ore in sulphuric acid is
then dissolved in cold water or diluted acid in temperatures below 85 °C, in order to avoid a
premature hydrolysis. The TiO, concentration in the obtained solution lies between 8 — 12 %
(ilmenite digestion) and 13 — 18 % (titanium slag decomposition).

It should be noted that there is a large amount of expertise within the industry in optimising the
batch process for maximum efficiency where several interdependent processing variables have
to be set for every new ore import (e.g. ore fineness, acid concentration and batch time, linked
with balances between concentrated, recycled and fresh sulphuric acid). Maximising the
proportion of recycled sulphuric acid used is generally a good principle. If the recycled acid is
too dilute, the chemical efficiency of digestion is lost. Digestion is a virtually unique process
and the operators need to keep all the conditions for any particular ore or ore blend stable to
ensure maximum chemical reaction efficiency. Also, it is necessary to obtain a cake texture that
is capable of easy solubility. High efficiency digestion is almost a unique process because it
involves heating a concentrated slurry (to initiate an exothermic reaction) that changes to a solid
state, and then the last vital stages of conversion of the titanium atoms into a soluble matrix
occur in the solid state. Experiential skill in the batch digestion of the ore has been developed
over many years of operation. Failed digester batches pose a very high burden on the plant’s
disposal and effluent treatment systems.

Achieved environmental benefits

The batch process of decomposing ilmenite (or titanium slag) is of key importance for achieving
a high yield of the titanium content in the ore to titanyl sulphate (TiOSQOy), and then to TiO, in
the solution, which determines a high overall efficiency of the process, and contributes to
reducing the impact of TiO, production on the environment. Also, diluted sulphuric acid can be
reconcentrated in the process and recycled to the digestion section, thus reducing the usage of
concentrated sulphuric acid (92 — 96 % H,SO,, used for the digestion of ilmenite) or oleum
(104 - 106 % H,S0O,, used for the digestion of titanium slag).

Cross-media effects
No information submitted.

Operational data

For information on off-gas treatment from digestion refer to Section 3.3.4.10.1. Data on waste
to land relating to neutralised digester residue are given in Table 3.48 (the range of waste to land
being reported between 180 — 420 kg/t TiO,, with the average figure of 307 kg/t TiO,). Data on
waste to land relating to neutralised digester residue in Grimsby Works in the period between
1999 and 2002 are given in Table 3.50. In turn, specific volumes of digester residues reported
are in the range between 340 — 670 kg/t TiO, produced.

Although seemingly there appears to be no significant environmental differences between batch
and continuous digestion (which is only applicable with ilmenite as a feedstock), continuous
digestion has been tried, but it is unlikely that it can achieve the chemical efficiency of the batch
process and, therefore, the batch digestion system is considered a key technique applied in the
sulphate process (refer also to Section 9.3.2.1).

Applicability
Applicable to all TiO, plants using the sulphate process route.

Economics
No data submitted.

Driving force for implementation
High overall efficiency of the sulphate process.
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Example plants
Titanium dioxide plant in Grimsby, UK.

Titanium dioxide plants in Leverkusen (sulphate process route), Nordenham, Uerdingen, and
Duisburg, which are all in Germany.

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003], [85, EIPPCB,
2004-2005].

3.344 Reduction

Description
When the primary ore is ilmenite (or a blend of slag with ilmenite) the digester liquor is

contacted with scrap iron chips or a Ti’" solution in order to convert ferric ions (Fe*") to ferrous
ions (Fe™), otherwise the iron would remain with the TiO, throughout all subsequent processing
stages. The technique, applied particularly to prevent the precipitation of the Fe*" ions during
the hydrolysis, involves setting the reduction level (as Ti’") so that a small excess of this
component is maintained through the filtration and washing stages. A custom built system that
allows efficient contact between the liquor and the iron and easy removal of any non-iron
materials is typically used in the reduction section. Waste iron products can be used with
obvious environmental advantages. As mentioned in Section 3.3.2.3, appropriate and clean
scrap iron only can be used. The scrap must be free of contaminants.

Achieved environmental benefits

Usage of waste scrap iron, which is later crystallised out and recovered in the form of iron
sulphate heptahydrate (copperas, used for waste water treatment or iron oxide, used as a
pigment — see Section 7.5).

Cross-media effects
The process generates small amounts of gaseous hydrogen, which should be dealt with properly
to prevent the risk of explosion.

Operational data
Reported emissions of hydrogen are in the range between 0 — 2 kg per tonne of TiO, produced.
Usage of scrap iron is in the range between 127 to 250 kg/t TiO,.

Even though the quantities involved limit the risk well within the boundary of the plant area
(hydrogen is instantly dispersed in air and, therefore, the explosion risk is extremely low), the
equipment should be designed to work in a flammable atmosphere and proper venting of the
building is required.

Applicability
Applicable to all plants based on the sulphate process route which use ilmenite, as well as to
plants using a blend of slag with ilmenite, which also use scrap iron dosage.

It is noted that one plant blends liquor from slag digestion with the unreduced liquor of ilmenite
digestion and thus uses no scrap iron.

Economics
No data submitted.

Driving force for implementation
Performance of the sulphate process, when ilmenite is a raw material.

Example plants
Titanium dioxide plant in Grimsby, UK.
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Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003], [85, EIPPCB,
2004-2005].

3.3.45 Clarification and crystallisation

Description
After the reduction of ferric ions (Fe’") to ferrous ions (Fe’") in the solution of titanyl sulphate,

two operations need to be performed: the removal of suspended materials from the solution by
flocculation and filtration (clarification of the titanyl sulphate solution), followed by the
crystallisation and removal of iron sulphate heptahydrate.

The disposal route for the solids must be looked at carefully since the options available are
usually dictated by the impurity content and type. In the clarification section, all insoluble solids
are separated from the solution by flocculation and filtration. The solid residue is neutralised
with lime or limestone and, in most cases, is sent to landfill, as there is only a very limited
market for this residue as a co-product. Normal practice is to have a system that allows efficient
separation of the flocculated solids and it is necessary to optimise the system for particular ore
feedstocks. It should be noted that stable liquor is a prerequisite for an efficient operation. The
use of pressure filters for the dewatering of digester residue is considered.

After the removal of all insoluble solids, the solution contains 5 — 6 % FeSO, in the case of
processing titanium slag and 15 —20 % FeSO, in the case of processing ilmenite and ilmenite
enriched with slag, and in the latter case, iron sulphate heptahydrate (FeSO,7H,0), i.e.
copperas, is crystallised by vacuum cooling in the crystallisation section.

The separation of copperas is the most environmentally efficient way of removing iron,
especially as there is an internationally established market for copperas, particularly for the
manufacture of water treatment chemicals (refer to Section 7.5). For ilmenite liquors, various
crystallisation arrangements are possible. Normally the objective is to maximise the removal of
copperas. There are no significant environmental differences reported between batch and
continuous centrifuges (crystallisers), however, the latter can be very difficult to commission
and optimise to give maximum separation efficiency.

Achieved environmental benefits

The major environmental benefit in this section is the removal of iron from the process in the
form of copperas (iron sulphate heptahydrate), which can be subsequently used for waste water
treatment or, after salt roasting, converted into iron oxide (Fe,O;), which then finds applications
as an iron oxide pigment. Copperas production is an environmentally benign process since
every tonne that is produced and used relieves the need for subsequent treatment of the main
TiO, plant effluent.

Cross-media effects

As there is a very limited market for the insoluble solids originating from the clarification
section, the neutralised solids are typically landfilled. Waste to land varies in the range between
180 - 420 kg per tonne of TiO, produced. In the case of copperas roasting to Fe,O; in a
downstream unit, the emission of gaseous SO, has an additional negative effect, however, the
SO, gas can be used for the production of sulphuric acid at the same site.

Operational data

No detailed data submitted. Refer to Section 7.5 on ‘Copperas and related products’. The major
EU-15 producers of ferrous sulphate heptahydrate are listed in Table 7.17. The combined EU-15
production capacity of the ferrous sulphate heptahydrate amounts to over 1.1 million tonnes per
year.

Applicability
Applicable particularly to the plants based on the sulphate process route which use ilmenite.
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Economics
No data submitted.

Driving force for implementation

The separation of copperas (by crystallisation), allows for increasing the concentration of TiO,
in the solution, and hence for a higher efficiency of TiO, production by the sulphate process
route. The higher the process efficiency, the lesser the impact on the environment. In turn, the
use of copperas, not only directly reduces the impact of TiO, production on the environment,
but also allows for the manufacture of valuable by-products (value added).

Example plants
Titanium dioxide plant in Grimsby, UK.

Titanium dioxide plant in Prerov, Czech Republic.

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003], [59, CEFIC-
TDMA, 2004], [48, W. Buchner et al, 1989], [85, EIPPCB, 2004-2005].

3.3.4.6 Hydrolysis (hydrate precipitation)

Description
After the crystallisation and removal of iron sulphate heptahydrate, the titanyl sulphate is

hydrolysed by heating the clarified solution with steam at 95 to 110 °C. In order to achieve TiO,
yields of up to 93 — 96 % and to obtain a hydrolysis product which yields the optimum particle
size upon subsequent firing, special nuclei accelerating the precipitation of titanium hydrate are
added at the beginning of the hydrolysis.

There are two nucleation systems used. In one, nuclei are created by controlled hydrolysis of
titanium tetrachloride. In the other, the seed is produced by reacting TiO, slurry with NaOH and
HCI. Changing from one system to another is problematic, because each system has unique
characteristics with regard to the control of crystal size distribution. Controlled hydrolysis is one
of the key variables in determining final product quality, hence there is considerable risk in
incorporating changes which are designed, for example, to reduce energy consumption. Low
concentration hydrolysis is one of these options, and the concentration used is usually
dependent on the specific final quality requirements and the consistency of the ore feedstock.

Achieved environmental benefits

Apart from the possibility of achieving high TiO, yields of up to 93 — 96 %, which have a direct
influence on the overall performance of the plant, no direct impact of this operation on the
environment has been reported.

Cross-media effects
No information submitted.

Operational data
No data submitted.

Applicability
Applicable to all TiO, plants using the sulphate process route.

Economics
No detailed data submitted.

Driving force for implementation

High TiO, yields in the process and controlled size and form of the titanium dioxide crystals
(anatase or rutile). Only the sulphate process can readily form both crystalline forms of TiO,
(anatase and rutile crystals).
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Example plants
Titanium dioxide plant in Grimsby, UK.

Titanium dioxide plants in Leverkusen (sulphate process route), Nordenham, Uerdingen, and
Duisburg, which are all in Germany.

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003], [48, W. Buchner
et al, 1989], [85, EIPPCB, 2004-2005].

3.34.7 Filtration and washing

Description
After the hydrolysis, the solution contains 20 — 28 % H,SO, and different quantities of dissolved

sulphates, depending on the raw material used. The titanium oxide hydrate is separated from the
the spent sulphuric acid by filtration. There are three possibilities for the utilisation of the spent
post-hydrolytic sulphuric acid (refer also to Section 3.3.4.11):

e concentration of the spent acid to approx. 70 — 80 % H,SO, and its re-use for the digestion
of the titanium ore

e neutralisation of the spent acid with lime, which generates gypsum

o utilisation of the reconcentrated spent acid for the production of fertilisers.

After the separation of the spent acid, the titanium oxide hydrate is washed with water or a weak
acid. After washing, the titanium oxide hydrate still contains 5 — 10 % H,SO,. In order to obtain
required pigment qualities, alkali-metal compounds and other mineralisators are added to the
hydrate, which is then normally filtered consecutively in a vacuum filter and press filter, after
which the cake with a content between 45 — 50 % TiO, is led into the revolving hearth furnace
in the calcination section.

The filtered diluted sulphuric acids are collected in a storage, from where they can be recycled
into the process or discharged as waste waters (refer to Section 3.3.4.11). The maximum amount
of undiluted strong acid must be separated from the filter cake during washing. This section
offers many opportunities to efficiently use different grades of water during the wash cycle. The
system requires the sharpest separation of strong and weak acid. Fortunately tried and tested
conventional leaf filters allow almost ‘plug flow’ of the strong acid during the first stage of
washing hence achieving this objective. Many other filtration systems have been tried and found
wanting. Often it is the sheer size and throughput requirements, which govern the choice of
filtration system.

Achieved environmental benefits

Proper design and operation of the filtration and washing section has a direct influence on the
separation of strong and weak sulphuric acid and, therefore, on the degree of acid recirculation
in the process and the amount of waste waters generated in and discharged from the plant to the
aquatic environment.

The impact on the environment varies, depending on the option applied for the utilisation of the
spent post-hydrolytic sulphuric acid, however, for all options, the spent acid is utilised to a high
degree (production of TiO,, production of gypsum plasterboards, and production of fertilisers),
thus allowing to significantly reduce the amount of the sulphuric acid discharged to the
environment.

Cross-media effects
No data submitted.

Operational data
For information on the utilisation of the spent sulphuric acid, refer to Section 3.3.4.11.
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Applicability
Applicable to all TiO, plants using the sulphate process route.

Economics
No detailed data submitted (refer to Section 3.3.4.11).

Driving force for implementation
High degree of separation (and then utilisation) of the spent post-hydrolytic sulphuric acid.

Example plants
Fifteen European TiO, plants based on the sulphate process route, using either ilmenite or

titanium slag or the blend of both (see Table 3.5).

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003], [48, W. Buchner
et al, 1989], [85, EIPPCB, 2004-2005].

3.3.4.8 Calcination

Description
After filtration and washing, the hydrate is calcined in a revolving hearth furnace (calciner).

Approximately 2/3 of the entire retention time of 7 — 20 hours is required for the drying process
in the calcination section. At a temperature of approx. 500 °C in the revolving hearth furnace,
SO; gas (originating from the H,SO, remaining in the cake) is separated, which is partially
decomposed into SO, and O,. The product reaches maximum temperatures of 800 — 1100 °C.
Due to the combustion of oil or natural gas in the furnace, the main combustion related gaseous
emissions from the calcination section are SO, and NO,, as well as dust. The temperature of the
exhaust gas must be kept above 300 °C, in order to avoid the condensation of the H,SO, in the
gas outlet system, prior to its transfer for treatment either in the off-gas scrubber or catalytic
oxidation system, or recycling into the furnace for saving energy. Maximum hot gas recycling is
used when technically possible at the site. Systems that minimise energy usage without
compromising quality are recommended. These include pressure filters on the feed (in order to
increase the TiO, content in the cake) and hot gas recycling in the kilns (in order to save
energy). For information on the off-gas treatment unit, refer to Section 3.3.4.10.2.

It should be noted that calcination is a unit operation characteristic only to the sulphate process
route, and the calcination section does not exist in the chloride process (here, similar functions
are performed in the oxidation section).

Achieved environmental benefits
Hot gas recycling used at the site to save energy is the only environmental benefit attributable to
the calcination section. This section is, however, fully integrated with the off-gas treatment unit.

Cross-media effects
No data submitted.

Operational data
Refer to Sections 3.3.3.3.5 and 3.3.3.6.

Applicability
Applicable to all TiO, plants using the sulphate process route.

Economics
No data submitted on economics in the calcination section. For data on economics of the off-gas
treatment, refer to Section 3.3.4.10.2.

Driving force for implementation
The quality of the titanium dioxide pigments (anatase or rutile).
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Example plants
Fifteen European TiO, plants based on the sulphate process route, using either ilmenite or

titanium slag or the blend of both (see Table 3.5).

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003], [48, W. Buchner
et al, 1989], [85, EIPPCB, 2004-2005].

3.3.4.9 Finishing

Description
Finishing operations are, in principle, the same in both the sulphate and chloride process routes.

The TiO, clinker obtained in the calcination section is cooled by air and is then ground. Off-gas
containing fine particle TiO, dust is filtered in cloth filters, and then discharged into the
atmosphere. As follow-up treatment (finishing) additives and water are added, this results in
some emissions of sulphates and suspended solids to water.

In the finishing section, the operational technique is to maintain the plant to minimise leakage of
TiO, to both air and water. It is well known that because of the intrinsic properties of the TiO,
pigment, this area can be easily covered in brilliant white material. It is expected that in this
context the plant is managed to prevent this happening. Spillage control and minimisation of
dust emissions are essential. As this is a key area in both energy and water usage, the
appropriate discipline and usage objectives must be sustained. Steam milling is essential to
ensure the maximum efficiency of pigment usage in downstream applications. Minimising dust
and emissions of TiO, particles in the liquid effluent is a necessary objective, but since all the
equipment is similar regarding these, it is the management and maintenance regimes that are
critical here.

Coating is required to maximise the efficiency and lifetime of downstream TiO, pigment uses.
The use of pressure filters before drying under some circumstances can be considered, however,
modern plants have usually opted for spray dryers as these give an excellent textured feed for
micronising. Pressure filters can be followed by fluid bed dryers. It is worth noting, that bulk or
semi-bulk packaging is best for minimising the use of packaging materials. It is, in principle,
recommended, however only customers from large companies have the facilities to handle these
containers.

Achieved environmental benefits
All major finishing operations, in which dry material is handled, are subject to dedusting, with
the TiO, dust recycled back into the process.

Cross-media effects
No data submitted.

Operational data

Specific emissions of dust to air are in the range of 0.002 to 0.390 kg/t TiO,. Dust emissions in
Germany are reported to be at the levels of 0.002 to 0.12 kg/t TiO,. Waste waters containing
suspended solids in the range of 0.09 to 41 kg/t TiO, are reported. Germany reports the levels of
sulphates in the waste waters in the range of 80 to 110 kg/t TiO,.

Applicability
Applicable to all TiO, plants using either the sulphate or chloride process routes.

Economics
No data submitted.
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Driving force for implementation
The quality of various grades of TiO, pigments, as required by the final users.

Example plants
Twenty European TiO, plants, including five plants using the chloride process route and fifteen

European TiO, plants based on the sulphate process route (see Table 3.5).

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003], [48, W. Buchner
et al, 1989].

3.3.410 Abatement systems for gaseous emissions — the sulphate process

This section covers abatement systems for gaseous emissions encountered in two main sections
of the sulphate process route, namely the digestion section (see Section 3.3.4.10.1 below) and
the calcination section (see Section 3.3.4.10.2 below). Dust emissions from the raw material
preparation section and from the finishing section are covered in Sections 3.3.4.2 and 3.3.4.9
respectively.

