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Executive Summary

EXECUTIVE SUMMARY

The Large Volume Organic Chemicals (LVOC) BREF (Best Available Techniques reference
document) reflects an information exchange carried out under Article 16(2) of Council Directive
96/61/EC. This Executive Summary - which is intended to be read in conjunction with both the
standard introduction to the BAT chapters and the BREF Preface’ s explanations of objectives,
usage and legal terms - describes the main findings, the principal BAT conclusions and the
associated emission / consumption levels. It can be read and understood as a stand-alone
document but, as a summary, it does not present all the complexities of the full BREF text. Itis
therefore not intended as a substitute for the full BREF text asatool in BAT decision making.

Document scope and organisation: For the purposes of BAT information exchange the
organic chemical industry has been divided into sectors for ‘Large Volume Organic Chemicals',
‘Polymers and ‘Fine Organic Chemicals. The IPPC directive does not use the term ‘Large
Volume Organic Chemicas and so offers no assistance in its definition. The TWG
interpretation, however, is that it covers those activities in sections 4.1(a) to 4.1(g) of Annex 1
to the Directive with a production rate of more than 100 kt/yr. In Europe, some 90 organic
chemicals meet these criteria. It has not been possible to carry out a detailed information
exchange on every LV OC process because the scope of LVOC is so large. The BREF therefore
contains a mixture of generic and detailed information on LV OC processes:

e Generic information: LVOC applied processes are described both in terms of widely used
unit processes, unit operations and infrastructure (Chapter 2), and also using brief
descriptions of the main LV OC processes (Chapter 3). Chapter 4 gives the generic origins,
and possible composition, of LVOC emissions and Chapter 5 outlines the available
emission prevention and control techniques. Chapter 6 concludes by identifying those
techniques that are considered to be generic BAT for the LV OC sector as awhole.

¢ Detailed information: The LVOC industry has been divided into eight sub-sectors (based on

functional chemistry) and, from these, ‘illustrative processes have been selected to
demonstrate the application of BAT. The seven illustrative processes are characterised by
major industrial importance, significant environmental issues and operation at a number of
European sites. There are no illugtrative processes for the LVOC sub-sectors covering
sulphur, phosphorous and organo-metal compounds but for other sub-sectors they are:

Sub-sector [llustrative process
Lower Olefins Lower olefins (by the cracking process) - Chapter 7
Aromatics Benzene/ toluene / xylene (BTX) aromatics — Chapter 8

Oxygenated compounds | Ethylene oxide & ethylene glycols— Chapter 9
Formaldehyde — Chapter 10

Nitrogenated compounds | Acrylonitrile — Chapter 11
Toluene diisocyanate — Chapter 13

Halogenated compounds | Ethylene dichloride (EDC) & Vinyl Chloride Monomer (VCM) — Chapter 12

Vauable information on LVOC processes is aso to be found in other BREFs. Of particular
importance are the ‘horizontal BREFS (especially Common waste water and waste gas
treatment/management systems in the chemical industry, Storage and Industrial cooling
systems) and vertical BREFs for related processes (especially Large Combustion Plants).

Background information (Chapter 1)

LVOC encompasses a large range of chemicals and processes. In very simplified terms it can
be described as taking refinery products and transforming them, by a complex combination of
physical and chemical operations, into a variety of ‘commodity’ or ‘bulk’ chemicals; normally
in continuously operated plants. LVOC products are usualy sold on chemical specifications
rather than brand name, as they are rarely consumer products in their own right. LVOC
products are more commonly used in large quantities as raw materiasin the further synthesis of
higher value chemicals (e.g. solvents, plastics, drugs).
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LVOC processes are usualy located on large, highly integrated production installations that
confer advantages of process flexibility, energy optimisation, by-product re-use and economies
of scale. European production figures are dominated by a relatively small number of chemicals
manufactured by large companies. Germany is Europe’s largest producer but there are well-
established LV OC industriesin the Netherlands, France, the UK, Italy, Spain and Belgium.

LV OC production has significant economic importance in Europe. In 1995 the European Union
was an exporter of basic chemicals, with the USA and EFTA countries being the main
recipients. The market for bulk chemicals is very competitive, with cost of production playing a
very large part, and market share is often considered in globa terms. The profitability of the
European LVOC industry is traditionally very cyclical. This is accentuated by high capital
investment costs and long lead-times for installing new technology. As a result, reductions in
manufacturing costs tend to be incremental and many installations are relatively old. The
LVOC industry is aso highly energy intensive and profitability is often linked to oil prices.

The 1990s saw a stronger demand for products and a tendency for major chemical companiesto
create strategic alliances and joint ventures. This has rationalised research, production and
access to markets, and increased profitability. Employment in the chemicals sector continues to
decline and dropped by 23 % in the ten-year period from 1985 to 1995. In 1998, atotal of 1.6
million staff were employed in the EU chemicals sector.

Generic LVOC production process (Chapter 2)

Although processes for the production of LVOC are extremely diverse and complex, they are
typically composed of a combination of simpler activities and equipment that are based on
similar scientific and engineering principles. Chapter 2 describes how unit processes, unit
operations, site infrastructure, energy control and management systems are combined and
modified to create a production sequence for the desired LV OC product. Most LV OC processes
can be described in terms of five distinct steps, namely: raw material supply / work-up,
synthesis, product separation / refining, product handling / storage, and emission abatement.

Generic applied processes and techniques (Chapter 3)

Since the vast mgjority of LVOC production processes have not benefited from a detailed
information exchange, Chapter 3 provides very brief (‘thumbnail’) descriptions of some 65
important LVOC processes. The descriptions are restricted to a brief outline of the process, any
significant emissions, and particular techniques for pollution prevention / control. Since the
descriptions aim to give an initial overview of the process, they do not necessarily describe all
production routes and further information may be necessary to reach a BAT decision.

Generic emissionsfrom LVOC processes (Chapter 4)

Consumption and emission levels are very specific to each process and are difficult to define
and quantify without detailed study. Such studies have been undertaken for the illustrative
processes but, for other LV OC processes, Chapter 4 gives generic pointers to possible pollutants
and their origins. The most important causes of process emissions are]InfoMil, 2000 #83]:

e contaminantsin raw materials may pass through the process unchanged and exit as wastes
» theprocess may use air as an oxidant and this creates a waste gas that requires venting

e processreactions may yield water / other by-products requiring separation from the product
e auxiliary agents may be introduced into the process and not fully recovered

» there may be unreacted feedstock which cannot be economically recovered or re-used.

The exact character and scale of emissons will depend on such factors as: plant age; raw
material composition; product range; nature of intermediates; use of auxiliary materials; process
conditions; extent of in-process emission prevention; end-of-pipe treatment technique; and the
operating scenario (i.e. routine, non-routine, emergency). It is also important to understand the
actual environmental significance of such factors as: plant boundary definition; the degree of
process integration; definition of emission basis; measurement techniques; definition of waste;
and plant location.
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Generic techniquesto consider in the determination of BAT (Chapter 5)

Chapter 5 provides an overview of generic techniques for the prevention and control of LVOC
process emissions. Many of the techniques are aso described in relevant horizontal BREFs.
LVOC processes usualy achieve environmental protection by using a combination of
techniques for process development, process design, plant design, process-integrated techniques
and end-of-pipe techniques. Chapter 5 describes these techniques in terms of management
systems, pollution prevention and pollution control (for air, water and waste).

Management systems. Management systems are identified as having a central role in
minimising the environmental impact of LV OC processes. The best environmental performance
is usualy achieved by the ingtallation of the best technology and its operation in the most
effective and efficient manner. There is no definitive Environmental Management System
(EMS) but they are strongest where they form an inherent part of the management and operation
of aLVOC process. An EMS typically addresses the organisational structure, responsibilities,
practices, procedures, processes and resources for developing, implementing, achieving,
reviewing and monitoring the environmental policy[InfoMil, 2000 #83].

Pollution prevention. IPPC presumes the use of preventative techniques before any
consideration of end-of-pipe control techniques. Many pollution prevention techniques can be
applied to LVOC processes and Section 5.2 describes them in terms of source reduction
(preventing waste arisings by modifications to products, input materias, equipment and
procedures), recycling and waste minimisation initiatives.

Air_pollutant control. The main air pollutants from LVOC processes are Volatile Organic
Compounds (VOCs) but emissions of combustion gases, acid gases and particulate matter may
also be significant. Waste gas treatment units are specifically designed for a certain waste gas
composition and may not provide treatment for all pollutants. Special attention is paid to the
release of toxic / hazardous components. Section 5.3 describes techniques for the control of
generic groups of air pollutants.

Volatile Organic Compounds (VOCs). VOCs typicaly arise from process vents, the storage /
transfer of liquids and gases, fugitive sources and intermittent vents. The effectiveness and
costs of VOC prevention and control will depend on the VOC species, concentration, flow rate,
source and target emission level. Resources are typically targeted at high flow, high
concentration, process vents but recognition must be given to the cumulative impact of low
concentration diffuse arisings, especially as point sources become increasingly controlled.

V OCs from process vents are, where possible, re-used within processes but this is dependent on
such factors as VOC composition, any restrictions on re-use and VOC value. The next
aternative is to recover the VOC calorific content as fuel and, if not, there may be a
requirement for abatement. A combination of techniques may be needed, for example: pre-
treatment (to remove moisture and particulates); concentration of a dilute gas stream; primary
removal to reduce high concentrations, and finally polishing to achieve the desired release
levels. In general terms, condensation, absorption and adsorption offer opportunities for VOC
capture and recovery, whilst oxidation techniques involve VOC destruction.

VOCs from fugitive emissions are caused by vapour |eaks from equipment as a result of gradual
loss of the intended tightness. The generic sources may be stem packing on valves / control
valves, flanges / connections, open ends, safety valves, pump / compressor seals, equipment
manholes and sampling points. Although the fugitive loss rates from individual pieces of
equipment are usualy small, there are so many pieces on a typical LVOC plant that the total
loss of VOCs may be very significant. In many cases, using better quality equipment can result
in significant reductions in fugitive emissions. This does not generaly increase investment
costs on new plants but may be significant on existing plants, and so control relies more heavily
on Leak Detection and Repair (LDAR) programmes. Genera factors that apply to al
equipment are:
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e minimising the number of valves, control valves and flanges, consistent with plant safe
operability and maintenance needs.

e improving accessto potential leaking components to enable effective maintenance.

e leaking losses are hard to determine and a monitoring programme is a good starting point to
gain insight into the emissions and the causes. This can be the basis of an action plan

» the successful abatement of leaking losses depends heavily on both technical improvements
and the managerial aspects since motivation of personnel is an important factor

« abatement programmes can reduce the unabated losses (as calculated by average US-EPA
emission factors) by 80 - 95 %

« gpecid attention should be paid to long term achievements

* most reported fugitive emissions are calcul ated rather than monitored and not all calculation
formats are comparable. Average emissions factors are generally higher than measured
values.

Combustion units (process furnaces, steam boilers and gas turbines) give rise to emissions of
carbon dioxide, nitrogen oxides, sulphur dioxide and particulates. Nitrogen oxide emissions are
most commonly reduced by combustion modifications that reduce temperatures and hence the
formation of thermal NOx. The techniquesinclude low NOx burners, flue gas recirculation, and
reduced pre-heat. Nitrogen oxides can also be removed after they have formed by reduction to
nitrogen using Selective Non Catalytic Reduction (SNCR) or Sdective Cataytic Reduction
(SCR).

Water pollutant control. The main water pollutants from LV OC processes are mixtures of oil /
organics, biodegradable organics, recalcitrant organics, volatile organics, heavy metals, acid /
akaline effluents, suspended solids and heat. In exigting plants, the choice of control
techniques may be restricted to process-integrated (in-plant) control measures, in-plant
treatment of segregated individual streams and end-of -pipe treatment. New plants may provide
better opportunities to improve environmental performance through the use of aternative
technologies to prevent waste water arisings.

Most waste water components of LV OC processes are biodegradable and are often biologicaly
treated at centralised waste water treatment plants. This is dependent on first treating or
recovering any waste water streams containing heavy metals or toxic or non-biodegradable
organic compounds using, for example, (chemical) oxidation, adsorption, filtration, extraction,
(steam) stripping, hydrolysis (to improve bio-degradability) or anaerobic pre-treatment.

Waste control. Wastes are very process-specific but the key pollutants can be derived from
knowledge of: the process, construction materials, corrosion / eroson mechanisms and
maintenance materials. Waste audits are used to gather information on the source, composition,
guantity and variability of all wastes. Waste prevention typically involves preventing the
arising of waste at source, minimising the arisings and recycling any waste that is generated.
The choice of treatment technique is very specific to the process and the type of waste arisings
and is often contracted-out to specialised companies. Catalysts are often based on expensive
metals and are regenerated. At the end of their life the metals are recovered and the inert
support is landfilled. Purification media (e.g. activated carbon, molecular sieves, filter media,
desiccants and ion exchange resins) are regenerated where possible but landfill disposal and
incineration (under appropriate conditions) may also be used. The heavy organic residues from
distillation columns and vessdl ludges etc. may be used as feedstock for other processes, or as a
fuel (to capture the calorific value) or incinerated (under appropriate conditions). Spent
reagents (e.g. organic solvents), that cannot be recovered or used as a fuel, are normally
incinerated (under appropriate conditions).

Heat emissions may be reduced by ‘hardware techniques (e.g. combined heat and power,
process adaptations, heat exchange, thermal insulation). Management systems (e.g. attribution
of energy costs to process units, internal reporting of energy use/efficiency, external
benchmarking, energy audits) are used to identify the areas where hardware is best employed.
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Techniques to reduce vibrations include: selection of equipment with inherently low vibration,
anti-vibration mountings, the disconnection of vibration sources and surroundings and
consideration at the design stage of proximity to potential receptors.

Noise may arise from such equipment as compressors, pumps, flares and steam vents.
Techniques include: noise prevention by suitable construction, sound absorbers, noise control
booth / encapsulation of the noise sources, noise-reducing layout of buildings, and consideration
at the design stage of proximity to potential receptors.

A number of evaluation tools may be used to select the most appropriate emission prevention
and control techniques for LVOC processes. Such evaluation tools include risk analysis and
dispersion models, chain analysis methods, planning instruments, economic analysis methods
and environmental weighting methods.

Generic BAT (Chapter 6)

The component parts of Generic BAT are described in terms of management systems, pollution
prevention / minimisation, air pollutant control, water pollutant control and wastes / residues
control. Generic BAT applies to the LVOC sector as a whole, regardless of the process or
product. BAT for a particular LVOC process is, however, determined by considering the three
levels of BAT in the following order of precedence:

1. illustrative process BAT (where it exists)

2. LVOC Generic BAT; and finally

3. any relevant Horizontal BAT (especidly from the BREFs on waste water / waste gas
management and treatment, storage and handling, industrial cooling, and monitoring).

Management systems: Effective and efficient management systems are very important in the
attainment of high environmental performance. BAT for environmental management systemsis
an appropriate combination or selection of, inter alia, the following techniques:

e anenvironmental strategy and a commitment to follow the strategy

e organisational structures to integrate environmental issues into decision-making

e written procedures or practices for all environmentally important aspects of plant design,
operation, maintenance, commissioning and decommissioning

e internal audit systems to review the implementation of environmental policies and to verify
compliance with procedures, standards and legal requirements

» accounting practicesthat internalise the full costs of raw materials and wastes

* longterm financial and technical planning for environmental investments

» control systems (hardware / software) for the core process and pollution control equipment
to ensure stable operation, high yield and good environmental performance under all
operational modes

* systemsto ensure operator environmenta awareness and training

» ingpection and maintenance strategies to optimise process performance

» defined response procedures to abnormal events

e 0ngoing waste minimisation exercises.

Pollution prevention and minimisation: The selection of BAT for LVOC processes, for all
media, isto give sequential consideration to techniques according to the hierarchy:

a) ediminate arisings of al waste streams (gaseous, agueous and solid) through process
development and design, in particular by high-selectivity reaction step and proper catalyst

b) reduce waste streams at source through process-integrated changes to raw materials,
equipment and operating procedures

c) recyclewaste streams by direct re-use or reclamation / re-use

d) recover any resource value from waste streams

€) treat and dispose of waste streams using end-of-pi pe techniques.
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BAT for the design of new LVOC processes, and for the mgjor modification of existing
processes, is an appropriate combination or selection of the following techniques:

carry out chemical reactions and separation processes continuously, in closed equipment
subject continuous purge streams from process vessels to the hierarchy of: re-use, recovery,
combustion in air pollution control equipment, and combustion in non-dedicated equipment
minimise energy use and to maximise energy recovery

use compounds with low or lower vapour pressure

give consideration to the principles of * Green Chemistry’.

BAT for the prevention and control of fugitive emissions is an appropriate combination or
selection of, inter alia, the following techniques:

a formal Leak Detection and Repair (LDAR) programme to focus on the pipe and

equipment leak points that provide the highest emission reduction per unit expenditure

repair pipe and equipment leaks in stages, carrying out immediate minor repairs (unless this

is impossible) on points leaking above some lower threshold and, if leaking above some

higher threshold, implement timely intensive repair. The exact threshold leak rate at which

repairs are performed will depend on the plant situation and the type of repair required.

replace existing equipment with higher performance equipment for large leaks that cannot

otherwise be controlled

install new facilities built to tight specifications for fugitive emissions

the following, or equally efficient, high performance equipment:

- valves: low leak rate valves with double packing seals. Bellow sealsfor high-risk duty

- pumps. double sealswith liquid or gas barrier, or seal-less pumps

- compressors and vacuum pumps: double seas with liquid or gas barrier, or sea-less
pumps, or single seal technology with equivalent emission levels

- flanges: minimise the number, use effective gaskets

- open ends: fit blind flanges, caps or plugs to infrequently used fittings; use closed loop
flush on liquid sampling points; and, for sampling systems / analysers, optimise the
sampling volume/frequency, minimise the length of sampling lines or fit enclosures.

- safety valves: fit upstream rupture disk (within any safety limitations).

BAT for storage, handling and transfer is, in addition to those in the Storage BREF, an
appropriate combination or selection of, inter alia, the following techniques:

externa floating roof with secondary seals (not for highly dangerous substances), fixed roof
tanks with internal floating covers and rim seals (for more volatile liquids), fixed roof tanks
with inert gas blanket, pressurised storage (for highly dangerous or odorous substances)
inter-connect storage vessels and mobile containers with balance lines

minimise the storage temperature

instrumentation and procedures to prevent overfilling

impermeabl e secondary containment with a capacity of 110 % of the largest tank

recover VOCs from vents (by condensation, absorption or adsorption) before recycling or
destruction by combustion in an energy raising unit, incinerator or flare

continuous monitoring of liquid level and changesin liquid level

tank filling pipes that extend beneath the liquid surface

bottom loading to avoid splashing

sensing devices on loading arms to detect undue movement

self-sealing hose connections / dry break coupling

barriers and interlock systemsto prevent accidental movement or drive-away of vehicles.

BAT for preventing and minimising the emission of water pollutants is an appropriate
combination or selection of the following techniques:

Vi
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identify all waste water arisings and characterise their quality, quantity and variability
minimise water input to the process

minimise process water contamination with raw material, product or wastes
maximise waste water re-use

maximise the recovery / retention of substances from mother liquors unfit for re-use.

moow2

BAT for energy efficiency is an appropriate combination or selection of the following
techniques. optimise energy conservation; implement accounting systems; undertake frequent
energy reviews,; optimise heat integration; minimise the need for cooling systems; and adopt
Combined Heat and Power systems where economically and technically viable.

BAT for the prevention and minimisation of noise and vibration is an appropriate combination
or selection of the following techniques:

» adopt designsthat disconnect noise/ vibration sources from receptors

» select equipment with inherently low noise / vibration levels; use anti-vibration mountings;
use sound absorbers or encapsulation

» periodic noise and vibration surveys.

Air pollutant control: The BAT selection requires consideration of parameters such as: pollutant
types and inlet concentrations; gas flow rate; presence of impurities, permissible exhaust
concentration; safety; investment & operating cost; plant layout; and availability of utilities. A
combination of techniques may be necessary for high inlet concentrations or less efficient
techniques. Generic BAT for air pollutants is an appropriate combination or selection of the

techniques given in Table A (for VOCs) and Table B (for other processrelated air pollutants).

Technique BAT-associated values @ Remark
Selective 90 - >99.9 % recovery Indicative application range 1 - >10g VOC/m?
membrane VOC < 20 mg/m? Efficiency may be adversely affected by, for example, corrosive
separation products, dusty gas or gas close to its dew paint.

Condensation

Condensation: 50 - 98 %
recovery + additional abatement.

Cryo-condensation: @
95 —99.95 % recovery

Indicative application range: flow 100 - >100000 m%h, 50 - >100g
voC/m®,

For cryo-condensation: flow 10 — 1000 m¥h, 200 — 1000 g VOC/m®,
20 mbar-6 bar

Adsor ption @

95 —99.99 % recovery

Indicative application range for regenerative adsorption: flow 100 -
>100000 m*h, 0.01 - 10g VOC/m®, 1 — 20 atm.
Non regenerative adsorption: flow 10 - >1000 m*h, 0.01 - 1.2g VOC/m®

Scrubber @ | 95-99.9 % reduction Indicative application range: flow 10 — 50000 m°/h,
0.3- >5g VOC/m®

Thermal 95 —99.9 % reduction Indicative application range: flow 1000 — 100000m/h,

incineration 0.2 - >10g VOC/m®.

VOC @ <1-20mg/m? Range of 1 - 20 mg/m3 is based on emission limits & measured values.

The reduction efficiency of regenerative or recuperative thermal
incinerators may be lower than 95 — 99 % but can achieve < 20 mg/Nm3.

Catalytic 95 - 99 % reduction Indicative application range: flow 10 — 100000 m*/h,

oxidation VOC < 1 - 20 mg/m? 0.05-3gVvoC/m®

Flaring Elevated flares > 99 %

Ground flares >99.5 %

1. Unless stated, concentrations relate to half hour / daily averages for reference conditions of dry exhaust gas at 0 °C,
101.3 kPa and an oxygen content of 3 vol% (11 vol%. oxygen content in the case of catalytic / thermal oxidation).
2. Thetechnique has cross-mediaissues that require consideration.

Table A: BAT-associated valuesfor the recovery / abatement of VOCs
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Pollutant | Technique BAT-associated values ) Remar k
Particulates | Cyclone Up to 95 % reduction Strongly dependent on the particle size.
Normally only BAT in combination with another
technique (e.g. electrostatic precipitator, fabric
filter).
Electrostatic 5—15 mg/Nm3 Based on use of the technique in different (non-
precipitator 99 —99.9 % reduction LVOC) industrial sectors. Performance of is
very dependent on particle properties.
Fabric Filter <5 mg/Nm?3
Two stage dust ~1 mg/Nm3
filter
Ceramic filter <1 mg/Nm3
Absolute Filter < 0.1 mg/Nm?
HEAF Filter Droplets & aerosols up to 99 %
reduction
Mist Filter Dust & aerosols up to 99 % reduction
Odour Adsor ption 95-99% reduction for odour and | Indicative application range: 10000 -
Biofilter some VOC 200000 ou/Nm?
Sulphur Wet limestone 90 — 97 % reduction Indicative range of application for SO, < 1000
dioxide & scrubbing SO, < 50 mg/Nm?3 mg/m3 in the raw gas.
acid gases | Scrubbers HCl @ < 10 mg/Nnm Concentrations based on Austrian permit limits.
HBr @ < 5 mg/Nm3
Semi Dry Sorbent | SO, < 100 mg/Nm3 Indicative range of application for SO, < 1000
Injection HCl < 10 - 20 mg/Nm?3 mg/m?2 in the raw gas.
HF <1-5mg/Nm?3
Nitrogen SNCR 50 — 80 % NO reduction
oxides SCR 85 to 95 % reduction May be higher where the waste gas contains a
NO, <50 mg/mé. Ammonia <5 mg/m? | high hydrogen concentration.
Dioxins Primary measures | < 0.1 ng TEQ/Nm? Generation of dioxins in the processes should be
+ adsorption avoided asfar as possible
3-bed catalyst
Mercury | Adsorption 0.05 mg/Nn® 0.01 mg/Nm?® measured at Austrian waste
incineration plant with activated carbon filter.
Ammonia | Scrubber <1-10 mgNm® Acid scrubber
& amines
Hydrogen | Absorption 1-5mg/Nm° Absorption of H,Sis99 %+.
sulphide (alkaline scrubber) An dternative is absorption in an ethanolamine

scrubber followed by sulphur recovery.

1. Unless stated, concentrations relate to half hour / daily averages for

101.3 kPa and an oxygen content of 3 vol%.
2. Daily mean value at standard conditions. The half hourly values are HCl <30 mg/m?3 and HBr <10 mg/m3.

reference conditions of dry exhaust gas at 0 °C,

Table B: BAT-associated valuesfor the abatement of other LVOC air pollutants

Air pollutants emitted from LV OC processes have widdly different characteristics (in terms of
toxicity, global warming, photochemica ozone creation, stratospheric ozone depletion etc.) and

are classified using a variety of systems.

In the absence of a pan-European classification

system, Table C presents BAT-associated levels using the Dutch NeR system. The NeR is
consistent with a high level of environmental protection but is just one example of good
practice. There are other, equally valid, classfication systems that can be used to establish
BAT-associated levels, some of which are outlined in Annex V111 of the BREF.

viii
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Categories Possible BAT solutions BAT -associated Threshold
** (not an exhaustive list) emission level (kg/h)
(mg/Nm3) Kok

Extremely hazar dous substances

Dioxins & furans | Processintegrated: good operating conditions and low 0.1 no threshold
chlorine in feedstock/fuel. (ng I-TEQ/Nm?)