3.3.4.10.1 Off-gas treatment from the digestion section

Description
Because of the specific nature of these systems, management must be focused on sustaining

maximum efficiency. This can be problematic since the scrubbing system must cope with a very
wide range of flows. The industry has installed custom built scrubbers designed to operate at the
necessary very wide turn down. The modern systems are designed with energy and water saving
in mind. There appears to be no significant differences between the following systems
(depending on the local situation), as in some sites the off-gas treatment system from the ore
digestion section is interconnected with that from the calcination section — see
Section 3.3.4.10.2.

First, off-gases are scrubbed with recycled waste water (this system is only applicable if the
feedstock is solely ilmenite). The outcoming wash-water has to be treated in an appropriate way.

Secondly, off-gases are quenched and then scrubbed with caustic soda solution. The resulting
solution contains Na,SO4, NaHSOs, Na,S, and is decomposed with sulphuric acid to produce
SO, and S going as a feed to the acid plant; the resulting small amounts of Na,SO, solution is
discharged. This system is only applicable if there is the possibility to use the SO, and S as a
feedstock for other processes on the site.

Thirdly, off-gases are quenched and then scrubbed with caustic soda solution. Scrubbed caustic
soda solution, after oxidation of NaHSO;, is released to the sewerage system, and then it is sent
to the waste water treatment plant located at the site.

Finally, off-gases are quenched, then passed through an electrostatic precipitator (removing SO;
aerosols), followed by the removal of SO, via oxidation with aqueous H,O, to produce
sulphuric acid which is re-used, and finally removing H,S by absorption in an aqueous
suspension of ZnO, which is used as a feedstock for the production of Zn containing pigments at
the same site. This is a patented waste free system but is only viable if there is a zinc based
chemical business adjacent to the TiO, plant.

Achieved environmental benefits
Reduction of SO, and H,S emissions from the sulphate process.
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Cross-media effects
No data submitted. Possible integration with the adjacent sulphuric acid plant.

Operational data

Specific emissions of SO, to air are in the range of 0.00 (ilmenite) to 1.91 kg/t TiO, (titanium
slag) [20, CEFIC-TDMA, 2004], the maximum emission of SO, in Germany being reported at
the level of 0.119 kg/t TiO, [42, UBA-Germany, 2001]. Specific emissions of H,S to air are in
the range of 0.000 to 0.010 kg/t TiO, [20, CEFIC-TDMA, 2004].

Gaseous emissions treatment performance and costs for digestion are given in Table 3.52 below.

Digestion | Slag | Ilmenite | Digestion Slag Ilmenite
kg/t Grimsby
SO, 1 0.2 Huelva
H,S 0.01 0 Calais Pori
Costs: EUR/t Site Scarlino Leverkusen
Capital 85 75 Le Nordenham
+/-30 % Havre Fredrikstad
Treatment 10 5 Thann

Prerov
Note: No data available for the sites using blends of slag and ilmenite.

Table 3.52: Gaseous emissions treatment performance/costs — digestion, the sulphate process
[20, CEFIC-TDMA, 2004]

Applicability
Applicable to all TiO, plants using the sulphate process route.

Economics
As in Table 3.52 above.

Driving force for implementation
Minimisation of the impact of the production of TiO, on the environment.

Example plants
Titanium dioxide plant in Grimsby, UK.

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003], [85, EIPPCB,
2004-2005].

3.3.4.10.2 Gaseous effluent treatment from the calcination section

Description
The following techniques used for gas treatment are generally considered now to be standard
throughout the industry:

e dust is removed by scrubbing and then it is recycled

e SOs;is removed by electrostatic precipitators

e the SO, component of the gas is catalytically oxidised to SO; and absorbed to form
sulphuric acid, which in turn is recycled.
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There is an issue of economic impact here. The standard equipment for the catalytic oxidation of
SO, is module based and provided there is the physical space, the number of units fitted is, on
one hand, a question of economics and available resources, and on the other, it needs to be
sufficient to achieve the statutory SO, concentration. In this context, the operational procedure
involves keeping the catalyst as uncontaminated as possible by protecting it from dust ingress.
Also, a monitoring and maintenance schedule is adopted in which the catalyst is renewed as
required. Those sites that have alternative systems for treating the off-gas are organised such to
treat it at all times.

There are other options but they are particular to local circumstances. For example, direct
absorption of SO, in a sulphuric plant can be adopted, but this is only possible if there is a very
short distance between the TiO, and sulphuric acid plants. A water-based system for the
removal of SO, is used by one company, which is reported to have similar performance
characteristics to the catalytic system. A system for the treatment of off-gas from the calciners is
applied in Germany, in which fixed bed active carbon reactors-adsorbers are used, with the aim
of keeping the emissions below the German limit value of <0.5 g SO,/m’ [42, UBA-Germany,
2001].

Achieved environmental benefits
Reduced emissions of acid mist, dust, SO, and NO, from the sulphate process.

Cross-media effects
No data submitted.

Operational data
Gaseous emissions treatment performance and costs for calcination are given in Table 3.53.

Calcination | Catalyst | Catalyst | Scrubbing | Calcination | Catalyst | Catalyst | Scrubbing
standard high standard high

Catalyst load* Site Calais | Duisburg | Leverkusen

m’/t per 30—-50 | 70-90 Scarlino Nordenham

hour of Grimsby Fredrikstad

TiO, feed Huelva

kg/t Prerov

SO, 8 2 1 Pori

Acid mist 0.8 0.2 0.2

Dust 0.4 0.004 0.001

Costs(EUR/t)**

Capital 70 140 170

+/-30 %

Treatment 5 10 9

*Definition of catalyst load

Volume of catalyst (V)

TiO, feed: t/h (T)

m’/t per hour of TiO, feed (V/T)

**Definition of costs

Capital for a new unit (C)

Annual production (P)

Capital (C/P)

Table 3.53: Gaseous emissions treatment performance/costs — calcination, the sulphate process
[20, CEFIC-TDMA, 2004]

Acid mist, dust, SO, and NO, emission levels from calcination are as presented in
Section 3.3.3.3.5. Specific emissions of dust to air are in the range of 0.00 to 0.65 kg/t TiO, [20,
CEFIC-TDMA, 2004]. Specific emissions of SO, to air are in the range of 0.01 to as much as
12.10 kg/t TiO, (due to high emission levels in one plant in 1999), the average being 3.5 kg/t
TiO, [20, CEFIC-TDMA, 2004], while the emissions of SO, in Germany being reported at the
level of 1 kg/t TiO, [42, UBA-Germany, 2001]. In turn, the 2002 emissions of SO, reported by
Grimsby Works are at the level of 4.7 kg/t TiO, (see Table 3.50). Specific emissions of NO, to
air are in the range of 0.04 to 1.20 kg/t TiO, [20, CEFIC-TDMA, 2004].
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Applicability
Applicable to all TiO, plants using the sulphate process route.

Economics
Refer to Table 3.53 above.

Driving force for implementation
Minimisation of the impact of the production of TiO, on the environment.

Example plants
Titanium dioxide plant in Grimsby, UK.

Reference literature
[20, CEFIC-TDMA, 2004], [46, CEFIC-TDMA, 2001], [42, UBA-Germany, 2001], [26,
EIPPCB, 2003], [85, EIPPCB, 2004-2005].

3.3.4.11 Abatement systems for aqueous emissions from the sulphate
process

The sulphate process requires 2.4 — 3.5 tonnes of concentrated H,SO,4 per one tonne of TiO,
produced, depending on the raw material used. Sulphuric acid is discharged from the process in
the form of sulphates, especially as ferrous sulphate (refer to Sections 3.3.4.5 and 7.5), or as a
free sulphuric acid in the form of the spent post-hydrolytic acid. The total volume of the spent
acid amounts to approximately 6 — 9 tonnes per one tonne of TiO, produced. Therefore, the
treatment of the spent acid is one of the most important issues with regard to the impact of the
production of TiO, by the sulphate process route on the environment [21, The Council of the
EU, 1992].

It should be noted, that the load of sulphate (SO,4) to water is a key prescribed variable in the
TiO, Harmonisation Directive [21, The Council of the EU, 1992], where the maximum
allowable emission level is 800 kg of total sulphate per tonne of TiO, produced (corresponding
to the SO, ions contained in the free sulphuric acid and in the metallic sulphates).

As mentioned in Section 3.3.4.7, there are three possibilities of the utilisation of the spent post-
hydrolytic sulphuric acid:

e concentration of the spent acid to approx. 70 — 80 % H,SO, and its re-use for the digestion
of the titanium ore

e neutralisation of the spent acid with lime, which generates gypsum
utilisation of the reconcentrated spent acid for the production of fertilisers.

Although in options 1 and 3 above, there are different final uses of the recovered sulphuric acid
(production of TiO, vs. production of fertilisers), in both these options the abatement system for
aqueous emissions is based on the concentration of the spent post-hydrolytic sulphuric acid and,
therefore, only the following two main options are discussed below:

e acid recycling
e acid neutralisation.

These options are also illustrated in Figure 3.4, Figure 3.5, and Figure 3.6 respectively.
The separation of the sulphates from the spent post-hydrolytic acid, and follow-up thermal

decomposition of the sulphates to Fe,Os, and to SO, which is used for the production of H,SO,,
is described in Sections 3.3.4.5 and 7.5.
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The operational technique for acid recycling involves, in principle, operating the plant in such a
manner that at least all the strong acid produced is treated to achieve the statutory requirements.
The quality and rate of the acid produced need to be suitable for maintaining TiO, plant
production. If filter salts are roasted, then similar constraints apply both in feed rates and SO,
production that needs to be fed to the sulphuric acid plant. Also, the quality of the cinder
produced needs to be satisfactory for its downstream use whether this is for co-products or
disposal. In the same way, neutralisation needs to be set up to achieve similar objectives, as both
plant throughput and co-product quality are key variables.

The issue of co-product quality often has a profound effect on the operability of the plant since
obtaining and sustaining this quality needs the plant design and operation to be optimised to
guarantee this quality. With gypsum, particularly where the co-product is used in plasterboard
manufacture, it was necessary to carry out a large amount of development work to optimise the
properties of gypsum (mainly crystal shape) to enable efficient production of plasterboard. This
itself often reflects back on the operation of the mother titanium dioxide plant. It is essential to
avoid the situation where these constraints on the two plants are in conflict.

Although landfill is considered to be undesirable as a generalisation it should be said that titano-
gypsum is an almost ideal landfill material and sometimes local circumstances need quarries,
etc. to be reclaimed with an ‘inert’ material, such as titano-gypsum which does not have the
disadvantages of most other types of waste products [20, CEFIC-TDMA, 2004].

Both acid recycling and neutralisation, are the methods to be considered for use in the titanium
dioxide industry for liquid effluent treatment, provided they are set up to take into account the
factors listed in Table 3.54, as the decision of which method to choose is dependent on them:

Treatment method Acid recycling Neutralisation

Capital cost High Lower

Running costs +15% +15%

Extra energy consumption +13.8 GJ/tonne TiO, | +2.3 GJ/tonne TiO,

Opportunity for an effective local Helpful but not Essential

co-products strategy to be developed | essential

Ore supply Stable and consistent to maintain
co-product quality

Waste disposal Local facilities helpful | Local facilities essential

Neutralising materials Local supply required to keep costs
down

Table 3.54: Methods used for liquid effluent treatment, the sulphate process
[20, CEFIC-TDMA, 2004]

Table 3.54 indicates that the choice of treatment is a long term strategic one in which local
conditions (commercial, legal, industrial infrastructure, raw materials availability, etc.) will be
strongly influential.

It should be added that in various EU countries (e.g. UK and Italy), the usage of red gypsum in
agriculture has been accepted by the authorities. In other countries (e.g. Germany), this is not
possible. Therefore, different techniques develop, also because of different national legislation
applied across the EU-25 [85, EIPPCB, 2004-2005]. Refer also to Section 3.3.4.11.2 below.

The choice between waste acid recycling and waste acid neutralisation, and the decision upon
which of the methods is to be applied, will depend on local conditions, including the availability
of secondary feedstock (chalk, lime) and market conditions for co-products.

The data on the methods used for acid treatment, illustrating strong and weak effluent treatment
costs and performance, are given in Table 3.55.
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Strong + weak acid
Acid recycling Acid recycling | Neutralisation | Neutralisation
+ roasting + neutralisation | at pH 7*%*** at pH9
Water emissions kg/tonne
Total sulphate as SO, 500° 400 400 300
Fe 8° 3 3 0.1
Waste to land kg/tonne
Cinders 0—500*
Neutralised filter salts 0-1300
Red gypsum 0— 1200%* 2000 — 6000** | 3000 — 7000**
Cost: EUR/t
Capital replacement
Cost +/- 30 % 1800 1200 700 800
Treatment 150 150%*** 150%** 170%*%*
Site Calais Huelva Grimsby Scarlino
Duisburg Pori Le Havre Prerov
Nordenham Fredrikstad
Leverkusen Thann
Uerdingen
* The quantity varies with the local ability to re-use as co-product
**  The quantity of red gypsum produced varies with the white gypsum production, which is sold as a co-
product, and on the ability to use red gypsum for land reclaiming
**%  These costs are largely affected by the amount of red gypsum to be landfilled and transport costs from
production to land disposal area
***% Final reactor pH
¢ In order to achieve lower values of iron and sulphate than is shown here, quite a large amount of energy
would have to be involved in evaporating the weak acid, and a neutralisation unit may be needed.

Table 3.55: Strong and weak acid effluent treatment costs and performance
[20, CEFIC-TDMA, 2004]

The two main techniques used in the European titanium dioxide industry, which are presented
below in Section 3.3.4.11.1 (waste acid recycling) and in Section 3.3.4.11.2 (waste acid
neutralisation), apply to all fifteen EU-25 TiO, plants based on the sulphate process route.
However, no information is available, which shows the method of the spent acid treatment
applied in the titanium dioxide plant in Celje, Slovenia.

3.3.4.111 Waste acid recycling

Description
Refer to the general description in Section 3.3.4.11 above.

A method available for strong waste acid is to optimise the re-use of the concentrated waste acid
in the digestion step and/or to sell surplus amounts as a co-product. A method available for
weak acid is to optimise its re-use in the process or to neutralise it.

In this area it is appropriate to make the following point on the risks involved in transferring
techniques between different sites: TiO, pigments are highly quality focused and every plant
was built and developed to meet the quality requirements and to compete with the quality of
pigments produced at other sites with different technologies. Every improvement in most
environmental aspects has an influence on pigment quality (e.g. using concentrated recycled
waste acid means a higher input of trace elements into the digestion step, and this has to be
equalised by the improvement of washing steps) and needs quite a large capital investment.

So nearly every improvement on the environmental side should be tailor made for only one site
in close contact with the supplier of a new technique, as the transfer to another site without
further fitting does not guarantee any success.
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Achieved environmental benefits

The total volume of the spent acid amounts to approximately 6 — 9 tonnes per one tonne of TiO,
produced. Therefore acid regeneration, concentration and recycling has a direct positive impact
on the environment. When the acid is recycled back to the digestion section, also the usage of
fresh input sulphuric acid for the production of TiO, pigments is reduced. At the same time, the
operation of acid neutralisation with lime is avoided, which — in certain unfavourable conditions
—may lead to the generation of large amounts of waste red gypsum.

Cross-media effects

A large amount of energy is required (see Table 3.54 above) for the concentration of the spent
sulphuric acid (from approx. 20 % to approx. 70 — 80 %). The more additional energy used, the
larger the emissions of CO,, SO,, NOx and dust resulting from its generation.

Operational data
Data concerning aqueous emissions, covering both acid recycling or neutralisation, are given in
Table 3.47. Refer also to Sections 3.3.4.5 and 3.3.4.7, and see Table 3.54 and Table 3.55 above.

However, the most characteristic for this technique are the data from German TiO, producers, as
all of them are using the method of waste acid recycling. According to data from Germany, the
following are specific loads, on the annual average level, for the process waste water from the
filtration and washing section:

e SO4 30 —-300 kg/t average 122 kg/t

e Fe 0.25 -5 kg/t average 2 kg/t

e Cd 0.001 -3 g/t average 0.001023 g/t

e Hg 0.00032 -1 g/t average 0.000339 g/t

e other metals 0—1kg/t average 1 kg/t (maximum value)
e suspended solids 1-5 kg/t average 3 kg/t.

In particular, based on actual data from the German plants, the specific loads of some heavy
metals in the group of ‘other metals’ can be split as follows: Cr: <50 g/t; Pb: <30 g/t; Cu:
<20 g/t; and Ni: <15 g/t of TiO, pigment produced.

The official monitoring of one German plant shows the following 2004 (annual average) data on
the specific loads of heavy metals: Cr 36 g/t, Pb 3 g/t, Cu <8 g/t, Ni <2 g/t, Cd <0.7 g/t, Hg
<0.07 g/t TiO, pigment produced.

At the same timethe sulphate load in the process waste water from the finishing section amounts
to:

e SO4 80— 110 kg/t average 95 kgft.

Applicability
In principle, applicable to all TiO, plants using the sulphate process route (refer to the
explanations included in Section 3.3.4.11).

Waste acid recycling is, in principle, an option mutually excluding with the option of waste acid
neutralisation (see Section 3.3.4.11.2).

Economics
As in Table 3.54 and Table 3.55 above.

Driving force for implementation
The protection of the environment.

Example plants
Titanium dioxide plants in Leverkusen (sulphate process route), Nordenham, Uerdingen, and

Duisburg, which are all in Germany.
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Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003], [48, W. Buchner
et al, 1989], [21, The Council of the EU, 1992], [85, EIPPCB, 2004-2005].

3.3.4.11.2 Waste acid neutralisation

Description
Refer to the general description in Section 3.3.4.11 above.

A method applied for strong waste acid is to use lime and/or limestone as a neutralisation agent
and to sell white and red gypsum as a co-product or to landfill red gypsum. In order to reduce
the landfill volume, alternative routes for red gypsum, are used in the cement industry and for
capping and landscaping activities. Only one site uses ammonia as a neutralising agent.
Precipitated metal hydroxides are used for landfill or sold as a co-product. Ammonium sulphate
is sold as a co-product. A method applied for weak acid is to optimise its re-use in the process
or to neutralise it using common and available neutralising agents.

Achieved environmental benefits
The total volume of the spent acid amounts to approximately 6 — 9 tonnes per one tonne of TiO,
produced. Therefore acid neutralisation has a direct positive impact on the environment.

At the same time, the neutralisation of acid with lime, which leads to the generation of large
amounts of solid gypsum, may become an environment friendly option, if only adopted as the
long term strategy focused on the maximum utilisation of gypsum to final marketable products,
such as white gypsum plasterboards and red gypsum soil conditioners. In case of the
neutralisation of spent acid with ammonia, ammonium sulphate fertiliser is then a final
marketable product.

Cross-media effects

Substantial amounts of neutralising materials (chalk, lime) to produce white and red gypsum are
required. In particular, substantial amounts of the red gypsum may need to be landfilled if its
utilisation as a conditioner of local soils exceeds the local demand.

Also, a certain amount of energy is required (see Table 3.54) for the production and handling of
white and red gypsum, much less, however, than that required for the concentration and
recycling of acid. In the case of the neutralisation of the spent acid with ammonia to produce
ammonium sulphate, a long term market demand needs to be confirmed for this
nitrogen-sulphate fertiliser.

Another cross-media effect, but only in the case where chalk is used for neutralisation, is the
release of CO, to the atmosphere.

Operational data
See Table 3.54 and Table 3.55. Refer also to Sections 3.3.4.5 and 3.3.4.7.

In particular, data concerning aqueous emissions, however, covering both acid recycling or
neutralisation, are given in Table 3.47. The following are specific loads in the process waste
water from the filtration and washing section:

e SO4 30 — 730 kg/t average 274 kg/t
o Fe 0—158 kg/t average 18 kg/t

e Cd 0.001 —3.2 g/t average 0.799 g/t
e Hg 0.000-2.2 g/t average 0.31 g/t
e other metals 0.001 — 17 kg/t average 3 kg/t

e suspended solids  0.09 —41 kg/t average 12 kg/t.
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More characteristic data for this technique, covering only acid neutralisation, are given in
Section 3.3.3.6 (Environmental performance — Grimsby Works 2002). In particular, the level of
total sulphates in 2002 is reported at 591 kg/t TiO, produced.

Waste acid neutralisation is inseparably connected with solid waste generation. This pertains
particularly to the amounts of waste to land in the form of white gypsum and red gypsum.
However, with a well thought out long term strategy focusing on the utilisation of white gypsum
as a co-product for the production of plasterboard, which is then put into operation, the
quantities disposed of to land are zero (see Table 3.49).

As can be seen from Table 3.49, the tonnage of red gypsum disposed to landfill in 1999 varied
in the range between 1113 — 6918 kg/t TiO, produced. In turn, data included in Section 3.3.3.6
(Environmental performance — Grimsby Works 2002), indicate for a possibility to make great
progress in the utilisation of red gypsum. Therefore, in some locations where there is strong
demand for red gypsum (soil conditioner in blends with organic fertilisers, inert material used
for capping and landscaping activities of old quarries, landfills and contaminated sites, and
co-product used in the cement industry), the tonnage of red gypsum disposed of to landfill can
be substantially reduced or even eliminated. Refer also to Section 3.3.4.11 above.

Applicability

In principle, applicable to all TiO, plants using the sulphate process route (refer to the
explanations included in Section 3.3.4.11). Waste acid neutralisation is, in principle, an option
mutually excluding waste acid recycling (see Section 3.3.4.11.1).

Economics
Refer to data included in Table 3.54 and Table 3.55.

Driving force for implementation
The protection of the environment.

Example plants
Titanium dioxide plant in Grimsby, UK.

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003], [48, W. Buchner
et al, 1989], [21, The Council of the EU, 1992], [85, EIPPCB, 2004-2005].

3.3.4.12 Co-products for sale or re-use

Description
Ferrous sulphate, ferric sulphate, iron oxide, and other copperas related products (refer to

Section 7.5), as well as white gypsum, red gypsum, and reconcentrated sulphuric acid, are all
potential co-products in the manufacturing of titanium dioxide by the sulphate process route.
Their production depends mainly on local markets.

The goal to maximise the conversion of potential wastes into co-products to suit local demand,
typically associated with the selection and development of a new location to enable the
maximum use of these co-products, is a proven long term strategy applied across the European
titanium dioxide industry. Whatever the recovery system used, the following hierarchy applies:

e avoidance of waste generation with preservation of resources

e reduction of waste generation

e re-use of waste (preferably inside the process or, if this is not possible, then outside of the
process)

e waste disposal.
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Achieved environmental benefits
Minimisation of wastes, otherwise released to the environment (refer to data included in Table
3.49 and Table 3.50).

Cross-media effects
Often there are local restrictions on markets and it can be counterproductive to transport low
cost co-products long distances.

Operational data

No other data submitted apart from these included in the preceding sections. Refer in particular
to data included in Section 7.5 on ‘Copperas and related products’, and to information relevant
to white gypsum included in Sections 3.3.3.5.2, 3.3.3.6, 3.3.4.11.2 and Figure 3.6.

Applicability
In principle, applicable to all plants producing TiO, by the sulphate process route.

Economics
No detailed data submitted.

Driving force for implementation
Reducing the impact on the environment, among others resulting from the requirements of the
Ti0, Harmonisation Directive [21, The Council of the EU, 1992].

Example plants
The strategy to manufacture co-products for sale or re-use is, to a various degree, characteristic

to all fifteen EU-25 titanium dioxide plants based on the sulphate process route (see Table 3.5).

Reference literature
[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003], [59, CEFIC-
TDMA, 2004].

3.3.4.13 Energy usage

Description
Generally a combination of plant design, operation and management is taken into consideration

when determining techniques to minimise energy usage. In particular, for new plants it would
also include the supply of its power by a high efficiency combined heat and power (CHP)
system [86, The Council of the EU, 2004].

In broad terms, acid recycling uses 11.5 GJ/tonne TiO, more energy than neutralisation.
However, this is only one component in the matrix of factors that must be considered when
selecting the mode of effluent treatment.

A technique to consider with regard to energy efficiency is to use pressure filters for the kiln
feed. Partly recycling off-gases in the calcination section is used for energy saving in the TiO,
industry. In order to make use of the off-gas energy, dust removal is essential requiring the use
of suitable systems such as electrostatic precipitators at high temperatures.

The use of slag or slag ilmenite mixtures avoids the use of concentration of the liquor prior to
precipitation. For product quality reasons, this often is not practical with pure ilmenite feedstock
since the hydrolysis conditions are too aggressive to maintain an even floc size distribution in
the precipitate. Waste heat from steam condensation is utilised in the process.

As mentioned above, acid recycling increases the total energy consumed at the site by
approximately 30 %.
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Achieved environmental benefits

Energy efficiency in the process is also an indirect measure of the impact of TiO, production on
the environment. The less energy used for TiO, production, the less energy used in primary
fuels and, consequently, the less emissions of CO,, SOy, and NOyx to the atmosphere related to
the generation of energy used in the process.

Cross-media effects
No data submitted.

Operational data

The range of energy usage in TiO, plants operated by the sulphate process route (understood as
the overall total energy consumption per site) varies between 23.7 — 45.3 GJ/t TiO, produced —
refer to Table 3.39 [20, CEFIC-TDMA, 2004]. In turn, the minimum and maximum values of
all German production locations are quoted in the range between 32.7 — 40.9 GJ/t TiO,
produced [42, UBA-Germany, 2001].

It should be also noted that energy usage for acid recycling is reported in the range of
10.2 - 18.0 GJ/t TiO,, while this, for acid neutralisation is in the range of 0.2 — 6.5 GJ/t TiO,,
the difference between the average figures of energy usage being 13.8 — 2.3 = 11.5 GJ/t TiO,
produced (refer to Section 3.3.3.2.1).

Applicability
Applicable to all plants producing TiO, by the sulphate process route.

Economics
No detailed data submitted. Refer to the LCA study in Section 3.4.5.

Driving force for implementation
Reduced impact on the environment and decreased manufacturing costs of TiO, production.

Example plants
Titanium dioxide plant in Grimsby, UK (and the other fourteen European TiO, plants based on

the sulphate process route).

Reference literature

[20, CEFIC-TDMA, 2004], [42, UBA-Germany, 2001], [26, EIPPCB, 2003], [85, EIPPCB,
2004-2005], [86, The Council of the EU, 2004], [25, D.G. Heath, 1996], [24, Tioxide Group
Ltd, 1995], [73, G.V. Ellis, 1979].
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3.4 Comparison of the chloride and sulphate processes
3.41 Introduction

Ever since the chloride process became a viable production method for the manufacture of
titanium dioxide, comparisons have been made from an environmental point of view and from
other standpoints. Since the beginning, both processes, and particularly the sulphate process,
have undergone radical changes and improvements. These changes were initiated by the
enactment of the Titanium Dioxide Harmonisation Directive [21, The Council of the EU, 1992].
More importantly, the change and improvement process has continued ever since, and this has
been due to several factors, the most important of them being:

e availability of feedstocks
e introduction of certified environmental management systems such as: ISO 14001 and
EMAS, which embrace the commitment to continual environmental improvement.

It is the intention in this section to qualitatively compare and contrast the two processes as they
are developed now. Additional comparisons can be made by consulting the performance data in
Sections 3.2.3 and 3.3.3 above, and in the process flow sheets (Figure 3.2 and Figure 3.4
above).

It is not intended to carry out a full life cycle assessment of the two processes but reference will
be made to such studies where appropriate (see Section 3.4.5 below).

3.4.2 Direct comparison of the chloride and sulphate processes
3.4.21 Ore import

This is a key area, which has changed since the introduction of the chloride process. Both the
chloride and sulphate processes can use the same natural feedstock ilmenite (43 — 60 % TiO,).

However, the use of ilmenite in the chloride process requires specific know-how of how to
avoid a large build-up of metal chlorides in the solids separation section and, more importantly
in this context, produces large amounts of ferrous chloride, which are difficult to dispose of.
There is also a large consumption of chlorine, which can increase the manufacturing cost of
TiO, pigment production. Currently, only some plants in the US are processing ilmenite and
deep wells are used to dispose of the waste chlorides.

In Europe, because of the problems mentioned above, the original feedstock for the chloride
process was natural rutile (95 — 96 % TiO,). However over the last 10 years, rutile has become
very scarce worldwide to the extent that it is only used infrequently at present (by one site in
Europe). The current replacements are:

e ‘synthetic rutile’ which is made by leaching ilmenite with dilute HCI. This leaching is
carried out at the source site

e titanium slag (85 — 90 % TiO,) which is made by extraction of the iron from ilmenite ores in
a blast furnace, followed, if necessary, by an acidic leaching of impurities like magnesia.

A crude comparison between a chloride site using slag and a sulphate site using ilmenite may
conclude that the chloride process potentially generates less waste. However, because of the
reasons described above, there is no difference in the amount of potential waste coming from
each process using the same ore. The difference is that for the chloride process not all the waste
is generated at the TiO, manufacturing sites (see Section 3.4.5 below).
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For the sulphate process, the choice remains with the selection of the ore: ilmenite against
upgraded ores. The life cycle issue here is that the extracted iron is not a waste but neither is the
iron sulphate co-product (‘copperas’) which most modern ilmenite-based plants produce and
sell for water treatment, etc. Also, it is noted that slag manufacture is energy intensive, whereas
copperas manufacture is not.

The main inference here is that simplistic conclusions cannot be drawn in this area.

Other aspects of feedstock preparation are similar for both processes. In one case, the milling
and drying takes place on the source site and in the other it is carried out before feedstock use.

3422 Feedstock processing — digestion and chlorination

The basic purpose of this part of the process is similar. It is to liberate the titanium from the
strong chemical bonds in which it is held in the feedstock. The sulphate process uses
concentrated sulphuric acid at 100 to 200 °C usually reacting over a number of hours in a batch
process to maximise yield. The chloride process uses chlorine passed through a fluidised bed of
coke and feedstock at ~ 1000 °C.

The main gaseous emissions are CO, COS and CO, and occasionally Cl, for the chloride
process and SOy and traces of H,S (if slag is the feedstock) for the sulphate process.

In modern processes, CO and COS are rendered less harmful in thermal oxidisers by conversion
to CO, and SO,. Cl, is removed by scrubbing. Similarly SOx and H,S are substantially reduced
by multistage scrubbing.

Both processes are of very high chemical efficiency and overall are exothermic. No solid waste
is generated at these stages of the processes.

Both chlorine and concentrated sulphuric acid are hazardous materials, however, chlorine is
recognised to require extra special care in its transport, storage and usage. This is acknowledged
internationally and the chloride process is subject to the Seveso II Directive [23, The Council of
the EU, 1996] for dangerous substances (chlorine and titanium tetrachloride) that require a
detailed ‘Safety Report’ to be prepared for each site as a prerequisite for a licence to operate.

3423 Feedstock processing — impurity removal
This section covers:

e solids separation, condensation and gas scrubbing and TiCl, purification for the chloride
process

e reduction, clarification and crystallisation, hydrolysis filter and wash for the sulphate
process.

It should be noted, that because of the radically different nature of the two processes, simple
comparisons of the impurity removal in the chloride and sulphate processes are not possible.
However, because the primary purpose of the analysed sections is impurity removal, they are
considered under this heading.

Table 3.56 exemplifies a comparison of the impurity removal sections of the two processes.
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SULPHATE

CHLORIDE

REDUCTION

This is unique to the sulphate process using
ilmenite feedstock and its purpose is to convert all
the iron to the soluble ferrous form. A small amount
of hydrogen is generated. Treated scrap iron is
normally used and if this contains any insoluble
matter it must be neutralised and removed as a
waste.

There is no equivalent step in the chloride process.

CLARIFICATION AND SOLIDS SEPARATION
Most of the insoluble impurities are removed and
treated at this stage together with unreacted
feedstock. The product is neutralised with lime to
remove residual sulphuric acid and either disposed
of to land as an inert material or, if the opportunity
is available, used after further treatment for land
restoration in civil engineering projects.

No significant atmospheric emissions result from
this stage. Solid waste is generated from the
impurities in the feedstocks.

SOLIDS SEPARATION

As with the sulphate process, most of the impurities
(including iron) together with unreacted feedstock,
are removed at this stage. The main difference, as
compared to the sulphate process, is that it is a
vapour phase desublimation rather than an aqueous
process. The solids are repulped in water,
neutralised with lime and landfilled or, in some
cases, converted to saleable products.

No significant atmospheric emissions result from
this stage.

CRYSTALLISATION (ILMENITE ONLY)

The majority of the iron is removed here to be used
as a co-product as described above. This requires
some energy but there are no significant air
emissions.

CONDENSATION/GAS SCRUBBING
Tetrachloride vapour is condensed and further
purified. The gas stream is passed through a thermal
oxidiser and then treated in a variety of ways to
produce various co-products.

Heat from the thermal oxidiser may be recovered or
used to maintain buoyancy in the exit gas stream to
improve atmospheric dispersion.

HYDROLYSIS

The purified titanyl sulphate solution is hydrolysed
under controlled conditions by seeding and boiling
to produce hydrated titanium oxide (‘pulp’). Some
energy is used as steam.

There is no equivalent step in the chloride process

FILTER AND WASH

The pulp is first filtered washed and then leached to
remove residual impurities. The waste acid solution
is sent forward to the effluent treatment plant.

TiCl, PURIFICATION

The final purification of the tetrachloride is carried
out by complexing vanadium with oil in the
distillation column. The solid waste is returned to
the main solid waste stream and the pure product is
sent to storage. Steam energy is used for the
distillation.

Table 3.56: Comparison of the impurity removal sections of the two processes

3.4.24

Raw pigment production — calcination and oxidation

Calcination produces aggregated pigment sized crystals from hydrolysed pulp and can also
change the crystal habit from anatase to rutile. Oxidation is the burning of pure tetrachloride in
oxygen to produce similar pigmentary sized particles, however only rutile can be produced.

Both processes are energy intensive and produce a gas stream as detailed below:

e in the sulphate process, SOx, dust and water vapour are produced from calcination. In
almost all sulphate sites in Europe, the SOy is catalytically oxidised and converted to
sulphuric acid, which, as with the dust, is recycled back into the process

e in the chloride process, chlorine is produced from oxidation, which is then recycled directly

or indirectly back to chlorination.

Calcination is an open system operating at atmospheric pressure whereas oxidation must operate
in a totally closed system, which, for direct recycling systems, operates above ambient pressure.
High integrity, fully operationally reliable systems and procedures are required to prevent any

significant chlorine emissions.
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3.425 Raw pigment preparation for finishing

From here on the techniques used in the sulphate and chloride processes are similar, if not the
same.

In the sulphate process, calciner discharge is cooled in a conventional open rotary cooler, which
allows re-use of the heat, whereas in the chloride process, oxidation reactor discharge requires a
closed purpose built cooler to ensure no loss of chlorine. In the chloride process, the reactor
discharge is separated from the chlorine by high integrity bag filters.

In the sulphate process, calciner discharge normally needs dry and wet milling to break down
large aggregates. This is not required in the chloride process for reactor discharge, but degassing
and removal of residual chlorine is necessary. Both products are usually wet milled as well.

3.4.2.6 Finishing

The finishing stage is identical for both processes as described in Section 3.3.2.9 above.

3.4.2.7 Effluent treatment

As is described earlier, the sulphate process liquid effluent is treated in a number of different
ways to reduce the environmental impact of that effluent.

For the sulphate process iron salts are extracted for commercial use (reference can be made to
Section 7.5 on ‘Copperas and related products’), sulphuric acid is reconcentrated for re-use,
filter salts are roasted to recover the sulphur values and, where possible, the cinder is used
commercially. Alternatively, the effluent is neutralised in a stepwise process producing firstly
‘white gypsum’ for use in plasterboard manufacture, or in the cement industry, etc. followed by
‘red gypsum’ (an iron hydroxide calcium sulphate mix), which is used in clay soil treatment and
land recovery.

Liquid effluent in the chloride process requires a similar treatment (however on a smaller scale
than that of the sulphate process). On the other hand, the liquid effluent, resulting from the
upstream production of synthetic rutile from ilmenite, is treated similarly to the sulphate process
effluent. Red gypsum is one of the by-products.