PCB’s End of pipe: Activated carbon, catalytic fabric filter, 0.1x*** no threshold
incinerator. (ng PCB -TEQ/NnY)

Particulates

Particulate matter | If filtration is not possible, up to 25 applies 10-25 205
If filtration is not possible, up to 50 applies 10-50 <05

Car cinogenic substances*

>C1 0.1 0.0005

S Cl+C2 Incinerator, scrubber, absolute filter, activated carbon. 1.0 0.005

>Cl+C2+C3 5.0 0.025

Organic substances (gas/'vapour)*

2. g01 20 0.1

> gO1 + gO2 Incinerator, (regenerative) activated carbon, vapour 100 2.0

> gOl+ gO2 +|recovery unit. 100 - 150 3.0

gO3

Organic substances (solid)*

> s01 If filtration is not possible, up to 25 applies 10-25 201
If filtration is not possible, up to 50 applies 10-50 <0.1

> s0O1 +s02 If filtration is not possible, up to 25 applies 10-25 205
If filtration is not possible, up to 50 applies 10-50 <05

> s01 + sO2 + | If filtration is not possible, up to 25 applies 10-25 =05

sO3 If filtration is not possible, up to 50 applies 10-50 <05

I nor ganic substances (gas/vapour)

gll Many different solutions (e.g. chemical scrubber, 1.0 0.01

gl2 akaline scrubber, activated carbon) 5.0 0.05

gl3 30 0.3

gl4 Acid/akaline scrubber, S(N)CR, limeinjection. 200 5

I nor ganic substances (solid)*

28l 0.2 0.001

Y sl1+sl2 Fabric filter, Scrubber, Electrostatic precipitator 1.0 0.005

> 8l1+s12+313 5.0 0.025

The summation rule applies (i.e. the given emission level appliesto the sum of the substances in the relevant category plus those
of the lower category).
**  Detailed substance classification is given in Annex VIII: Member State air pollutant classification systems.
***  The emission level only applies when the mass threshold (of untreated emissions) is exceeded. Emission levels relate to half
hourly averages at normal conditions (dry exhaust gas, 0°C and 101.3 kPa). Oxygen concentration is not defined in the NeR but
isusually the actual oxygen concentration (for incinerators 11 vol% oxygen may be acceptable).
Levelsfor PCBs are given here in terms of TEQ, for the relevant factors to calculate these levels, see article “ Toxic Equivalency
Factors (TEFs) for PCBs, PCDDs, PCDFs for Humans and Wildlife”. “Van den Berg et al. Environmental Health Perspectives,
Volume 106, No 12, December 1998"

*k k%

Table C: Air emission levelsassociated with BAT for processventsin the LVOC industry

BAT for flaring is an appropriate combination or selection of, inter alia: plant design /
operation to minimise the need for hydrocarbon disposa to the flare system. The choice
between ground flares and elevated flares is based on safety. Where elevated flares are used,
BAT includes permanent pilots / pilot flame detection, efficient mixing and remote monitoring
by Closed Circuit Television. The BAT-associated reduction values for VOC are >99% for
elevated flares and >99.5% for ground flares.

BAT for process furnacesis gasfiring and low-NOXx burner configuration to achieve associated
emissions of 50 - 100 mg NOx /Nm® (as an hourly average) for new and existing situations.
The BAT for other combustion units (e.g. steam boilers, gas turbines) can be found in the
BREF on Large Combustion Plant.

BAT for carbon dioxide emissions is improved energy efficiency, but a switch to low-carbon
(hydrogen-rich) fuels or sustainable non-fossil fuels may also be considered BAT.

Water pollutant control: BAT for water pollutants is an appropriate combination or selection of,
inter alia, the following techniques:
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e separate treatment or recovery of waste water streams containing heavy metals or toxic or
non-biodegradable organic compounds using (chemical) oxidation, adsorption, filtration,
extraction, (steam) stripping, hydrolysis or anaerobic pre-treatment, and subsequent
biological treatment. The BAT-associated emission values in individua treated waste
streams are (as daily averages): Hg 0.05 mg/l; Cd 0.2 mg/l; Cu/ Cr / Ni / Pb 0.5 mg/l; and
Zn/ Sn2mgll.

e organic waste water streams not containing heavy metals or toxic or non-biodegradable
organic compounds are potentially fit for combined biologica treatment in a lowly loaded
plant (subject to evaluation of biodegradability, inhibitory effects, sudge deterioration
effects, volatility and residual pollutant levels). The BAT-associated BOD level in the
effluent islessthan 20 mg/l (asadaily average).

LVOC process waste waters are strongly influenced by, inter alia, the applied processes,
operational process variability, water consumption, source control measures and the extent of
pre-treatment. But on the basis of TWG expert judgement, the BAT-associated emission levels
(as daily averages) are: COD 30— 125 mg/l; AOX < 1 mg/l; and total nitrogen 10 - 25 mg/I.

Wastes and residues control: BAT for wastes and residues is an appropriate combination or
selection of, inter alia, the following techniques:

e catalysts - regeneration / re-use and, when spent, to recover the precious metal content

» gpent purification media - regeneration where possible, and if not to landfill or incinerate
e organic process residues - maximise use as feedstock or asfuel, and if not to incinerate

e gpent reagents - maximise recovery or use as fuel, and if not to incinerate.

[llustrative process. Lower Olefins (Chapter 7)

General information: Lower Olefins encompasses the largest group of commodity chemicals
within the LVOC sector and are used for a very wide range of derivatives. In 1998, European
ethylene production was 20.3 million tonnes and propylene production was 13.6 million tonnes.
The steam cracking route accounts for more than 98 % of ethylene, and 75 % of propylene,
production. There are currently some 50 steam crackers in Europe. The average European
plant size is around 400 kt/yr and the largest are close to one million tonnes per year. Suitable
feedstocks for olefins production range from light gases (e.g. ethane and LPGs) to the refinery
liquid products (naphtha, gas-oil). Heavier feedstocks generally give a higher proportion of co-
products (propylene, butadiene, benzene) and need larger / more complex plants. All lower
olefins are sold on product specification rather than performance and this promotes international
markets where selling price is the dominant factor. Steam cracking plants use proprietary
technology licensed from a small number of international engineering contractors. The generic
designs are similar but specific process details, especialy in the furnace area, are dictated by
feedstock choice / properties. Global competition has ensured that no one technology gives a
major performance advantage and technology selection is typically influenced by previous
experience, local circumstances and total installed capital cost.

Applied process. The steam cracking process is highly endothermic (15 to 50 GJ/it ethylene),
with the ‘cracking’ reactions taking place in pyrolysis furnaces at temperatures above 800°C. In
contrast, the subsequent recovery and purification of olefin products involves cryogenic
separation at temperatures down to —150°C and pressures of 35 bar. Plant designs are highly
integrated for energy recovery. The highly volatile and flammable nature of the feedstocks /
products demands a high standard of overall plant containment integrity, including the extensive
use of closed relief systems, resulting in atotal hydrocarbon loss over the cracker aslow as5 to
15 kg/t ethylene in the best performing plants.

Consumption / emissions. The large scale of steam cracking operations means that potential
emissions are significant.
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Air. Pyrolysis furnaces burn low-sulphur gases (often containing hydrogen) and combustion
emissions (CO,, CO, NOx) account for the majority of process air emissions. Emissions of
sulphur dioxide and particulates occur from the use, as fuel, of less valuable cracker products
(e.g. in auxiliary boilers or other process heaters) and the combustion of coke deposited on
furnace coils. VOC emissions may arise from combustion processes, fugitive losses and point
source losses from atmospheric vents.

Water. In addition to general effluents (e.g. boiler feed water) there are three specific effluent
streams, namely; process water (dilution steam blow-down), spent caustic and decoke drum
spray water (where installed). Streams that have been in contact with hydrocarbon fluids may
contain pollutants such as: hydrocarbons; dissolved inorganic solids and particulates, materials
with achemical or biological demand for oxygen, and trace quantities of meta cations.

Solid wastes. Relatively little solid waste is generated in the steam cracking process when the
feedstock is gas or naphtha, although oily sludges are generated when using gas-oil feed. Most
solid wastes are organic dudge and coke, but spent catalysts, adsorbents and various solvents
may require periodic disposal.

Best Available Techniques:

Process selection: The steam cracking processis the only large-scale process currently available
for producing the full range of lower olefins and it is generally BAT. There is not a BAT
feedstock although emissions from plants using gas feedstock tend to be lower than from plants
using naphtha or gas ail.

Emissions to Air. The selection, maintenance and operation of efficient pyrolysis furnaces
represent the single most important BAT for minimising atmospheric emissions. Modern
furnaces have thermal efficiencies in the range 92 —95 % and utilise natural gas, or more
typically residue gas (a mixture of methane and hydrogen). Furnaces incorporate advanced
control systems for efficient combustion management and are equipped with either ultra-low
NOx burners (giving BAT-associated emissions of 75 - 100 mg NOx/Nm® - hourly average) or
Selective Catalytic DeNOx units (BAT-associated emissions of 60 - 80 mg NOx/Nm® - hourly
average). BAT-associated ammonia emissions from modern SCR units are <5 mg/m® (hourly
average) at high NOx reduction rates but higher emissions may occur asthe catalyst ages.

Cracking furnaces require to be periodically decoked using an air/steam mixture. The decoking
vent gas can be routed either to the furnace fireboxes or to a separate decoke drum, where
emissions of particulates can be controlled to less than 50 mg/Nm?® (hourly average) by the use
of spray water or cyclone recovery systems.

High capacity, elevated flare stacks are a characterigtic of ethylene plants since they provide a
safe disposal route for hydrocarbons in the event of a major plant upset. Flaring not only creates
an environmental impact (visibility, noise) but also represents a significant loss of value to the
operator. BAT is therefore to minimise flaring through the use of proven, highly reliable plant
and equipment, provision of recycle facilities for materia sent to flare and aternative disposal
routes (e.g. into other parts of the process stream for out-of-specification materia). The
development and use of good management practices for the operation and maintenance of the
assets also play an important role in maximising performance and hence minimising emissions.
Continuous monitoring by closed circuit television, automated flow-ratio controlled steam
injection, and pilot flame detection are BAT to minimise the duration and magnitude of any
flaring event. Under optimum conditions, the combustion efficiency in flaresis 99 %.

Acid gases, including carbon dioxide and sulphur dioxide, are removed from the cracked gas by
reaction with sodium hydroxide (in some cases having first reduced the acid gas loading by the
use of regenerable amine scrubbing). A sour gas emission may be present if the plant is not able
to recover its spent caustic stream, or use wet air oxidation techniques to treat the stream prior to
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disposa to agueous effluent. When the spent caustic is treated by acidification, gaseous
hydrogen sulphide is created which is either sent to a suitable incinerator (where it is combusted
to sulphur dioxide) or more rarely sent to a nearby Claus unit for sulphur recovery.

BAT is to avoid the use of atmospheric vents for the storage and handling of volatile
hydrocarbons. BAT for the minimisation of fugitive emissions is the extensive use of welded
piping, the utilisation of high integrity seal systems for pumps / compressors, and appropriate
gland packing materials for isolation / control valves, backed up by effective management
systems for emission monitoring and reduction through planned maintenance.

Emissions to Water. BAT for aqueous effluents is the application of process integrated
techniques and recycling / further processing to maximise recovery before final treatment.

e BAT for the process water stream (effluent from the condensation of dilution steam used in
the cracking furnaces) is a dilution steam generation facility, where the stream is washed to
remove heavy hydrocarbons, stripped and revaporised for recycling to the furnaces.

e BAT for the spent caustic stream may be recovery, wet air oxidation, acidification (followed
by sulphur recovery or incineration) or sour gasflaring.

e BAT for final effluent treatment includes physical separation (e.g. API separator, corrugated
plate separator) followed by polishing (e.g. hydrogen peroxide oxidation or biotreatment).
The BAT levels for final water emissions (as daily averages) are, inter alia: COD 30 — 45
mg/l and TOC 10 - 15 mg/l (2 - 10 g/t ethylene).

By-products / wastes. BAT includes. periodic removal of organic wastes such as sludges from
APl separators for disposa by incineration using specialist disposal contractor; spent catalyst
and desiccant for disposal to landfill after reclamation of precious metal; and coke fines for
disposal in an immobilised form to landfill and/or incineration.

Ilustrative process: Aromatics (Chapter 8)

General information: The term *aromatics describes benzene, toluene, mixed xylenes, ortho-
xylene, para-xylene, meta-xylene (commonly known as BTX). Benzene is used to produce
styrene, cumene and cyclohexane. Most toluene is used to produce benzene, phenol and toluene
diisocyanate. Para-xylene is transformed into polyethylene terephtalate (PET), mixed xylenes
are mainly used as solvents and ortho-xylene is used to make phthalic anhydride.

In 1998 the West European aromatics industry produced over 10 million tonnes with a value of
$2.3 billion. The aromatics market is complex and volatile asit concerns six main products that
are produced from very different processes and feedstocks. The market prices of aromatics
products are linked to each other and also depend on the crude oil cost, naphtha price and
exchange rates. In addition, the European Union’s Auto-Oil Directive has, since 01/01/2000,
restricted the benzene content of gasoline to <1 % and the subsequent need to recover benzene
from upstream feedstocks has caused EU benzene production to increase.

Applied process. BTX aromatics are produced from three main feedstocks: refinery reformates,
steam cracker pyrolysis gasoline (pygas) and benzol from coal tar processing. The feedstocks
are amix of aromatics that have to be separated and purified for the chemical market.

* Benzene: In Europe, 55 % of benzene comes from pygas, 20 % from reformate, a few
percent from coa tar and the balance from chemical treatment of other aromatics. Europe
has 57 production units with a combined capacity of 8100 kt/yr.

» Toluene: In Europe, pygas and reformate feedstocks each account for 50 % of toluene
production. The 28 production units have a combined capacity of 2760 kt/yr.

» Xylene: Reformate is the main source of xylenes. Xylenes production normally focuses on
para-xylene, but most producers also extract ortho-xylene and meta-xylene. Europe has 11
production units with a combined capacity of 1850 kt/yr.
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The choice of production process is a strategic decision that depends on the feedstock
availability and codt, and the demand for aromatic products. Such are the variations of
feedstock and desired products that each aromatic plant has an almost unique configuration.
However, aromatics production from a petrochemical feedstock will utilise some, or al, of a set
of closdly connected and integrated unit processes that allow:

¢ The separation of aromatics (from non-aromatics) and the isolation of pure products, using
sophisticated physical separation processes (e.g. azeotropic didtillation, extractive
digtillation, liquid-liquid extraction, crystallisation by freezing, adsorption, complexing with
BFs/HF). The most widely used methods are solvent extraction followed by distillation.

¢ Chemical conversion to more beneficia products using such techniques as: -
- toluene to benzene by hydrodealkylation (THD or HDA)
- toluene to benzene and xylene by toluene disproportionation (TDP)
- xylene and/or m-xylene to p-xylene by isomerisation.

Aromatics production units may be physically located in either refinery or petrochemical
complexes and process integration allows the common use of utilities, by-product handling and
common facilities such as flare systems and waste water treatment. Most of the aromatic
processes are built and designed by internationa technology providers. There are more than 70
process licences and over 20 licensors, each with different feedstocks and process
characteristics to suit local conditions.

Consumption / emissions. Energy consumption will depend on the aromatics content of the
feedstock, the extent of heat integration and the technology. Aromatics production processes
can be exothermic (e.g. hydrotreating) or energy intensive (e.g. distillation) and there are many
opportunities to optimise heat recovery and use.

Emissions from aromatics plants are mainly due to the use of utilities (e.g. heat, power, steam,
cooling water) needed by the separation processes. Process designs do not normally incorporate
venting to atmosphere and the few emissions from the core process are due to the elimination of
impurities, inherent waste streams generated during processing and emissions from equipment.

Best available techniques: It is not possible to identify a BAT process since process selection is
so dependent on the available feedstock and the desired products.

Air emissons. BAT is an appropriate selection or combination of, inter alia, the following

techniques:

* optimise energy integration within the aromatics plant and surrounding units

» for new furnaces, install Ultra Low NOx burners (ULNBS) or, for larger furnaces, catalytic
De-NOx (SCR). Installation on existing furnaces depends on plant design, size and layout

* route routine process vents and saf ety valve discharges to gas recovery systemsor to flare

» use closed loop sample systems to minimise operator exposure and to minimise emissions
during the purging step prior to taking samples

e use ‘heat-off’ control systems to stop the heat input and shut down plants quickly and safely
in order to minimise venting during plant upsets

» use closed piping systems for draining and venting hydrocarbon containing equipment prior
to maintenance, particularly when containing >1 wt% benzene or >25 wt% aromatics

e on systems where the process stream contains >1 wt% benzene or >25 wt% total aromatics,
the use of canned pumps or single seals with gas purge or double mechanical seals or
magnetically driven pumps

» for rising stem manual or control valves, fit bellows and stuffing box, or use high-integrity
packing materials (e.g. carbon fibre) when fugitive emission affect occupational exposure

e use compressors with double mechanical seas, or a process-compatible sealing liquid, or a
gas sedl, or sealless models

« combust hydrogenation off-gases in afurnace with heat recovery facilities
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» provide bulk storage of aromatics inf[EC DGXI, 1990 #16] double sed floating roof tanks
(not for dangerous aromatics such as benzene), or in fixed roof tanks incorporating an
internal floating roof with high integrity seas, or in fixed roof with interconnected vapour
spaces and vapour recovery or absorption at a single vent

» ventsfrom loading or discharging aromatics to use closed vent systems, bottom-loading and
passing evolved vapours to a vapour recovery unit, burner or flare system.

Water emissions: BAT is an appropriate selection or combination of, inter alia, the following

techniques:

* minimise waste water generation and maximise waste water re-use.

» recover hydrocarbons (e.g. using steam stripping) and recycle the hydrocarbons to fudl or to
other recovery systems, and biologically treat the water phase (after oil separation).

Wastes: BAT isan appropriate selection or combination of, inter alia, the following techniques:
« recover and re-use the precious metal content of spent catalysts and landfill catalyst support
e incinerate 0ily sludges and recover the heat
e landfill or incinerate spent clay adsorbents.

Illustrative process: Ethylene Oxide/ Ethylene Glycol (Chapter 9)
General information: Ethylene oxide (EO) is akey chemical intermediate in the manufacture of

many important products. The main outlet is to ethylene glycols (EG) but other important
outlets are ethoxylates, glycol ethers and ethanol amines.

The total European Union production capacity of EO (ex-reactor) is in the order of 2500 kt/yr
and is produced at 14 manufacturing sites. Roughly 40 % of this EO is converted into glycols
(globally thisfigureis about 70 %). European installations typically have integrated production
of both EO and EG. EO and MEG are sold on chemical specification, rather than on
performance in use, and competition is therefore based heavily on price.

Ethylene oxide is toxic and a human carcinogen. EO gas is flammable, even without being
mixed with air, and can auto-decompose explosively. Ethylene glycols are stable, non-corrosive
liquids that can cause slight eye irritation, or, with repeated contact, skin irritation.

Applied process: Ethylene oxide is produced from ethylene and oxygen (or air) in a gas phase
reaction over asilver catalyst. The catalyst is not 100 % selective and part of the ethylene feed
is converted to CO, and water. The reaction heat released in the EO reactors is recovered by
generating steam which is used for heating purposes in the plant. EO is recovered from the
gaseous reactor effluent by absorption in water followed by concentration in a stripper. In the
oxygen process, part of the recycle gas from the EO absorber is routed through a column in
which carbon dioxide is removed by absorption (in a hot potassium carbonate solution) and
subseguently removed from the carbonate solution in a stripper.

Ethylene glycols are produced by reacting EO with water at an elevated temperature (typicaly
150 - 250 °C). The main product is Mono Ethylene Glycol (MEG) but valuable co-products are
Di Ethylene Glycol (DEG) and Tri Ethylene Glycol (TEG). MEG is mainly used for the
manufacture of polyester fibres and polyethylene terephthal ate (PET).

Consumption / emissions. The selectivity of the EO catalyst can have a significant impact on
raw material and energy consumption, and on the production of gaseous and liquid effluents,
by-products and wastes. The main effluent streams from the EO / EG process are:

* The CO, vent provides the purge for the CO, (and traces of ethylene and methane) formed
in the EO reactor. It isrecovered for sale or thermally / catalytically oxidised.

* Theinertsvent providesthe purge for inerts present in the ethylene and oxygen feedstocks.
The vent mainly contains hydrocarbons and istypically used as fuel gas.
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e Theheavy glycols by-product stream can often be sold to customers.

* The water bleed is the combined water effluent of the total EO/EG unit and is sent to a
biotreater to degrade the small amounts of water-soluble hydrocarbons (mostly glycols).

e The main source of solid waste is spent EO catalyst (which is periodically replaced as
activity and selectivity decling). Spent EO catalyst is sent to an externa reclaimer for silver
recovery and theinert carrier is disposed of.

Best available techniques:

Process route: The BAT process route for ethylene oxide is the direct oxidation of ethylene by
pure oxygen (due to the lower ethylene consumption and lower off-gas production). The BAT
process route for ethylene glycol is based on the hydrolysis of EO (with reaction conditions to
maximise production of the desired glycol(s) and minimise energy consumption).

Emissionsto Air: The techniquesto prevent the loss of EO containment, and hence occupational
exposureto EO, are also BAT to provide environmental protection.

BAT for the CO, vent is recovery of the CO, for sale as a product. Where thisis not possible,
BAT isto minimise CO,, methane and ethylene emissions by applying more efficient oxidation
catalyst, reducing methane and ethylene levels before CO, stripping, and/or routing the CO,
vent to athermal / catalytic oxidation unit.

BAT for the inerts vent is transfer to a fuel gas system for energy recovery, or flaring (typicaly
reducing EO emission levelsto < 1 mg EO/Nm® - hourly average). If the EO reaction is carried
out using air rather than pure oxygen, then BAT is to transfer the inerts excess to a second
oxidation reactor to convert most of the residua ethyleneinto EO.

BAT for EO containing vent gases is:

« water scrubbing to <5 mg EO/Nm?® (hourly average) and release to atmosphere (for vents
with alow content of methane and ethylene)

« water scrubbing and recycle to the process (for vent streams with a noticeable content in
methane and ethylene)

* minimisation techniques (e.g. pressure balancing & vapour return in storage / 1oading)

Emissions to Water: BAT for reducing emissions to water is to concentrate partia contributor
streams with recovery of a heavy organic stream (for sale or incineration) and route the
remaining effluent stream to a biological treatment unit. The application of BAT allows an
emission level of 10 - 15g TOC/t EO ex-reactor to be achieved.

By-products and Wastes:

* BAT for heavy glycols is to minimise formation in the process and to maximise possible
sales, in order to minimise disposa (e.g. by incineration).

» BAT for spent EO catalyst is optimising catalyst life and then recovery of the silver content
prior to appropriate disposal (e.g. landfill).

[llustrative process: Formaldehyde (Chapter 10)

General information: Formaldehyde is widely used for the manufacture of numerous products
(e.g. resins, paints), either as 100 % polymers of formaldehyde or a reaction product together
with other chemicals. The total European production capacity of 3100 kt/yr is provided by 68
units in 13 Member States. Formaldehyde is toxic and a suspected carcinogenic at high
concentrations, but the strong irritating effect means that human exposure to high concentrations
is self-limiting. Strict operational practices have also been developed to limit the occupational
exposure of workers.

Applied process: Formaldehyde is produced from methanol, either by cataytic oxidation under
air deficiency (‘silver process’) or air excess (‘oxide process’). There are further options to
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design the silver process for either total or partial methanol conversion. The process routes all
have advantages and disadvantages and European formaldehyde production capacity is split
roughly equally between the silver and oxide routes.

Consumption / emissions: Electricity and steam are the two main utilities and their consumption
is directly linked to process selectivity. The process selectivity is, in turn, a function of the
carbon loss (as CO and CO,) in the reactors. The lower the carbon loss, the higher the
selectivity. However, the full oxidation of carbon is very exothermic (compared to the reactions
producing formaldehyde) so high carbon loss produces more steam. A poor catayst therefore
produces large quantities of steam but is detrimental to methanol consumption.

Air emissions: For both the silver and oxide processes, the off-gas from the formaldehyde
absorption column is the only continuous waste gas stream. The main pollutants are
formaldehyde, methanol, CO and dimethyl ether. Further emissions may arise from storage
breathing and fugitives.

Water emissions: Under routine operating conditions, the silver and oxide processes do not
produce any significant continuous liquid waste streams. Many of occasional arisings can be
reworked into the process to dilute the formal dehyde product.

Wastes: There is little formation of solid wastes under normal operating conditions, but there
will be spent catalyst, build-up of solid para-formaldehyde and spent filters.

Best available techniques: The BAT production route can be either the oxide or the silver
process. Process selection will depend on factors such as: methanol consumption and price;
plant production capacity; physical plant size; electricity use; steam production; and catalyst
price/ life. BAT isto optimise the energy balance taking into account the surrounding site.

Air emissons:

e BAT for vents from the absorber, storage and loading / unloading systems is recovery (e.g.
condensation, water scrubber) and / or treatment in a dedicated or central combustion unit to
achieve a formaldehyde emission of <5 mg/Nm?® (daily average)

» BAT for absorber off-gases in the silver process is energy recovery in a motor engine or
thermal oxidiser to achieve emissions of:

- carbon monoxide 50 mg/Nm?as a daily average (0.1 kg/t formal dehyde 100 %)
- nitrogen oxides (as NO,) 150 mg/Nm® as a daily average (0.3 kg/t formaldehyde 100 %)

e BAT for reaction off-gas from the oxide processis catalytic oxidation to achieve emissions
of: carbon monoxide <20 mg/Nm? as a daily average (0.05 kg/t formaldehyde 100 %) and
nitrogen oxides (as NO,) <10 mg/Nm® as a daily average

* BAT for the design of methanol storage tanks is to reduce the vent streams by such
techniques as back-venting during loading/unloading.

* BAT for the vents from the storage of methanol and formaldehyde include: thermal /
catalytic oxidation, adsorption on activated carbon, absorption in water, recycling to the
process, and connection to the suction of the process air blower.

BAT for waste water is to maximise re-use as dilution water for the product formaldehyde
solution or, when re-use is not possible, biological treatment.

BAT for catalyst waste is to first maximise the catalyst life by optimising reaction conditions
and then to reclaim the metal content of any spent catalyst.

BAT for the build-up of solid para-formaldehydeisto prevent formation in process equipment
by optimising heating, insulation and flow circulation, and to reuse any unavoidable arisings.

XVi Production of Large Volume Organic Chemical



Executive Summary

[llustrative process: Acrylonitrile (Chapter 11)

General information: Acrylonitrile is an intermediate monomer used world-wide for several
applications. The majority of European acrylonitrile is used in the production of acrylic fibre,
with ABS representing the next most important end user. The EU has seven operationa
production installations and these account for a nameplate capacity of 1165 kt/yr.

Applied process: The BP/SOHIO process accounts for 95% of world-wide acrylonitrile
capacity and isused in al EU plants. The processis a vapour phase, exothermic ammoxidation
of propylene using excess ammonia in the presence of an air-fluidised catalyst bed. Several
secondary reactions take place and there are three main co-products, namely:

» hydrogen cyanide, which is either transformed into other products on site; sold as a product
(if auseisavailable); disposed of by incineration; or a combination of al three

« acetonitrile, which is purified and sold as a product, and/or disposed of by incineration

« ammonium sulphate, which is either recovered as a product (e.g. as a fertiliser), or
destroyed el sewhere on site.

The consumption of raw materials and energy in the acrylonitrile process are influenced by such
factors as catalyst selection, production rate and recovery plant configuration. Propylene and
ammonia are the major raw materials but ‘ make-up’ catalyst is also a significant consumable.