In the chloride process route, the main recycling operation is that used for recycling the chlorine
gas. Sophisticated high integrity systems are required for safe containment of the chlorine and
TiCly, CO, COS. These usually include the ability to liquefy, store and evaporate both chlorine
and tetrachloride. Such systems use energy and sub-zero cooling. Carbon monoxide and
carbonyl sulphide are invisible toxic gases that require special precautions for safety reasons.

3.4.2.8 Energy

Using the LCA approach (Section 3.4.5) takes account of the environmental effects from the
beneficiation process used for the production of feedstock for the chloride process.

The key issue relating to energy usage in TiO, production is the emission of greenhouse gases,
mainly carbon dioxide. If the coke consumption in chlorination used as a reducing agent is
included, the contribution to the emissions of greenhouse gases for both processes are similar.
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3.4.2.9 Water

The sulphate process consumes significantly more water than the chloride process primarily
because washing is the only means of removing residual impurities from the hydrolysed TiO,

pulp.

3.4.3 Direct comparison — abatement of a titanium dioxide plant
3.4.31 Sulphate process route

The sulphate process produces large quantities of waste material including metallic sulphates.
The conversion of these materials into useful saleable by-products, leads to the minimisation of
the releases to the environment. Therefore, techniques available for the sulphate process route
include:

e conversion of ferrous sulphate (raw copperas) to the family of ferrum products used for
many applications, including water treatment (see Section 7.5)

e conversion of spent sulphuric acid to white gypsum (for wall boarding) or red gypsum (for
agricultural land improvement)

o recycling of dilute acid produced by removal of SO, from calciner off-gases.

The sulphate process also produces weak acid, SOx, NOx and particulates. In this respect,
techniques available for the sulphate route include:

e abatement for SOx, NOx and particulates, arising from fuel firing and calcining, as well as
removal of particulates from waste gases

e subsequent recovery of the SO, generated by the roasting of metal sulphates to make
sulphuric acid via the contact process
recycling the metal oxides produced by roasting to the steel industry

e concentration or regeneration of the spent sulphuric acid for recycling or sale.

3.4.3.2 Chloride process route

Tail-gases from the chlorination stage of the process contain carbon monoxide, carbon dioxide
with some hydrogen chloride and chlorine ‘slip’ from the reaction. Conventional two-stage
scrubbing techniques, first with demineralised water to remove the hydrogen chloride and then
caustic solution to remove chlorine, are techniques available for the chloride process route. All
other vents are typically scrubbed with a solution of caustic soda to remove chlorine and make
sodium hypochlorite.

The carbon monoxide generated by oxidation of the coke bed of the chlorinator, requires the
thermal conversion of the CO in the tail-gas to CO..

It is also practicable to convert metallic chlorides in the waste material to the more inert oxide
form, which will have a reduced environmental impact and may have values as a co-product.

3.44 Conclusions

This comparison indicates there is a great deal of environmental equivalence between modern
chloride and sulphate processes that currently operate in Europe. There are obviously detailed
differences, which are hard to directly compare. Refer also to BAT Section 3.5 below.

These conclusions are supported by a Life Cycle Assessment study that was carried out by
Tioxide in the mid 1990s [24, Tioxide Group Ltd, 1995]. In the LCA study [25, D.G. Heath,
1996] thirteen titanium dioxide production processes and feedstock options were looked at in
detail and four of them, two chloride and two sulphate processes, had very similar overall
environmental impacts (refer to Section 3.4.5 below).
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3.45 Life Cycle Assessment in the titanium dioxide industry

For many years now, the issue of true environmental comparability of the chloride and sulphate
processes has been an important topic in the TiO, industry, especially when considering
feedstocks, overall energy consumption and their associated emissions. It was, therefore,
reasonable to include the relevant sections of the LCA study, carried out in 1995 in this
document [20, CEFIC-TDMA, 2004].

The purpose of the Life Cycle Assessment (LCA) study was to compare six realistic process
options for making titanium dioxide. These are listed in Table 3.60.

Tioxide Group Ltd (now Huntsman Tioxide) has developed LCA since 1990. The study
modelled the whole production chain: ore — product — waste. For the TiO, pigment, the study
boundary was the factory gate. The LCA study focused on comparing typical process options
and was modelled as far as comparing emissions, with limitations, however, as actual
environmental impacts were not modelled. The study was based on well defined system
boundaries and functional units, as well as on reliable and available data, with data gathering
and an inventory linked to the real world. A commercial programme, which was peer reviewed,
was used in the study.

An integrated approach, adopted in the LCA study to the manufacture of TiO,, is illustrated in
Figure 3.10.

Life cycle assessment looks at all
aspects of an activity

ENERGY

RAW ACTIVITY H PRODUCTS
MATERIALS

WASTES

Figure 3.10: Integrated approach in the LCA study on TiO, manufacture
[20, CEFIC-TDMA, 2004]

The LCA study examined all key inputs and outputs in TiO, manufacture, including raw
materials, products, utilities and wastes, covering the whole chain of mass/energy balance.

Major assumptions of the LCA inventory study are illustrated in Figure 3.11. Even though the
operations of the mining and upgrading of titanium ores were outside the control of Tioxide
Group Ltd, emissions relating to these operations and to the transport of ores to the TiO,
pigment production sites were included in the study. The TiO, pigment calcination step was
excluded from the chloride route options (as it is not necessary in the chloride process).
Finishing operations were assumed to be the same for all examined options, as they are similar
in both process routes.
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LIFE CYCLE INVENTORY STUDY
Titanium dioxide pigment manufacture

ORE MINING

[ OREPROCESSING |

Sulphate CALCINATION
route

BLACK END

FINISHING

Chloride
route

Figure 3.11: Assumptions of the LCA inventory study on TiO, manufacture

[20, CEFIC-TDMA, 2004]

Mineral feedstock options analysed in the LCA study are presented in Table 3.57.

MINERAL FEEDSTOCK OPTIONS

Ilmenite and rutile

beach deposits, mined in Australia, India,
etc.

physical separation to concentrate
required minerals

Slag and synthetic rutile

slag
- canadian massive ilmenite

smelted to remove Fe, which is sold
synthetic Rutile

Australian ilmenite

roasted and leached to remove Fe, which

is neutralised and disposed of to land

Table 3.57: Mineral feedstock options analysed in the LCA study

[20, CEFIC-TDMA, 2004]

The analysed sulphate route process options given in Table 3.58 were based on real situations

within the Huntsman Tioxide Group.

Calais | Huelva | Grimsby | Scarlino | Umbogintwini | Teluk Kalung
IImenite X X X
Slag X X X
Make acid on site X X
Purchase acid X X X X
Reconcentrate waste acid X X
Neutralise waste acid X X X X

Table 3.58: The sulphate process options considered in the LCA study

[20, CEFIC-TDMA, 2004]

Other assumptions of the LCA study are given in Table 3.59.

OTHER ASSUMPTIONS

Location
[ ]
[ ]

comparing process options.

hypothetical plant in north east of UK
eliminates transport variables when

Electricity generation

based on UK generation mix of
coal/oil/gas/nuclear
implications for SOX emissions.

Finishing plant

e common model for all scenarios.

Table 3.59: Other sssumptions of the LCA study on TiO, manufacture

[20, CEFIC-TDMA, 2004]
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Thirteen titanium dioxide production options and different feedstocks were considered in the
LCA study, however, the six most typical ones discussed here are listed in Table 3.60. Options
A, B, C, and D relate to the sulphate route, while E and F to the chloride route. In the case of
sulphate plants, sulphuric acid was assumed to be made locally which gives a steam benefit (this
is now not the case). Option A is where sulphate plants were in the mid 1980s — and was treated
as a baseline. Option B, D, E and F all meet the minimum environmental performance standards
of The TiO, Harmonisation Directive 92/112/EEC [21, The Council of the EU, 1992]. Option C
is where sulphate plants can be when driven by tighter local regulations that have already been
achieved in Italy, Spain and Malaysia.

Key | Feedstock Process Waste treatment

A Ilmenite Sulphate None

B Ilmenite Sulphate EU standard neutralisation
(800 kg SO4/t TiO,)

C Ilmenite Sulphate Full neutralisation
(300 kgSO4/t TiO,)

D Slag Sulphate EU std. acid reconcentration
(800 kg SO4/t TiO,)

E Slag Chloride EU standard neutralisation
(450 kgCl/t TiOy)

F Synthetic Chloride EU standard neutralisation

rutile (228 kgCl/t TiOy)

Table 3.60: Feedstock process environment options discussed in the LCA study
[20, CEFIC-TDMA, 2004]

Gross primary energy demand for the manufacture of the TiO, pigment step by step in six
examined options is illustrated in Figure 3.12.

[ ORE MINING  oRE UPGRADING

[] BLACK END B cALCINATION

GROSS(PRIMARY) [ FINISHING
ENERGY BY STEP
120
= Processes can be analysed step by
step 100

= Processes D, E & F using upgraded
ores (slag or SR) carry an off-site
energy penalty

80

g 60

= Processes using calcination (A-D) %
have an on-site energy penalty S a0

[Y]

['4

= Extra energy for neutralisation is z
relatively small (B & C compared to A) 20

[

OPTION

Figure 3.12: Gross primary energy demand for the manufacture of the TiO, pigment step by step
[20, CEFIC-TDMA, 2004]

Figure 3.12 shows that the overall energy usages for the chloride process (options E and F) have
the highest overall energy usage, and even though sulphate plants using the calcination stage
pay an energy penalty, the ore upgrading energy penalty is even higher.
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More pigment finishing energy for the chloride process (options E and F) was required in the
past as there was no sulphuric acid plant, and therefore, more energy was needed for steam
generation (this is now not the case).

Energy consumptions in the preparation of raw materials are included in the totals. Where the
preparation involves the production of more than one useful material (as is the case with slag),
the environmental burden is shared between the materials in proportion to their perceived
commercial value and the unit quantities produced. As far as CO, emissions are concerned, they
follow the total primary energy usage (with a slight increase for current sulphate plants where
sulphuric acid production has ceased).

It should be noted, however, that there have also been changes in the patterns of energy usage in
the UK since 1995, which are connected with:

e a switch from LPG and fuel oil to natural gas
e achange to integrated gas fired CHP plants.

As illustrated in Figure 3.13 below, emissions of sulphur oxides (SOx) examined in five options
(from B through to F) as against baseline option A (no SOx treatment), are lower in the sulphate
route options than those in the chloride route options, because of a strong influence of the
overall energy demand on SOyx emissions. Also, as assumed in the LCA study, the energy
generation scenario typical for the UK — the use of coal and oil, implies higher SOy emissions in
the chloride process route options. In fact, when energy generation is excluded, SOx emissions
both from the chloride and sulphate process routes alone are very low.
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= Sulphate routes with treatment (B, C & D) have lower
SO, emissions than chloride routes (E & F)

= SO, emissions strongly influenced by SO, from
electricity generation

= On-site SO, from TiO, production is now <10kg/t for
sulphate plants, <0.1kg/t for chloride plants

Figure 3.13: Emissions of sulphur oxides to air analysed in the LCA study
[20, CEFIC-TDMA, 2004]

In particular, emissions of sulphur oxides have dropped since 1995 in the sulpahate process
plants because of improved scrubbing of the calcination and digestion gases, and the closure of
old sulphuric acid plants (in favour of purchasing high specification smelter acid), and in
general, because of the switch of energy source from fuel oil to natural gas.
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As illustrated in Figure 3.14, the acidity of the waste liquid streams also fell substantially.
Dramatic reduction in acid released to water can be noted in option C (comparable to the
chloride process options E and F), when full neutralisation is applied. The acidity level in option
D (reconcentration of weak post-hydrolytic sulphuric acid) is higher than that in option B, due
to a relative mix of acid and metals in the waste streams.

ACIDS TO WATER
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= Residual acid for reconcentration (D) is higher than

for neutralisation (B & C)
= Best practice sulphate route (C) is equivalent to

chloride route (E &F)
NB
“Acidity” — NOT sulphate content

Figure 3.14: Releases of acids to water analysed in the LCA study
[20, CEFIC-TDMA, 2004]

In terms of acids released to water from the titanium dioxide plants, the major changes applied
since 1995 include:

o full neutralisation of chloride plant acids
e improved neutralisation of sulphate plant wastes.

The amounts of industrial solid wastes generated in the whole chain of operations applicable to
the manufacture of titanium dioxide pigments analysed in the LCA study, are illustrated in
Figure 3.15.

As compared to the baseline option A (plant not equipped with a neutralisation facility), option
D (sulphate process based on slag processing and reconcentration of sulphuric acid) performs
best, followed by option E (chloride process based on slag processing). This is obvious, as the
treatment of acid yields additional solid residues (in particular, inert gypsum). Option C
(sulphate process, ilmenite, full neutralisation) is, therefore, characterised by the highest amount
of solid wastes per tonne of TiO, pigment produced.

The long term strategy of the utilisation of both co-produced gypsum and copperas-related
products (see Section 7.5) is therefore of great importance for reducing the amount of industrial
solid wastes generated in the manufacture of titanium dioxide pigments. In option F, solids are
generated, in principle, in the beneficiation process.
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The changes in the generation of solid wastes since 1995 are attributable in particular to:

e increased sales of white gypsum (gypsum plaster industry)

e use of red gypsum as a secondary raw material (improvement of soil conditions)

e higher degree of utilisation of copperas and increased sales of iron chemicals, which means
that less iron ends up as a constituent of solid wastes.

INDUSTRIAL SOLID WASTES

=Neutralisation (B & C)
produces significant solid
wastes (compared to A) at the
TiO:plant.

*Waste generated during
production of synthetic rutile
(F) are higher than slag (D &
E), the extra wastes are
disposed at the upgrading
plant site

(dry basis)
[
|

SOLID WASTES - tit TiO2
N
[
[
[
| |

[
[
||
[T
[
1
LLL
ITT
L L
EENEEEE NN

A B [ D E F

OPTION

Figure 3.15: Solid wastes generated in the whole chain of operations relating to the TiO, industry
[20, CEFIC-TDMA, 2004]

The LCA study helped Huntsman Tioxide to clarify environmental concerns in the titanium
dioxide industry, and in particular it:

e indicated the potential impacts of process options

e suggested that there is no single ‘best’ option — in particular the long term availability of a
local market for low value co-products is an important factor

o highlighted continuous improvement in performance achieved as part of an overall
management system.

The LCA study allowed for ongoing evaluation of environmental concerns in the titanium
dioxide industry, including new processes, raw materials, and products, as well as investments
in long term co-product development.

The LCA study indicated a potential environmental impact of TiO, manufacture, while the EIA
programmes quantified the actual impact of the titanium dioxide industry on the environment.
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3.5 Best Available Techniques for the production of titanium
dioxide

In understanding this section and its contents, the attention of the reader is drawn back to the
preface of this document and in particular the fifth section of the preface: ‘How to understand
and use this document’. The techniques and associated emission and/or consumption levels, or
ranges of levels, presented in this section have been assessed through an iterative process
involving the following steps:

e identification of the key environmental issues for the sector, including:

o environmental requirements and minimum environmental performance standards in the
EU stemming from the implementation of the TiO, Harmonisation Directive, to which
the titanium dioxide industry is required to comply

o the environmental impact outside of the EU due to upgrading titanium ores prior to the
production of titanium dioxide

o precautions regarding chlorine inventory in the chloride process route, and measures
adopted to utilise spent post-hydrolytic sulphuric acid in the sulphate process route

o substantial energy use involved in both routes, in particular in the sulphate process

e examination of the techniques most relevant to address these key issues

e identification of the best environmental performance levels, on the basis of the available
data in the European Union and worldwide

e examination of the conditions under which these performance levels were achieved; such as
costs, cross-media effects, and the main driving forces involved in implementation of the
techniques

e sclection of the best available techniques (BAT) and the associated emission and/or
consumption levels for this sector in a general sense, all according to Article 2(11) and

Annex IV of the Directive.

Expert judgement by the European IPPC Bureau and the relevant Technical Working Group
(TWQG) has played a key role in each of these steps and in the way in which the information is
presented here.

On the basis of this assessment, techniques, and as far as possible consumption and emission
levels associated with the use of BAT, are presented in this section that are considered to be
appropriate to the sector as a whole and in many cases reflect the current performance of some
installations within the sector. Where emission or consumption levels ‘associated with best
available techniques’ are presented, this is to be understood as meaning that those levels
represent the environmental performance that could be anticipated as a result of the application,
in this sector, of the techniques described, bearing in mind the balance of costs and advantages
inherent within the definition of BAT. However, they are neither emission nor consumption
limit values and should not be understood as such. In some cases it may be technically possible
to achieve better emission or consumption levels but due to the costs involved or cross-media
considerations, they are not considered to be appropriate as BAT for the sector as a whole.
However, such levels may be considered to be justified in more specific cases where there are
special driving forces.

The consumption and emission levels associated with the use of BAT have to be seen together
with any specified reference conditions (e.g. averaging periods).

The concept of ‘levels associated with BAT’ described above is to be distinguished from the
term ‘achievable level’ used elsewhere in this document. Where a level is described as
‘achievable’ using a particular technique or combination of techniques, this should be
understood to mean that the level may be expected to be achieved over a substantial period of
time in a well maintained and operated installation or process using those techniques.
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Where available, data concerning costs have been given together with the description of the
techniques presented in the previous section. These give a rough indication about the magnitude
of the costs involved. However, the actual cost of applying a technique will depend strongly on
the specific situation regarding, for example, taxes, fees, and the technical characteristics of the
installation concerned. It is not possible to evaluate such site-specific factors fully in this
document. In the absence of data concerning costs, conclusions on economic viability of
techniques are drawn from observations on existing installations.

It is intended that the general BAT in this section are a reference point against which to judge
the current performance of an existing installation or to judge a proposal for a new installation.
In this way they will assist in the determination of appropriate ‘BAT-based’ conditions for the
installation or in the establishment of general binding rules under Article 9(8). It is foreseen that
new installations can be designed to perform at or even better than the general BAT levels
presented here. It is also considered that existing installations could move towards the general
BAT levels or do better, subject to the technical and economic applicability of the techniques in
each case.

While the BAT reference documents do not set legally binding standards, they are meant to give
information for the guidance of industry, Member States and the public on achievable
consumption and emission levels when using specified techniques. The appropriate limit values
for any specific case will need to be determined taking into account the objectives of the IPPC
Directive and the local considerations.

As discussed earlier in this document, titanium dioxide is currently produced using two distinct
process routes: chloride and sulphate. New TiO, plants in the EU are likely to adopt the chloride
process route, as it offers better raw material and energy efficiency, along with a more compact
plant layout which typically benefits in reduced scope of plant maintenance.

Subject to maintaining low chlorine inventory and measures to reduce the environmental risks
associated with chlorine and titanium tetrachloride handling, commensurate with the application
of the SEVESO II Directive, the chloride process is preferable from the point of view of overall
environmental impact in the EU.

However, given the findings of the Life Cycle Analysis, neither process route is de facto
selected as BAT and conclusions for both process routes are presented here in parallel.

For titanium dioxide plants in the EU-25, the following are BAT:

3.51 The chloride process route

1. After the basic choice of feedstock has been determined, based on, e.g. life cycle
assessment considerations, select and use natural TiO, ores or synthetic TiO, feedstocks
with a TiO, content and impurities (including magnesium, calcium, silica, and heavy
metals) levels that are cost-effective and that will cause low environmental impacts and
efficient use of energy and other non-renewable resources at the TiO, plant site — see
Sections 3.2.2.1,3.2.3.2, and 3.2.3.4.1.

The application of this BAT is connected with environmental impacts upstream of the
TiO, plant site (ore mining and upgrading), therefore, an integrated approach and good
industrial practice should be applied in each case of TiO, feedstock selection, in order
to achieve a high general level of protection of the environment as a whole — refer to
Section 3.4.5.

2. Manage supplies, transport, receipt and storage of the TiO, ore to maintain a moisture
content below 0.3 %, so as to reduce the need for drying of the ore prior to processing —
see Section 3.2.4.1.1.
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3. Select and use coke with a low sulphur content, as a primary measure to ensure that SO,
emissions during the normal operation of a plant using an effective off-gas scrubbing
system are below 1.7 kg/t TiO, pigment — see Sections 3.2.3.4.2, 3.2.3.4.7, 3.2.4.1.3,
and 3.2.4.5.

4. Maintain a low chlorine inventory commensurate with application of the SEVESO II
Directive — see Section 3.2.4.1.4.

5. Ensure steady state operation of the chlorinator(s) at optimum fluidisation velocity, in
order to maintain a high conversion rate of the TiO, content in the ore, avoid chlorine
slip, carryover of unreacted ore and coke, and build-up of solids in the reactor(s) — see
Section 3.2.4.2.

6. Design and operate the chlorination unit allowing for easy and rapid maintenance to
minimise unplanned downtime and to avoid uncontrolled emissions — see Section
3.24.2.

Possible measures include: the system of water film cooling of the outer surface of the
chlorinator shell with the associated temperature monitoring system of chlorinator(s),
standby chlorination reactor as an reserve to operating chlorination reactor(s), and the
maintenance system allowing for rapid interchangeability between the operational
chlorinator being turned off and a standby chlorinator.

7. Ensure that metal chlorides, originating from impurities contained in the ore, are
appropriately treated to recover ferrous chloride (FeCl,) solution from the process,
consistent with local market availability, expected ferrous chloride quality and quantity
available — see Sections 3.2.4.3 and 7.4.

8. Recover for re-use, the hydrochloric acid, sodium hypochlorite and sulphur from the
process off-gas, consistent with local market availability, expected product quality and
plant economics — see Sections 3.2.4.5 and 3.2.4.11.

9. For efficient oxidation of TiCl, into TiO,, use a toluene fired furnace or a plasma arc
furnace, taking into consideration energy input and the reliability of plant operation, as
well as the costs and advantages of each oxidation technique — see Section 3.2.4.7.

10. Design and operate the oxidation and chlorination units in tandem with direct chlorine
recycling in the process loop, to achieve low inventory of TiCly, minimum chlorine
consumption, and low energy usage — see Section 3.2.4.9.

11. Minimise the carryover of the TiO, dust from the oxidation system to the chlorine
recycling loop, using bag filters or similar, in order to minimise the risk of malfunction
in the chlorinator due to solids build-up — see Section 3.2.4.8.

12. Minimise the emission of TiO, dust and the discharge of TiO, particles in liquid
effluents originating from the finishing operations — see Sections 3.2.3.4.8 and 3.2.3.7.
Refer also to BAT 14 (1) and 15 (2) below.

13. Improve the overall energy efficiency in the chloride process in the range of 17 — 25
GJ/t TiO, pigment (for plants operated at full capacity level), noting that the finishing
section consumes majority of the total energy (in the range of 10 — 15 GJ/t TiO,
pigment), the energy use being highly dependent on the characteristics of the final
product. An increase of energy required in the wet treatment and finishing operations is
foreseen if customer specifications call for a finer particle size in the final pigment
product — see Sections 3.2.3.3.1, 3.2.3.7,3.2.4.12,3.3.2.9 and 3.3.3.2.1.
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14. Total emission levels to air associated with the application of BAT, are:

1) Dust/particulate matter 0.1 —0.2 kg/t TiO, pigment
2) SO, 1.3 — 1.7 kg/t TiO, pigment
3) HCI 0.03 — 0.1 kg/t TiO, pigment

15. Total emission levels to water associated with the application of BAT, are:

3.5.2

1) Hydrochloric acid 10 — 14 kg/t TiO, pigment
2) Chlorides 38 — 330 kg/t TiO, pigment*
3) Suspended solids 0.5 —2.5 kg/t TiO, pigment
4) Iron compounds 0.01 — 0.6 kg/t TiO, pigment

(*) For chlorides, the absorption capacity of the receiving water and the raw
materials used should be taken into consideration at the local level.

Due to insufficient data reported, no particular techniques associated with the
reduction of the emissions of Hg, Cd, V, Zn, Cr, Pb, Ni, Cu, As, Ti and Mn, were
identified.

The sulphate process route

After the basic choice of feedstock has been determined, based on, e.g. LCA
considerations and plant capabilities, select and use TiO, feedstocks with as low as
practical level of harmful impurities, in order to reduce consumption of raw materials
and energy, and reduce waste generation. Both titanium slag and ilmenite can be
chosen and used either separately or in blends, on condition that they are cost-effective
and that they will cause low environmental impacts and efficient use of energy and
other non-renewable resources at the TiO, plant site — see Sections 3.3.2.1, 3.3.3.1.1
and 3.3.4.1.

The application of this BAT is connected with environmental impacts upstream of the
TiO, plant site (ore mining and upgrading), therefore, an integrated approach and good
industrial practice should be applied in each case of TiO, feedstock selection, in order
to achieve a high general level of protection of the environment as a whole — refer to
Section 3.4.5.

Manage supplies, transport, receipt and storage of the TiO, feedstock to maintain a
low moisture content so as to prevent the need for drying the feedstock prior to milling
and processing — see Section 3.3.4.2.

Minimise dust emissions from the handling, drying and milling of the ore, using high
integrity bag filters with appropriate filter cloth material and a maintenance routine to
control dust losses — see Sections 3.3.3.3.1 and 3.3.4.2. Refer also to BAT 18 (1)
below.

Mill the ore to an optimum size to maximise the efficiency of digestion — see Section
3.3.4.2.

Both batch and continuous digestion of the ore can be used, bearing in mind that
continuous digestion is more applicable with ilmenite as a feedstock, and that there is
a large amount of expertise within the industry in optimising batch process for
maximum efficiency — see Section 3.3.4.3.
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10.

11.

12.

13.

14.

15.

16.

Treat digester off-gases in order to reduce emissions of sulphur and produce usable
sulphur compounds as by-products downstream of the plant site — see Sections
3.3.3.3.2 and 3.3.4.10.1. Refer also to BAT 18 (2) below.

For the reduction of ferric ions to ferrous ions in the digester liquor use iron scrap of
an appropriate quality to prevent the contamination of the solution with heavy metals
like chromium or nickel. The surface of the scrap must be free of dirt, oil, grease, and
other contaminants — see Sections 3.3.2.3 and 3.3.4.4.

For the processing of ilmenite based feedstocks, apply a batch or continuous system
for crystallisation and separation of copperas (iron sulphate heptahydrate) to optimise
its removal from the process for downstream uses — see Section 3.3.4.5.

For hydrolysis of titanyl sulphate and TiO, hydrate precipitation, apply a nuclei
producing system, to allow consistent particle size distribution of the calciner
discharge — see Section 3.3.4.6.

For filtration of the titanium dioxide hydrate from the mother liquor (‘strong acid’),
use a system which allows the most efficient separation of strong and weak acid, so as
to separate the maximum amount of undiluted strong acid from the filter cake prior to
its washing — see Section 3.3.4.7.

When using acid neutralisation for the utilisation of spent post-hydrolytic (‘strong’)
sulphuric acid, minimise the amount of material sent for disposal by optimising the
production of useable gypsum products — see Sections 3.3.3.2.1, 3.3.4.11, 3.3.4.11.2
and 3.3.4.12.

Where spent acid is reconcentrated and re-used at the TiO, plant site or off site, either
for the digestion of titanium ore or the manufacture of other co-products (such as wet
phosphoric acid, fertilisers, cement additives), minimise energy consumption for the
concentration of sulphuric acid and salt roasting, while reducing the content of the
metal sulphates in the concentrated acid to the minimum level, in order not to allow
for their build up in the acid recycling loop — see Sections 3.3.3.2.1, 3.3.4.11,
3.3.4.11.1,3.3.4.12 and 3.3.4.13.

Use calcination systems that minimise energy usage without compromising the quality
of the TiO, pigments, such as pressure filters prior to calcining and hot off-gases
recycling on the kilns to save energy — see Sections 3.3.4.7 and 3.3.4.8.

For the calciner off-gas treatment, apply the system in which typically dust and SO;
aerosol are removed by electrostatic precipitators, while the SO, component of the gas
is catalytically oxidised to SO; and absorbed to form sulphuric acid, which is then
recycled — see Sections 3.3.3.3.5, 3.3.4.8 and 3.3.4.10.2. Refer also to BAT 18 (2)
below.

Promote the recovery and production of ferrous sulphate, ferric sulphate, iron oxide,
and other copperas related products, as well as reconcentrated sulphuric acid and
gypsum, which are all potential co-products in the manufacturing of TiO, by the
sulphate process — see Section 3.3.4.12.

Minimise the emission of TiO, dust and the discharge of TiO, particles in liquid
effluents originating from the finishing operations — see Sections 3.3.3.3.6, 3.3.3.4 and
3.3.4.9. Refer also to BAT 18 (1) and 19 (2) below.
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17.

18.

19.

Improve the overall energy efficiency in the sulphate process (for plants operated at
full capacity level) in the range of 23 — 41 GJ/t TiO, pigment (see Sections 3.3.3.2.1,
3.3.4.11 and 3.3.4.13) and from this:

1) 23 -29 GJ/t TiO, pigment in the process with sulphuric acid neutralisation
2) 33 -41 GJ/t TiO, pigment in the process with sulphuric acid reconcentration.

Given different combinations of systems used across the EU TiO, industry for acid
neutralisation and/or acid reconcentration, the extreme ranges as in 1) and 2) above,
apply only as indicative levels for the estimation of the overall energy efficiency in the
TiO, plant in question.

Note also that the finishing section consumes a large share of the total energy (in the
range of 10 — 15 GJ/t TiO, pigment), and this energy use is highly dependent on the
characteristics of the final product. An increase of energy required in the finishing
operations is foreseen if customer specifications call for finer particle size in the final
pigment product.

Increased sulphate removal from liquid effluent streams requires higher energy usage.

Total emission levels to air associated with the application of BAT (for all the possible
configurations of the titanium dioxide plant based on sulphate process), are:

1) Dust/particulate matter 0.004 — 0.45 kg/t TiO, pigment
<5 -20 mg/Nm’
2) SO, 1.0 — 6.0 kg/t TiO, pigment
3) NO, monitor NOx emissions from the calciner*
4) H,S 0.003 — 0.05 kg/t TiO, pigment

(*) There is no evidence that any primary measures are used in this industry. NOx
monitoring can help find the basis for future actions.

Total emission levels to water associated with the application of BAT (for all the
possible configurations of the titanium dioxide plant based on sulphate process), are:

1) SO, total 100 — 550 kg/t TiO, pigment
2) Suspended solids 1.0 — 40 kg/t TiO, pigment

3) Iron compounds (Fe) 0.3 — 125 kg/t TiO, pigment

4) Mercury (Hg) 0.32 mg — 1.5 g/t TiO, pigment
5) Cadmium (Cd) 1.0 mg — 2.0 g/t TiO, pigment

Due to insufficient data reported, no BAT AELs were identified for V, Zn, Cr, Pb,
Ni, Cu, As, Ti and Mn.
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4 CARBON BLACK

4.1 General information

411 The carbon black industry

About 65 % of the world’s consumption of carbon black is used in the production of tyres and
tyre products for automobiles and other vehicles. Roughly 30 % goes into other rubber products
such as hose, belting, mechanical and moulded goods, footwear and other uses, with the
remainder being used in plastics, printing ink, paint, paper and miscellaneous applications [13,
EIPPCB, 2000].

Long term growth in carbon black consumption is expected to closely parallel that of the rubber
industry at about 1 — 2 % per year [13, EIPPCB, 2000], [47, InfoMil, 2002].

This relatively low percentage — when compared to the production records of the automotive
industry — is due to the fact that the service life of tyres has been continuously improving.
Therefore, the growth rate of other products using carbon black is more pronounced [47,
InfoMil, 2002]. Variations around this growth line will depend on the cost of energy and on
environmental issues, including partial replacement of carbon black by silica to produce the
‘green’ tyre [13, EIPPCB, 2000].

Today, the global installed capacity is approximately eight million tonnes per year, with a
worldwide demand for carbon blacks currently in the order of six million tonnes per year. This
quantity is produced by more than 150 carbon black plants situated in 35 countries [47, InfoMil,
2002]. The most important regions are north America, western and eastern Europe, and Asia,
while south America, Africa, and Australia are at the lower end of the scale.

As a member of the carbon family, carbon black differs from other carbon-based materials in
many respects, with an important difference being that of bulk density. This property has
prompted carbon black production facilities to be located as close as possible to consumers
since, when compared with carbon black feedstock, the transportation costs for carbon black are
considerably higher. Consequently, carbon black plants are concentrated in those parts of the
world where major portions of the industry requiring this material are located.

The production capacity of carbon black (1996) by geographical regions is given in Table 4.1.

Country or region | Capacity, kt per year
North America 1815
Western Europe 1310
Eastern Europe 1545
Asia 2630
South America 480
Africa, Australia 185
Total 7965

Table 4.1:  Carbon black production capacity (1996)
[47, InfoMil, 2002]

Since carbon black is predominantly used in rubber products — mainly in tyres — most carbon
black production facilities are located in countries that have large tyre and automotive
industries.

Table 4.2 shows the carbon black capacity and number of plants in western Europe.
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Country Capacity, kt per year | Number of plants Location

Germany 365 3 Dortmund, Hannover,
Hiirth-Kalscheuren

France 305 3 Berre L’etang,
Lillebonne, Ambes

Italy 245 3 Ravenna, Ravenna,

S. Martino di Trecate
United Kingdom 210 2 Stanlow/Ellesmere
Avonmouth

Netherlands 155 2 Rozenburg
Botlek — Rotterdam

Spain 120 2 Puerto de Zierbenna

Santander

Sweden 40 1 Malmo

Belgium 10 1 Willebroek

Portugal 35 1 Sines

Czech Republic 75 1 Valasske-Mezirici

Hungary 70 1 Tiszaujvaros

Poland 45 2 Jaslo, Gliwice

Total EU-25 1675 22

Romania 30 1 Pitesti

Croatia 40 1 Kutina

Total Europe 1745 24

Table 4.2:  Carbon black production: capacity, number of plants and location in Europe
[47, InfoMil, 2002]

Following the rationalisation and concentration of the automotive and tyre industries, a
consolidation of the carbon black industry occurred. The result was that of five major US based
producers having worldwide activities in 1980, only two companies (company 1 and 3 in the list
given in Table 4.3) survived — with the German-based company 2 shown in Table 4.3 becoming
a third major producer. These three global companies, together with local producers having

capacities in excess of 200 kt per year, are listed in Table 4.3.

Company name/Country* Number of | Estimated capacity, | Capacity share, %
plants kt per year

1. Company 1/US 26 1725 22

2. Company 2/Germany 15 1163 15

3. Company 3/US 12 1100 14

4. Company 4/US 3 270 4

5. Company 5/US 3 245 3

6. Company 6/Japan 3 230 3

7. Company 7/US 3 200 3

Total ‘Big Seven’ 65 4933 64

Total ‘Others’ 88 3060 36
World total 153 ~8000 100

* Plants and their capacities are included if at least 50 % of the shares are controlled by the company

Table 4.3: Major world carbon black producers
[47, InfoMil, 2002]

Table 4.3 shows that the seven major producers listed account for 64 % of the total world
capacity with the three top global producers sharing 51 % between them. The three leading
companies are not only the leading manufacturers of rubber grades, but also of pigment and

speciality blacks on a worldwide basis.
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4.1.2 Applications of carbon black

While carbon black was exclusively used as a pigment until the beginning of this century, its
use as an active filler in rubber was the starting point for a new rapidly expanding application.
In automobile tyre production, it was found that treads filled with carbon black had a markedly
higher abrasion resistance than those filled with zinc oxide. This discovery, together with
increasing use of motor vehicles, was the basis for the present importance of carbon black as a
filler in rubber. Today, at least 35 different grades of carbon black are used as fillers in rubber,
and about 80 grades are used in pigments or special applications [47, InfoMil, 2002]. Table 4.4
shows the fields of application of carbon black.