Propylene ammoxidation is a highly exothermic reaction. Acrylonitrile plants are generally net
exporters of energy as the heat of reaction is used to generate high-pressure steam that is often
used to drive air compressors and provide energy to downstream separation / purification units.
The energy export range is 340 - 5700 MJ/t acrylonitrile and so site-wide energy management is
akey issue.

Water is produced in the reaction step and rejection of water from the processis a critical part of
plant design. There are many differing techniques and, in a widely used one, the key step
involves concentrating the contaminant in the water stream using evaporation. The
concentrated, contaminated stream may be burnt or recycled to other parts of the process to
maximise recovery of saeable products (before burning the contaminated stream). The ‘clean’
water stream recovered from the concentration processes is further treated, normally in
biological waste water treatment plants.

The reaction off-gases from the process absorber contains non-condensables (e.g. nitrogen,
oxygen, carbon monoxide, carbon dioxide, propylene, propane) as well as vaporised water and
traces of organic contaminants. Thermal or catalytic oxidation can be used to treat this stream.

An acrylonitrile plant may have facilities to incinerate process residues and also to burn
hydrogen cyanide. The magnitude and composition of flue gases will depend on the use of
external facilities and the availability of hydrogen cyanide consumers. There is usualy no
specific treatment of the flue gas (except for heat recovery).

Owing to the hazardous properties of acrylonitrile and hydrogen cyanide, safety considerations
are very important in their storage and handling.

Best Available Techniques. The BAT process is based on the ammoxidation of propylenein a
fluid bed reactor, with subsequent recovery of acrylonitrile. Recovery for sale of the main co-
products (hydrogen cyanide, acetonitrile and ammonium sulphate) may be BAT depending on
local circumstances, but backup recovery / destruction facilities are needed in all cases.

BAT for the absorber off-gas is to reduce the volume through the devel opment of more efficient
catalyst and optimised reaction / operation conditions. BAT is then destruction of the organics
(to atarget acrylonitrile concentration of < 0.5 mg/Nm®- hourly average) in a dedicated thermal
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or catalytic oxidiser, or in a common purpose incinerator or in a boiler plant. In all cases BAT
will include heat recovery (normally with steam production).

BAT for the miscellaneous vent streams is trestment in either the absorber off-gas treatment
system or a common flare system for total destruction of the organics. Other vent streams may
be scrubbed (to a target acrylonitrile concentration of < 5 mg/Nm?® - hourly average) to allow
recycling of recovered components.

Contaminated agueous effluent streams include effluent from the quench section (containing
ammonium sulphate), stripper bottoms stream and discontinuous streams. BAT includes the
crystallisation of ammonium sulphate for sale asfertilisers.

BAT for the water streams is pre-treatment by distillation to reduce the light hydrocarbons
content and to concentrate or separate heavy hydrocarbons, with the aim of reducing the
organics load prior to fina treatment. BAT for the recovered light and heavy hydrocarbon
streams is further treatment to recover useful components (e.g. acetonitrile) prior to combustion
with energy recovery.

BAT for aqueous waste streams is to treat the contaminated effluent stream in a dedicated,
central or external waste water treatment plant including biotreatment, to take advantage of the
high biodegradahility of the organic contaminants. The emission level associated with BAT is
0.4 kg Total Organic Carbon /t acrylonitrile.

IHlustrative process: EDC / VCM (Chapter 12)

General information: EDC (1,2 ethylene dichloride) is mainly used for the production of VCM
(Vinyl Chloride Monomer) and VCM s itself used amost exclusively in the manufacture of
PV C (Polyvinyl Chloride). The EDC/VCM process is often integrated with chlorine production
sites because of the issues with chlorine transportation and because the EDC/VCM/PV C chain
is the largest single chlorine consumer. The European Union has 30 EDC/VCM production
siteswith atotal VCM capacity of 5610 kt/yr.

Applied process. In the ethylene-based process, EDC is synthesised by the chlorination of
ethylene (by high or low temperature direct chlorination) or by the chlorination of ethylene with
HCI and oxygen (oxychlorination). Crude EDC product is washed, dried and purified with the
off-gases passing to catalytic or thermal oxidation. Pure, dry EDC is thermally cracked in
cracking furnaces to produce VCM and HCI, and the VCM is purified by ditillation (HCI and
unconverted EDC removal).

When all the HCI generated in EDC cracking is re-used in an oxychlorination section, and when
no EDC or HCI is imported or exported, then the VCM unit is called a ‘balanced unit’. By
using both direct chlorination and oxychlorination for EDC production, balanced units achieve a
high level of by-product utilisation. There are opportunities for energy recovery and re-use
because of the combination of highly exothermic reactions (direct chlorination and
oxychlorination) and energy users (EDC cracking, EDC and VCM separations).

Consumption / emissions: The main raw materials are ethylene, chlorine, oxygen (air) and,
dependent on process configuration, energy.

VCM, as a carcinogen, is the air pollutant of most concern, but other potential pollutants
include EDC, chlorinated hydrocarbons (e.g. carbon tetrachloride).

The main water pollutants are volatile and non-volatile chlorinated organic compounds (e.g.
EDC), organic compounds and copper catalyst.
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The EDC didtillation train generates liquid residues containing a mixture of heavies (e.g.
chlorinated cyclic or aromatic compounds including dioxin-related components (predominantly
the octo-chlorodibenzofuran congener from oxychlorination) with suspended iron salts from
catalysts) and lights (C, and C, chlorinated hydrocarbons).

The main solid wastes are spent oxychlorination catalyst, direct chlorination residues, coke
from thermal cracking and spent lime (used in some plants for VCM neutralisation).

Best available techniques: In terms of process selection the following are BAT:

» for the overal production of EDC/VCM, BAT isthe chlorination of ethylene.

» for the chlorination of ethylene, BAT can be either direct chlorination or oxychlorination.

» for direct chlorination, BAT can be either the low or high-temperature variants.

» for ethylene oxychlorination there are choices of oxidant (oxygen is BAT for new plants
and can be for existing air-based plants) and reactor type (fixed and fluid bed are both
BAT).

» optimise process balancing (sources and sinks of EDC/HCI) to maximise the recycle of
process streams and aim for full process balancing.

Air pollutants: BAT for the main process ventsis to:

» recover ethylene, EDC, VCM and other chlorinated organic compounds by direct recycling;
refrigeration / condensation; absorption in solvents; or adsorption on solids.

» use thermal or catalytic oxidation to achieve off-gas concentrations (as daily averages) of:
EDC + VCM <1 mg/Nm?, dioxin< 0.1 ng iTEQ/Nm?, HCI <10 mg/Nm?

e recover energy and HCI from the combustion of chlorinated organic compounds

» use continuous on-line monitoring of stack emissions for O, and CO and periodic sampling
for C,H4, VCM, EDC, Cl,, HCI and Dioxin.

BAT for fugitivesisto use techniques that achieve releases of volatile chlorinated hydrocarbons
< 5kg/h, EDC in working atmosphere <2 ppm, and VCM in working atmosphere <1 ppm.

Water pollutants. BAT for effluent pre-treatment is:

e steam, or hot air, stripping of chlorinated organic compounds to concentrations of <1 mg/l,
with off-gas passing to condensation and recovery, or incineration

» flocculation, settling and filtration of semi- or non-volatile chlorinated organic compounds
that are adsorbed on particul ates

o akaline precipitation and settling (or el ectrolysis) to a copper concentration < 1 mgy/l.

BAT for effluent fina treatment is biological treatment to achieve: total chlorinated
hydrocarbons 1 mg/l, total copper 1 mg/l, COD 125 mg/l (50 - 100 with dual nitrification-de-
nitrification), dioxins 0.1 ng iTEQ/I, hexachlorobenzene + pentachlorobenzene 1 pg/l,
hexachlorobutadiene 1 pg/l.

BAT for by-products (residues) is to minimise formation through the choice of catalysts and
operating conditions and to maximise the re-use of by-products as feedstock.

BAT for wastes is minimisation and recycling to the process. BAT for sludge from waste water
treatment and coke from EDC cracking is incineration in a dedicated or multi-purpose
hazardous waste incinerator.

[llustrative Process: Toluene Diisocyanate (Chapter 13)

General information: Isocyanates, especialy toluene diisocyanate (TDI), are commercialy
important in the production of polyurethanes (e.g. for flexible foams, plastics and paints for
furniture, cars and consumer products). In 1991 the world-wide TDI production capacity was
estimated at 940 kt. The 2001 European production capacity is 540 kt/year with plants in
Belgium, Germany, France and Italy.
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Applied process. Process steps in the manufacture of TDI are the nitration of toluene, the
hydrogenation of dinitrotoluene (DNT) and phosgenation of the resulting toluene amine (TDA)
in asolvent. The choice of reaction conditions during the phosgenation is important because of
the reactivity of isocyanate groups and the possibility of side reactions.

Consumption / emissions. The inputs are primarily toluene and nitrating acid (to produce the
intermediate DNT), hydrogen (for the hydrogenation of DNT to TDA) and phosgene (for the
phosgenation of the TDA to TDI). Process solvents and catalysts are mainly re-used. The main
air pollutants are organic compounds (e.g. toluene, TDA, solvents), NOx and HCI. The main
water pollutants are organic compounds (e.g. nitroaromatics) and sulphates. The hydrogenation
process produces distillation residues and spent catalysts. The phosgenation unit produces
digtillation residues, contaminated solvents and activated carbon that are disposed of by
incineration.

Best Available Techniques: The BAT process design is based on the phosgenation of toluene.

BAT for consumption and re-use:

» optimisethe re-use of hydrogen chloride and of sulphuric acid (DNT manufacture)

e optimise the energy re-use of the exothermic reaction (without compromising yield
optimisation) and of the waste gas incineration (e.g. recuperative incinerator).

BAT for waste gases is the treatment with scrubbers (in particular for phosgene, hydrogen
chloride and VOC removal) or thermal incineration of organic compounds and nitrogen oxides.
Low concentrations of organics can be treated by other techniques such as activated carbon.
Nitrogen oxides can be also minimised by partial oxidation. BAT is aso every equivalent
combination of treatment methods. Emission concentrations (as hourly averages) associated
with these techniques are: <0.5 mg/mé phosgene, <10 mg/m® hydrogen chloride and, for
incineration, <20 mg total carbon /mg.

BAT for the waste water from nitration is:

» reduction of waste water and nitrate / nitrite emission by optimising the DNT process (waste
water volume < 1 m%t)

e maximisethe re-use of process water

e removal of nitroaromatic compounds (DNT, Di/Tri-Nitrocresols) to reduce organic load (<
1 kg TOC /t DNT) and to ensure biodegradability (>80 % elimination by Zahn-Wellens
test). Final biological treatment to remove COD/TOC and nitrate

e incineration (in lieu of waste water pre-treatment and biological treatment).

BAT for the waste water from hydrogenation is:

» removal of nitroaromatic compounds by stripping, distillation and /or extraction of effluents
* re-useof pre-treated process water. Waste water volume < 1 m*/t TDA

* Incineration (in lieu of waste water pre-treatment and biological treatment).

BAT for the waste water from phosgenation is:
* optimisethe processto giveaTOC load of <0.5 kg/t TDI prior to biological treatment.

BAT for plant safety is partial containment of the most hazardous el ements of the phosgenation
process or mitigation measures (e.g. steam/ammonia curtain) for accidental phosgene release.

The Concluding remarks (Chapter 14) of the BREF consider that the LVOC information
exchange was generally very successful. A high degree of consensus was reached and there are
no split views in this document. Much information was made available and there was a high
degree of participation by industry and Member States. Due to the diversity of LVOC
processes, the BREF does not give a very detailed examination of the whole LVOC sector but
makes a good first attempt at defining BAT generically and for the chosen illustrative processes.
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Key dates in the information exchange were the 1997 ‘Paris Workshop’, the TWG kick-off
meeting in April 1999 and the second TWG meeting in May 2001. Drafting of the BREF took
longer than envisaged because of delays experienced by TWG members in compiling data and
writing contributory reports. A first draft was issued in July 2000 and received almost 800
TWG comments - al of them electronicaly. This enabled much easier handling of the
comments and, when subsequently annotated with EIPPCB decisions, it also provided a
transparent record of how and why comments had been implemented. A second draft of the
BREF was issued in December 2000 and received 700 comments.

The most significant discussion points have been the agreement of Generic BAT for air and
water pollutantsthat is flexible enough to cover al LV OC processes and yet specific enough for
permit writing purposes. This was hampered by a lack of emission / cost data and the
simultaneous drafting of horizontal BREFs (most notably the BREF on *Waste water / waste gas
management / treatment in the chemical industry’).

Over 150 items of technical material were submitted to the information exchange and there was
a generally good spread of information over the LVOC industrial sectors. The illustrative
process chapters of the BREF owe much to the reports submitted by CEFIC and their
considerable efforts in co-ordinating European process reviews (often for the very first time).
Other significant contributions were received from, in no order of importance, Austria, Finland,
Germany, Italy, the Netherlands, Sweden and the UK.

Over 140 working documents were placed on the Members' Workspace of the EIPPCB web-site
and, as of the second TWG meeting (May 2001), these documents had, in total, been accessed
on over 1000 occasions. This demonstrates a highly active TWG that made good use of the
electronic exchange forum provided by the Members' Workspace.

The LVOC sector uses well-established processes and the chapter on Emerging Techniques
(Chapter 15) does not identify any imminent technological changes. There seems to be no
pressing need for BREF revision but this should be reviewed in light of BREF usage (especially
the Generic BAT chapter). A number of topics are recommended for consideration in future
information exchanges, namely:

» lllustrative processes — priority consideration should be given to processes for the
production of 2-ethyl hexanol, phenol, adipic acid and major LVOC products such as
ethylbenzene, styrene and propylene oxide. It is also recommended to review coverage of
the TDI process and to consider a selection methodology for illustrative processes.

* Interface with other BREFs — review the LVOC BREF for gaps / overlaps once there is a
complete series of horizontal and chemical industry BREFs.

*  Whole Effluent Assessment —may have greater value for LV OC waste waters.

* Emission / consumption data - collect more quantitative data and establish environmental
benchmark methodologies.

* Cost data— collect more cost data and help develop a standard cost conversion method.

* Other pollutants / issues — provide more information on the topics of vibration, noise,
decommissioning and accident prevention.

e Chemica drategy — consider how the BREF interfaces with the EU chemicas risk
reduction strategy.

»  Separate illustrative process documents — consider if the BREF is better divided into a core
‘generic’ document and a number of detailed ‘illustrative process documents.

» Classfication system for air pollutants — the Environment DG are recommended to consider
the need for a standard European classification system for air pollutants.

*  Wider value of illustrative processes — consider if the ‘thumbnail’ process descriptions and
Generic BAT need expanding to provide more information on non-illustrative processes.

» Biotechnology —is recommended as afield that warrants further research and devel opment.

» Thresholds leak rates for the repair of fugitive losses — consideration of the different views
of CEFIC and the Netherlands with a view to establishing a common approach.
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The EC is launching and supporting, through its RTD programmes, a series of projects dealing
with clean technologies, emerging effluent treatment and recycling 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

1. Status of this document

Unless otherwise stated, references to “the Directive” in this document means the Council
Directive 96/6 /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 Diective, and must therefore be taken into account in accordance
with Annex 1V of the Directive when determining “best avail able techniques’.

2. Relevant legal obligations of the | PPC 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 devel opment.

More specifically, it provides for a permitting system for certain categories of industrial
installations requiring both operators and regulators to take an integrated, overdl look at the
polluting and consuming potential of the instalation. The overall aim of such an integrated
approach must be to improve the management and control of industrial processes so as to ensure
ahigh level of protection for the environment as awhole. Central to this approach is the genera
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:

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

» ‘“avalable’ technigques are those developed on a scale which alows 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
insde 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 awhole.
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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 technica 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 loca
environmental conditions. In all circumstances, the conditions of the permit must include
provisions on the minimisation of long-distance or trans-boundary pollution and must ensure a
high level of protection for the environment as awhole.

Member States have the obligation, according to Article 11 of the Directive, to ensure that
competent authorities follow or are informed of developmentsin 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 developmentsin 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
world-wide 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 Sour ces

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 under stand 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 overal goal to achieve a high level of
protection for the environment as awhole.
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Therest of the document provides the following information:

Chapter 1 provides general background information on the economics and logistics of Large
V olume Organic Chemical (LVVOC) sector to put the following chaptersin context.

Chapter 2 considers the common activities (e.g. unit processes and unit operations) that are
found in many LV OC production processes.

Chapter 3 provides brief descriptions of production processes for some of the mgjor LVOC
products and considers any special techniques that are used for their environmental issues.

Chapter 4 outlines the generic origins of air, water and waste emissions and their possible
composition.

Chapter 5 describes, in a generic manner, the emission reduction and other techniques that are
considered to be most relevant for determining BAT and BAT-based permit conditions. This
information includes some achievable emission levels; some idea of the costs; any cross-media
issues; and the extent to which the technique is applicable to the range of instalations requiring
IPPC permits.

Chapter 6 presents the techniques and emission / consumption levels that are considered to be
generic BAT for the LVOC sector as awhole.

Chapters 7 to 13 consider, in detail, ‘illustrative processes’ that have been chosen to elucidate
the application of BAT in the LVOC sector.

Chapter 6 and the BAT sections of Chapters 7 to 13 present the techniques, emission levels and
consumption levels that are considered to be compatible with BAT in a genera sense. The
purpose is to provide general indications regarding the emission and consumption 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 instalations, 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 Chapter 6 and the
BAT sections of Chapters 7 to 13 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 trans-boundary 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 |PPC
Bureau at the Institute for Prospective Technological Studies at the following address:

Edificio Expo, C/ Inca Garcilaso, s/n, E-41092 Seville, Spain

Telephone: +34 95 4488 284 Fax: +34 95 4488 426
e-mail: epicch@jrc.es Internet: http://eippcb.jrc.es
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SCOPE AND DOCUMENT ORGANISATION

The exchange of information on processes for the production of Large Volume Organic
Chemicals (LVOC) has presented particular challenges to the TWG. This chapter therefore
clarifies some of the rationale behind the BREF and explains how the document can be used.

The chemical industry is generaly recognised to be a complex industrial sector with an
incredible number and diversity of products. Some 70000 chemical compounds are
manufactured world-wide, and each has a distinct chemical nature, production route(s) and end-
use. In organic chemistry it has been estimated that there exist more than 16 million organic
compounds, despite the limited number of elementsinvolved [CITEPA, 1997 #47].

The variety and complexity of the chemical industry makes it unworkable to undertake a BAT
information exchange for each separate chemical process (or product). Similar or linked
processes/products were therefore grouped into generic families to provide manageable sections
for the purpose of writing BREFs. The chemical industry was divided into the organic and
inorganic sectors. The organic chemical industry was then further divided into three sub-groups
— ‘Large Volume Organic Chemicals, ‘Polymers’, and ‘Fine Organics — each the subject of a
BREF. The LVOC BREF, together with other BREFs in the series, are intended to cover the
following principal activities that are described in Annex 1 to Council Directive 96/61/EC:

“  Production within the meaning of the categories of activities contained in this section means the
production on an industrial scale by chemical processing of substances or groups of substances listed in
Sections...

4.1 Chemical installations for the production of basic organic chemicals, such as:

a) simple hydrocarbons (linear or cyclic, saturated or unsaturated, aliphatic or aromatic)

b) oxygen-containing hydrocarbons such as alcohols, aldehydes, ketones, carboxylic acids,
esters, acetates, ethers, peroxides,

¢) sulphurous hydrocarbons

d) nitrogenous hydrocarbons such as amines, amides, nitrous compounds, nitro compounds or
nitrate compounds, nitriles, cyanates, isocyanates

€) phosphorus-containing hydrocarbons

f)  halogenic hydrocarbons

g) organo-metallic compounds.”

The term ‘Large Volume Organic Chemicals does not appear in the IPPC directive and the
directive does not include any threshold production levels to define the term ‘large’. It has been
suggested that ‘large’ could refer to a production rate of 20 kt/yr [SEPA, 2000 #76] or 100 kt/yr
[UBA (Germany), 2000 #92] [InfoMil, 2000 #83]. In Europe, a threshold of 100 kt/yr would
classify some 90 organic chemicals as being ‘Large Volume'.

Generaly, LVOC processes are considered to have the following features [InfoMil, 2000 #83]:

» the products are rarely consumer products in their own right, but are basic chemicals that
are used in large quantities as raw materials in the synthesis of other chemicals

e production takes place in continuously operated plants

« products are not produced in arange of formulations or compositions (grades)

»  products have relatively low added value

» the product specifications are defined to allow a wide range of applications (as compared,
for example, with ‘fine’ chemicals).

BREF Structure: Since the scope of LVOC is so large, this BREF contains a mixture of
generic information and detailed information that is presented in three tiers:
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Tier A: Genera principles of management systems, unit processes, unit operations and
infrastructure that are valid for al LV OC production processes.

Tier B: The category of LVOC has been divided into sub-sectors on the basis of generic
product groups that are linked by common chemistry or production techniques. For each of
the sub-sectors there is a description of key processes, their environmenta issues and
appropriate techniques for pollution prevention / control.

Tier C: Specific information on a small number of selected ‘illustrative processes to
demongtrate the application of BAT. These illustrative processes have been chosen
according to two main criteria. Firstly, that the process is of mgjor industria importance.
In genera, the largest volume chemicals have been selected as illustrative processes
because these usually represent the greatest number of plants and this ensures a good spread
across Member States. Secondly, the illustrative processes have environmental issues
where information exchange is particularly valuable for operators and regulators. On the
basis of these criteriathe TWG selected the following illustrative processes:

SUB-SECTOR ILLUSTRATIVE PROCESS

Lower Olefins Lower olefins by the cracking process

Aromatics Aromatics. benzene/ toluene / xylene (BTX)

Oxygenated compounds Ethylene oxide & ethylene glycols
Formaldehyde

Nitrogenated compounds Acrylonitrile
Toluene diisocyanate

Halogenated compounds Ethylene dichloride (EDC) & vinyl chloride monomer (VCM)

Sulphur compounds None

Phosphorus compounds None

Organo-metal compounds | None

The number and choice of illustrative processes has been a balancing act between illustrating
some key issues of the sub-sectors and the logistics of BREF preparation. A technical case can
be made for including more and different illustrative processes, and any selection will dways be
open to debate. However, the chosen illustrative processes are considered to meet the criteria of
industrial and environmental importance.

Thetrandation of the planned structure into the actual BREF is shown below.

PLANNED STRUCTURE ACTUAL BREF CHAPTERS

TIERA
Generic Techniques

Chapter 2 1 Generic LVOC Production Processl

Chapter 3[J  Applied Processes & Techniques

Chapter 4 1 Generic Emissions

Chapter 5[0 Techniquesto consider in the
determination of BAT

Chapter 6 [1  Generic BAT

TIERB
Industry Sub-Sectors

Chapter 7 [J Lower Olefins
TIERC Chapter 8 [1 Aromatics .
Chapter 9 [ Ethylene oxide /ethylene glycols
Chapter 10 [ Formaldehyde
Chapter 11 [1 Acrylonitrile
Chapter 12 [1 EDC/VCM
Chapter 130 TDI

llustr ative Process

@

xlii
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Users of the BREF should find that moving from Tier A to Tier C of the BREF provides an
increasing level of detail and a trend from qualitative to quantitative information. A detailed
description of BAT, and associated emission / consumption levels, is only presented for those
processes described at Tier C, athough Tier B (at Chapter 6) gives generic BAT for the sector.

When considering permit conditions for one of the illustrative processes, Tier C provides very
specific information on production techniques, emission levels, control techniques and BAT.
When permitting any other processes, then the information in Tiers A and B provides a toolkit
of principlesthat can be used to formulate permit conditions that are synonymous with pollution
prevention and control. In al cases, permit conditions will need to consider the BREF taking
into account the technical characteristics of the installation concerned, its geographical location,
theloca environmental conditions and trans-boundary pollution.

Interface with other BREFs: There are other BREFs in the planned series that may need to be
read in conjunction with this BREF in order to determine BAT for LVOC processes. The
relevant BREFs include ‘horizontal BREFS (that cover issues common to many industria
sectors) and vertical BREFs for related processes. At the time of writing, there are plans to
prepare BREFs on the following topics that may be pertinent to the LV OC sector:

e« common waste water and waste gas treatment/management systems in the chemical
industry

* emissions from storage

e cooling systems

* monitoring of emissions

e cross media and economic factors

e combustion plants

e wasteincineration

e waste recovery / disposal.

The LVOC BREF ams to minimise any overlaps with horizontal BREFs, but may cover
horizontal topics in a greater level of detail. Horizonta BREFs are cited in the LVOC BREF
for the sake of completeness / understanding and to alert readers to the existence of
complementary information. If no specific information is given in the LVOC BREF, then it is
to be presumed that the genera information in horizontal BREFs prevails.

Cost data. The comparability of cost data for production units and pollution control techniques
is complicated by such factors as the year of construction, the local conditions, and the scope of
work. All cost data in this BREF are reported in the currencies and dates that were quoted in
the originating text. No attempt has been made to standardise cost data to one currency or to
discount to a common date. This complicates the comparison of cost data but the decision has
been taken in the absence of an agreed method for cost standardisation. This shortcoming is
highlighted in Chapter 14 as an areafor further work.
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Chapter 1

1 BACKGROUND INFORMATION

This brief introductory chapter provides general information about the LV OC industry in terms
of its integration with the upstream and downstream chemical processes, macro-economics and
some the main factors that affect the sector.

Industrid organic chemistry is characterised by the production of a huge variety of compounds
in a step-wise manner from afew natural sources of carbon. This production pyramid is shown
schematically in Figure 1.1 using typical chemical industry nomenclature.

Approximate
Number of Substances Generic activity
Natural
3 Sour ces
L <——— Separation
10 Raw Materials
L <+«———— Transformation
50 Base M aterials
L <—  Functionalisation
500 Intermediates & Monomers
i <+— Synthesis
70000 Fine products & polymers

Figure1.1: Structure of Industrial Organic Chemistry
Based on figure by Griesbaum in [CITEPA, 1997 #47]

The initial separation steps are carried out in refineries where a few natural sources of carbon
(crude ail, natural gas and coal) are used to produce a limited number of high volume raw
materials for the chemical industry (e.g. naphtha). Some 95 % of organic products are today
obtained from oil and gas. Relatively few organic products come from the (declining) coa
route and the (expanding) area of renewable biomass.

Refineries export these raw materials to petrochemical plants where they are transformed by a
complex combination of physical and chemical operations into avariety of base materials (e.g.
ethylene, C;-C, olefins, BTX aromatics, synthesis gas and acetylene).

The base materials are subjected to further sequences of processing which introduce functional
groups to produce an even greater number of intermediates and monomers (e.g. alcohals,
aldehydes, ketones, acids, nitriles, amines, chlorides).

The intermediates are converted into in a large variety of fine products and polymers with
high levels of functionalisation and high commercial value (e.g. solvents, detergents, plastics,
dyes, and drugs).

This production pyramid covers the whole spectrum of the organic chemical industry and the
distinction between the tiers is often very subtle. However, the BREF on LVOC can be
generally considered as covering the middle three tiers of the pyramid in Figure 1.1 (i.e. taking
raw materials to produce base materials, intermediates and monomers). They may aso be
known as ‘commodity’ or ‘bulk’ chemicals.
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The complexities of actual production mean that this simple delineation of ‘LVOC’ scope can
be more complicated. The upstream interface with refining is blurred since the sectors often
occupy the same site and have common products (e.g. olefins and aromatics). However,
refineries produce fractions (made up of groups of hydrocarbons) that are primarily used as
fuels (or fuel modifiers), whilst the petrochemicad industry produces specific hydrocarbons for
use as basic building blocks in the wider chemical industry. The refinery separation processes
are covered by adedicated BREF. Thisinterface is represented schematically in Figure 1.2.

Hydrocarbon : Basic Petrochemical
Processing Industry H Industry
Natural Feedstocks LI Ethylene |  Ethylenes ,| Base
: Cracker Propylene Chemicals
e  Gas Ethane : Separation
Industry Propane : ¥ tefi
Butane : -
Naptha i Butadiene »| Ethylene
ﬁ Gasoil Separatlpn/ Propylene
J ™ Crude oil : Conversion Butadiene
»| Refinery ‘Olefins’ + » | Aromatics
Benzene
» Pyrolysis | Pyrolysis . - | Toluene
Oit Gasoline P Gasoline e Aromatics 1 Xylene
refining : Pretreatment Extraction and
: Conversion
- Reformate v >
] Ammonia Syngas
L——-> Naptha/LPG T “= Ammonia Syngas > Synthesis ™ Products
VAT Ammonia
Y . Y. ethano Methanol
»1  Natural Gas »1 Methanol Syngas > Synthesis >

Figure 1.2: Interface between petrochemical and hydrocarbon industries
[EC DGXI, 1993 #8]

Downstream from the production of LVOC there is again integral association with the rest of
the chemical industry and it is difficult to establish definitive boundaries. For the purpose of
IPPC information exchange there will be separate BREFs for the production of ‘Organic Fine
Chemicas and ‘Polymers'.

Figure 1.3 further illustrates the complexity of the industry by showing the range of products
that result from the basic hydrocarbon raw materials. Many of the products are intermediates
for therest of the chemical industry and have limited usein their own right.

As a conseguence of this complex step-by-step synthesis of products, there are rarely stand-
alone manufacturing units producing just one product. Instead chemical installations are usually
large, highly integrated production units that combine many diverse plants. The integration of
production units can confer significant economic and environmental benefits; e.g.:

- thereisahigh degree of process flexibility that alows operating regimes to be fine-tuned to
produce chemicals in the most efficient manner

- energy use can be optimised by balancing energy sources and sinks

- by-products may be used as feedstock in other plants (e.g. crackers, furnaces, reactors) thus
negating the need for disposal or alowing their use as fuel

- there are economies of scale in the treatment of waste streams and

- theloss of intermediates during transportation is reduced.

2 Production of Large Volume Organic Chemical



Chapter 1

! 1
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1
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Figure 1.3: Pathwaysin the organic chemical industry
[EC DGXI, 1992 #23]
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But integrated production sites can aso create problems when it comes to the determination of
BAT. Integrated production sites amost always have unigque process configurations and unique
operating regimes. Therefore it can be difficult to compare like-with-like because the
consideration of local conditions is aways such an important factor. This may be particularly
pronounced in considering the environmental performance of common abatement systems,
athough some inter-site consistency is introduced by the common use of internationa
technology contractors to design and build their licensed processes for LV OC producers.

Sector economics. The production of LVOC has significant economic importance in Europe.
Although there are a large number of chemicals produced in Europe, the production figures are
dominated by a relatively small number of chemicals manufactured by large companies.
Germany is Europe's largest producer, but there are also well-established LVOC industries in
The Netherlands, France, the UK, Italy, Spain and Belgium. Production in the other Member
States is significantly lower. Production data for the most important chemicals within each
LV OC sub-sector are given in Chapter 3.

It is difficult to provide specific economic data on the LVOC industry because there is no
absolute definition of the sector and there is considerable variation in the business background
to different production processes. Eurostat’s Panorama database [Eurostat, 1997 #31] provides
data on the general chemicals sector, with sub-set data on ‘basic industrial chemicals and
further sub-set data on ‘ Petrochemicals'.

Global position. In overall terms, the European Union is the world's largest producer of
chemical products and accounts for nearly one third of estimated world production. In financial
terms, the European chemical industry in 1998 had a turnover of 441 billion Euro, of which 367
billion Euro came from EU countries. This exceeds the turnover of equivalent industriesin the
USA (343 billion Euro) and Japan (159 billion Euro), and compares with aworld figure of 1224
billion Euro (CEFIC publication ‘ Facts and Figures November 99'). The European chemical
market is dominated by the production of organic chemicals and their turnover is some four
times the turnover generated by the production of inorganic chemicals [CEFIC, 1999 #17]. In
1995 the European Union was an exporter of basic chemicals, with the USA and EFTA
countries being the main recipients. This trade balance is expected to sway towards imports as
the industry faces competition from revitalised Eastern European producers, expanding Far East
and Middle East capacities, and a highly organised US industry.

Competition. Basic petrochemica products are usually sold on chemical specifications, rather
than brand name or performance in use. Within any region different producers have different
costs of production due to variationsin scale, in feedstock source and type, and in process plant.
There are few possibilities for product differentiation and so economies of scae are particularly
important. Like other commodities, the basic petrochemical business is therefore characterised
by competition on price, with cost of production playing a very large part. The market for bulk
chemicalsis very competitive and market share is often considered in global terms.

Integration. Process integration is a significant factor in the economics of the primary
chemical industry. The integration is both upstream (many processes are linked to refining) or
downstream (many LVOC products are intermediates for associated production processes).
This integration can improve the competitive position of companies, but it complicates any cost
comparisons between ingallations. The price of LVOC is strongly determined by the economic
status of downstream users and their demand, and it is generally difficult to pass price increases
onto purchasers.

Profitability. The profitability of the European LVOC industry is traditionally very cyclical
(see Figure 1.4). To some extent this cyclical nature reflects the normal cycles of commercia
demand. However, the cycle is accentuated by the high capital investment costs of installing
new technology and operators only tend to invest in additional capacity when their cash flow is
good. Projects to increase capacity have long lead times and when they come on-line they
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produce over-capacity that temporarily depresses margins [Environment Agency (E& W), 1999
#7]. As a result, reductions in manufacturing costs tend to be incremental and many
installations are relatively old.

1000
900
800 A
700
600 -
500
400
300
200 4
100 1

¢ -r—r—1—1r—1r"7rrr"—T"—"
1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997

Index (1984 Q1=100)

Figure 1.4: Cycle of cash cost margin in the basic petrochemicalsindustry
[Environment Agency (E& W), 1998 #1]

The LVOC industry is also highly energy intensive and profitability is therefore strongly linked
to ail prices. The further downstream a process is from basic hydrocarbons, then the more
attenuated the effects of the petrochemical cycle.

Trends. There was low demand for products in the periods 1986 - 87 and 1990 - 91, due to the
general state of the European economy, and the growth of chemical production was very low.
The ensuing period has seen a stronger demand for products and a tendency for major chemical
companies to create strategic aliances and joint ventures. This has produced rationalisation in
research, production and access to markets, and an accompanying increase in profitability.

Employment in the chemicals sector continues to decline and dropped by some 23 % in the ten-
year period from 1985 to 1995. In 1995 there was a further drop of 3.8 % [Eurostat, 1997 #31].
In 1998, a total 1677000 staff were employed in the EU chemicals sector (CEFIC publication
‘Facts and Figures November 99').

Production of Large Volume Organic Chemical 5






Chapter 2

2 GENERIC LVOC PRODUCTION PROCESS

Although processes for the production of LVOC are extremely diverse and complex, they are
typically composed of a combination of simpler activities and equipment that are based on
similar scientific principles. The common activities, equipment and principles are combined
and modified to create the chemical process for production of the desired product. Some of the
common activities have aready been recognised through the preparation of horizontal BREFs
(e.g. for cooling systems, bulk storage), but there are yet more common themes that warrant one
description in this BREF.

The core activity of a chemical production process is the conversion of raw materials into the
desired product(s) using the necessary chemical reactions (Unit Processes) and physical
changes (Unit Operations). This typically involves the five steps described below and shown
schematically in Figure 2.1.

- 1. Raw material supply and preparation. The receipt and storage of raw materials and
ancillary reagents, and their charging into reactors.

- 2. Synthesis. The core of every process where raw materials are transformed into crude
product by means of a chemical reaction (‘ Unit Processes'), often with the aid of a catalyst.

- 3. Product separation and refinement. Using ‘Unit Operations’, the product is separated
from other reaction components (e.g. unreacted feed, by-products, solvents and catalysts)
and purified of contaminants to the necessary specification.

- 4. Product handling and storage. The storage, packaging and export of the product.

- 5. Emission abatement. The collection, re-use, treatment and disposal of unwanted liquids,
gases and solids for those pollutants that have not been addressed by process-integrated

measures.
Infrastructure
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Figure 2.1: Schematic production of Large Volume Organic Chemicals
Adapted from [CEFIC, 1999 #17]
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Operators aim to achieve the process steps effectively and efficiently so that profits are
maximised and yet without detriment to the environment or to employee hedth and safety.
These aims are achieved by the use of many complementary facilities and activities, namely:

» a comprehensive infrastructure that interconnects the units (e.g. refrigeration, vacuum,
safety facilities)

e an energy system that produces steam or electrical energy for use in the process, and
cooling facilities (where needed)

* amanagement system that ensures the operation of the process under al scenarios. This
can be viewed as the software to make all the hardware work.

Since this BREF does not provide a comprehensive description of all LVOC processes, it is
important to understand the generic principles of unit processes, unit operations, site
infrastructure, energy control and management systems. This ‘tool-kit' of fundamentals then
enables a basic understanding of any LVOC production process; its potential environmental
impacts, and suitable techniques for preventing and controlling emissions. The following
sections therefore describe, in a generic manner, the main features of these fundamentals as
applied to the production of LVOC. Fuller descriptions can be found in a standard text such as
Ullmann’s Encyclopaedia of Industrial Chemistry [Ullmann, 1998 #80].

2.1 Unit processes

There are some 35 different types of chemical reaction that are used to produce LVOC [USEPA,
1993 #33]. Some reactions (e.g. oxyhalogenation) are specific to one or two products, whilst
others (e.g. oxidation, halogenation, hydrogenation) are used widely in many processes. For
this reason the magjority of emissions from the production of LVOC originate from a relatively
few, but commonly used, unit processes (see Table 2.1).

Unit process Number of products | Number of production | Estimated contribution to total
produced using the | activitiesusing the unit | unit processair emissions prior
unit process process to treatment (%)
Oxidation 63 43 48.3
Halogenation 67 43 14.5
Hydrogenation 26 13 10.8
Esterification 24 8 6.9
Alkylation 15 5 4.0
Sulphonation 11 6 34
Dehydrogenation 15 4 2.7
Hydrolysis 27 8 24
Refor ming 1 1 2.2
Carbonylation 10 8 1.2
Oxyacetylation 1 2 1.0
Nitration 12 1 0.8
Dehydration 18 4 0.7
Ammonolysis 11 6 0.6
Condensation 51 4 0.5
Dealkylation 4 1 0

Note 1: The table was prepared in 1980 and no newer data was available from USEPA.
Note 2: The table takes no account of other environmental issues (e.g. cross media effects, energy).

Table 2.1: Unit processes used in the manufactur e of 140 organic compounds
USEPA asreported in [CEFIC, 1999 #17]

Table 2.2 provides an overview of some important features of the most environmentally
important unit processes. Thisisfollowed by brief descriptions of the main Unit Processes with
generic consideration of their potential environmental impacts.
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Process Feed material Conditions Products
Reagents Substrates Catalysis Phase
Oxidation Oxygen (Air) Paraffins, Olefins, | Heterogeneous | Gas Acids, Anhydrides,
BTX-Aromatics Epoxides
Homogeneous | Gas-Liquid | Alcohols, Aldehydes,
Ketones, Acids
None Gas-Liquid | Hydroperoxides
Ammoxidation Oxygen, NH3 Olefins, Alkyl- Heterogeneous | Gas Nitriles
aromatics
Chlorination Chlorine Olefins, Homogeneous | Gas-Liquid | Chloro-organics
Aromatics,
Olefins, Paraffins None
Hydrogenation Hydrogen CO, Aldehydes, Heterogeneous | Gas Alcohols, Amines
Nitriles, Nitro-
compound
Hydroformylation | H,, CO Olefins Homogeneous | Gas-Liquid | Aldehydes, Alcohols
(Oxo0-Synthesis)
Dehydrogenation - Paraffins, Olefins, Olefins, Diolefins,
Alkyl-aromatics, Heterogeneous | Gas Aromatics,
Alcohols Aldehydes, Ketones
Alkylation Olefins, alcohals, | Aromatics Heterogeneous | Gas Alkyl-aromatics
chloro-organics Homogeneous | Gas-Liquid | Alkyl-aromatics

Table 2.2: Unit processes used in or ganic chemical production
Griesbaum in [CITEPA, 1997 #47]

2.1.1 Oxidation

The term oxidation includes many different processes, but in general it describes the addition of
one or more oxygen atoms to a compound. Atmospheric oxygen is by far the most important,
and the cheapest, oxidising agent although the inert nitrogen component will dilute products and
generate waste gas streams. Other oxidising agents include nitric acid, sulphuric acid, oleum,
hydrogen peroxide, organic peroxides and pure oxygen. In general terms, organic materials can
be oxidised either by heterolytic or homolytic reactions, or by catalytic reactions (where the
oxidising agent is reduced and then re-oxidised). Heterogeneous catalysts based on noble
metals play a dominant role in industrial scale oxidations and an important example is the silver
catalysed gas phase reaction between ethylene and oxygen to form ethylene oxide (this is
covered as an illustrative process in Chapter 9). Ethylene is still the only olefin that can be
directly oxidised to its epoxide with high selectivity. Other important industrial oxidation
processes are the production of acetic acid, formaldehyde (see illustrative process in Chapter
10), phenal, acrylic acid, acetone and adipic acid. Oxidation reactions are exothermic and heat
can be re-used in the process to generate steam or to preheat other component streams. Fire and
explosion risks exist with heterogeneoudy catalysed direct oxidation processes (e.g. ethylene
oxide process) and reactions involving concentrated hydrogen peroxide or organic peroxides.

Environmental issues of oxidation processes

The oxidation of organic compounds produces a number of by-products (including water) and wastes
from partial and complete oxidation. In the organic chemical industry, such compounds as aldehydes,
ketones, acids and alcohols are often the final products of partial oxidation of hydrocarbons. Careful
control of partial oxidation reactionsis usually required to prevent the material from oxidising to a
greater degree than desired as this produces carbon dioxide and many undesirable gaseous, liquid, or
semi-solid toxic by-products [ Sikdar & Howell, 1998 #101].

Air: Emissions of volatile organics can arise from losses of unreacted feed, by-products and products
such as aldehydes and acids. Carbon dioxide is an omnipresent by-product in the oxidation of organic
compounds since it isimpossible to prevent the full oxidation of some carbon. Aldehydes, especially
formaldehyde, require strict handling to minimise occupational exposure and this limits atmospheric
emissions. Acid gases usually require removal from waste streams. In general terms, oxidation
reactions are exothermic and they provide good opportunities for the recovery and re-use of heat.
Water: To enable biological degradationin aWWTP it will be necessary to neutralise any acidic
components and to remove / destroy any chlorinated species that may inhibit biological activity.
Wastes: Oxidation reactions may produce tars and ashes. Spent catalysts.
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2.1.2 Halogenation

Hal ogenation describes the introduction of halogen atoms into an organic molecule by addition
or substitution reactions. In organic synthesis this may involve the addition of molecular
halogens (e.g. Cl,, Bry, I, or F,) or hydrohalogenation (with HCI, HBr or HF) to carbon-carbon
double bonds. Substitution reactions involve replacing hydrogen atoms in olefins, paraffins or
aromatics with halogen atoms. Chlorination is the most important industrial halogenation
reaction. Chlorinated organic products include chlorinated aromatics, phosgene, chlorinated
methanes, chlorinated ethanes and toxicity issues may demand additional control measures. The
production of 1,2-dichloroethane (EDC) and vinyl chloride (VCM) are included as illustrative
processes in Chapter 12. Fluorination is used amost exclusively in the manufacture of
fluorocarbons.

Environmental issues of halogenation processes

Air: The treatment of waste gases first requires a distinction between acidic streams, reaction gases and

neutral waste streams. Air streams from tanks, distillation columns and process vents can be collected

and treated using such techniques as low temperature condensation or incineration. The treatment of acid

streams is more problematic since any equipment in contact with acid gases and water must be

constructed in acid-resistant materials or internally coated. The halogen content of the waste gas

represents a valuable raw material and pollution control techniques offer an opportunity for its recovery

and re-use (either as hydrogen-halogen or agueous solutions). The techniques may include;

e product recovery (by vapour stripping of liquid streams followed by recycling to the process)

e scrubbing the acid gas with an easily halogenated compound (preferably a raw material used in the
process)

e absorbing the acid gas in water to give agueous acid (often followed by caustic scrubbing for
environmental protection)

*  washing out organic constituents with organic solvents

e condensing out organic by-products for use as feedstock in another process (e.g. conversion of 1,1,2
trichloroethane to 1,1 dichloroethylene).

Water: There are also significant issues with waste water streams as the biological degradability of
halogenated hydrocarbons (especially aromatics) decreases as their halogen content increases. Only
chlorinated hydrocarbons with a low degree of chlorination are degradable in biological waste water
treatment plants and then only if their concentration does not exceed certain levels. Waste water
containing chlorinated compounds usually requires expensive preliminary purification prior to biological
treatment, by stripping, extraction and adsorption (on activated carbon or polymeric resins). Waste water
contamination can be substantially reduced by avoiding the water quenching of reaction gases to separate
hydrogen chloride (for example in the production of chlorinated ethanes and ethylenes). Dry distillation
and the use of refrigerator units will further reduce water contamination.

Wastes: Solid wastes may arise from such sources as reactor residues or spent catalyst. Incinerationisa
common method for destruction of the organic components, athough attention must be paid to
incineration conditionsin order to avoid the formation of dioxins.

2.1.3 Hydrogenation

Catalytic hydrogenation refers to the addition of hydrogen to an organic molecule in the
presence of a catalyst. It can involve direct addition of hydrogen to the double bond of an
unsaturated molecule; amine formation by the replacement of oxygen in nitrogen containing
compounds; and alcohol production by addition to aldehydes and ketones. These reactions are
used to readily reduce many functional groups; often under mild conditions and with high
selectivity. Hydrogenation is an exothermic reaction and the equilibrium usualy lies far
towards the hydrogenated product under most operating temperatures. It is used to produce a
wide variety of chemicals such as cyclohexane, aniline, n-butyl alcohol, hexamethylene diamine
[USEPA, 1993 #33], as well as ethyl hexanol and isocyanates such as TDI and MDI.
Hydrogenation catalysts may be heterogeneous or homogeneous. Heterogeneous cataysts are
solids and form a distinct phase in the gases or liquids. Many metals and metal oxides have
general hydrogenation activity. Nickel, copper, cobalt, chromium, zinc, iron and the platinum
group are among the elements most frequently used as commercial hydrogenation catalysts.
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The general safety precautions that apply to highly flammable gases and vapours apply
particularly to hydrogen. Hydrogen is combustible in air and oxygen over wider concentration
limits than most other gases. Flammable mixturesin a confined space will explode if ignited by
aflame or spark and special precautions are therefore necessary to prevent hydrogen gas leaks
from tanks and equipment.

Environmental issues of hydrogenation processes

Air: VOC emissions from hydrogenation reactions are relatively small although hydrogen rich vent
streams are typically abated in combustion units. The main issues with hydrogen are likely to arise
from sulphur impurities in the feed raw materials or from the dust and ash by-products of the
hydrogen production itself. Small quantities of sulphur compounds (e.g. SO,, H,S) can for example
be absorbed in dilute caustic solutions or adsorbed on activated charcoal. Larger quantities would
probably have to be converted to liquid or solid sulphur.

Water: Hydrogenation of oxygenated compounds (e.g. in aniline or TDI process) may generate
water, which ends up as waste water. Specific waste water volumes from hydrogenation reactions are
generaly low. Hydrogenated oxo-products often show good biodegradability and low toxicity
whereas aniline compounds may need measures additional to biotreatment.

Wastes: The spent catalysts are sometimes treated as wastes, sometimes reclaimed for precious
metals. Hydrogenation reactions generate little or no unwanted by-products.

2.1.4 Esterification

Esterification typicaly involves the formation of esters from an organic acid and an alcohol.
The most common method of esterification is the reaction of a concentrated alcohol and a
concentrated carboxylic acid with the elimination of water. Only strong carboxylic acids react
sufficiently quickly without a catalyst, so a strong mineral acid (such as sulphuric acid or
hydrogen chloride) must usually be added to aid the reaction. Acid anhydrides are aso used,
e.g. in diakyl phthalate production. The sulphonic acid group can be bound chemically to a
polymeric material and so cation exchangers, such as sulphonated polystyrene, enable
esterification under mild conditions. Lewis acids such as boron trifluoride can also be used.
The equilibrium of the reaction can be shifted to the ester by increasing the concentration of one
of the reactants, usually the alcohol. In production scale esterification the reaction mixture is
refluxed until all the condensation water is formed, and the water or the ester product is
continuously removed from the equilibrium by distillation. The main products from
esterification reactions are dimethyl terephthaate, ethyl acrylate, methyl acrylate and ethyl
acetate. They have considerable economic importance in many applications (e.g. fibres, films,
adhesives and plastics). Some volatile esters are used as aromatic materias in perfumes,
cosmetics and foods.

Environmental issues of esterification processes

Air: Solvent vapours can be collected and treated (e.g. by incineration, adsorption).

Water: Effluent generation is generally low, as water is the only by-product of esterification
reactions. The choice of solid polymer based ion exchange resins avoids the need for catalyst
neutralisation and the associated waste water treatment. Most esters possess low toxicity because
they are easily hydrolysed on contact with water or moist air, and so the properties of the acid and
alcohol components are more important.

Wastes: Waste streams can be reduced by recovering (and reusing) any organic solvents, water and
alcohol components. Any wastes from waste water treatment can be incinerated (if they have with
high boiling points) or recovered by distillation for re-use (for low boiling point components).

2.1.5 Alkylation

Alkylation is the introduction of an alkyl group into an organic compound by substitution or
addition. There are six types of akylation reaction [USEPA, 1993 #33]:
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- substitution for hydrogen bound to carbon (e.g. ethylbenzene from ethylene and benzene)
- substitution for hydrogen attached to nitrogen

- substitution for hydrogen in a hydroxyl group of an acohol or phenol

- addition to ametal to form a carbon-metal bond

- addition to atertiary amine to form a quaternary ammonium compound

- miscellaneous additions to sulphur or silicon.

The largest use of akylation is in refineries for the production of akylates that are used in
gasoline but this is within the scope of the Refineries BREF. Other mgjor akylation products
include ethylbenzene, cumene, linear akylbenzene, tetramethyl lead and tetraethyl lead.
Alkylation is commonly carried out in liquid phase at temperatures higher than 200 °C at above-
atmospheric pressures. Sometimes vapour phase alkylation is more effective. Alkylation agents
are usualy olefins, alcohols, alkyl sulphates or alkyl halides. Catalysts are HF, sulphuric acid
or phosphoric acid. Higher temperatures cause the expected lowering of product specificity and
increased by-product formation. Some more recent alkylation processes (e.g. for ethylbenzene
and cumene) use zeolite catalysts as they can be more efficient and may have lower emissions.
Lewis acids, like aluminium trichloride or boron trifluoride, may also be used as catalysts.

Environmental issues of alkylation processes

Air: Based on data for the production of ethylbenzene, cumene and linear akylbenzene, VOC
emissions from alkylation reactions tend to be low compared with other unit processes [USEPA,
1993 #33].

Waste: Alkyl halides and sulphates cause problems of waste product disposal [Sikdar & Howell,
1998 #101].

2.1.6 Sulphonation

Sulphonation is the process by which a sulphonic acid group (or corresponding salt or sulphonyl
halide) is attached to a carbon atom [USEPA, 1993 #33]. It is aso describes the treatment of
any organic compound with sulphuric acid, regardless of the products formed. It is used to
produce many detergents (by sulphonating mixed linear alkyl benzenes with sulphur trioxide or
oleum) and isopropyl acohol (by the sulphonation of propylene). The most widely used
sulphonating agent for linear akylbenzenes is oleum (fuming sulphuric acid - a solution of
sulphur trioxide in sulphuric acid). Sulphuric acid alone is effective in sulphonating the
benzene ring, provided the acid content is above about 75 %. The excess sulphur trioxide in
oleum removes the water of reaction and helps to obtain higher product yields. Separating the
product sulphonates from the reaction mixture is often difficult. The mother liquor after product
separation is an environmental problem, regardless of whether the product is precipitated by
dilution or by salt formation upon reaction with a base [Sikdar & Howell, 1998 #101].

Environmental issues of sulphonation processes

Air: Acid vapours (largely sulphuric acid) from the reaction and quenching. Unreacted sulphonating
agent arising from the use of an excess to drive the reaction. VOC emissions.

Water: Acidic waste waters from the reactor and dilute acidic wash waters (from washing the
product on the filter) that will require neutralisation. Filtrate from the separation stage contaminated
with unreacted raw material and acid.

Waste: Oleum is an extremely strong oxidising agent and produces tar by-products that require
disposal.

2.1.7 Dehydrogenation

Dehydrogenation is the process by which hydrogen is removed from an organic compound to
form a new chemical (e.g. to convert saturated into unsaturated compounds). It is used to
produce aldehydes and ketones by the dehydrogenation of alcohols. Important products include
acetone, cyclohexanone, methyl ethyl ketone (MEK) and styrene [USEPA, 1993 #33].
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Dehydrogenation is most important in the * Cracking' process, where saturated hydrocarbons are
converted into olefins (see illugtrative process in Chapter 7). The process is applied to
appropriate hydrocarbon feedstocks (e.g. naphtha) in order to produce the very large volumes of
ethylene, propylene, butenes and butadienes that are required as feeds for the chemical industry.
Cracking may be achieved by catalytic or thermal process routes:

e Catalytic cracking provides a way to convert higher boiling fractions into saturated, non-
linear paraffinic compounds, naphthenes and aromatics. The concentration of olefinsin the
product stream is very low, so this method is more useful for the preparation of fuels.