Rubber industry % | Non-rubber industry %
Total rubber 90 Total non-rubber 10
Tyres 72 | Printing inks 30
Mechanical rubber goods | 28 | Plastics 36
Coatings/Paints 9
Total 100 | Paper 4
Others 21
Total 100

Table 4.4: Breakdown of total carbon black sales according to the fields of application
[47, InfoMil, 2002]

Approximately 90 % of all carbon black sales are to the rubber industry [47, InfoMil, 2002].
However, while the major portion of carbon black is sold to the tyre industry, carbon black is
also used by the automotive and the rubber industries in general as a major component in the
production of mechanical rubber goods. Carbon black production is, therefore, largely
dependent on developments in the automotive industry.

The remaining 10 % of carbon black sales are to the non-rubber industry. Carbon black is used
by the printing industry (for pigment blacks in printing inks) and by the plastic industry. These
sectors consume roughly one-third each of the total pigment black sales. A further important
application, especially for the higher priced, fine particle size carbon blacks, is in the production
of black coatings/paints, which accounts for approximately 9 % of production. This is followed
by the paper industry, accounting for approximately 4 %. Other non-rubber areas are, for
example, the manufacture of electrodes and the reduction of metal oxides. Together, these
applications have a share of about 21 % of total non-rubber carbon black sales.

About 90 % of the carbon black produced is used by the rubber industry as a reinforcing filler in
tyres, tubes, conveyor belts, cables, rubber profiles, and other rubber goods. Furnace blacks are
predominantly used in rubber processing. Fine particle size carbon blacks (reinforcing blacks)
are used for the production of rubber mixtures with high abrasion resistance (e.g. tyre treads).
Coarser carbon blacks (semi-reinforcing blacks) are used in rubber mixtures requiring low heat
build-up and resistance to permanent deformation during dynamic stress (e.g. carcase
compounds, equipment mountings, and seals). Extremely coarse carbon blacks (non-reinforcing
blacks) are incorporated into mixtures with high elasticity and good extrusion properties.

Quantitatively, the pigment blacks are substantially less important than the rubber blacks. They
are used for the manufacture of printing inks, colouring plastics, fibres, lacquers, coatings, and
paper. Oxidised carbon blacks are frequently used in the printing ink and coating industry.
While high-colour gas blacks are still predominant in lacquers and coatings, furnace blacks are
becoming more and more important in plastics, coatings, and printing inks. Besides their two
main uses as reinforcing fillers and pigments, small amounts of carbon blacks are used by the
electrical industry to manufacture dry cells, electrodes, and carbon brushes. Special blacks are
used to give plastics antistatic or electrical conduction properties. Another application is the UV
stabilisation of polyolefins.
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4.2 Applied processes and techniques
421 Introduction

The term ‘carbon black’ is used for a group of well-defined, industrially manufactured products,
which are produced under carefully controlled conditions. The physico-chemical properties of
each grade of carbon black are kept within narrow specifications. Carbon black is a form of
highly dispersed elemental carbon with extremely small particles. Depending on the raw
materials and production processes, carbon black also contains chemically bound hydrogen,
oxygen, nitrogen, and sulphur.

Due to its excellent pigmentation properties, especially its light stability and universal
insolubility, carbon black has been used as a black pigment since early times. It was produced
for this purpose by burning oils, fats, or resinous materials (see Section 4.2.2). The flame was
either quenched on a cool surface ‘impingement black’, or cooled in special stacks ‘lamp black’
where the carbon black was deposited. Today, both methods are still used in the various
production processes of carbon black (see Section 4.2.3).

The ‘channel black process’, a process for making impingement blacks using natural gas as a
raw material, has been used in the United States since the end of the 19th century. This process
has now been abandoned because of economic and environmental considerations. A similar
process for the production of impingement blacks, the ‘gas black process’, is still used today
(see Section 4.2.3.2).

The increasing demand for carbon black led to new production processes. The most important
process today is the ‘furnace black process’ (see Section 4.2.3.1). Developed in the United
States in the 1930s and substantially improved in the 1950s, it is a continuous process, which
allows the production of a variety of carbon black grades under carefully controlled conditions.
Nearly all rubber grades and a significant part of pigment-grade carbon blacks are now
manufactured by the furnace black process. Nevertheless, other processes, such as ‘gas black’,
‘lamp black’, ‘thermal black’, and ‘acetylene black’ processes, are still used for the production
of specialities. These processes are further elaborated in Sections 4.2.3.2 to 4.2.3.5.

The following sections detail the sequence of carbon black production, beginning with the
commonly used raw materials (Section 4.2.2); the various production processes (Section 4.2.3);
and the oxidative after-treatment process (Section 4.2.4), which is common to all production
processes.

4.2.2 Raw materials

Mixtures of gaseous or liquid hydrocarbons, which can be vaporised, represent the raw
materials preferable for the industrial production of carbon black. Since aliphatic hydrocarbons
give lower yields than aromatic hydrocarbons, the latter are primarily used. Unsubstituted
polynuclear compounds with 3 — 4 rings give the best yield [47, InfoMil, 2002].

The materials rich in these compounds are certain fractions of coal tar oils and petrochemical
oils from petroleum refining or the production of ethylene from naphtha (aromatic concentrates
and pyrolysis oils). These aromatic oils, which are mixtures of a variety of substances, are the
most important feedstock today. Oil on a petrochemical basis is predominant. The aromatic
portion of a typical petrochemical oil consists of 10— 15 % monocyclic, 50 — 60 % bicyclic,
25 —35 % tricyclic, and 5 — 10 % tetracyclic aromatics [47, InfoMil, 2002].

Important characteristics determining the quality of a feedstock are the C/H ratio as determined
by elemental analysis and the Bureau of Mines Correlation Index (BMCI), which is calculated
from the density and the mid-boiling point or from the density and the viscosity.
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Both the C/H ratio and BMCI values give some information on the aromaticity and, therefore,
the expected yield. Further characteristics are viscosity, pour point, temperature of
solidification, alkali metal content (due to its influence on the carbon black structure), and
sulphur content.

Natural gas, which was previously the predominant feedstock for the production of channel
blacks, has lost its importance for economic reasons. However, natural gas is still the most
important secondary feedstock in the furnace black process, although other gases and oils are
used in some cases. The term ‘secondary feedstock’ is used for easier distinction between the
primary feedstock as the main carbon source for the carbon black. In the rest of this chapter, a
practical distinction will be made between primary feedstock and secondary feedstock. The term
‘fuel” will be then reserved for non-reactor related combustion processes. In several patents,
recycled tail-gas, in combination with oxygen or oxygen-enriched air, has also been proposed as
a secondary feedstock, but has not gained any commercial importance. Moreover, acetylene,
due to its high price, is used only as a feedstock for the production of highly specialised
conductivity blacks (e.g. used in dry cell batteries).

Sulphur content in the feedstock used in the production of carbon black is of key importance for
the assessment of the environmental impact of the European carbon black plants [47, InfoMil,
2002]. The permitted annual average S-levels of the feedstock used in carbon black plants in
Europe and the US are presented in Table 4.5.

Region Plant(s) S content | Commodity | Speciality

North America 1 up to 4.5 % X

North America 2 up to 4.5 % X

North America 3,5,7 4.00 % X

North America 4,6,9 4.00 % X X
North America™ 8 4.00 % X

North America 10 3.70 % X

North America 11 3.60 % X

North America 12 3.50 % X

North America 13,14, 15, 16, 17 3.00 % X

North America 18 3.00 % X X
North America 19 2.50 % X X
North America 20 2.50 % X

North America 21 1.80 % X X
Europe a, b 3.00 % X

Europe c 2.80 % X

Europe d 2.50 % X X
Europe e 2.50 % X

Europe f 2.20 % X X
Europe 2] 2.00 % X

Europe h, i 2.00 % X X
Europe k 1.80 % X

Europe I, m 1.70 % X

Europe n 1.50 % X

Europe 0 1.50 % X X
Europe p 1.00 % X

Europe q 1.00 % X X
Europe r 0.80 % X X
Europe S 0.70 % X

Europe t 0.60 % X

)6 % at 75 % utilisation

Table 4.5:  Permitted S-levels of north American and European carbon black plants
[47, InfoMil, 2002]
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4.2.3 Production processes

A summary of the most important production processes is given in Table 4.6. In general, the
processes are divided into two groups: those employing incomplete or partial combustion and
those based on thermal cracking (pyrolysis) [47, InfoMil, 2002]. This nomenclature is
somewhat misleading insofar as the carbon black resulting from the partial combustion process
is also formed by pyrolysis. The two types of processes differ in that, in the partial combustion
processes, air is used to burn part of the feedstock, thus producing the energy required to carry
out the pyrolysis, whereas in the thermal cracking process, heat is generated externally and
introduced into the process.

Chemical process | Manufacturing process Percentage of Feedstock
global production
Partial combustion | Furnace black process >95 % Petrochemical oils, coal
tar oils and natural gas

Gas black process <5% Coal tar oils

Channel black process Natural gas

Lamp black process Petrochemical/coal tar oils
Thermal cracking | Thermal black process Natural gas, oil

Acetylene black process Acetylene

Table 4.6: Manufacturing processes and feedstock used for the production of carbon black
[47, InfoMil, 2002]

The furnace black process is currently the most important production process. It accounts for
more than 95 % of the total worldwide production [47, InfoMil, 2002]. The advantages of the
furnace black process are its great flexibility, which allows the manufacture of various grades of
carbon black, and its better economy compared to other processes. The following comparison
makes this apparent: for similar grades of carbon black, the production rate of one flame is
approximately 0.002 kg/h for channel black, approximately 0.2 kg/h for gas black, and
approximately 2000 kg/h for a modern furnace black reactor. Some furnace black reactors have
production rates of up to 5000 kg/h.

However, in spite of the more advantageous furnace black process, the production processes
listed in Table 4.6 (except for the channel black process that is no longer operated) are still in
use for the production of special carbon blacks which cannot be obtained via the furnace black
process.

4.2.3.1 Furnace black process

In the last few decades, the rapidly expanding automobile industry required increasing numbers
of tyres with various characteristics. This led not only to the development of new rubber grades,
but also to the development of new carbon blacks required by the increasingly refined
application processes and to the development of a new and better manufacturing process, the
furnace black process. Unlike the old channel black process, this process allows the production
of virtually all grades of carbon black required by the rubber industry.

The furnace black process was developed in the United States in the 1920s and since then, it has
been greatly refined. In the late 1930s it was developed as a truly continuous process, carried
out in closed reactors, so that all inputs can be carefully controlled.

The heart of a furnace black plant is the furnace in which the carbon black is formed. The
primary feedstock is injected, usually as an atomised spray, into a high temperature zone of high
energy density, which is achieved by burning a secondary feedstock (natural gas or oil) with air.
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The oxygen, which is in excess with respect to the secondary feedstock, is not sufficient for
complete combustion of the primary feedstock, the majority of which is, therefore, pyrolysed to
form carbon black at 1200 — 1900 °C.

The reaction mixture is then quenched with water and further cooled in heat exchangers, and the
carbon black is collected from the tail-gas by a filter system.

Figure 4.1 shows a schematic drawing of a furnace black production plant.
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Carbon black | =
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1) Flufty siorage tank; k) Pelletizer; 1) Dryer doemg m) Conveying belt, n) Sorage tank for carbon black peliets

Figure 4.1: Furnace black process
[47, InfoMil, 2002]

The primary feedstock, preferably petrochemical or carbo-chemical heavy aromatic oils, some
of which begin to crystallise near ambient temperature, is stored in open to air, vented and
heated tanks equipped with circulation pumps to maintain a homogeneous mixture. The primary
feedstock is pumped to the reactor via heated and/or insulated pipes to a heat exchanger, where
it is heated to 150 - 250 °C to obtain a viscosity appropriate for atomisation. Various types of
spraying devices are used to introduce the primary feedstock into the reaction zone.

As the carbon black structure can be influenced by the presence of alkali metal ions in the
reaction zone, alkali metal salts, preferably aqueous solutions of potassium salts (e.g. potassium
carbonate, hydroxide or chloride), are often added to the oil in the oil injector. Alternatively, the
additives may be sprayed separately into the combustion chamber. In special cases, other
additives, e.g. alkaline-earth metal compounds, which increase the specific surface area, are
introduced in a similar manner.

The energy to break C-H bonds is supplied by feedstock, which provides the reaction
temperature required for the specific grades. Natural gas, petrochemical oils and other gases,
e.g. coke oven gas or vaporised liquid petroleum gas may be used as secondary feedstock.
Depending on the type of secondary feedstock, special burners are also used to obtain fast and
complete combustion. The required air is preheated in heat exchangers by the hot carbon black
containing gases leaving the reactor. This saves energy and thus improves the carbon black
yield. Preheated air temperatures of 500 — 700 °C are common.

The state-of-the-art carbon black plants install several production lines (or units) from the single
high performance reactor to the silo for the final product, with throughputs as high as
20000 tonnes per year per line or higher. Present design optimises the quality, the yield and the
operation of each plant.
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The reactors of modern furnace black plants vary considerably in internal geometry, flow
characteristics, and the manner in which fuel and feedstock are introduced. Nevertheless, they
all have the same basic process steps in common: producing hot combustion gases in a
combustion chamber, injecting the feedstock and rapidly mixing it with the combustion gases,
vaporising the oil, pyrolysing it in the reaction zone, and rapidly cooling the reaction mixture in
the quenching zone to temperatures of 500 — 800 °C.

All reactors have a gas-tight metal jacket. The reaction zone is coated with a ceramic inner liner,
generally on an alumina base, which is stable to temperatures of approx. 1800 °C. Several
quenching positions allow the effective reaction volume of the reactor to be adjusted. This
allows variation of the mean residence time of the carbon black at the high reaction temperature.
Typical residence times for reinforcing blacks are 10 — 100 ms.

Most furnace black reactors are arranged horizontally. Some vertical reactors are used
especially for the manufacture of certain semi-reinforcing blacks.

The properties of carbon blacks depend on the ratios of primary feedstock, secondary feedstock
and air, which therefore must be carefully controlled. The particle size of the carbon black
generally decreases with increasing amounts of excess air relative to the amount needed for the
complete combustion of the secondary feedstock. Since the excess air reacts with the primary
feedstock, a greater amount of air leads to higher oil combustion rates, resulting in rising
temperatures in the reaction zone. As a consequence, the nucleation velocity and the number of
particles formed increase, but the mass of each particle and the total yield decrease.

The yields, which depend on the carbon black type and the type of primary feedstock, range
between 40 and 65 % for some types of carbon black [47, InfoMil, 2002]. High surface area
pigment blacks with markedly smaller particle size than rubber blacks give lower yields
(10 - 30 %). Other parameters influencing carbon black quality are the manner in which the oil
is injected, atomised, and mixed with the combustion gases, the type and amount of additives,
the preheating temperature of the air and the quench position.

As long as the carbon black is in contact with the surrounding gases at the high reaction
temperature, several reactions on the carbon surface occur (e.g. Boudouard reaction, water gas
reaction), so that the chemical nature of the carbon black surface is modified with increasing
residence time. When quenched to temperatures below 900 °C, these reactions are stopped and a
certain state of surface activity is frozen. Varying the pelletising and drying conditions (see
below) can also further modify carbon black surface properties.

The total mass put through a reactor can vary between 2 and 25 t/h. Although this is done at
high streaming velocities (up to 800 m/s) and high temperatures (up to 1800 °C), modern high
performance refractory lining can have lifetimes of two years and more. The metal reactor
jackets last much longer. Because of the reducing atmosphere and the high temperatures in the
reactor, the tail-gas, which consists of 30 — 50 vol-% water vapour, 30 — 50 vol-% nitrogen, and
1 - 5 vol-% carbon dioxide, also contains a certain amount of combustible gases, such as carbon
monoxide and hydrogen.

Furthermore, traces of sulphur compounds (H,S, CS, and COS) and nitrogen compounds (HCN,
NOx, NHj) are present in these gases. The amount of these compounds depends on the
composition of the feedstock and the processing conditions. The combustible gases normally
include 6 — 12 vol-% carbon monoxide, 6.5 — 14 vol-% hydrogen, small amounts of methane
and other hydrocarbons. The lower heating value lies between 1.7 and 3.8 MJ/m’. The gas is
normally burned for environmental reasons, and a portion of its energy is used, e.g. for heating
dryer drums and for the production of steam and/or electricity. At many plants, the remaining
portion of the tail-gas is combusted using a flare.

Table 4.17 and Table 4.18 give an overview of the main use of the tail-gas in the different
European and North American carbon black plants.
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The mixture of gas and carbon black leaving the reactor is cooled to 250 — 350 °C in heat
exchangers by counter-flowing combustion air and then conducted into the collecting system.
Formerly, a combination of electro-flocculators and cyclones or cyclones and filters were used.
Currently, simpler units are preferred. Generally, the collecting system consists of only one high
performance bag filter with several chambers, which are periodically purged by counter-flowing
filtered gas or by pulse-jets. Occasionally, an agglomeration cyclone is installed between the
heat exchanger and the filter.

Depending on the capacity of the production unit, the filter may contain several hundred bags
with a total filter area of several thousand square metres. Usual filter loads are in the order of
0.2-0.4m’m>min".

Since the filtered gas contains approx. 30 - 50 vol-% water vapour, most filters operate at
temperatures above 200 °C to avoid condensation. The residual carbon black content in the
filtered tail-gas is less than 100 mg/m’ in western countries. The fluffy carbon black coming out
of the filter is pneumatically conveyed into a first storage tank. Small amounts of solid
impurities (‘grit,” e.g. iron, rust, or coke particles) are either removed by magnets and classifiers
or milled to an appropriate consistency.

Fluffy carbon black has an extremely low bulk density of 20 — 60 g/l. To facilitate handling and
further processing by the customer, it must be compacted. Densification by ‘outgassing’ — a
process by which the carbon black is passed over porous, evacuated drums — is the weakest
form of compacting and allows the carbon black to retain its powdery state. This form of
compacting is used for certain pigment blacks, which must retain easy dispersibility. Other
pigment blacks and rubber blacks are compacted by pelletisation. Two processes are used: dry
and wet pelletisation.

Dry pelletisation is a simple and energy saving method, but it does not work with all types of
carbon black. It is mainly used for pigment black. Dry pelletisation is carried out in rotating
drums, where the powdery carbon black rolls to form small spheres.

The wet pelletisation process is used for the majority of rubber blacks. Carbon black, water, and
small amounts of additives (e.g. molasses, ligninosulphonates) are mixed in special pelletisers.
They usually consist of a horizontal cylinder approx. 3 m long and 0.7 — 1 m in diameter, in the
axis of which a pin shaft rotates at 300 — 750 rpm. The pelleting machine used in the wet
pelletisation process is presented in Figure 4.2.
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Figure 4.2: Pelleting machine used in the wet pelletisation process
[47, InfoMil, 2002]

During the wet pelletisation process, the water containing the pelletising agents dissolved in it,
is injected via spray nozzles. The density of the pelletised material is approx. 10 times that of
the original carbon black. The pellet crush strength and some application properties in rubber
can be influenced by the type and amount of the pelletising agent. The size of the pellets is
approx. 1 — 2 mm. The carbon black leaving the pelletising machine contains approximately
50 wt-% water. It is dried in dryer drums by a variety of means.
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The most common method is indirect heating by combusting tail-gas. Drying temperatures,
generally between 150 and 250 °C, allow further modification of the carbon black properties.
The dried carbon black is transported via conveyor belts and elevators to the storage tank or
packing station. Bulk densities of wet-pelletised carbon blacks are between 250 and 550 g/1.

A flow diagram illustrating the complete furnace black process is shown in Figure 4.3.
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Figure 4.3: Example of possible configuration of the furnace black process
[47, InfoMil, 2002]

4.2.3.2 Channel black and gas black processes

The channel black process, which had been used in the United States since the late 1800s, was
the oldest process for producing small particle size carbon blacks on an industrial scale.
Originally, this process also produced the first reinforcing blacks. In 1961, world production of
channel black was about 120 kt. Due to low profitability and environmental difficulties, the last
production plant in the United States was closed in 1976. Natural gas was used as the feedstock.
The carbon black yield was only 3 — 6 %.

The gas black process was developed in the 1930s, in Germany, where natural gas was not
available in sufficient amounts. It is similar to the channel black process, but uses coal tar oils
instead of natural gas. Yields and production rates are much higher with oil-based feedstock;
this process is still used to manufacture high quality pigment blacks with properties comparable
to those of channel blacks. The gas black process has been used on an industrial scale since
1935. In the gas black process, illustrated in Figure 4.4, the feedstock is partially vaporised.
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Figure 4.4: The gas black process
[47, InfoMil, 2002]

The residual oil is continuously withdrawn. The oil vapour is transported to the production
apparatus by a combustible carrier gas (e.g. hydrogen, coke oven gas, or methane). Air may be
added to the oil-gas mixture for the manufacture of very small particle size carbon black.
Although this process is not as flexible as the furnace black process, various grades of gas black
can be made by varying the relative amounts of carrier gas, oil and air. The type of burners used
also influences the carbon black properties.

A gas black apparatus consists of a burner pipe approximately 5 m long, which carries
30 - 50 diffusion burners. The flames burn in contact with a water-cooled drum, where about
half of the carbon black formed is deposited. This black is continuously scraped off and
transported by a screw to a pneumatic conveying system. The gas black apparatus is surrounded
by a steel housing open at the bottom. At the top, fans extract the off-gas into filters, which
collect the carbon black suspended in the gas. Valves in the exhaust pipes can regulate the
amount of air entering the apparatus. Several gas black apparatus are combined to form one
production unit. One oil vaporiser feeds the whole unit. The production rate and the yield of an
apparatus depend on the grade of carbon black produced. For a typical reinforcing black, the
production rate is 7 - 9 kg/h and the yield is 60 %. The yield for high quality pigment blacks is
considerably lower (10 — 30 %).

To remove possible impurities, the gas black is classified and then densified, pelletised, or
submitted to an oxidative treatment (see Section 4.2.4). Such an increased surface oxidation
improves the properties of the carbon black [47, InfoMil, 2002].

4.2.3.3 Lamp black process

The lamp black process is the oldest industrial scale production process. Currently, only a few
plants still produce rather coarse blacks (with a mean particle diameter of approx. 100 nm) with
special properties. They are used as non-reinforcing or semi-reinforcing blacks in rubber goods
and as tinting black with a low pigment separation tendency.

The lamp black process is only partially continuous. The feedstock — oil with a high aromatic
hydrocarbon content — is burned in flat steel vessels up to 1.5 m in diameter.

The oil is continuously introduced into the vessel to keep a constant feedstock level. The off-gas
containing carbon black is sucked into a conical exhaust pipe, which is coated with a ceramic
inner liner and leads to the cooling and collecting system. The properties of carbon black can be
influenced to some extent by variation of the distance between the vessel and the exhaust and
the amount of air sucked into the apparatus. One lamp black apparatus can produce 100 kg/h
carbon black. The production process must be interrupted at certain time intervals to remove
residues containing coke from the vessels.
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4.2.3.4 Thermal black process

Some special processes for producing carbon black are based on the thermal decomposition of
lower gaseous hydrocarbons or atomised petroleum oils in the absence of air. The thermal black
process, which was developed in the 1930s, is still used for the production of coarse carbon
blacks (non-reinforcing carbon blacks) for special applications in the rubber industry. Contrary
to the processes described above, energy generation and the pyrolysis reaction are not carried
out simultaneously.

A thermal black plant consists of two furnaces, which are used in alternate heating and
production periods of approx. 5 min duration — see Figure 4.5 below.

=] Thermal blazk reactor; b] Cooler; =] Filler bricks; d] Inlet for the feedstock; 2] Inlet for the secondary feedstock;
f] Outlet for the burned secondary feedstock; g] Outlet for the pyrolysis product=s; b)) Carbon black outlet; i ] Bloweneer

Figure 4.5: Thermal black process
[47, InfoMil, 2002]

Each of the cylindrical furnaces (4 m in diameter and 6 m high) contains a network of
heat-resistant bricks. They are heated with natural gas or oil and air. At a temperature of approx.
1400 °C, the air is switched off and only feedstock is introduced for pyrolysis. Since this
reaction is endothermic, the temperature falls. At about 900 °C, a new heating period is
necessary.

The output from the furnace, carbon black and nearly pure hydrogen, are cooled by injecting
water into an ascending channel. The carbon black is separated in the collecting system.
Diluting the natural gas with recycled hydrogen can produce carbon blacks of lower particle
size. Fine thermal blacks (FT blacks) with mean primary particle sizes of 120 — 200 nm were
manufactured in this way in the past, but their production has now been discontinued. Medium
thermal blacks (MT blacks) with mean particle sizes of 300 — 500 nm are still produced and are
obtained by using undiluted feedstock. The yield of MT blacks is approximately 40 % with
respect to the total amount of feedstock used.

Thermal blacks are used in mechanical rubber goods often based on synthetic polymers. e.g.
fluoro elastomers, which are designed for specialised application. At present, thermal blacks
donate specific physical properties to the end-product, e.g. resistance to compression or
permanent deformation, at levels which cannot be attained using standard furnace grade.

4.2.3.5 Acetylene black process

Acetylene and mixtures of acetylene with light hydrocarbons are the raw materials for a process
that has been used since the early 1900s. Unlike other hydrocarbons, the decomposition of
acetylene is highly exothermic.

The discontinuous explosion process, which was mainly used for the production of colour
blacks, is the oldest technical process. Continuous processes were later developed with
production rates of up to 500 kg/h. Acetylene or gases containing acetylene are fed into a
preheated, cylindrical reactor with a ceramic inner liner. Once ignited, the decomposition heat
that is evolved maintains the reaction.
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The carbon black is collected in settling chambers and cyclones. Approximately 95 — 99 % of
the theoretical yield is obtained.

The primary particles of acetylene black have different shapes than those of other carbon blacks.
Because of their relatively high price, the application of acetylene blacks is limited to special
uses, e.g. in dry cells. Total worldwide production is approx. 40 kt per year.

4.2.3.6 Other manufacturing processes

In a plasma, hydrocarbon vapours may be almost quantitatively decomposed into carbon and
hydrogen. Many producers of carbon black have carried out research in this field. According to
numerous patent specifications, this method can be used to make small particle carbon blacks
with new properties. The electric arc process was the only large scale process using plasma
reactions in which large quantities of carbon black were produced as a by-product of the
production of acetylene. The particles of the arc carbon black resemble those of acetylene black.
The mean primary particle size is approx. 35 nm. Today, this kind of carbon black is no longer
used as a pigment. For information on the plasma process, refer to Section 9.4.

Since the price of feedstock, and thus, the profitability of the carbon black production processes,
is highly dependent on the petrochemical industry, several attempts have been made to find new
raw materials. Processes for obtaining carbon black directly from coal or for isolating carbon
black from used tyres, for example, have been studied. None of them, however, has been of any
commercial importance up until now. On the other hand, clay, milled coal, and coke have found
limited use as substitutes for very coarse carbon blacks, primarily thermal blacks and some
semi-reinforced blacks. The increasing use of precipitated silica in tyres and mechanical rubber
goods, mostly in combination with organosilane coupling agents, which originally was
indicative of an increasing search for new non-oil-based fillers, has led to new rubber properties.

424 Oxidative treatment of carbon black

Oxygen containing functional groups on the surface of carbon blacks strongly influence their
application properties. High contents of volatile components, i.e. high concentrations of surface
oxides, decrease the vulcanisation rate and improve the flow characteristics of inks. The gloss of
lacquers and coatings is increased, the colour tone is shifted from brownish to bluish, and
jetness (degree of blackness) often increases. Due to the production conditions, only gas blacks
(and channel blacks) are covered to a certain extent with acidic surface oxides. Furnace blacks
contain only small amounts of oxygen in the form of basic surface oxides. To amend their
colour properties, some pigment blacks are post-treated by oxidation on a commercial scale.
Depending on the oxidising agent and the reaction conditions selected, different types of surface
oxides are formed in varying quantities. The simplest method of oxidising the carbon black
surface is by post-treating it with air at 350 — 700 °C (see Figure 4.6).

However, the degree of oxidation is limited. Higher contents of surface oxides and better
process control are achieved with nitric acid, mixtures of NO, and air, or ozone. Also aqueous
solutions such as sodium hypochlorite solutions may be used as oxidising agents. As a rule, all
strongly oxidising agents may be used, either as a gas or in solution. Most surface oxidation
processes of carbon black are carried out at elevated temperatures. Oxidised carbon blacks may
contain up to 15 wt-% oxygen. They are strongly hydrophilic, and some of them form colloidal
solutions spontaneously in water. In polar printing ink systems, and in lacquers and coatings, a
better wettability and dispersibility is achieved through surface oxidation, thus reducing binder
consumption.

Surface oxidation of carbon black with nitric oxide and air can be carried out industrially in a
fluidised bed reactor. A suitable post-treatment unit consists of a preheating vessel, in which the
carbon black is fluidised and heated, a reaction vessel to carry out the surface oxidation, and a
desorption vessel, in which adsorbed nitric oxide is removed.
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Figure 4.6: Equipment for the oxidative treatment of carbon black in a fluidised bed
[47, InfoMil, 2002]

Typical reaction temperatures lie between 200 and 300 °C. Depending on the degree of
oxidation, the residence time can amount to several hours. The nitric oxide acts primarily as a
catalyst, the oxygen in the air being the genuine oxidising agent. Oxidation of powdery black
with ozone is also carried out on a commercial scale. Another common method of surface
oxidation was carried out during pelletisation. Instead of water, nitric acid was used as the
pelletising agent. The surface was oxidised while the wet beads were dried at an elevated
temperature.

4.2.5 Carbon black: physical and chemical properties
4.2.51 Physical properties

Morphology

The particle size according to DIN 53206 distinguishes three levels: (1) primary particles
(recognisable as individual particles with physical analysis methods), (2) aggregates
(assemblages of primary particles, grown or fused together in the form of chains or clusters;
aggregates cannot be broken into primary particles by any dispersion process) and (3)
agglomerates (loose assemblages of aggregates, held together by van der Waal forces).

4.2.5.2 Chemical properties

Chemical composition

Depending on the manufacturing process, raw material, and possible chemical post-treatment,
the global chemical composition according to elemental analysis is within the limits given in the
box below [47, InfoMil, 2002]:

Carbon | 80.0 —99.5 wt- %
Hydrogen | 0.3-—1.3 wt- %

Oxygen | 0.5-15.0 wt- %
Nitrogen 0.1-0.7 wt- %

Sulphur 0.1-2wt-%

The ash content of most furnace blacks is <1 wt-%. The ash components can result from the raw
material, the salts that are injected to control the structure, and salts in the process water. The
ash content of gas blacks is less than 0.02 %.
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Oxidation behaviour

Industrial carbon blacks do not spontaneously ignite when stored in air at 140 °C. When ignited
in air, carbon black glows slowly. In contrast to coal, dust explosions are not observed under
normal test conditions. However, carbon black in combination with high energy (>1 kJ) and an
appropriate distribution of a carbon black dust/air mixture (lower explosion limit is 50 g/m’) can
be made to explode.
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4.3 Present consumption and emission levels — the furnace
process

4.3.1 Introduction

For environmental aspects of the carbon black production, distinction can be made between the
different carbon black processes, such as the furnace black, thermal black, channel black and the
lamp black processes. However, as more than 95 % of the worldwide plants operate the furnace
black process, this section only deals with the environmental aspects of the furnace black
process. Section 4.3.2 describes the emissions of the furnace black process to air. Sections 4.3.3
and 4.3.4 respectively give a description of the discharges to water and production of wastes
from the furnace black process. Section 4.3.5 deals with energy consumption.

4.3.2 Emissions to air

4.3.21 Possible emissions to air

In the furnace black process, distinction can be made between the venting of non-combusted
tail-gas, the emissions from tail-gas combustion devices (flares, boilers, incinerators), emissions

from the tail-gas fired product dryers and the filter system vents. The different potential
pollutants and their origin are addressed in Table 4.7.

Emission Origin

Carbon monoxide (CO) e product of incomplete combustion in the reactor

e product of incomplete combustion in dryers, boilers, flares, etc.
Carbon dioxide (CO,) e product of complete combustion in the reactor

e product of complete combustion in dryers, boilers, flares, etc.
Oxides of sulphur (SOx) ¢ oxidation of feedstock sulphur compounds in the reactor

e oxidation of sulphur compounds present in the tail-gas
Reduced sulphur e decomposition and partial oxidation of feedstock sulphur
compounds (hydrogen compounds in the reactor

sulphide (H,S), carbon
disulphide (CS,), carbonyl
sulphide (COS))

Oxides of nitrogen (NOx) e oxidation of feedstock nitrogen compounds in the reactor

e thermal NOy from the reactor

o fuel NOy from dryers, boilers, flares, etc.

o thermal NOy from dryers, boilers, flares, etc.

e oxidative post-treatment of carbon black with NO, or HNO;
Other nitrogen compounds e decomposition of feedstock nitrogen compounds in the reactor
(hydrogen cyanide (HCN),
ammonia (NH;)
Volatile organic e incomplete decomposition of feedstock in the reactor
compounds (VOC)
(e.g. methane, acetylene,
ethylene)
Polycyclic aromatic e incomplete decomposition of feedstock
hydrocarbons (PAH)
Particulate matter (e.g. e slip through filter system behind reactor
carbon black dust) o slip through dedusting filter systems, e.g. behind dryer

o slip through thermal combustor (e.g. boiler, flare)

o fugitive emissions due to storage, transportation and packaging
Heavy metals (HM) e present as trace impurities in some feedstock.

Table 4.7:  Potential pollutants from the furnace black process and their origin
[47, InfoMil, 2002]
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4.3.2.2 Tail-gas venting

An important potential source of emission to air is the ‘tail-gas’. Tail-gas comes from the
reactor after product separation and is a low calorific gas with a high moisture content due to the
quench water vapour. It contains hydrogen (H,), carbon oxides (CO and CQO,), reduced sulphur
compounds (H,S, CS, and COS), sulphur dioxide (SO,), nitrogen compounds (N,, NOx, HCN
and NHj;) and volatile organic compounds, such as ethane and acetylene.

The tail-gas composition may vary considerably according to the grade of carbon black being
produced and the feedstock used. An overview of tail-gas composition is given in Table 4.8
below. Organic species tend to be lower and carbon monoxide emissions tend to be higher for
small particle production, corresponding with higher temperatures and the lower yields
obtained. As mentioned in Section 4.2.3.1, carbon black yields can vary between 10 and 65 %,
depending on the grade produced and the raw materials used. The presence of sulphur
compounds in the tail-gas (sulphur oxides, hydrogen sulphide and volatile organic sulphur
compounds) depend on the feedstock sulphur content.

Currently, the standard requirement for tail-gas treatment in many countries is flaring, in order
to destroy the toxic and odorous components. Also, methods for recovering the energy content
of the tail-gases are employed where applicable — refer to Table 4.16. For instance, tail-gas
combustion is common practice in Germany [85, EIPPCB, 2004-2005]. The combustion of tail-
gas generates flue-gas with different environmental characteristics. The potential emissions
from tail-gas combustion are listed in Section 4.3.2.3.

Venting of uncombusted tail-gas may be allowed during emergencies, start-up and shut-down
periods and during periods of grade change. Some plants are allowed to emit the tail-gases as a
continuous process vent. Typical ranges of CB tail-gas composition are given in Table 4.8.
These values do not reflect, however, the full range of tail-gas compositions encountered in all
the carbon black facilities. Significant variations occur due to different feedstocks used and
carbon black grades produced.