* Olefins are more widely produced by the steam cracking of petroleum fractions. A
hydrocarbon stream is heated, mixed with steam and, depending on the feedstock, further
heated to incipient cracking-temperatures of 600 - 650 °C. The conversion of saturated
hydrocarbons to unsaturated compounds is highly endothermic, and so high energy inputs
are necessary. High-temperature cracking is also used to produce pyrolysis gasoline from
paraffin gases, naphthas, gas ails, or other hydrocarbons.

Environmental issues of dehydrogenation processes

Air: Large hydrogen-rich vent streams are produced and can be used as a hydrogen feed for other
processes or as a fuel. Volatile hydrocarbons will be contained in purge and vent gases and will
require collection and treatment (maybe combined with beneficial energy production). Sulphur
dioxide emissions can originate from acid-gas incinerators. Nitrogen oxides originate from furnace
operationsin crackers.

Water: Quench water, dilution steam, decoking water and flare water discharges are the principal
process streams that require treatment. Waste water streams with a high pollution load may require
pre-treatment prior to acceptance in a biological degradation plant. Other liquid wastes such as
‘green oil’ (from acetylene conversion in the production of ethylene) can be burned to recover steam
or energy.

Wastes: Examples of process wastes are caustic or amines used in sulphide scrubbing, cleaning
acids, catalysts, tars, polymers, waste oils, coke and extracting agents (e.g. N-methylpyrolidone) that
cannot be recycled.

2.1.8 Hydrolysis

Hydrolysis involves the reaction of an organic with water to form two or more new substances.
Hydration is the process variant where water reacts with a compound without causing its
decomposition. These routes are used in the manufacture of alcohols (e.g. ethanol), glycols (e.g.
ethylene glycol, propylene glycol) and propylene oxide. Ethylene glycol is covered as an
illustrative processin Chapter 9).

Environmental issues of hydrolysis processes

Air: There are generaly low VOC arisings from reactors [USEPA, 1993 #33].

Water: In most cases, hydrolysis and hydration products are biodegradable.

2.1.9 Reforming

Reforming is the decomposition (cracking) of hydrocarbon gases or low octane petroleum
fractions by heat and pressure. This is most efficient with a catalyst, but can be achieved
without. Reforming is mainly used in refineries to increase the octane number of fuels. The
main reactions are the dehydrogenation of cyclohexanes to aromatic hydrocarbons, the
dehydrocyclisation of certain paraffins to aromatics, and the conversion of straight chains to
branched chains (isomerisation). It isalso used to make synthesis gas from methane.
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2.1.10 Carbonylation

Carbonylation (carboxylation) is the combination of an organic compound with carbon
monoxide. It is used to make aldehydes and alcohols containing one additional carbon atom.
The mgjor products include acetic acid. Hydroformylation (‘0x0’ process) is a variant where
olefins are reacted with carbon monoxide and hydrogen (‘ synthesis gas’) in the presence of a
cobalt or rhodium catalyst (e.g. in the production of n-butyraldehyde, iso-octyl acohoal,
isodecanol) [USEPA, 1993 #33]. A description of the production of ethyl hexanol can be found
in Section 3.4.1.

Environmental issues of carbonylation processes

Air: The process typically generates large volume, hot vent streams containing some VOCs in
addition to CO,, CO, H, and other non-VOCs. Residual gas is recovered and used as fuel or flared
[USEPA, 1993 #33].

Water: Heavy metals (from catalyst) to be removed from waste water prior to biological treatment.

Waste: Spent catalysts.

2.1.11 Oxyacetylation

Oxyacetylation involves the addition of oxygen and an acetyl group to an olefin to produce an
unsaturated acetate ester. It is used to produce vinyl acetate from ethylene, acetic acid and
oxygen.

2.1.12 Nitration

Nitration involves the replacement of a hydrogen atom (in an organic compound) with one or
more nitro groups (NO,). By-products may be unavoidable due to the high reaction
temperatures and the highly oxidising environment, although many nitration reactions are
carried out at low temperature for safety reasons. The nitrations can be of aiphatics (e.g. nitro-
parrafins) but the nitration of aromatics is more commercialy important (e.g. explosives and
propellants such as nitrobenzene and nitrotoluenes). This is effected with nitric acid or, in the
case of aromatic nitrations, a mixture of nitric and sulphuric acids. Nitration is used in the first
step of toluene diisocyanate (TDI) production (seeillustrative processes in Chapter13).

Environmental issues of nitration processes [Sikdar & Howell, 1998 #101]

Air: Acid vapours (largely nitric or sulphuric acid) from the reaction and quenching. Unreacted
nitrating agent arising from the use of an excess to drive the reaction. VOC emissions. Gas streams
rich in oxides of nitrogen.

Water: Aromatic nitration may produce large quantities of waste mixed acid that requires
neutralisation and disposal, or recovery (e.g. by distillation) and re-use. Products and by-products
often are poorly biodegradable and toxic, so measures such as extraction or incineration of aqueous
wastes are reguired.

2.1.13 Dehydration

Chemical dehydration is a decomposition reaction in which a new compound is formed by the
expulsion of water. The mgjor product of this process, urea, is produced by the dehydration of
ammonium carbamate.

2.1.14 Ammonolysis

Ammonolysisis the process of forming amines using, as aminating agents, anmonia or primary
and secondary amines. Ammonolytic reactions aso include hydroammonolysis - in which
amines are formed directly from carbonyl compounds using an ammonia-hydrogen mixture and
a hydrogenation catalyst. The four main ammonolytic reaction types are [USEPA, 1993 #33]:
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— double decomposition (the NHs is split into NH,, which becomes part of the amine, and H,
which reacts with aradical that is being substituted)

— dehydration (ammonia serves as a hydrant to produce water and amines)

— simple addition (both fragments of the NH; molecule - NH and H - become part of the new
amine)

— multiple activity (ammonia reacts with the amine products to form secondary and tertiary
amines).

The major products of ammonolysis are carbamic acid, ethanolamines and alkylamines.

Environmental issues of ammonolysis pr ocesses

Air: Based on ethanolamine production, the VOC arisings from reactors are small, although there
are waste gases associated with digtillation. Off-gas containing ammonia or amines is washed or
incinerated in order to avoid odour problems. Hydrogen cyanide and acetonitrile are produced in the
production of acrylonitrile and the hydrogen cyanide may be recovered.

Water: Unreacted ammonia can be recovered from alkaline effluents by stripping and recycled back
to the process. Ammonia remaining in the effluent can be neutralised with sulphuric acid (producing
ammonium sulphate precipitate for use as fertiliser) or biologically treated. Waste waters containing
impurities such as methanol and amines can be disposed of by incineration or biological treatment.

Wastes. Solid wastes from stripper bottoms are incinerated. Spent catalysts.

2.1.15 Condensation

Condensation is the chemical reaction in which two or more molecules combine and expe
water, an alcohol or another low-molecular weight compound. Each of the reactants contributes
a part of the separated compound. There is some overlap with addition reactions since the
initial step in condensation is addition. Condensation is used in the production of acetic
anhydride, bisphenol A, phenol, acetone [USEPA, 1993 #33] and ethyl hexanone.

Environmental issues of condensation processes

Air. Reactor emissions are generally small and are typically abated in a combustion unit.
Distillation operations may be a source of emissions.

Water: Specific waste water volumes are generally low, effluents mainly consist of reaction water if
recycling after phase separation is not possible. The effluent is composed of high-boiling
components (condensation products/by-products) that often show moderate or poor biodegradability,
and low-boiling components (educts) with better biodegradability.

2.1.16 Dealkylation

Toluene hydrodeal kylation (HDA or TDH) is described in the illustrative process on Aromatics.

2.1.17 Ammoxidation

The production of acrylonitrile (see illustrative processes in Chapter 11) is an important process
based on ammoxidation. The acrylonitrile process involves the gas phase oxidation of olefins
with ammoniain the presence of oxygen and vanadium or molybdenum based catalysts.

Production of Large Volume Organic Chemical 15



Chapter 2

2.2 Unit operations

Unit operations deal mainly with the physical transfer of energy and materias between the six
possible combinations of state (i.e. gas-gas, gas-liquid; gas-solid; liquid-liquid; liquid-solid;
solid-solid). Not all unit processes have widespread application and the USEPA has identified
that most LV OC process emissions originate from only afew unit operations (Table 2.3).

Unit operation Frequency | Estimated contribution to total [ Cumulative contribution to
of use unit process emissions (%) air emissions (%)

Absor ption 475 58.1 58.1
Scrubbing/washing 543 27.9 86.0
Distillation 3651 104 96.4
Drying 251 3.3 99.7
Filtration 120 0.1 99.8
Extraction 110 0 99.8
Settling 24 0 99.8
Crystallisation 144 0 99.8
Other separation 384
Quenching 146
Evaporation 127
lon Exchange 120
Dilution 71
Mixing/blending 56
Note 1: The table was prepared in 1980 and no newer data was available from USEPA.
Note 2: The table takes no account of other environmental issues (e.g. cross media effects, energy).

Table 2.3: Unit operations used in the manufacture of 140 organic compounds
USEPA 450380023 (1980) asreported in [CEFIC, 1999 #17]

The reactions used in the production of LVOC never achieve perfect selectivity of the target
product and so there is considerable importance on unit operations to separate wastes from
products. Many production processes need to separate individual substances from a
homogeneous liquid mixture or to completely fractionate such mixtures into the component
parts. Separation can be generically split into the following categories:

- liquid-vapour separation (by distillation, evaporation, steam/gas stripping)

- liquid-liquid separation (by extraction, decanting, centrifuging, multi-stage contacting)

- solid-liquid separation (by centrifuging, filtration, sedimentation, drying, crystallisation)
- solid-gas (by filtration)

- solid-solid separation (screening, electrostatic, gravity, flotation).

The application of unit operations in the chemica industry is determined by the physical and
chemical properties of the substances that are being handled. The environmenta impact of the
different operations varies according to the conditions under which these operations are carried
out (e.g. vacuum distillation has fewer diffuse emissions than distillation at elevated pressure,
but may involve additional point source emissions to air or to water). The unit operations of
separation can have an environmental impact because they are rarely 100 % effective (i.e. some
product is lost with the rgect stream) and they often introduce new materials that require
recovery/treatment (e.g. solvent or wash water).

A summary of the application of separation techniques is provided in Table 2.4. This is
followed by brief outlines of the most environmentally important unit operations together with
an indication of their main environmental issues.
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Technique Separation Principle Application
Fractional distillation Different boiling points Base materials, intermediates,
final products
Extractive digtillation Different polarities Unsaturates from saturates
Liquid-Liquid-extraction Different polarities Aromatics from non-aromatics
Molecular sieve Different diameters of molecules n-Alkenes from branched and
techniques cyclic hydrocarbons
Different polariseability of n-Alkenes from n-alkkanes; p-
molecules xylene from m-xylene
Crystallisation Different solubilities Re-crystallisation for purification
Different melting points p-Xylene from m-xylene

Table 2.4: Applications of some selected separation techniques
Griesbaum in [CITEPA, 1997 #47]

2.2.1 Absorption

Absorption is the uptake of one substance into the inner structure of another; most typically a
gas into a liquid solvent. Absorption is a unit operation not only for chemical production but
also for environmental protection in the abatement of gaseous emissions (where it may be
known as washing or scrubbing). The interaction of absorbed materials with the solvent can be
physical or chemical in nature. In physical absorption, the gas molecules are polarised but
remain otherwise unchanged. The concentration of dissolved gases in the solvent increase in
proportion to the partial pressure of the gases. In chemical absorption, they are also chemically
converted. Reactions and conversions between gaseous and liquid phases are much slower than
those between one-phase mixtures, and so relatively large reaction volumes are required in gas
absorption installations. Absorption equipment generally consists of a column with internals for
heat and materia exchange in which the feed gas is brought into counter-current contact with
the regenerated absorbent. The internals direct the liquid and gas streams and increase the
contact area between the two phases. Various designs are used, especially absorption plates,
randomly poured packing and structured packing.

Environmental issues of absor ption oper ations

Air: Purified gas is taken from the top of the column and is preferably re-used in the process. If re-
useis not viable, then the gas stream may require further abatement (e.g. incineration).

Water: The absorbent loaded with the removed component (the so-called absorbate) leaves the
bottom of the column and is regenerated by desorption. The solvent can be recovered (to minimise
waste and reduce raw material costs). Water is often used as the solvent and the pollutants may be
removed (e.g. by steam distillation, adsorption on activated carbon, extraction) to enable re-use in
the process. Water that cannot be re-used is usually biologically treated. In some cases, the absorbate
itself is a commercial or intermediate product (e.g. hydrochloric acid solutions from acid gas
scrubbing).

2.2.2 Distillation

Distillation is the most important industrial method of phase separation. Distillation involves
the partia evaporation of aliquid phase followed by condensation of the vapour. This separates
the starting mixture (the feed) into two fractions with different compositions; namely a
condensed vapour (the condensate or distillate) that is enriched in the more volatile components
and a remaining liquid phase (the distilland) that is depleted of volatiles. Distillation can be
divided into sub-categories according to [USEPA, 1993 #33]:

e operating mode (continuous or batch)

» operating pressure (vacuum, atmospheric or pressurised)

* number of distillation stages (single or multi-stage)

» introduction of inert gases (for example steam, to aid separation)

» useof additional compounds to aid separation (azeotropic and extractive distillation).
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Only a limited number of separation problems may be solved by simple distillation and it is
unsuitable for feeds containing components with similar boiling temperatures. Higher
efficiency can be achieved by increasing the contact surface area or by contacting the liquid and
vapour phases. Rectification columns provide intensive mass transfer by the repeated counter-
current contacting of the vapour and liquid streams in multiple stages. Rectification columns
are of the plate or packed design, and may involve more than 100 distillation steps. The internal
structure provides a large mass transfer contact surface which is constantly regenerated. The
mass transfer contact area is maximised by ensuring that the column packing is fully wetted.
Heat is required at the bottom of a distillation column for evaporating the feed and condensation
energy is needed at the top of the column. The condensation energy is often transferred into
cooling water or air, and this may provide an opportunity for energy recovery.

Environmental issues of distillation operations

Distillation columns may contribute to emissions in three ways: by allowing impurities to remain in
the product; through polymer formation in the still due to excessive temperature; and by inadequate
condensing [Nelson, 1992 #45]:

Air: Off-gases from digtillation may contain volatile organic material in the form of vapour or
entrained droplets/mist, although this can be reduced by the use of additional condensing aress.
Non-condensable substances (e.g. oxygen, nitrogen, carbon dioxide, low-boiling organics) are not
usually cooled to their condensation temperature and will exit the condenser. Emission points from
ditillation are typically: the condenser, accumulator, hot wells, steam jet g ectors, vacuum pump and
pressure relief valve. The total volume of gases emitted from a distillation operation depends upon
[USEPA, 1993 #33]: air leaks into the column (increases with reduced pressure and increased
size); volume of inert carrier gas; gases dissolved in the feed; efficiency / operation of the condenser
or other recovery equipment; and physical properties of the organic constituents.

Water: Depending of the boiling point of the components, effluents may result from agueous bottom
residues or from the top after condensation. Discharges depend on the efficiency of the distillation
process and of additional steps for phase separation (preferably fractionated-condensation of top
effluent, stripping of bottom residues)

Wastes: Highly concentrated still bottoms are often incinerated if recovery of organic components is
not possible.

2.2.3 Extraction

Extraction is the most important liquid-liquid separation process used in industrial chemistry. It
is used mainly where other separation methods or direct distillation are ineffective or too
expensive. Itstypical usesinclude:

e separation of components with similar boiling points (e.g. separating aromatics from
hydrocarbons)

e separation of high boilers from aqueous solution

e separation of mixtures with high boiling points

e separation of temperature sensitive compounds

e separation of azeotropic mixtures (e.g. extraction of acetic acid from aqueous media)

e separation of pollutants for the minimisation of waste water streams.

In order to extract a substance, an extraction solvent must be added to form a second liquid
phase solution. Generally the desired substance is then separated from the solvent by
digtillation and the solvent is recycled. Sometimes the selective action of the solvent is used in
combination with distillation (extractive distillation or azeotropic distillation), for example in
the manufacture of very pure, light aromatics. Extraction solvents like dimethyl sulfoxide,
morphoalines, sulfolane and diethylene glycol are widely used in the production of aromatics. N-
methyl-pyrrolidone, dimethylformamide and acetonitrile are also important solvents, especially
for the extraction and separation of butenes and butadienes. Various types of mixer-settlers,
centrifugal extractors and columns are used as extraction apparatus. All of them add the light
phase at the bottom of the column, and the heavy phase is removed from the top. The density
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difference causes the light phase to rise through the heavy phase and effect the mass transfer
between the two phases.

Environmental issues of extraction oper ations

Water: The extracting agent (raffinate) is generally recycled and only a small amount of liquid
waste is generated. If water is used as the solvent, then it can be biologically treated once any highly
concentrated waste components have been separated. Other extracting agents may require
incineration.

2.2.4 Solids separation

Solid-liquid and solid-gas separations have industrial importance for product finishing and for
minimising emissions of particulate matter to the atmosphere. Product finishing applications
include separating heterogeneous catalysts from a product stream or separating solid products,
by-products or intermediates (e. g. ammonium sulphate in the acrylonitrile-process, BTX-
aromatics at low temperatures). The principa solid-gas separation techniques are cyclones,
fabric filters, ceramic filters, wet collection devices, electrostatic precipitators, dust separation
equipment and high efficiency venturi scrubbers. The main solid-liquid techniques are
centrifuging, filtration, sedimentation & clarification, drying and crystallisation. The choice of
technique depends on:

¢ the characteritics of the particles and the carrier gas stream
» process factors such as temperature and pressure and
e operational factors such as floor space and headroom.

Environmental issues of solids separation operations

Wastes: It is often possible to re-use solids that are collected by separating devices, although often
for lower grade applications.

2.2.5 Adsorption

Adsorption is the physical accumulation of material (usualy a gas or liquid) on the surface of a
solid adsorbent. Industrial adsorption processes are used to remove certain components from a
mobile phase (e.g. air or water) or to separate mixtures. The applications can be production or
abatement related and may include the removal of water from gases or the removal of organics
from air streams or flue gas. The best adsorbents are characterised by a large number of
different sized pores and so activated carbon, zeolites, silica gel and aluminium oxide are the
most commercially important. Zeolites (molecular sieves) have a very narrow distribution of
micro-pores and preferentially adsorb polar or polarisable materias (e.g. water or carbon
dioxide). By contrast, activated carbon has a hydrophobic character and is especialy suitable
for the removal of organic substances.

Environmental issues of adsor ption operations

Air: Off gases created by desorption during adsorbent regeneration.

Wastes: Spent adsorbents that can no longer be regenerated.

2.2.6 Condensation

Components from gaseous mixtures can be separated into liquids (or solids) by fractional
condensation. Either the residual gas or the condensate may be the desired product. The
temperature, the partial pressure of the condensing substances and their vapour pressure are
linked. The recovery of 100 % of the condensing substances is not possible, whatever the
temperature, when inerts are present with the condensing substances. Condensation may be
used to separate products from waste streams and this often enables valuable feedstock or
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solvent to be returned to the production process. Condensation of volatile speciesis also used to
minimise the emission of air pollutants, but this may require the use of cryogenic condensation
to achieve the desired lower emissions.

Environmental issues of condensation operations

Air: Residual components that are not condensed.

Water: Condensation generates no waste water, but the condensed products might be a waste water.

Wastes: Condensation generates no wastes, but the condensed products might be a waste.

2.3 Process equipment and infrastructure

Every LVOC production site will have a comprehensive infrastructure that interconnects the
production units (see Figure 2.1). Although not directly involved with the production process,
the infrastructure provides the essential hardware and services (utilities) to ensure that the
process operates effectively, safely and without detriment to the environment. The following
sections provide brief descriptions of the core process reactors and the supporting infrastructure.

2.3.1 Reactors

Reactors are usually the core operation of a process because they are responsible for converting
the raw materialsinto products. Thereisalarge range of reactor types, and designs may be very
specific to a process, but they can be broadly classified by [Theodore & McGuinn, 1992 #37]:

* Mode of operation (continuous or batch) — amost without exception LVOC processes will
use continuous reactors.

» Reaction phase — Unit processes may be carried out in reactors as heterogeneoudly catalysed
reactions where gaseous reagents contact with a solid catalyst to form gaseous products.
This has the advantage of avoiding a mixture of product with catalyst or solvent, but has the
disadvantages that feed is often applied at high dilution and low conversions are achieved.
Gas-liquid reactions are also important for the relevant unit processes, especialy oxidations
and chlorinations, and may be undertaken in a variety of reactors such as continuously
stirred tanks, plug flow (e.g. oxidation of ethylene to ethanol) or bubble column reactors.

» Reactor geometry — the flow pattern and manner of contacting the phases. Some typical
reactor configurations are:
- fixed bed tubular (e.g. oxidation of ethylene to ethanol over an acidic catalyst)
- fixed bed multi-tube (e.g. oxidation of ethylene to ethylene oxide over asilver catalyst)
- fluidised bed (e.g. ammoxidation of propylene to acrylonitrile).

Reactors are typically made of steel or glass-lined carbon steel, but the actua design will take
account the following factors [ Theodore & McGuinn, 1992 #37]:

- chemistry (the reaction kinetics determine the residence time to achieve the necessary
degree of conversion)

- masstransfer (the diffusion rate of reacting species)

- heat transfer (the removal or addition of reaction heat)

- protection of health, safety and environment (the prevention of releases by reaction control).

Under normal operating conditions there are five mgjor sources of waste production in reactors
[Smith & Petela, 1991 #46]:

e aprimary reaction between feedstocks

» asecondary reaction subsequent to the primary reaction

* impuritiesin feedstocks

» catalyst degradation or loss during cleaning

» inability to recycle unreacted feedstock back into the reactor.
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Effluents seldom originate directly from reactors and, in most cases, the main pollution load
results from the unit operations of separation.

Atmospheric emissions from reactors may originate from [USEPA, 1993 #33]:

e direct reactor process vents from liquid phase reactors

» vents from recovery devices serving streams on liquid phase reactors (enables the recovery
of raw materials, products and by-products

» process vents from gas phase reactors (after either the primary or secondary product
recovery device)

» exhaust gases from combustion devices applied to any of the above streams

» fugitive losses from agitator seals, circulating pump seals, safety valves, flanges, valve stem
packing etc.

Reactors are served by inlets (to alow the addition of chemical reagents and inert reaction
atmospheres) and outlets (for the removal of products, wastes and emergency venting). There
will also be access points for measuring reaction conditions, for maintenance activities and for
an agitator to provide full mixing of the reagents. These connections represent potential points
of loss and hence the number should be minimised [Environment Agency (E& W), 1999 #6].

It is aso usua for reactors to be served by some form of internal or external heat exchanger to
effect temperature control by either heating and / or cooling. In order to dampen temperature
fluctuations and minimise energy losses the reactor may be insulated.

The emptying and cleaning of reactorsis a potential source of losses and these can be minimised
by: reducing internal obstructions; installing the drain at the lowest point; and designing inlets
that slope back into the reactor. Thisis complemented by operational practises such as keeping
the system warm to assist draining, the use of steam cleaning and the planning of production
campaigns (when used) to minimise product changes.

2.3.2 Emission abatement

Emission abatement equipment represents one of the most important parts of site infrastructure.
A wide variety of end-of-pipe pollution control techniques is available for gaseous, liquid and
solid wastes and many are used in common ways across the chemical industry. Rather than
being described repeatedly in all the chemical industry BREFs, they are covered in dedicated
documents. Detailed information on emission abatement techniques will be found mainly in the
BREF titled ‘Waste water and waste gas treatment / management for the chemical industry’.
Pertinent information may also be found in the BREFs on ‘ Hazardous waste disposal/recovery’
and ‘Wasteincineration’.

The application of emission abatement technologies is highly dependent on site specific
situations and needs to be evaluated case-by-case. Where gaseous and liquid streams
necessarily arise from a process (i.e. prevention techniques have been fully implemented), then
the am is to maximise the number of vents that are collected and diverted into appropriate
treatment units. Many large sites make use of centralised environmental treatment facilities for
waste water and waste gases (although waste gases are often harder to collect and so less suited
to centralised treatment). Central treatment plants take advantage of economies of scale when
installing and operating treatment equipment, and they damp hydraulic and chemica
fluctuations in the effluent feeds thus improving the stability of performance. There may also
be direct benefit from the combination of effluent streams (e.g. the combination of nitrogen-
containing waste water streams with nitrogen-poor streams to aid their biological treatment).
However, centralised treatment facilities should provide genuine benefits and not merely dilute
pollutants prior to release.
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The treated streams from waste water and waste gas abatement plants should be emitted in such
a manner that they are satisfactorily dispersed in the receiving environment and do not cause
harm. It is particularly important to ensure that vents are of adequate height in view of local
meteorology, topography, adjacent buildings and releases from other vents. This BREF does
not provide information on the environmental dispersion of releases and reference should be
made to a standard text if further information is required.

Most abatement technologies involve some degree of pollutant transfer between the different
environmental media and attention should be paid to the overall impact to ensure that problems
are not transferred to other environmental compartments. There may benefit from using an
integrated evaluation procedure and further discussion may be found in the horizontal BREF on
‘Cross-media and economic aspects'.

2.3.3 Energy supply

Many of the reactions and separations in LVOC 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. The main sources are direct-fired process furnaces, steam boilers, power
generation in turbines and heat exchange (againgt a hotter product or raw material). More
information on combustion units such as boilers and gas turbines may be found in the BREF on
Large Combustion Plant [EIPPCB, Draft #127].

Process furnaces are the primary source of heat in many endothermic chemical processes and
are typically fired on gas or liquid fuels. Process furnaces are often chemical reactors and are
energy consumers. Like heat exchangersthey are considered as process equi pment.

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, but possibly water or cil). A large chemical complex usually has steam available at
several energy levels (high, medium and/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
(typicaly 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 chemica industry to
combine power and steam generation in CHP units. CHP units fulfil the need for both steam
and electricity and have avery high overall energy efficiency. They also reduce the dependence
on external power supplies, and can generate excess power for the grid. CHP 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
[Environment Agency (E&W), 1999 #7]. However, the dependence on external power supplies
increases when CHP units are built and operated by athird party.