Pentane/other Css

Hexane/other Cgs

Compound Minimum (vol-%, wet) | Maximum (vol-%, wet)
Moisture (H,O) 29.6 50
Nitrogen (N») 32.7 46.2
Hydrogen (H,) 6.6 14
Carbon monoxide (CO) 6.1 11.7
Carbon dioxide (CO,) 1.5 3.9
Oxygen (O,) 0 1.85
Methane (CH,) 0.07 0.78
Acetylene (C,H,) 0.03 0.7

Minimum (ppmv, wet) | Maximum (ppmv, wet)
Sulphur oxides (as SO,) 5 260
Hydrogen sulphide (H,S) 63 2500
Carbonyl sulphide (COS) 3 300
Carbon disulphide (CS;) 11 800
Mercaptans (R-SH) Traces 180
Nitrogen oxides (as NO,) 5 310
Ammonia (NH3) 42 60
Hydrogen cyanide (HCN) 130 564
Ethane/ethene (C,Hy/C,H,)
Propane/other Css
Butane/other Cys 50 3612

Table 4.8:
[47, InfoMil, 2002]

Typical ranges of carbon black tail-gas composition
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4.3.2.3 Emissions from dedicated tail-gas combustion devices

Gaseous toxic and odorous emissions from the tail-gas, such as H,S, volatile organic sulphur
compounds (CS,, COS), and CO, are controlled with thermal combustion, such as flares, boilers
or incinerators. Thermal combustors can achieve essentially complete oxidation of organic
compounds and can oxidise sulphur compounds in the process flue-gas. Combustion
efficiencies of 99.6 per cent for hydrogen sulphide and 99.8 per cent for carbon monoxide have
been measured for a flare of a carbon black plant [47, InfoMil, 2002]. Particulate emissions may
also be reduced by the combustion of some of the carbon black particles. However, emissions of
sulphur dioxide are increased due to the oxidation of the hydrogen sulphide and the volatile
organic sulphur compounds. Additionally, it is important to realise that the combustion will also
increase the emissions of nitrogen oxides. In western Europe, the recovery of energy from the
tail-gas in the form of heat, steam and/or electricity is common. The combustors usually treat
some 70 % of the generated tail-gas. The remaining 30 % is normally used as a fuel in the
dryers of the wet pelletising unit.

4.3.2.4 Emissions from the dryers of the wet pelletising unit

The wet pelletised carbon black is transported to a dryer (usually a rotary drum), in which the
wet pellets are dried directly or indirectly, depending on the chosen system. The indirect system
is most common. Tail-gas is generally used as a heat source, as it is beneficial to reduce the
fossil fuel consumption. The flue-gases from an indirectly heated dryer can be combined with
the evaporated water from inside the dryer into one common stack or can be sent to the
atmosphere via separate stacks. Besides carbon black coming from the dryer filter system, other
contaminants can be present in the stacks. These contaminants include sulphur oxides, nitrogen
oxides, and the unburned portion of each of the species present in the main process vent gas
(tail-gas). When carbon black is dried directly, the above-mentioned emissions are contained in
the same gas stream.

4.3.2.5 Filter system vents

Carbon black is separated from the tail-gas in the product separation filter, consisting of a
special type of bag filter. Carbon black that is not captured in this filter is entrained in the tail-
gas. Normally, levels of carbon black in the tail-gas after the filter are <100 mg/m’. As the slip
of carbon black in this filter represents a loss of product, there is a drive for the operator to keep
the level as low as possible. The collected (fluffy) carbon black is pneumatically transported by
air to another bag filter system, where the carbon black is separated from the transport air and
subsequently fed to the pelletiser. The emissions from this filter are released into the
atmosphere. Emission levels from this filter are generally <50 mg/Nm’.

4.3.2.6 Fugitive emissions

The petro and carbo-chemical feedstocks used in the carbon black industry have a low vapour
pressure and the feedstock storage tanks are only a minor source of fugitive organic emissions.
Fugitive emissions of carbon black (particulate matter) originate from cleaning, spills and leaks
in the storage, transportation and packaging. When the operator adheres to good housekeeping
practice, fugitive emissions can be insignificant.

4.3.2.7 Summary of emissions to air

Due to the large variety of plant configurations, feedstock compositions and product types, it is
difficult to present an overview of emissions from carbon black plants that fits all plants.
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Some plants operate with separate stacks for the tail-gas combustion units and for the product
dryers, whereas others combine the flue-gases from these sources. An attempt to present the
emissions per potential source (e.g. tail-gas combustion, dryers, filter system) was abandoned
for this reason.

However, the German VDI has presented an overview in its VDI 2580 document from 1992
[47, InfoMil, 2002], which is considered to give a good indicative overview of the emissions
that can be expected from furnace black plants — see Table 4.9 below. This table is based on the
assumption that all of the generated tail-gas is combusted [47, InfoMil, 2002].

Emission component Specific emission Emission concentration*
(kg/tonne carbon black) (mg/Nm3 at 10 % O,)

Particulate matter 02-04 10 - 30

Sulphur dioxide (as SO,) 6.5 —22.0** 400 — 1400
Nitrogen oxides (as NO,) 6.0—-15.0 400 —900
Carbon monoxide 2.0-3.0 120 — 200
Volatile organic compounds up to 0.7 up to 50

(as total C)

*Emission concentrations at 273.15 K, 101.3 kPa under dry conditions, standardised to 10 % O,. This oxygen
percentage would be representative for a situation where all off-gases are emitted through a central stack.
**Range corresponds to a sulphur content in the feedstock of 0.3 —1.0 wt-%. Actual permitted sulphur
feedstock levels are higher than 1% S for most European plants and significantly higher for all north
American plants (see Section 4.4.2 below).

Note: Benzene could also be included as an emission component [85, EIPPCB, 2004-2005]. For benzene, TA

Luft specifies emission concentration of <5 mg/Nm’.

Table 4.9:  Typical emission values of furnace black plants
[47, InfoMil, 2002]

4.3.3 Emissions to water

Water is used in relation to the production process or used for non-process related utilities. The
following two sections show the process related and the non-process related discharges to water.

4.3.31 Process related water streams
In the production process, the following water streams are distinguished:

quench water (reactor tail-gas)

wash-water for process installations (and floors)
scrubber water during start-up/warming up of the reactor
water used for pelletisation

cooling water for the reactor lining

boiler feed-water (if present)

cooling water for the power plant or thermal combustor.

Normally, drinking water is used for the above-mentioned process applications [47, InfoMil,
2002]. It should be noted that apart from cooling water, only the scrubbing water and the
wash-water potentially lead to a water discharge. The quench water and the water used for wet
pelletisation are totally evaporated in the process.

4.3.3.2 Non-process related water streams

The following non-process related water streams are distinguished:

e water used in laboratories
e water used for sanitary purposes
e surface water run-off and rainwater.

These are not specific to the carbon black industry and are not dealt with in this document.
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4.3.3.3 Potential discharges

Some water streams can be re-used as process water for quenching the reactors gas/carbon black
mixtures if it not affects product quality. Prior to being re-used for quenching, the effluent water
streams are filtered. The filter residue (carbon black) could be sold as a colorant. It has been
proven that — cooling water excluded — a zero discharge to water is possible for some types of
carbon black plants. However, the production of some rubber black and nearly all speciality
black grades require clean quench water. Pollutants, such as minerals or salts substantially and
adversely, influence the product’s specific properties, and therefore, hinder the re-use of waste
water [47, InfoMil, 2002]. Potential pollutants in the process water are suspended solids (mainly
carbon black), chemical oxygen demand (COD), and oil. The chemical oxygen demand may be
partially introduced through the water intake and is generally below 100 mg/l. Suspended solids
(mainly carbon black) are normally filtered before discharge (or re-use) to levels <20 mg/1. Oil
and associated compounds are only expected in significant quantities when oil spillage or
leakage occurs. In some plants, part or all of the generated process streams are (after filtration)
used in the process. The main pollutants in the cooling water are heat (up to 30 GJ/tonne carbon
black) and cooling system conditioners. It can be concluded that the emissions to water are of
minor importance for the carbon black industry.

434 Solid Wastes

According to European legislation, waste can be divided into hazardous and non-hazardous
waste and these are described in the following two sections.

4.3.4.1 Hazardous wastes

The following hazardous wastes can be distinguished [47, InfoMil, 2002]:

e spent or used oil
e oil sludge (e.g. due to the cleaning of storage tanks or leakage)
e hazardous wastes generated in the workshops, laboratories and offices.

Carbon black processes generate very little direct hazardous waste. This is mainly due to the re-
use of spent oil and — if possible — oil sludge as feedstock [47, InfoMil, 2002]. Therefore, it can
be concluded that in carbon black plants nearly all hazardous wastes are generated only in the
workshops, laboratories or offices that support the production process. The amounts are
relatively small in relation to the amounts of carbon black produced.

4.3.4.2 Non-hazardous wastes
The following non-hazardous wastes can be distinguished [47, InfoMil, 2002]:

substandard carbon black

‘carbon black cake’

refractory waste

used bag filters (carbon black filter systems)
plastic (packaging material)

paper and cardboard (packaging material)
wood waste (pallets)

metals (ferrous/non-ferrous)

demolition waste (not regularly emitted debris)
municipal waste (canteen).
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Carbon black processes generate non-hazardous waste resulting from the production of
substandard carbon black. This material may be reprocessed, sold as a colorant for construction
materials, sold to power plants or disposed of through combustion or landfill [47, InfoMil,
2002]. The amounts of non-hazardous wastes are relatively small in relation to the amounts of
carbon black produced. Compared to carbon black production, the amount of refractory waste is
about 0.02 to 0.1 % [47, InfoMil, 2002]. Nowadays, this refractory waste is pure alumina, which
can be considered as non-hazardous waste. This refractory material is landfilled. From the
above, it can be concluded that hazardous and non-hazardous wastes are of minor importance to
the carbon black industry.

4.3.5 Energy consumption

It is difficult to make an accurate energy balance for the furnace black process in general, due to
the following reasons:

e it is unknown exactly which part of the feedstock is converted into product carbon black

e energy recovery for internal and external use takes place in different forms (e.g. electricity
and steam). Sometimes, the tail-gas is even sold as such. Nearly all carbon black plants re-
use a substantial part (15 to 30 %) of the tail-gas in their dryers. However, for combustion
of the rest of the tail-gas, numerous configurations of controlled thermal combustors,
boilers, combined heat and power (CHP) installations [86, The Council of the EU, 2004]
and/or flares are used [47, InfoMil, 2002]

e feedstock and operating conditions are changed frequently, in order to produce different
carbon black grades. Therefore, the energy content of the feedstock and the flow and
calorific value of the tail-gas varies. In addition, energy losses occur during start-ups and
shut-downs.

Table 4.10 shows the typical total electrical energy consumption for rubber black plants
(assumed yield 50 % for rubber black).

Nameplate capacity | tonnes carbon black/year <50000 | 50000 - 75000 | >75000
kWh/tonne carbon black 550 480 430
GJ/tonne carbon black 2 1.73 1.55

Electricity

Table 4.10: Typical total electrical energy consumption for rubber black plants
[47, InfoMil, 2002]

A rough energy balance for a rubber black furnace black plant is shown below in Table 4.11.

IN ouT
Flow GJ/tonne CB Flow GJ/tonne CB
Primary feedstock (*) 57.35-66.6 Product (#) 33
Secondary feedstock (**) 11.1-14.8 Tail-gas (##) 17 —38
Electricity 1.55-2.0 Other 12 -27

(*)  Based on a calorific value of 37 MJ/kg and a feedstock consumption of 1.55 — 1.80 tonne/tonne CB.

(**) Based on a calorific value of 37 MJ/Nm® natural gas and a consumption of 300 — 400 Nm*/tonne CB.

(#) Based on a calorific value of 33 MJ/kg CB.

(##) Based on a calorific value of 1.7 — 3.8 MJ/Nm® tail-gas and a tail-gas production of approximately
10000 Nm’/tonne CB.

Table 4.11: Rough energy balance for a rubber black furnace plant
[47, InfoMil, 2002]

As can be seen in Table 4.11 above, the main incoming energy carriers in the furnace are: (1)
the primary feedstock, (2) the secondary feedstock and (3) the electricity. The main outgoing
energy flows can be categorised into: (4) product, (5) tail-gas and (6) other (e.g. heat loss
through flue-gases, cooling water, radiation, etc.).
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Most plants use part of the generated tail-gas for heating the dryers of the wet pelletising
process. The amount of this tail-gas varies between 15 and 35 % of tail-gas production,
depending on the fuel requirements of the dryer. Many plants in Western Europe exploit the
remaining tail-gas for the generation of steam and (in some locations) electricity. The potential
recovery from the remaining tail-gas for a combined heat and power plant (CHP) at 80 %
overall efficiency is between 9 and 26 GJ/tonne CB. Part of the produced steam (and electricity)
can be used at several places in the process, but in general, plants that recover the total heat
content of the tail-gas are net producers of energy and would benefit from an outside consumer
[47, InfoMil, 2002].
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4.4 Techniques to consider in the determination of BAT

This section sets out techniques considered generally to have potential for achieving a high level
of environmental protection in the industries within the scope of the document. Management
systems, process-integrated techniques and end-of-pipe measures are included, but a certain
amount of overlap exists between these three when seeking the optimum results.

Prevention, control, minimisation and recycling procedures are considered as well as the re-use
of materials and energy.

Techniques may be presented singly or as combinations to achieve the objectives of IPPC.
Annex IV to the Directive lists a number of general considerations to be taken into account
when determining BAT and techniques within this section will address one or more of these
considerations. As far as possible a standard structure is used to outline each technique, to
enable comparison of techniques and an objective assessment against the definition of BAT
given in the Directive.

The content of this section is not an exhaustive list of techniques and others may exist or be
developed which may be equally valid within the framework of BAT.

Generally a standard structure is used to outline each technique, as shown in Table 4.12:

Type of information considered Type of information included

Description Technical description of the technique

Achieved environmental benefits | Main environmental impact(s) to be addressed by the technique
(process or abatement), including emission values achieved and
efficiency performance. Environmental benefits of the technique
in comparison with others

Cross-media effects Any side-effects and disadvantages caused by implementation of
the technique. Details on the environmental problems of the
technique in comparison with others

Operational data Performance data on emissions/wastes and consumption (raw
materials, water and energy). Any other useful information on
how to operate, maintain and control the technique, including
safety aspects, operability constraints of the technique, output
quality, etc.

Applicability Consideration of the factors involved in applying and retrofitting
the technique (e.g. space availability, process specific)
Economics Information on costs (investment and operation) and any possible

savings (e.g. reduced raw material consumption, waste charges)
also as related to the capacity of the technique

Driving force for implementation |Reasons for implementation of the technique (e.g. other
legislation, improvement in production quality)

Example plants Reference to a plant where the technique is reported to be used
Reference literature Literature for more detailed information on the technique

Table 4.12: Information breakdown for each technique described in this section

Reference is to be made here also to Section 8.9, providing key information on the
Environmental Management System (EMS) which is a tool for IPPC installations that operators
can use to address the design, construction, maintenance, operation and decommissioning issues
in a systematic demonstrable way.

Techniques broadly applicable in the chemical industry, described in the BREF on Common
Waste Water and Waste gas Treatment/Management Systems in the Chemical Sector, are not
included in this section (refer to the BREF on CWW).

Large Volume Inorganic Chemicals — Solids and Others 225



Chapter 4

441 Primary NOy reduction

Description
NOx emissions from the carbon black industry are mainly related to combustion of the tail-gas

in dedicated combustors. This section focuses on the reduction of NOx emissions during the
combustion process and reduction of the input of fuel related nitrogen. This is also called
‘primary NOx reduction’.

There are a number of options, which may potentially be used to reduce NOx formation at
combustion, depending upon the combustion device:

decreasing the combustion temperature in all reaction areas to below 1300 °C
decreasing the residence time in all high temperature zones

lowering the availability of oxygen in reaction zones

choosing a fuel with a lower nitrogen content.

Taking into account the above-mentioned options, the following eight potential operational
measures are at the disposal of the operators of carbon black plants:

Low Excess of Air (LEA)
Staged Air Combustion (SAC)
Low NOx Burners (LNB)
Reduced Air Preheat (RAP)
Low Nitrogen Fuels (LNF)
Staged Fuel Combustion (SFC)
Flue-Gas Recirculation (FGR)
Water/Steam Injection (WSI).

XN DR LD =

It should be noted that all of the above-mentioned measures are considered only for the use in
enclosed thermal combustors. These options are not used in the operation of flares as thermal
combustors, which are configured and operated for low NOx formation and emissions.

The use of primary deNOy in the carbon black reactor is not possible due to interference with
the production process and are not useful due to the relatively low amount of NOx that is
formed in the reactor. The majority of the NOy is formed in the thermal combustion of the tail-
gas.

Of the eight aforementioned primary NOx reduction measures, the latter three measures are also
considered impossible for thermal combustors in the carbon black industry, due to the expected
reduced flame stability. For this reason SFC, FGR and WSI will not be further discussed.

Low Excess of Air (LEA) is the simplest form of reducing oxygen availability in the flame.
Changing the air/fuel ratio is an easy operational modification and will reduce thermal NOx
formation as well as fuel NOx formation [47, InfoMil, 2002]. However, impacts that have to be
considered are higher carbon monoxide and hydrocarbons emissions, altering flame length and
flame stability. Flame stability issues are further compounded by the relatively low calorific
value of the tail-gas.

In Staged Air Combustion (SAC), the principle is primarily to reduce the level of available
oxygen in zones, where it is critical for NOx formation; the amount of fuel burned at peak
temperature is also reduced. Generally 10 — 20 % of the total combustion air is used for staging,
but staging levels of 20 - 40 % are under investigation.

Theoretically, the air can be staged either in the (dryer or boiler) furnace or in the burner itself.
However, due to the low calorific value of the tail-gas and the high moisture content, air staging
in the (dryer or boiler) furnace is not executable.
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Air staging in a furnace is often called a two-stage combustion (TSC) process, in which air to
the combustion zone is reduced and additional air is introduced after the combustion zone to
complete combustion.

The first Low NOx Burners were constructed in the 1970s operating as so-called ‘dual register
burners’. Most boiler and burner manufacturers for retrofit and new installations developed
LNB. Design details differ from manufacturer to manufacturer. Generally they are designed to
achieve delayed combustion by the method of air and fuel introduction. The level of available
oxygen is decreased in zones that are critical for NOy formation and the amount of fuel burned
at the peak temperature is also decreased. LNB produce relatively long diffusion flames by
encouraging two-stage combustion or low temperature gas recirculation.

Reduced Air Preheat (RAP) is another viable technique especially for reducing thermal NOx
formation. Herewith, the preheating of combustion air is decreased causing a lower temperature
in the primary combustion zone. As there is a thermal efficiency penalty in boilers of 1 % for
each 20 — 25 °C reduction in air preheat, this method is commonly used to (temporarily) lower
boiler efficiency in situations of excess energy production. This technique should be appropriate
for boilers in the carbon black industry, because in general they also cope with an excess of
energy.

In Low Nitrogen Feedstock/Fuels (LNF), the nitrogen content in carbon black feedstock varies
between 0.1 and 1.5 wt-% and is believed 