2.3.4 Cooling

As a genera rule cooling systems are only adopted when arisings of waste heat have been
minimised and all opportunities for heat re-use have been exhausted. By applying such heat
integration, significant energy can be saved and the associated emissions reduced. The removal
of heat from exothermic processes is very important for process control and safety reasons, and
cooling may aso be required to create the right conditions for certain process steps (e.g.
liquefaction of lower boiling compounds) [InfoMil, 2000 #83]. Nearly al LVOC instalations
have an extensive cooling system; most commonly using water as the cooling medium, but with
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increasing use of air-cooling. For cooling below approximately 20 °C, other cooling media are
normally required (e.g. ammonia, hydrocarbons, carbon dioxide).

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 technologies is available and since these technologies are used in
common ways across industry they are covered in detail in a dedicated horizontal BREF titled
‘Cooling Systems'. The application of cooling systems is highly dependent on site-specific
conditions and each case needs to be evaluated individualy using the principles in the
horizontal BREF in order to establish the cooling requirements. The main considerations are:

e potential losses of process materials which depend heavily on the effectiveness of the
cooling systems used for condensation

*  resource consumption (water, air, energy, chemical substances)

* emissionsto water (chemicals and heat) and air, noise, plumes and waste generation

e risk aspects

» pollution arising from specific events (starts/stops) or incidents

» effects of process and equipment design, and of material and maintenance

e de-commissioning of installations.

In general, evaporative cooling towers for water are designed to ensure that condensed plumes
do not reach ground level as this can cause nuisance (loss of light, reduced visibility, road icing)
and contamination (with biocides or micro-organisms). Cooling circuits are aso monitored for
process fluid contamination using an appropriate indicator parameter (e.g. conductivity) and
temperature alarms are fitted to warn of overheating.

2.3.5 Refrigeration

Refrigeration is provided where processes require temperatures bel ow those that can be obtained
with cooling water - usually by a centrd site facility. Chlorofluorocarbons (CFCs) or
intermediate substances such as hydrochlorofluorocarbons (HCFCs) are not generaly used in
new refrigeration systems. The source of cooling is distributed around a site using either chilled
water (for temperatures down to about 10 °C) or salt brines (down to —30 °C) [Theodore &
McGuinn, 1992 #37]. Measures are taken to minimise the loss of refrigerants from pumps, pipe
jointsetc. Local detection systems such as LDAR may be used for detecting fugitive | osses.

2.3.6 Storage and handling

Emissions may arise from the storage of raw materials, intermediates, products and wastes
during routine operation or during accidents. The substances may be stored as gases, liquids or
solids and the storage vessel may take various forms, for example drums, intermediate bulk
containers (IBC) or tanks. Emissions may also occur while materials are being conveyed to and
from storage vessels.

Just like the main process units, storage is subject to risks of over-pressurisation, leakage and
equipment failure. Hazard and operability studies (HAZOP) are carried out on storage and
handling facilities to provide a structured assessment of failure events and their mitigation. The
detailed design of storage depends on the nature of the substance, the quantity stored and the
proximity of environmental receptors. Large, integrated 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 a destination. However, these
sites often necessitate chemicals being pumped through long pipe networks and this introduces
risks of failure on remote pipe-runs.
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With regard to storage, many of the techniques for preventing emissions are used in common
ways across industry. Rather than being described repeatedly in many different BREFs, they
are covered in a dedicated horizonta BREF titled ‘Emissions from storage’ [EIPPCB, Draft
#49]. The horizontal BREF should be read in conjunction with this document.

2.3.7 Pressure relief

All vessels and contained equipment are assessed to identify possible over-pressure scenarios.
Initial protection may be provided by controls, alarms and trips, but it may also be necessary to
provide back-up emergency pressure relief in the form of relief valves and bursting discs. The
design of valves and discs considers the gas relief rates, the relief method, vent design and gas
dispersion [Environment Agency (E&W), 1999 #6]. The downstream provision of collection
and treatment facilities depends on the magnitude and likely impact of unhindered release. It is
generally possible to route reliefs to an abatement system (e.g. a flare), or to collect reactor
contents in a dump tank.

Pressure relief equipment is used relatively infrequently, but procedures and maintenance
regimes exist to ensure that it operates correctly on demand. Procedures may also exist to
ensure that plant modifications do not invalidate protection systems. Consideration may be
given to avoiding the need for pressure reliefs by providing inherent protection against over-
pressurisation [Environment Agency (E& W), 1988 #5]. It may be possible to design the system
to withstand all potential sources of high pressure or to use high integrity instrumentation. Any
such aternatives must be fully validated by hazard analysis to demonstrate that there is an
acceptably low probability of failure.

2.3.8 Vacuum

There are many demands for reduced pressure on a typica LVOC ingtallation. The vacuum
duty depends on the quantity of gas being handled and degree of cooling / condensation in the
system. Vacuum can be provided in severa ways that have been summarised as follows
[Environment Agency (E& W), 1999 #6]:

- Steam jet gectors. These are simple, reliable and widely used, although they can be
noisy. They create alow concentration effluent, but this can be minimised by using surface
(rather than direct) condensers on the steam jet.

- Liquid ring pumps. The maximum attainable vacuum is limited by the vapour pressure of
the sealing fluid. Some contaminants in the gas stream are taken up by the sealing liquid,
and sealing liquid purge forms a concentrated effluent that may be recovered or treated.
The process fluid can be used for sealing and this reduces effluent formation. This type of
pump can be noisy.

- Dry vacuum pumps. These pumps do not produce an effluent as the sed is achieved by
high rotation speeds of the rotary pump and close tolerances. The presence of condensable
liquids or solids can cause excessive maintenance or breakdown. Dry vacuum pumps
cannot be used where the process fluid is potentially explosive in normal or upset
conditions.

The ingress of air through seals is a mgjor factor in the efficiency of vacuum systems. Air
ingress can be reduced by careful design, correct equipment choice and frequent maintenance.
Instrumentation may be used to detect excessive flows.

2.3.9 Pumps, compressors and fans

Pumps, compressors and fans (blowers) are widely used in all installations to increase pressure
and hence induce the movement of liquids or gases between equipment. There is a wide choice
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of equipment, much of it developed for particular applications, but there is a general distinction
between centrifugal, rotating and reciprocal types.

Pumps require seals (often a packed gland) to prevent liquid loss from the interface between the
moving shaft and stationary casing, but there is a need for a low level of leakage over the
sealing surfaces to provide lubrication. Mechanical seals provide lower leakage than packed
glands on rotating shafts, so long as the seal is correctly aligned and not exposed to vibration
[Environment Agency (E&W), 1999 #6]. Double mechanica seals provide a further level of
leak prevention and rely on the pressurisation of fluid in the void between two seals. $till
higher levels of protection are provided by pumps that dispense with seals (e.g. magnetic drive
centrifugal, canned centrifugal, diaphragm and peristaltic), athough such pumps may be less
energy efficient.

Compressors have many similar features to pumps, athough there are more complicated
arrangements for the [ubrication and cooling of the interface between the stationary and moving
parts of the seal. The common types of compressor seal can be categorised as. labyrinth;
restrictive ring; mechanical; liquid film and magnetic ring. The shaft sealing system will
usually have a gas bleed and this may require abatement.

2.3.10 Pipes

Conduits for the transfer of gases, liquids and solids are an integral part of all production
processes. Pipe design is dependent on such factors as operating pressure, temperature and
corrosivity of substances, so it is very specific to each instalation. Well-designed pipes rarely
suffer from catastrophic failure and most losses are associated with pipe connections. Pipe
connections either have the purpose of joining pipes (i.e. two pieces of straight pipe, changing
pipe direction, changing pipe diameter, joining two streams) or linking ancillary process
equipment (e.g. pumps, compressors, tanks, valves). These connections may be made by a
variety of methods such as flanges, welding and threads. Special considerations are introduced
where the pipes are lined. There is a general presumption to minimise the length of pipe runs
and to minimise the number of connections. Inspection and maintenance regimes are important
for minimising fugitive losses from pipes, especially where pipes occupy infrequently visited
parts of an installation.

2.3.11 Valves

Vaves are widdly used on instalations for controlling or preventing the flow of gases and
liquids. The choice and design of valvesis very specific to the application, although in general
terms the most common valve types are gate, globe, plug and control. Valve internal parts are
usually actuated externaly and this necessitates an operating stem. The loss of process fluid
from valves is usualy prevented by the use of a packed gland sed, in a similar manner to
pumps, but under the influence of heat, pressure, vibration and corrosion the packing can lose its
integrity and allow leaks.

These losses can be reduced by the use of bellows or diaphragms to isolate valve actuation from
the process fluids. However, bellow valves are significantly more expensive than gate valves
and their size may pose piping layout problems. Likewise, the use of diaphragm valves may be
restricted by the pressures, temperatures and corrosive environments typically encountered in
LVOC plants.

The use of packed valves incorporating live loading spring assemblies mounted on the gland
bolts compensates normal packing relaxation or the effects of thermal cycling and vibration.
Vave Live Loading offers considerable improvements in long-term *‘ sealability’ on rising stem
gate valves, globe valves and regulating control valves. In the USA Valve Live Loading is
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deemed as MACT (Maximum Achievable Control Technology) “equivalent to” abellows valve.
On frequently operated rising stem valves (most problematic) Live Loading offers a
considerable improvement in long term emissions performance (< 500PPM for 3 -5 years)
[European Sealing Association, 2001 #152].

Valves that fail to perform as designed can have severe environmenta implications — either for
fugitive emissions or catastrophic failure. The risk of mechanical failure can be minimised by
an appropriate regime of ingpection and maintenance. However, valve failure is more
frequently due to incorrect operation and this underlines the need for effective operating
procedures.

2.3.12 Utility fluids

A variety of gasesis used in ingtalations 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 wastes in performing their duties and
then require treatment.

Air, carbon dioxide and nitrogen have important uses for purging vessels and equipment of
toxic or flammable atmospheres. Plant is typically purged with air prior to opening, and with
nitrogen or carbon dioxide prior to start-up. Air purging of process vessealsis not applicable to
all processes where flammabl e vapours can be present and steam purging or nitrogen blowing is
used instead. The desire, on environmental grounds, to minimise the quantity of purge gas has
to be balanced against the overriding health and safety requirements. However, there may be
scope to reduce purge volumes by questioning the need for vessel opening and by continuoudy
analysing an indicator parameter (such as oxygen) to identify when purging is complete. The
contamination of purges can aso be reduced by ensuring that the plant is fully drained prior to
the introduction of purge flows.

Compressed dry air is used for cleaning purposes, actuating control valves, actuating on/off
valves and for operating instruments, but is less and less used for actuating the pneumatic
controllers used in plant control. Installations also typically have a variety of reticulation
systems for different qualities of water (e.g. drinking water, de-mineralised for boiler feed).

2.4 Management systems

Although management systems are a fundamental component of the ‘generic production
process (and are shown as such in Figure 2.1), they are described in Section 5.1 because of
their importance as a pollution prevention technique.
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3 GENERIC APPLIED PROCESSES AND TECHNIQUES

Industrial organic chemistry uses the necessary unit processes, unit operations and infrastructure
described in Chapter 2 to establish production processes for the desired products. Such is the
variety of processesin the field of LVOC that detailed information exchange exercise has been
restricted to avery small number of illustrative processes that are described in Chapters 7 to 13.

The vast mgjority of production processes have not benefited from such detailed information
exchange and this limits the detail that can be provided in this BREF. In order to give an
overview, there follow very brief (‘thumbnail’) descriptions of the most significant processes
within each LV OC sub-sector.

Descriptions have been prepared where the process is commercialy or environmentaly
significant, and where information was readily available. Most of the processes described have
European production capacities in excess of the 100 kt/yr threshold that was proposed by
several Member States, but the inclusion of a particular process description should not be seen
as legal interpretation of theterm LVOC.

The descriptions have been restricted to a brief outline of the process, any significant emissions,
and particular techniques for pollution prevention and control. Since the descriptions aim to
give an initial overview of the process, they do not necessarily describe all production routes.
The descriptions are, therefore, a starting point in the determination of BAT and additiona
information may be needed.

If detailed process descriptions are required, then reference should be made to a standard text
(e.g. [Ullmann, 1998 #80]) or to documents submitted to the information exchange (e.g.
[InfoMil, 2000 #83] contains practical information on 55 LV OC processes in The Netherlands).
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3.1 Chemical products with a process description

The process descriptions in this chapter are grouped according to the functional chemistry
previoudy outlined in the BREF Scope. In addition, the following a phabetical index of product
names indicates the page number of this chapter where a process description (for the named

product) can be found.

ACETALDEHYDE, 41
ACETICACID, 42
ACETIC ANHYDRIDE, 48
ACETONE, 41
ACETYLENE, 29
ACRYLAMIDE, 53
ACRYLATE, 46
ACRYLICACID, 42
ADIPICACID, 43
ADIPONITRILE, 55
ALLYL CHLORIDE, 60
ANILINE, 52

BISPHENOL ACETONE, 36
BUTENE, 29

CAPROLACTAM, 56

CARBON DISULPHIDE, 63
CARBOXYLICACID, 44

CHLORO FLUORO HY DROCARBONS, 60
CHLORO-ACETIC ACID, 45

CUMENE, 31

CYCLOHEXANONE/OL, 41
CYCLOHEXYLAMINE, 52

DIMETHYL TEREPHTHALATE, 46
DIPHENYL METHANE DIISOCYANATE, 55
DITHIOCARBAMATES, 63

EPICHLOROHYDRIN, 61

ETHANOL, 37

ETHANOLAMINES, 51

ETHYL ACETATE, 46

ETHYL PENTACHLOROTHIOPHENE, 63
ETHYLAMINES & ISOPROPYLAMINES, 51
ETHYLBENZENE, 31
ETHYLENEDIAMINE, 52
ETHYLHEXANOL, 35

FORMIC ACID, 45

GLYCOL ETHERS, 47

HEXA-METHYLENEDIAMINE, 55
HIGHER OLEFINS, 29

ISOBUTENE, 30
ISOPROPYL ALCOHOL, 38

MALEIC ANHYDRIDE, 48

MELAMINE, 53

METHACRYLIC ACID, 45

METHANOL, 38

METHYL AMINES, 52

METHYL ETHYL KETONE, 42

METHYL ISOBUTYL KETONE, 42
METHYL-TERTIARY BUTYL ETHER, 47

NAPTHALENE, 32
OXO-ALCOHOLS, 38

PHENOL, 39

PHTHALIC ANHYDRIDE, 49
PROPIONIC ACID, 45
PROPYLENE GLYCOL, 40

PROPY LENE OXIDE, 47
PYRIDINE, 57

QUATERNARY AMMONIUM SALTS, 52
STYRENE, 32
TEREPHTHALIC ACID, 45
TERTIARY BUTYL ALCOHOL, 41
THIOLS, 63

THIOPHENE, 64

UREA, 53

VINYL ACETATE, 46
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3.2 Lower olefins

Europe' s main olefin products are ranked on the basis of tonnage in Table 3.1. The Table also
indicates what type of process description is provided in the BREF (if any). The most
important olefin process is the production of ethylene (and associated butadiene and propylene)
from the steam cracking of naphtha or ethane. This processis considered in detail in Chapter 7
as anillustrative process of the sub-sector.

Product Production capacity (kt per year) Process description?
Ethylene 18700 Illustrative Process
Propylene 12100 llustrative Process ¥
1,3-Butadiene 2282 llustrative Process ¥
n-Par affin 833
Acetylene 409
| sobutene 374 J
1-Butene 170 J
Nonylene 150
Note 1: Considered as a co-product of the cracking process.

Table 3.1: Lower Olefin productswith European production capacitiesin excess of 100 kt/yr
[UBA (Germany), 2000 #89] based on Standard Research Institute (SRI) data, Directory of
Chemical Products Europe, Vol. |1, 1996

Some of the other major olefin processes are:

ACETYLENE: The use of acetylene as a chemical intermediate has declined in favour of
ethylene, propylene and butadiene. Its use now is mainly restricted to the production of
butanediol and as a welding gas. Production is via two distinct routes, either based on calcium
carbide (by dry hydrolysis, wet hydrolysis), or from hydrocarbons (by pyrolysis, natural gas
oxidation, eectric arc) [Austria UBA, 2000 #94] [Environment Agency (E&W), 1999 #7].
Environmental issues of the calcium carbide, and subsequent acetylene, production are:

Environmental issues

Air: Acetylene, ammonia, hydrogen sulphide and phosphine from purging of the generator feed
hopper. Acetylene from the purification bed vent during regeneration. Ammonia and hydrogen
sulphide from lime pits.

Water: Glycol from raw gas holding tank condensates (contributing to BOD and COD). Water
condensate from the cooling of acetylene and combination with the gas holder glycol water seal.
Calcium chloride from dryer blow-down. Ammonia and hydrogen sulphide from the ammonia
scrubber used to purify raw acetylene.

Wastes: Carbon and ferro-silicates from the generator (the result of unreacted impurities in the
carbide). Chromium and mercury from spent purifier bed solids. Lime hydrate can be re-used (e.g. in
cement production, neutralisation).

BUTENE: is produced by the fractiond distillation (‘tailing topping’) of mixed butylenes and
butanes arising from crackers. It does not involve a chemical reaction. Residual distillation
streams are used in other processes and there are no significant point emissions from the process
[InfoMil, 2000 #83].

HIGHER OLEFINS: arelinear olefins (dphaand internal) in the carbon range Cs to Cx. The
product from the higher olefin process depends on both the process technology and the
feedstock (e.g. ethylene, propylene/butene). The process consists of two complementary
techniques [Environment Agency (E&W), 1999 #7]:
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» oligomerisation synthesis of alpha olefins from ethylene catalysed by a metal ligand catalyst
dissolved in a solvent and

» isomerisation / disproportionation in which light C, olefins and Cy. ol€efins (plus unwanted
Ces-Cig oOlefing) are converted to mid-range Cg-Cyy interna olefins by molecular
rearrangement.

ISOBUTENE (2-METHYLPROPENE): is araw material for the production of butyl rubber.
Tertiary butyl alcohol (TBA) is catalytically converted to isobutene and water. Crude product is
purified by ditillation [InfoMil, 2000 #83].

Environmental issues

Air: Carbon oxides, nitrogen oxides, PM 10, VOCs.

Water: Bottom stream from distillation column is stripped and biologically treated.
Wastes. None specific to process.

Energy: Endothermic process.

LOWER OLEFIN WASTE WATER ISSUES. A recent survey of German olefin processes
guantifies the volume of waste water arisings and the COD/AOX |oads after any pre-treatment
but prior to biological treatment (Table 3.2). The survey also records the pre-treatment
techniques used to make waste waters amenabl e to biological treatment (Table 3.3).

Product Waste water volume COD AOX
(m3/t product) (kg/t product) (g/t product)

<01 | 01-1]1-10|>10] <01 |02-1[1-10] >10 <01 [01-1]1-10]10-100 | >100
Ethylene/
Propylene/ X ® X
Acetylene
1,3-Butadiene X X
Acetylene? X X

(1) By thermal route
(2) Figuresinclude all emissions except rainwater and cooling water blowdown.
(3) The CEFIC survey gave a broader range, probably asit included the cracking of heavy feedstock e.g. gas-ail.

Table 3.2: Quantification of waste water arisings from olefin processes
[UBA (Ger many), 2000 #88]

Product Treatment technique
Incineration Stripping Digtillation | Extraction | Sedimentation | Hydrolysis | Adsorption
& Flocculation
Ethylene/ X
Propylene/
Acetylene
1,3-Butadiene X X
Acetylene® X

(1) By thermal route

Table 3.3: Treatment techniquesfor olefin process waste waters (excluding biological treatment)
[UBA (Ger many), 2000 #88]
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3.3 Aromatics

Table 3.4 gives Europe's most important aromatic products (in tonnage terms) and aso
indicates what type of process description is provided in the BREF (if any). The production of
benzene, toluene and xylene (BTX) is considered in detail in Chapter 8 as an illustrative process
of this sub-sector. It aso includes some detail of cyclohexane production because of its close
links to the BTX process. The table is followed by brief descriptions of other aromatic
processes that have major commercial importance as hydrocarbon intermediates.

Product Production capacity (kt per year) Process description?

Benzene 8056 Illustrative Process
Ethylbenzene 4881 V

Styrene 4155 V
Xylenes (mixed) 2872 Illustrative Process
Toluene 2635 Illustrative Process
| so-propyl benzene (cumene) 2315 V

Xylene (para) 1342 Illustrative Process
Cyclohexane 1099

Xylene (ortho) 727 Illustrative Process
Alkylbenzene 490

Naphthalene 289 v

Table 3.4: Aromatic productswith European production capacitiesin excess of 100 kt/yr
[UBA (Germany), 2000 #89] based on Standard Research Ingtitute (SRI) data, Directory of
Chemical Products Europe, Vol. |1, 1996

CUMENE: is produced from a reaction between propylene and benzene. The reaction is carried
out under pressure at 250 °C and catalysed by phosphoric acid on kieselguhr. Zeolites can also
be used as catalysts. Excess benzene is used to ensure complete conversion of the propylene.
Products are separated by distillation, where propane (present in the propylene feedstock) is
removed. Higher alkylated benzene by-products may be converted to cumene by trans
alkylation with additional benzene. Unreacted benzene is recycled to the reactor [Environment
Agency (E&W), 1999 #7] [InfoMil, 2000 #83].

Environmental issues

Air: Storage tank blanket gases, purge and let-down gases are generally routed to flare, thereby
releasing oxides of carbon.

Water : Phosphoric acid, hydrocarbons and amines from acid pot drainings and decommissioning
washes.

Wastes: Spent catalyst and process residues.

ETHYLBENZENE: isaraw material for the production of styrene and propylene oxide. Itis
produced by the liquid or vapour-phase alkylation of benzene with ethylene over an duminium
chloride or zeolite catalyst. The current technology of choice for ethylbenzeneis aliquid phase
variant. The product is isolated by successive distillation stages to remove benzene (that is
recycled to the feed) and di/tri-ethylbenzene (that is returned to the reactor). Impurities such as
methane, hydrogen and ethane are separated from the reactor products and combusted (e.g. in a
flare) fuel gas system. In the vapour-phase variant benzene and ethylene are pre-dried with
molecular sieves, and these are regenerated using process gas at 220 °C. The zeolite catalyst is
regenerated by burn-off using re-circulated nitrogen containing oxygen. A bleed of gas is
vented to atmosphere to remove the resultant carbon dioxide. Special control techniques
include double mechanical seals on pumps; the containment of benzene vapours from
tankg/loading; stripping of organics from waste water and their combustion in a furnace
[Environment Agency (E& W), 1999 #7] [InfoMil, 2000 #83].
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Environmental issues

Air: Oxides of carbon and oxides of nitrogen from catalyst regeneration and ethylbenzene furnace;
losses of benzene and other compounds from tank vents and loading operations; fugitive losses of
ethylene, benzene and ethylbenzene from equipment and fittings; stack emissions of benzene.
Water: Benzene in the dehydration water and hydrocarbons in steam condensate. Treatment by wet
air oxidation or VOC stripping (prior to biological treatment). Neutralisation effluents. Cooling
water.

Wastes: Spent molecular sieve material. Tars and heavy fractions re-used as raw material or
incinerated. Spent zeolite catalysts are regenerated (typically every 4 years) by off-site specialists.
Energy: The reaction is exothermic. Waste organic gases or liquids are recycled or used as fuel.
Discontinuous gases at start-up and shutdown are combusted in a flare without energy recovery.

NAPHTHALENE: is a raw materia for the production of phthalic anhydride and is widely
used in pharmaceutical processes. The didtillation of coal tar produces mostly naphthalene, but
also avariety of other by-products (e.g. pyridine bases) [InfoMil, 2000 #83].

Environmental issues

Air: All waste gases are incinerated. Main pollutants are carbon and nitrogen oxides from the
incineration.

Water: There are no process related waste water streams. Cleaning water is treated by biological
methods.

Wastes: Solid waste is recycled or transported to a processor.

Energy: Endothermic process.

STYRENE: is mainly manufactured in a two-stage process comprising the catalytic alkylation
of benzene with ethylene to produce ethylbenzene (EB), followed by the cataytic
dehydrogenation of EB to produce styrene. The second commercial process consists of
oxidation of EB to ethylbenzene hydro-peroxide, followed by reaction with propylene to give
alpha phenyl ethanol and propylene oxide; the alcohol being then dehydrated to styrene. In the
catalytic dehydrogenation route, purified EB is vaporised, mixed with superheated steam, and
fed to the dehydrogenation reactor. The catalysts are generally formulated on an iron oxide
base, sometimes including chromium and potassium. Reaction products are condensed and
separated into water and crude styrene phases. Hydrogen-rich process gasis recovered and used
as fuel in the steam super-heater and process water is normally purified in a stripper and
recycled to the boiler. Crude liquid styrene, consisting primarily of styrene and EB with traces
of toluene, benzene and tars, is transferred to storage. Crude styrene is purified using low-
temperature vacuum digtillation in conjunction with sulphur or nitrogen-based inhibitors to
minimise polymerisation of vinyl-aromatic compounds. This process recovers benzene, EB and
toluene. Toluene is normally sold, benzene returned to the EB akylation reactor and EB
recycled to the reactor feed. Tars are removed as distillation column residues. Purified styrene
is mixed with inhibitor and transferred to storage tanks. In some facilities, an
EB/benzene/toluene stream is separated from the crude styrene initially and processed
separately [Environment Agency (E&W), 1999 #7] [InfoMil, 2000 #83].

Environmental issues

Air: Hydrogen from catalyst preparation; Benzene and EB from distillation processes; EB,
benzene, toluene and styrene releases from the purification process and from storage tanks.
Water: Steam condensate containing EB, benzene, toluene and styreneis stripped prior to central
biological treatment.

Wastes: Residue from distillation columns; Sulphur or nitrogen based residues from styrene
purification; Spent catalyst.
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AROMATICS WASTE WATER ISSUES. A recent survey of German aromatic processes
guantifies the volume of waste water arisings and the COD/AOX loads after any pre-treatment
but prior to biologica treatment (Table 3.5). The survey aso records the pre-treatment
techniques used to make waste waters amenabl e to biological treatment (Table 3.6).

Product Waste water volume COoD AOX
(m3/t product) (kg/t product) (g/t product)
<01(01-1]1-10 | >10| <01 | 01-1|1-10| >10 | <01 | 0.1-1 1-10 10- 100 | >100
Benzene/ X X
Toluene
Ethyl- X X X
benzene/
Cumene
Styrene X X

Note: Figuresinclude all emissions except rainwater and cooling water blowdown.

Table 3.5: Quantification of waste water arisings from aromatic processes
[UBA (Germany), 2000 #88]

Product Treatment technique
Incineration Stripping Digtillation | Extraction | Sedimentation | Hydrolysis | Adsorption
& Flocculation

Benzene/ X X X
Toluene

Ethyl- X X
benzene/

Cumene

Styrene X X X

Table 3.6: Non-biological treatment techniquesfor aromatic process waste waters
[UBA (Germany), 2000 #88]
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3.4 Oxygenated compounds

The IPPC Directive (Section 4.1b of Annex 1) defines the sub-group of “oxygen containing
hydrocarbons such as alcohols, aldehydes, ketones, carboxylic acids, esters, acetates, ethers
and peroxides’. From this extensive list, illustrative processes have been chosen for the
production of an ether (ethylene oxide — see Chapter 7), an alcohol (ethylene glycols- see
Chapter 7) and an adehyde (formaldehyde — see Chapter 10). Table 3.7 gives Europe' s most
important oxygenated organic products (in tonnage terms) and aso indicates what type of
process description is provided in the BREF (if any).

Product Production capacity (kt per year) Process Description?
For maldehyde 6866 Illustrative process
Methyl tertiary butyl ether (MTBE) 3159 V
M ethanol 2834 J
Ethylene oxide 1887 Illustrative process
Phenol 1459
Propylene oxide 1418 V
Terephthalic acid 1310 V
Acetic acid 1302 J
Ethylene glycol 1210 Illustrative process
Acetone 1117 J
Tertiary Butanol 1098
Phthalic anhydride 1008 V
Adipic acid 920 v
Acrylic acid 860 v
Dimethy! terephthalate (DM T) 855 v
Acetaldehyde 844 V
2-Ethylhexanol 838 V
| sopr opanol 811 v
Ethanol 705 J
Vinyl acetate 655 v
Acrylate esters 645
Bisphenol A 598 V
n-Butanol 555 V
Glycol ether 535 v
M ethyl methacrylate 522
Acetic anhydride 504 V
Sorbitol (hexahydric alcohol) 458
Propylene glycol 447 v
Citric acid 347
n-Butyl acetate 338
Formic acid 328 V
Ethyl acetate 322 V
Methyl ethyl ketone 300 v
2-Butanal 285
| so-butyraldehyde 255
Chloroacetic acid 235 V
1,4-Butandiol 210
Phthalic acid 180
Maleic anhydride 176 v
Pentaerythritol 159
Benzoic acid 153
I sobutanol 138
Nonyl phenol 132
Para-for maldehyde 117
Propionic acid 112 V
M ethyl isobutylketone 109 V
Note 1: The selection as an illustrative process was not a unanimous TWG decision.

Table 3.7: Oxygenated organicswith European production capacitiesin excess of 100 kt/yr
[UBA (Germany), 2000 #89] based on Standard Research Institute (SRI) data, Directory of
Chemical Products Europe, Vol. 11, 1996.
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3.4.1 Alcohols

ETHYLHEXANOL: 2-Ethylhexanol is mainly used as the alcohol component in the
manufacture of ester plasticisers (especialy di-2-ethylhexyl phthalate — DOP) for soft
polyvinylchloride. The second largest application is the production of 2-ethylhexyl acrylate
which is used to manufacture coating materials (especialy emulsion paints), adhesives, printing
inks, impregnating agents and reactive diluent/cross-linking agents. In addition, 2-ethylhexyl
nitrate is a cetane number improver and 2-ethylhexyl phosphates are used as lubricating oil
additives. It is aso used to make surfactants (antifoaming agents, dispersants, flotation agents)
and as a solvent (for polymerisation catalysts and in extracting agents). The world-wide
production capacity is some 3000 kt/yr. Some 1020 kt/yr is produced in the European Union at
three plants in Germany (740 kt/yr) and one plant in each of France (125 kt/yr), Sweden (125
kt/yr) and Spain (30 kt/yr) [UBA (Germany), 2000 #92].

Butyraldehyde (butana) is the main feedstock for 2-ethylhexanol process and is normally
produced on the same ingtalation. The manufacture of butyraldehyde is by the oxo synthesis
route (hydroformylation of propylene and CO/H, synthesis gas). This is an exothermic
gas/organic liquid phase reaction using a homogeneous cobalt catalyst at 130 - 150 °C and
100 - 300 bar. The high demands on the purity of 2-ethylhexanol product place similar purity
demands on the butyraldehyde raw material. Isobutyraldehyde is formed to a greater extent
(with cobalt catalysts) or a lesser extent (with rhodium catalysts) during hydroformylation and
must be separated to prevent mixed aldolisation. The subsequent production of 2-ethylhexanol
from butyraldehyde involves four main stages:

1. Aldalisation and dehydration: The aldol condensation of butyraldehyde raw material to 2-
ethylhexenal proceeds rapidly in the presence of agueous sodium hydroxide catalyst. The
ensuing dehydration of the hydroxyaldehyde is conducted promptly because the adol is
unstable and can impair the product quality and yield. Local overheating in the reaction mixture
must be avoided, since this may cause secondary reactions that decrease yields, and thorough
mixing is required. The ratio of adehyde to aqueous sodium hydroxide solution is in the range
1:10 to 1:20. The aqueous/organic liquid phase reaction may take place in a mixing pump, a
packed column or a girring vessel. The various processes operate at a temperature of
80 - 150 °C and pressures below 0.5 Mpa to give conversion rates of >98 %. The heat of the
aldolisation reaction may be used for steam generation (e.g. 120 kg steam/t butyraldehyde)
although thisis only possible when the processis run close to 150°C (and thisis not common).

2. Phase separation and purification: The reaction mixture is separated into an upper organic
phase (the intermediate product 2-ethylhexenal) and a lower aqueous phase (containing the
aldalisation solution). The 2-ethylhexenal is washed with process water to remove sodium
hydroxide (giving a waste water stream) and then purified by distillation. The water content of
the product is decreased by fractional condensation to decrease energy demand at the following
vaporisation. Most of the agqueous adolisation solution can be recycled but the rest must be
removed from the system via a side stream because the aldolisation solution becomes diluted by
water that is produced in the reaction. This bleed also removes the aldolisation by-products. The
bleed has such a high COD value that pre-treatment is required when the efficiency of the
biological treatment is low (COD removal <90 %). Suitable pre-treatment methods are
oxidation, acid treatment/filtration, and extraction (which alow partial recycling of valuable
products).

3. Hydrogenation: The unsaturated organic product (2-ethylhexenal) from the phase separator
can either be hydrogenated in a single stage (e.g. fixed nickel or copper catalyst) or in severa
stages (a combination of gas-iquid phases, or liquid-iquid phases in sump-phase or trickle-bed
reactor). The hydrogenation stage achieves a conversion of 100 % and a selectivity of >99 %.
The heat of reaction for the hydrogenation of the C = C double bond and the aldehyde group is
relatively high (178 kJ/Mol) and enables energy recovery through steam generation. The
temperature must be controlled to prevent any local overheating that would decrease yields.
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With single-step hydrogenation, re-mixing with the hydrogenation product has been proposed to
dissipate heat (150-200°C) and, in contrast to other processes, medium pressure is initialy
necessary to ensure adequate conversion. Modern plants normally utilise two stages to remove
residual amounts of carbonyl compounds and to ensure that high-grade 2-ethylhexanol is
obtained. An initia gas phase reaction is followed by aliquid phase reaction. Nickel, copper or
mixed systems are preferred as heterogeneous hydrogenation catalysts. Optimisation of the
catalyst increases efficiency by high selectivity, easier separation of side products (giving
energy savings) and extending catalyst life (>2500 t product/ t catalyst) which reduces waste.
Reaction takes place with a hydrogen excess and this is recycled. A higher purity of hydrogen
(99.9 vol% instead of 97.5 %) may reduce waste gas volumes from about 1.3 m/t to about 0.05
m’/t ethyl hexenal.

4. Digtillation: Fractional digtillation of the hydrogenation product normally takes place in three
stages. In the first stage, the light ends are separated at the head and can be employed for the
manufacture of 1-butanal. In the second stage, pure 2-ethylhexanal is collected at the head. In
the third stage, the recyclable intermediate fractions are separated from the heavy oil (which
may be used for heating purposes).

Process variants. The Aldox process is a process variant where the aldolisation and oxo
reactions have been combined into a single step [Weissermel & Arpe, 1993 #59]. Thisis used
by Shell in the USA and Exxon in the USA / Japan. By adding co-catalysts, such as compounds
of Zn, Sn, Ti, Al, or Cu or KOH, to the original Oxo catalyst allows the three reaction steps (i.e.
propene hydroformylation, aldol condensation and hydrogenation) to take place simultaneously.
In addition to the KOH co-catalyst, Shell also uses a ligand modified hydroformylation catalyst
in their Aldox process.

Environmental issues

Consumptions: The raw materials required to make one tonne of 2-ethylhexanol are: 1145 kg of
100 % butyraldehyde, 360 m® hydrogen and 1 kg nickel or copper catalyst. The yield is >=98 %.
Air: Waste air from hydrogenation and the storage of intermediate products can be incinerated or
combusted in the site power plant. The waste gas stream from the storage of the final product
(filling process) may be emitted to atmosphere without treatment. The estimated maximum loss is
4g total C per tonne of product.

Water: Waste water is mainly reaction water from the aqueous aldolisation step and process water
from washing the intermediate product 2-ethylhexenal. The typical rate of effluent productionis
0.15 - 0.2 m*/t of product. C, compounds (mainly n-butyraldehyde and sodium butyrate) constitute
roughly 50 % of the effluent organics and the remainder is Cs compounds (or C>8). These give an
effluent with acute toxicity to fish (LID=32 - 45) and COD of <50 g/l (10 kg COD /t product).
Waste water shows moderate biodegradability in municipal waste water treatment plants which can
reduce the COD of process water by 60 % and the reaction water COD by >90 %. Thisis sufficient
to eliminate toxicity to fish. To improve the elimination of COD the waste water may be pre-treated
using neutralisation with sulphuric acid and phase separation (to give a 40 % COD reduction), and
extraction with 2-ethylhexanol combined with distillation to recover the 2-ethylhexanol (giving

75 % COD reduction for the total pre-treatment). The organic load is reduced to 0.4 kg COD /t
product after pre-treatment and biological treatment (total elimination 95 %). A similar
performance can be obtained by minimising the waste water stream by optimising the washing step
and treatment in an adapted waste water plant. Energy may be gained by incineration of the extract.
In a Swedish plant, the waste water treatment involves decantation, stripping, biological treatment
in biorotors, sedimentation and sand filtration; reducing the organic load by more than 99 %
[SEPA, 2000 #76].

Wastes: Generally few or no wastes for disposal. Wastes from the last fractionation step, amount to
<50 kg/t product and are combusted to recover their energy value. Copper and nickel from used
hydrogenation catalyst amount to <0.4 kg/t product and are recovered

BISPHENOL ACETONE (BPA): aso known as Bisphenol A or 4,4-isopropyllidenediphenal,
isaraw material for the production of polycarbonate and epoxy resins. BPA is produced by the
condensation reaction of phenol and acetone by two process variants: [InfoMil, 2000 #83]

36 Production of Large Volume Organic Chemical



Chapter 3

BPA Route 1: The catalysed reaction of acetone and phenol takes place in a phenol-excess to
maximise acetone consumption. The reaction product consists of BPA, BPA-isomers, BPA-
oligomers, phenol, hydrogen chloride and water. The hydrogen chloride catalyst is recovered by
digtillation, and this also creates a waste water stream. Further distillation recovers phenaol.
BPA, BPA isomers and BPA oligomers are then removed with hot toluene solvent to leave a by-
product of heavy tar. Cooling of the remaining liquid causes BPA to crystallise out and enables
separation from the liquid in a centrifuge. Wet powder from the centrifuge is melted and
vacuum-stripped of toluene. Toluene from the centrifuge and stripper is recovered as a light tar
by-product (BPA-C). The meltis prilled to give afina product of BPA pellets.

Environmental issues

Air: HCI from the acid gas scrubbing system. Phenol from the phenol vent gas scrubber. Toluene
from the toluene vent gas scrubber and prill tower. Toluene-containing gas from transport and
storage of BPA-pellets. Flue gas emissions from the hot oil furnace.

Water: Water reaction product is separated by digtillation, neutralised with caustic and treated
centrally.

Wastes: No specific wastes as tar streams are re-used by customers.

Energy: The reaction is exothermic.

BPA Route 2: In this route, BPA is also produced by the catalytic reaction of acetone with
excess phenol, but is crystallised and further processed without the hot toluene purification step.
Acetone conversion is nearly 100 % and avoids the formation of by-products in the subsequent
column. The reaction product consists of BPA, BPA-isomers, phenol and water. BPA is
crystallised out of the mix by cooling, and is then separated by filtration. BPA from the filter is
flash-stripped of residua phenol. The molten BPA is prilled to give final product. Liquid from
the filter (consisting of phenol, BPA, BPA isomers and heavy ends) is sent to a recovery unit
where BPA isomers are isomerised into BPA and recycled to the main crystallisation unit. A
purge stream in this section removes the heavy ends (tars) for incineration.

Environmental issues

Air: Light ends arise from the phenol vent gas scrubber and are incinerated. When methyl
mercaptan is used as a catal yst the off-gas is flared. Waste gas from the prill tower contains small
amounts of solid BPA that require filtration. Phenol-containing gas from transport and storage of
BPA-flakes.

Water: Water reaction product is washed in a special unit (distillation towers and strippers) to
recover dissolved phenol and acetone, and is then treated biologically.

Wastes: Heavy ends burnt in an incinerator.

Energy: The reaction is exothermic.

ETHANOL: Most industria ethanol is manufactured by the vapour-phase hydration of
ethylene over a solid phosphoric acid catalyst supported on porous clay beads at around 240 °C
and 68 barg. The reactor product is scrubbed with water to separate the ethanol. Unreacted
ethylene is recycled. Ethanal is obtained from its agueous solution by a series of distillations,
followed by azeotropic didtillation with benzene [Environment Agency (E&W), 1999 #7].
Alternative ethanol production routes are the indirect hydration of ethylene with H,SO,, and
alcoholic fermentation [Austria UBA, 2000 #96].

Environmental issues

Air: Hydrocarbons from process vents.

Water: Caustic effluent from washing of the agqueous product prior to distillation and phosphates
from the distillation process. The reactors are copper-lined and at each reactor catalyst regeneration
there is a surge of copper in the aqueous effluent.

Wastes: Organic solvents, phosphoric acid and phosphates from spent catalyst
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ISOPROPYL ALCOHOL (ISOPROPANOL): is produced by indirect or direct hydration.
The indirect hydration of propylene / propane using sulphuric acid as a homogeneous catalyst
produces isopropyl alcohol and four other solvents (di-isopropyl ether, dimethyl ketone,
secondary butyl alcohol, and methyl ethyl ketone). Propylene and butylenes in mixed Cs;
streams and mixed C, streams are reacted with 70-75% sulphuric acid to form the
corresponding alkyl sulphates, which are subsequently hydrolysed to the corresponding
alcohols. The related ethers are formed as by-products. The crude acohols are purified by
digtillation to give an isopropyl acohol azeotrope with water and relatively pure secondary
butyl alcohol. These may be sold or converted to the related ketones by dehydrogenation over a
brass catalyst [Environment Agency (E& W), 1999 #7] [InfoMil, 2000 #83].

Environmental issues

Air: Oxides of carbon, oxides of nitrogen and oxides of sulphur from the incineration of waste
process gases; Hydrocarbons from tank vents, strippers, condensers and reaction time tanks;
Isopropyl alcohol from the cooling tower; Chromium from the incineration of solvent slops; Nickel
from the incineration of caustic sludge.

Water: Alcohols, ketones, furfural, copper and zinc from agueous interceptor discharges, spent
sulphuric acid and caustic soda.

Wastes: Spent brass catalyst if not regenerated; Ash from incinerator.

The direct hydration of propylene uses a heterogeneous catalyst either in the vapour phase, the
liquid phase or a vapour liquid mixture. The propylene feed is purified first by distillation to
remove propane. Propylene is then hydrated in the vapour phase. The major by-product is di-
isopropyl ether, but other by-products include n-propanol, acetone, hexanol and low-molecular
weight polymer. The reaction takes place at approximately 180 °C and 34 barg over a catalyst
of 42 - 46 % phosphoric acid on porous clay beads. The product is water-scrubbed to separate
the isopropyl acohol. Unreacted propylene is recycled, a purge being taken to prevent propane
build-up. Isopropyl acohol is purified by distillation, finally azeotropically using cyclohexane
as an entrainer [Environment Agency (E&W), 1999 #7].

Environmental issues

Air: Hydrocarbons from tank and process vents; Fugitive releases of hydrocarbons.
Water: Propanols, organic phosphates and inorganic phosphates from water wash.
Wastes: Phosphoric acid and phosphates as spent catalyst.

METHANOL.: is used as a solvent and as a feedstock for the production of formaldehyde,
acetic acid, and MTBE. Methanal is formed by the cataytic conversion of synthesis gas
(carbon monoxide, carbon dioxide and hydrogen). Synthesis gas is formed, with help of a
catalyst, through catalytic cracking of natural gas (steam reforming) [InfoMil, 2000 #83]. High
and low pressure versions of the process exist [Austria UBA, 2000 #96].

Environmental issues

Air: Waste gases are flared. Main emissions are carbon dioxide and nitrogen oxides. NOx
emissions can be reduced by cutting steam production.

Water: Biological treatment. Effluent contains inorganic chlorine compounds.

Wastes: Wastes are recycled or incinerated.

Energy: Self-supporting process (energy neutral).

OXO ALCOHOLS: The oxo acohoals range from C, butanols to C,, alcohols, and they are
produced by hydroformylation or carbonylation / hydrogenation [Environment Agency (E& W),
1999 #7]. For example, olefins and synthesis gas are catalytically reacted to form aldehydes
that are then hydrogenated to oxo-alcohols. The by-products are a light oxo-alcohol fraction
(used as fuel) and a high oxo-alcohal fraction (that is cracked to recover oxo acohols) [InfoMil,
2000 #83].
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In the manufacture of normal butyl alcohol by hydroformylation, synthesis gas and propylene
are reacted over a catalyst at 170 °C and 70 barg. Unreacted propylene and synthesis gas are
removed and the resultant mixture of catalyst in acohol is distilled to separate the normal butyl
alcohol from isobutyl alcohol.

The C,-Cys acohols are produced by reacting the respective olefins and synthesis gas over a
catalyst at 180 -200°C and 50 barg. After de-pressuring and recycling of evolved gas, the
crude product is distilled under vacuum. The crude alcohol is treated with caustic soda to
saponify by-product formates, water-washed and then distilled to remove unreacted olefins, by-
product paraffin hydrocarbons and heavy fractions. The acohols are hydrogenated at el evated
temperature and pressure over anickel catalyst to remove the traces of aldehydes.

Environmental issues

Air: Oxides of carbon, oxides of nitrogen and oxides of sulphur from the incineration of process
waste gases and plant gjector vents. n-Butanol and mixed hydrocarbons from plant g ector vents
and sludge incineration.

Water: Suspended solids, butanols, aldehydes and butyl formate from contaminated process
aqueous effluent.

Wastes: Zinc oxide, cobalt, molybdenum, chromium oxide, iron oxide, copper oxide and activated
carbon from the de-sul phurisation and converter catalysts and activated carbon absorbers.

In the carbonylation / hydrogenation route, the liquid olefins are reacted with carbon monoxide
and hydrogen at 145 °C and 260 - 270 barg to give liquid aldehydes and by-products including
heavy ends. The aldehydes are separated from the carbon monoxide and hydrogen, vaporised
with hydrogen and then hydrogenated to give the corresponding alcohol. The acohol is cooled,
separated from the hydrogen and purified by distillation to remove unreacted olefins, methanaol,
water and heavy ends.

Environmental issues

Air: Oxides of carbon from the catalyst let-down vessel s and reactor blow-down. Alcohols from
hydro-refiner vents.

Water: Hydrocarbons in gjector condensate. Methanol in wash waters.

Wastes: Spent catalyst.

PHENOL [Finnish Environment Institute, 1999 #72]: Phenol is mainly used in the
manufacture of bisphenol-A (38 % of production), phenolic resins (27 %), caprolactam (24 %)
and akyl phenols (4 %). The world-wide production capacity is about 6400 kt/yr. The
European production capacity is some 2300 kt/yr with the bulk of production in Germany (740
kt/yr), Belgium (440 kt/yr), Italy (400 kt/yr), Spain (320 kt/yr), France (150 kt/yr), Finland (130
kt/yr) and Holland (120 kt/yr). There are anumber of phenol production routes that are defunct
or have very limited commercial application (e.g. extraction from coal tar, sulphonation using
sulphuric acid, dehydrogenation of cyclohexanone/ cyclohexanol). Today, the main route is the
cumene process (about 90 % of world production), with lesser production by the Tolox and
monaochl orobenzene processes.

In the two-stage cumene process, cumene is first formed by the alkylation of benzene and
propylene over a fixed-bed of zeolites (or, in older plants, aluminium trichloride or phosphoric
acid catalysts). Polyisopropylbenzene is formed as a by-product and, by a transalkylation
reaction, is further reacted with benzene to form more cumene. Cumene is separated from the
reaction mixture and purified by digtillation. In the second stage, purified cumene is first air
oxidised to cumene hydroperoxide in a multistage liquid phase reactor. A distillation step then
increases up to 65-90% the concentration of cumene hydroperoxide, which is then
decomposed with an acid catalyst (normally sulphuric acid) in a cleavage reactor to produce
phenol, acetone and also valuable co-products like acetophenone and apha-methylstyrene.
Phenol and acetone are then purified by didtillation. The apha-methylstyrene may be
hydrogenated to cumene (with nickel slurry catalyst, or preferably over a fixed bed palladium
catalyst) and recycled. Some of the heavy by-products are thermally cracked to lighter
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components and recycled to the fractionation section. The heavies are used as a sulphur-free
fuel to produce energy in a boiler or power plant. The yield of cumene in the first stage is
98.7 - 99.6 %, and the phenoal yield in the second stage is about 93.0 %. The cumene route using
zeolite catalyst is regarded as BAT for phenol production. If the by-product al pha-methylstyrene
is hydrogenated the Pd-catalyst is preferred to the Ni-catalyst.

Environmental issues

Air: Typical emissions from a modern plant are (as kg/t of products): propylene (0.4), propane
(0.2), benzene 0.2), acetone (0.9), cumene (0.4), NOx (0.3), SO, (0.01) and CO, (520).

Water: Phenolic compounds in waste water are recovered for recycle to the process. Waste water
istypically generated at arate of 0.5t/ t of products and contains phenol (0.1 kg / t of products),
methanol (0.4 kg / t of products) and DOC (2.4 kg / t of products). Biological treatment normally
ensures that about 99.9 % of the phenol is removed.

Wastes: Phenolic scrap, towels & contaminated clothing, laboratory samples, vessel sediments
(during shut-down) and ion-exchanger resins typically account for 0.4 kg / t of products and require
special treatment. General wastes (from housekeeping, insulation, construction, cleaning) account
for 0.2 kg / t of products and are combusted or landfilled.

The toluene (Tolox) process is less efficient and less common, but it gives no acetone by-
product. Toluene is oxidised with air to benzoic acid (and benzaldehyde and benzyl alcohol co-
products) which is then further oxidised to phenol and sodium benzoate [InfoMil, 2000 #33].
Benzoic acid and its sodium salt can aso be sold as products. Europe's one plant (Botlek,
Holland) makes about 120 kt/yr by this route.

In the monochlor obenzene process, benzene is oxychlorinated with air and hydrochloric acid,
or air and chlorine, to form monochlorobenzene. The monochlorobenzene is then hydrolysed to
phenol with a caustic solution in tubular reactors at 400 °C, or with steam in the gas phase at
450 °C in the presence of catalyst.

For al process routes, the chemical and physical properties of raw materias and products
necessitate high priority for operating procedures, maintenance and to technica standards and
specifications (e.g. materials of construction, types of single pieces of equipment and safety
systems) to ensure environmental protection and the health of personnel.

Emerging Techniques for the production of phenol include:

*  Vacuum pyrolysis of wood waste: Dry and shredded bark of softwood is pyrolysed in a
vacuum converter at 500 °C. The product contains about 30 % oil with high concentration of
phenols and can be used in the manufacture of certain types of phenol-formaldehyde resins.
Methods to further rectify the oil fraction for use in fine chemicals are being developed. A
pilot plant converting 3.5 t/h dried bark has been constructed in Canada.

* Reactive distillation in cumene production: Benzene and propylene are reacted in a
digtillation column in the presence of a zedlite catalyst. Catalytic distillation allows the
reaction to take place at low temperature, because the reaction product is continuously
removed from the reaction zone by distillation. The purity of the cumene product is very
high and the product yield is higher than in the conventional process. A plant in Formosa
planned to start up in 1999,but the project has been delayed.

» Direct oxidation of benzene: In a totally new approach the benzene is directly oxidised to
phenol using nitrous oxide in a single stage process. Besides being a low-cost route to
phenol, the process has several environmental benefits; there is no production of cumene or
acetone by-product, there is no agueous waste, and no NOx emissions. The nitrous oxide
can under certain circumstances be recycled. The process was originally developed at the
Boreskov Ingtitute of Catalysis in the former Soviet Union early 1880's. The rights to this
process were acquired by an American company, which continued the development work
together with Russian scientists in the 1990's. A plant based on this process is under
construction in Pensacola, Fla. (USA).

40 Production of Large Volume Organic Chemical



Chapter 3

PROPYLENE GLYCOL: is used as a solvent and in organic synthesis. Propylene glycol is
produced by the hydration of propylene oxide (PO) with water to form mono-, and di-propylene
glycol (MPG and DPG). Before the reaction the PO is purified (washed) with caustic soda. The
by-products are tri-propylene glycol and higher compounds. Through distillation the different
products are separated (MPG and DPG are side streams of the column). Top and bottom stream
of the distillation column are externally reprocessed to products [InfoMil, 2000 #83].

Environmental issues

Air: Main emission is carbon dioxide.

Water: Caustic soda solution directed to the waste water treatment plant or externally incinerated.
Wastes: Acids and bases treated biological waste water treatment plant.

Energy: Exothermic process with energy recovery.

TERTIARY BUTYL ALCOHOL: TBA isaraw material for the production of MTBE. TBA
can be produced by the direct hydration of isobutene (C4Hg + H,0); the indirect hydration of
isobutene (C;Hg + H,SO,); or as a by-product during the production of propylene oxide
(Oxirane process) (CsHg + C4Hio + O,) [Austria UBA, 2000 #96]. TBA is also formed by the
air oxidation of isobutane, with the tertiary butyl hydroperoxide (TBHP) by-product being
further reacted with propylene to produce TBA and propylene oxide [InfoMil, 2000 #383].

Environmental issues
Water: No significant emissions identified. Waste water is biologically treated.
Energy: Endothermic process

3.4.2 Aldehydes
In addition to the description of the formaldehyde process in Chapter 10, thereis:

ACETALDEHYDE: is produced by the oxidation of ethylene or Cs/C, akanes, or oxidative
dehydrogenation of ethanol [Austria UBA, 2000 #96]. Oxidation of ethylene is performed in
aqueous solution with homogeneous catalysis with Cu or Pd chlorides. The one-step process
leads to chlorinated by-products (cloroacetaldehyde) which are easily degraded/hydrolysed by
biological treatment. The two-step process leads to considerable concentrations of non-
degradable chlorinated substances, which can be effectively pre-treated by hydrolysis.

3.4.3 Ketones

ACETONE: can be produced by the oxidation of propylene (C:Hs + %% 0O,); the
dehydrogenation or oxidation of isopropanol (CsH,OH); or by co-production in the Cumol
process for phenol production (iso-propylbenzene + O,) [Austria UBA, 2000 #96].

CYCLOHEXANONE/OL: is produced catalytically by the oxidation of cyclohexane. By-
products are adipic, glutaric and succinic acid (C;-Cs acids). The intermediate reaction product
(cyclohexylester) is decomposed with water. The aqueous phase from this hydrolysis contains
water-soluble organic acids and the catalyst (‘acid waste water stream’). The organic phase is
washed with NaOH to decompose esters and peroxides, giving an ‘akali waste water’. The
reaction mixture is further purified by distillation. In new installations cyclohexanone/ol is
produced by the hydrogenation of phenol.

Environmental issues

Water: Catalyst recycled from acid waste water stream by crystallisation and can be improved by
pre-treatment with wet oxidation or extraction (to reduce high organic load). Another option is
recovery of by-product organic acids and incineration of the remaining aqueous residue. The alkali
waste water is treated (option: recovery of organic acids) giving aresidue which isincinerated. The
remaining waste water is treated biologically with high efficiency (>90 % COD-elimination).
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METHYL ETHYL KETONE (MEK) is produced by the cataytic dehydrogenation of 2-
butanol (C;HgsOH) [Austria UBA, 2000 #96].

METHYL ISOBUTYL KETONE: or hexone, is produced by the self-condensation of acetone
followed by hydrogenation on a palladium catalyst in the presence of an ion exchange resin.

3.4.4 Carboxylic acids
ACETIC ACID: can be produced by three routes:

A. Acetaldehyde oxidation occurs catalytically in air in the presence of manganese acetate at
50-80°C and 10 barg. The oxidation reaction product is distilled to remove gases including
unreacted acetaldehyde, methyl acetate, acetone, carbon monoxide, carbon dioxide and
nitrogen. Crude glacial acetic acid is obtained, with impurities of formaldehyde and formic
acid. Final purification of the acid involves distillation in the presence of potassum
permanganate, sodium dichlorate or other oxidants.

B. The liquid-phase catalytic oxidation of light hydrocarbons occurs in air at 150 - 200 °C and
40-50 barg. The agueous reaction product is purified in a series of distillation columns
producing acetic, formic and propionic acids and acetone. Lean off-gas from the reactor is dried
and recovered in activated carbon beds. The remaining gas is combusted.

Environmental issues

Air: Light hydrocarbon off-gas from the activated carbon beds/thermal destruction system. Acetic
acid, acetaldehyde, acetone, carbon monoxide and other organics from vacuum pump discharges.
Scrubbed vent gases from the acetone recovery unit containing acetone, methyl acetate, benzene,
acetic acid, methyl ethyl ketone, esters, methanol and some high-boiling-point components. Special
control techniques may include thermal oxidation of the reactor off-gas, including recovery of heat
and power by use of off-gas expanders and waste heat recovery.

Water: Acetic acid, ketones, methanol, and acetaldehyde from vacuum systems. Final residues of
butyric and succinic acids; agueous streams from the distillation unit. Water from acetone recovery
unit containing methanol, ethanol, & traces of acetone and sodium salts. Discharge from hydro-
extractive distillation of propionic acid contains propionic acid, acetylacetone & 2,4-hexadiene.
Wastes: Waste from dryers, activated carbon beds and catalyst systems. Corrosion products
containing a glass lead mixture contaminated with nickel oxalate and oxides of chromium and iron.

C. Methanol carbonylation can use vessels constructed in Hastelloy C and pressures of 700 barg
with copper/cobalt catalyst systems in the presence of iodine. The dternative is to use
rhodium/phosphine complexes as the catalyst system and hydrogen/methyl iodide as promoter
at pressures of 33 - 36 barg and temperatures of 150 - 200 °C. Purification involves multiple
digtillation to remove the catalyst mixture, water, mixed acids and other impurities.

Environmental issues

Air: High-pressure off-gas from the reactor, which is absorbed and scrubbed in alight ends
recovery system before venting to a thermal destruction unit and contains small quantities of
hydrogen iodide. Flared light ends from the first two distillation columns that pass via a low-
pressure absorber system containing chilled acetic acid before being vented to athermal destruction
unit, again containing small quantities of hydrogen iodide. Special control techniques may include
off-gas scrubbers, using methanol or acid that is recycled back to the process.

Water: Liquor fromiodine scrubber during catalyst addition. Liquor from the final column light
ends scrubbers contaminated with acetic acid.

Wastes: Heavy fractions from the heavy acids column (comprising propionic and acetic acids
together with potassium salts and catalyst).
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ACRYLIC ACID is produced by the catalytic oxidation of propylene via the intermediate
acrolein (CsHg + O,) [Austria UBA, 2000 #96]. Product is generally separated from an aqueous
solution (20 - 25 %) by extraction. Emissions are minimised by incinerating both waste water
and waste gas.

ADIPIC ACID: The commercial manufacture of adipic acid is achieved in two stages. In the
first stage the oxidation of cyclohexane, or the hydrogenation of phenol, gives a
cyclohexanone/cyclohexanol mixture (known as ketone acohol). In the second stage, ketone
alcohol is catalytically (copper, vanadium salts) oxidised with nitric acid. By-products are
glutaric and bernstein acid, nitrous oxides, especially N,O. NOx is stripped with air, giving a
waste gas stream. Water is removed from the reaction mixture by distillation giving a waste
water stream. Adipic acid isisolated and purified by two-stage cristallisation/centrifugation and
washing with water.

In the past, several manufacturers used air oxidation (rather than nitric acid oxidation) of KA to
produce adipic acid. However this process produced low quality adipic acid and is not a
commercial option. Research into a butadiene carbonylation process (which does not produce
N,O emissions) was abandoned due to excessive cost.

Environmental issues

Air: The process releases substantial quantities of nitrous oxide (N,O) from the stripping columns

and crystallisers (estimated at 300g N,O per kilogram of adipic acid produced - Thiemens and

Trogler, 1991). This N,O rich off-gas can be re-used in two ways:

e by burning at high temperatures in the presence of steam to manufacture nitric acid (this
utilises the N,O off-gas and also avoids the N,O generated in nitric acid production); or

» by using N,O to selectively oxidise benzene to phenol. A US company suggests that replacing
its existing thermal off-gas treatment with this alternative can reduce production costs by 20 %.

If N,O is not reused, the two most widely used end-of-pipe techniques are catalytic

decomposition and thermal destruction:

a) Catalytic decomposition uses metal oxide catalysts (e.g. MgO) to decompose the N,O into N,
and O,. Heat from the strongly exothermic reaction may be used to produce steam. Catalyst
typically needs to be replaced twice a year. A simpler, once though version of the technique is
being piloted in the USA.

b) Thermal destruction involves combustion of the off-gases in the presence of methane. The N,O
acts as an oxygen source and is reduced to nitrogen, giving emissions of NO and some residual
N,O. The combustion process can be used to raise steam. The heat of N,O decomposition,
combined with fuel energy, helps provide low-cost steam.

Table 3.8 gives an overview of the techniques implemented in Europe and their efficiency.

Reducing furnace technology was developed by Bayer and started operation in 1994. The other

German manufacturer, BASF, installed a catalytic system at their Ludwigshafen plant in 1997. In

June 1998, the French company Alsachimie, a subsidiary of Rhodia, brought on stream a system to

convert N,O to nitric acid at their Chalampe site.

The costs of catalytic decomposition and thermal destruction are broadly similar. Re-using N,O to

manufacture nitric acid can be a cost-effective option in some circumstances. Table 3.9 gives an

indicative calculation of abatement costs based on the reported capital costs for a German plant

Other emissions. Adipic acid particulates from drying and handling. Other organics from

feedstock, absorbers and purification columns on the KA section. Caproic, adipic, valeric, butyric,

propionic and acetic acids (all of which have pungent odours) from acid handling and storage.
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Water:

Cyclohexanone/ol stage: Catalyst and organics from ketone alcohol purification. Oily water. Low
pH waste streams containing adipic, boric, glutaric and succinic acids with copper, vanadium and
sulphuric acid. Special control techniques are ion exchange systems to remove inorganic salts, such
as copper or vanadium salts from catalysts; evaporation and crystallisation to recover boric acid and
other by-products. The remaining organic waste water components are hiologically treated.
Organic loads can be reduced by optimised phase-separation and extraction with incineration of the
organic phase.

Adipic acid stage: The mother liquor from the first centrifugation (of crude adipic acid) is partly
recycled to the oxidation reactor and a bleed is treated to recover HNO;, catalyst and organic acids.
Mother liquor and washing water from the second centrifugation are re-used in the first
centrifugation stage. The waste water stream from distillation is treated biologically with high
efficiency (> 90 % COD-elimination). By consequently separating uncontaminated cooling water
streams, recycling of agueous waste streams, recovery of HNO; and changing from discontinuous
to continuous operation in an existing plant the waste water flow could be reduced by 98 % and the
COD-load by 86 % (Bayer). Emission after biological treatment is < 3 kg TOC/ t product.

Wastes: Ketone alcohol catalyst from plant cleaning. Non-volatile organic residues and organic
recovery tails from ketone alcohol production. Wastes on shutdown, i.e. tar-contaminated sand,

oxidiser residues, ketone alcohol sump dredgings. Boric acid sweepings. Caustic wash residues.

Country | Manufacturer Technique Efficiency by | Implementation
2000 date

UK Du Pont Thermal 94 % 1998

France Rhodia Conversion to HNO; 98 % 1998

Germany | Bayer Thermal 96 % 1994

Germany | BASF Catalytic 95 % 1997

Table 3.8: Implementation of N,O abatement options at European adipic acid plants
[Ecofys/ AEA Technology, 2001 #150]

Capital cost (million €) 12.8

Annual costs (million €) 13

Emissions abated per year (tonnes) 55100

Cost effectiveness at discount rate of 4% 2% 6%
Cost-effectiveness (€/t N,O abated) 44 42 48
Cost-effectiveness (€/t CO,eq abated) 0.1 0.1 0.2

Based on following assumptions:

a) The non-recurring capital cost is 12.8 million €999 (27 million DM in 1995 prices).

b) Annual recurring costs are assumed to be 10 % of the investment cost.

¢) The option has alifetime of 15 years.

d) The plant treats 58000 tonnes of N,O per year and is effective in removing 95 % of emissions.

Table 3.9: Summary of the cost of N,O abatement from adipic acid plants
[Ecofys/ AEA Technology, 2001 #150]

CARBOXYLIC ACID: Glyoxylic acid is used for the production of vanillin, ethyl vanillin,
alantoin, ion exchanger resins and as raw material in the pharmaceutical industry. A few

different processes for the production of glyoxylic acid exist [Austria UBA, 2000 #131]:

* Oxidation of glyoxal: A solution of glyoxal in water is oxidised with nitric acid or with
nitrogen oxides. In the first separation step oxalic acid is crystallised at temperatures of
approximately 20°C. With further cooling to temperatures between —10°C and 0°C

glyoxylic acid crystallises.
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e Oxidation of acetaldehyde: During the oxidation of acetaldehyde for glyoxal production
10 % glyoxylic acid are produced. An increase in temperature and higher concentrations of
nitric acid will provide higher amounts of glyoxylic acid.

« Oxidation of ethylene: Ethylene is oxidised with nitric acid to glyoxylic acid in the presence
of paladium salt.

* Ozonolysis of maleic anhydride: Raw materia for the production of glyoxylic acid with
ozonolysis is maleic anhydride. The process uses temperatures between —15 and —25 °C. By-
products are formic acid and carbonic acid. The advantages is that nitric acid is replaced by
ozone for the oxidation and thus less emissions can be expected. The disadvantage of this
process is the high amount of electric energy, which is necessary for the production of ozone.
This process route has emissions of:

e Air emissions: Exhaust gas of the ozonolysis plantsisincinerated
* Wastes: Liquid by-products, contaminated solvents, and distillation residues from the
ozonolysis plants may be incinerated

CHLORO-ACETIC ACID: The chlorination of acetic acid produces (mono) chloro-acetic
acid. The HCI by-product is cooled, condensed and recycled to the reactor, and any residual
acidity is removed in a scrubber. The di-chloro-acetic acid and hydrogen by-products are
converted to mono-chloroacetic acid, HCl gas and some unwanted adehydes (removed in
alkaline scrubber). Excess hydrogen is vented to atmosphere [InfoMil, 2000 #83]. Waste water
contains high loads of chloro-organics (see Table 3.10) but is amenable to biological treatment.

FORMIC ACID: can be produced as a by-product of acetic acid manufacture (a liquid-phase
catalytic oxidation), or from routes based on methyl formate, methyl formate via formamide, or
sodium formate [ Environment Agency (E&W), 1999 #7].

METHACRYLIC ACID: is manufactured by the acetone cyanohydrin process, or the vapour-
phase catalytic oxidation of isobutylene or tertiary butanol [Environment Agency (E&W), 1999
#7]. The acetone cyanohydrin process comprises five process stages, starting with the
conversion of the cyanohydrin to an amide in a stirred reaction vessel. The amide is then
hydrolysed to methacrylic acid. The methacrylic acid is recovered in a phase separator and
purified by didtillation. Organic material is recovered for recycle and spent acid can be
recovered.

Environmental issues

Air: Vent gases from the by-product acid separator. Vent gases from the reactor and hydrolyser
containing carbon monoxide, sulphur dioxide, and organic compounds, including methacrylic acid.
Control techniques include destruction of the fuel-rich vent in a gas burner.

Water: Waste streams from vacuum systems containing organics. Waste water from the organics
recovery unit. Special control techniques include the recovery of organics from purge water.

PROPIONIC ACID: is either manufactured as a by-product of acetic acid manufacture, or by
the OX O process [Environment Agency (E&W), 1999 #7].

TEREPHTHALIC ACID: is manufactured by first oxidising para-xylene in an acetic acid
carrier liquid to produce a crude terephthalic acid, and then selective catalytic hydrogenation of
the crude product to allow a recovery of pure terephthalic acid. Both the oxidation and the
purification steps employ crystallisation of the reaction products, followed by solid/liquid
separation (using a centrifuge or filter) and solids drying to recover pure terephthalic acid from
the process solvents / by-products. Special control techniques include: the recovery of by-
product organic acid and catalyst traces as a solid residue; the optimisation of the reactor
conditions to minimise by-product production; lagoons to cope with high peak BOD loads (from
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equipment washing, or process blockages), and incineration of off-gases [Environment Agency
(E&W), 1999 #7] [InfoMil, 2000 #83].

Environmental issues

Air: Off-gases from the oxidation stage containing carbon monoxide, acetic acid, methyl acetate,
para-xylene and methyl bromide. Solvent recovery column vent (containing carbon monoxide,
methyl acetate, para-xylene and acetic acid). Atmospheric absorber vent (containing acetic acid and
methyl acetate). Purification plant scrubber containing terephthalic and acetic acids. Off-gas dryer
vents (containing methyl acetate, acetic acid and para-xylene).

Water: Agueous condensate from solvent recovery and acetic acid dehydration columns containing
acetic acid, formaldehyde, methyl acetate, para-xylene and methanol. Waste water from
purification of the crude terephthalic acid contains para-toluic acid, terephthalic acid, benzoic acid
and other organic acids, together with manganese and cobalt salts. Aqueous condensate from the
residue treatment crystalliser steam eductors. Recovery of by-product. Biological treatment because
of high BOD-loads.

Wastes:. Filter cake from residue recovery area.

3.4.5 Esters

ACRYLATE is produced by the esterification of acrylic acid with different alcohols (e.g.
CH3OH or C,HsOH) [Austria UBA, 2000 #96]. The highly odorous emissions are minimised by
incinerating both waste water and waste gas.

DIMETHYL TEREPHTHALATE (DMT) is used to produce polyester resins for fibres and
photographic film. DMT is produced by the oxidation of p-xylene and methanol with concurrent
esterification. In the first oxidation step, p-xylene is catalytically oxidised with air to p-toluylic
acid (PTS) and water. In the first esterification step converts PTS and methanol to PTE (para-
toluylacetic methylester) and water. PTE is then oxidised to HE (mono methylterephthal ate)
and water. In the second esterification step DMT and water are formed from HE and methanol.
Raw DMT is purified by distillation. Methanol used in the DMT production can be recycled
from the polymerisation step (PET production). The waste water stream may be incinerated but
also treated in a waste water treatment plant. Even if the reaction is exothermic, there is a need
for alarge amount of energy to keep the process at the right temperature (above melting point of
products). DMT can aso be produced by the esterification of terephthalic acid and methanol
[InfoMil, 2000 #83] [Austria UBA, 2000 #96].

Environmental issues

Air: The high concentrations of organic dust in the oxidation reactor off-gas are reduced by cooling
(with heat recovery); washing (to remove polar compounds); and activated carbon filtration.
Organic residues are incinerated and off-gases are filtered (to remove cobalt and manganese). The
vent gases are washed in a scrubber and the residual gasisincinerated.

Water: Waste water stream isincinerated.

Wastes. Hazardous wastes are incinerated.

Energy: Exothermic process with energy recovery.

ETHYL ACETATE is produced by the esterification of acetic acid and methanol (CH;COOH
+ C,Hs0H), or from acetaldehyde using a Tischtschenko reaction [Austria UBA, 2000 #96].

3.4.6 Acetates

VINYL ACETATE can be produced by the oxidation of ethylene (C,H, + %2 O, + CH3;COOQOH)
or catalytic addition of acetylene to acetic acid (C,H, + CH;COOQOH). Ethylene, acetic acid and
oxygen undergo a vapour phase reaction at 160 °C and 8 barg over a noble metal catalyst of
palladium and gold and potassium acetate supported on silica beads. The product is quenched,
carbon dioxide is removed using hot potassum carbonate, and unconverted oxygen and
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ethylene recycled. Acetaldehyde, ethyl acetate and higher esters are formed as by-products. A
purge stream prevents inert build-up. Unconverted acetic acid is separated from the crude
product by distillation and recycled. The vinyl acetate is purified in a series of distillation
columns [Environment Agency (E&W), 1999 #7]. Vinyl acetate can be also produced from
acetylene and acetic acid.

Environmental issues

Air: Hydrocarbons from the reactor loop purge. Carbon dioxide from absorption/desorption system.
Water: Sodium acetate in the neutralised agueous effluent from water stripping.

Wastes: High boilers, light ends etc are used as fuel.

3.4.7 Ethers

GLYCOL ETHERS: mono, di, and higher glycol ethers are produced catalytically from an
alkene oxide (ethylene or propylene oxide) and an acohol (methanol or n-butanol). The
products are purified through digtillation and residua streams (containing catalyst) are
incinerated [InfoMil, 2000 #83].

Environmental issues

Air: VOC, ethylene oxide and propylene oxide (mainly from fugitive sources).
Water: Biological treatment.

Wastes: None significant.

Energy: Exothermic process

METHYL-TERTIARY BUTYL ETHER: MTBE is an important additive for petrol and more
information can be found in the Refineries BREF. Minor production occurs from the
dehydrogenation of isobutane and the oxidation of isobutane [Austria UBA, 2000 #134].
However, the majority of MTBE is produced by the addition of methanol to isobutene, in the
presence of an acid catalyst (CH;OH + C4Hg). The crude product is purified by distillation. A
refinery mixture (containing different butanes, butenes and isobutene) is used as feedstock and,
after the isobutene has been reacted, the other compounds are returned to the refinery. Methanol
is recovered. The by-products of tertiary butyl alcohol, dimethyl ether and di-isobutene can be
used as fuel [InfoMil, 2000 #83] [Austria UBA, 2000 #134].

Environmental issues

Air: End-of-pipe technology: flare with gas recovery system. VOC losses predominantly from
fugitive sources.

Water: Waste water istreated physically (sand / oil removal by filtration and gravity separation)
and biologically.

Wastes: Significant process waste not identified. Used catalyst treated externally. Remaining
liquids are recycled or also treated externally.

Energy: Exothermic process.

3.4.8 Epoxides
Ethylene oxide considered in detail as an illustrative process in Chapter 9.

PROPYLENE OXIDE: can be produced by the indirect oxidation of propylene with hydro
peroxides or peroxy carbon acids (Oxirane process -(CsHs + C4Hio + O3)) or chlorohydrin
process (2C3Hg + 2HOCI + Ca(OH),) [Austria UBA, 2000 #96]. The Oxirane process starts with
oxidation of isobutane with pure oxygen to get a mixture of Tertiary Butyl Hydro Peroxide
(TBHP) and Tertiary Butyl Alcohol (TBA). Isobutane is recovered from the TBA/TBHP
solution by distillation and is then mixed with catalyst and propylene and reacted in the
epoxidiser section to form propylene oxide. Further distillation recovers the unreacted propylene
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and catalyst to produce pure propylene oxide and TBA products. Recovered catayst is
conditioned for re-use with a centrifuge and a film evaporator, and this also gives a vapour
product which is used as a fudl gas, and a solid fuel product [InfoMil, 2000 #83]. The current
production trend is to substitute isobutane with ethylbenzene leading to the production of
styrene together with propylene oxide.

Environmental issues

Air: Isobutane from oxidation unit and first distillation column analysers. Fugitive emissions dueto
high pressures and temperatures of reactor and distillation. All other emissions used as fuel gasin
vapour recovery system (e.g. flare).

Water: Caustic washing in the isobutane distillation creates a stream of mixed hydrocarbons that
requires stripping prior to biological treatment.

Wastes: Solid fuel from the catalyst recovery unit is used in power stations and cement factories.
Energy: The reactions are exothermic and steam is generated at several stages. Excess fuel gas can
be exported for its calorific value.

3.4.9 Anhydrides

ACETIC ANHYDRIDE: The main production are the acetic acid/ketene route and
carbonylation of methyl acetate [Environment Agency (E& W), 1999 #7].

* in the acetic acid/ketene route, acetic acid is catalytically decomposed (cracked) to give
ketene and water at 700 °C and reduced pressure. Alternatively, positive pressure may be
used. Product vapours from the process comprise ketene, some unreacted acetic acid and
by-products. The ketene is added to acetic acid under reduced pressure to give acetic
anhydride that is recovered by distillation

e in the carbonylation route, methanol is first esterified with acetic acid (possibly from a
recycle source) or a portion of the product acetic anhydride, to produce methyl acetate.
Carbonylation of methyl acetate yields acetic anhydride. This route is associated with the
carbonylation of methanol to acetic acid.

MALEIC ANHYDRIDE: Maeic anhydride is used for the production of unsaturated
polyesters, the production of fumaric and maleic acid, as intermediate for the production of
pesticides, fungicides, insecticides and herbicides and as additive for lubricating oil. In 1991
36 % of maleic acid production capacity was still based on benzene oxidation and the rest was
from the oxidation of C, compounds especially butane and butene. A small amount of maleic
anhydride by-product forms in the production of phthalic anhydride [Austria UBA, 2000 #130].

Oxidation of benzene. Most of the reactors use a fixed bed of catalysts for the reaction, but
fluidised bed reactors are aso used. All of the different processes for benzene oxidation use
similar catalysts based on V,0s (maybe modified with MoOj3). Due to the highly exothermic
reaction, normally tube bundle reactors with up to 13000 externally cooled tubes are used.
Fused salts are used as circulating heat exchange liquid to remove the reaction heat and to
produce steam (approximately 80 % of heat can be used for steam production). The oxidation of
the benzene/air mixture takes place at 350 — 450 °C and 1.5 — 2.5 bar with residence times over
the catalysts of about 0.1 s and an air excess. For separation of maleic anhydride from the
reaction gas mixture the reaction gas is cooled in several heat exchangers. In the last cooler the
temperature is below the condensation temperature of the anhydride and 50 to 60 % of the
anhydride is obtained directly from the reaction gas mixture. The remainder is washed out with
water in the product recovery absorber in the form of maleic acid. The 40 % maleic acid is
converted to maleic anhydride, usually by azeotropic digtillation with xylene. Some processes
may use a double effect vacuum evaporator at this point.
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Environmental issues

Air: The product recovery absorber vent contains CO, CO,, benzene, formaldehyde maleic acid

and formic acid —the benzene is recovered by adsorption (e.g. on activated carbon) and re-used in
the production process. Fugitive emissions of benzene, maleic acid and maleic anhydride also arise
from the storage and the handling of these substances. Emissions of xylene from the vacuum pumps
and the xylene-stripping column.

Water: The xylene content of effluent is extracted in axylene-stripping column. Waste water
treated in central biological facilities.

Energy: Highly exothermic reaction.

Oxidation of butene: The principle of butene oxidation is very similar to the oxidation of
benzene. Again fixed bed tube reactors with a catalyst based on V,0s are used. The reaction
takes place at 350 — 450 °C and 2 — 3 bar. Important by-products of this reaction are CO,, CO,
formaldehyde, acetic-, acrylic-, fumaric-, crotonic- and glyoxylic acids. A process variant uses a
V,0s-H3PO, catalyst in afluidised bed and has the advantage of easier heat removal at constant
reaction temperatures. In contrast to benzene oxidation in the work up no partia condensation
of maleic anhydride takes place. The reaction gas is washed with dilute aqueous maleic acid
solution. The dilute maleic acid solution is concentrated under vacuum or with the help of water
entraining agents. The exhaust gas contains 10 to 20 % of theinitial hydrocarbons that could be
removed by incineration. The emission from the dehydration units has to be taken into account.

Oxidation of butane: N-butane is the most economic raw materia for maleic anhydride
production. The process conditions are similar to those for benzene oxidation. Again the
catalysts are based on vanadium oxides, but they differ in the promoters such as phosphorus and
the oxides of Fe, Cr, Ti, Co, Ni, Mo etc. Fixed bed as well as fluidised-bed processes (e.g.
ALMA process) are used. Exothermic reaction heat is removed from the reactor producing high-
pressure steam. There are emissions from the dehydration units. Reactor exhaust gas (after
scrubbing) is combusted asit contains unreacted input material butane and carbon monoxide.

PHTHALIC ANHY DRIDE is manufactured by the gas (or liquid) phase catalytic oxidation of
ortho-xylene (or naphthalene) with air. The reactor gases are cooled and crude product de-
sublimes in condensers before vacuum distillation to the required purity. The off-gases are
either water scrubbed or incinerated [Environment Agency (E&W), 1999 #7] [Austria UBA,
1999 #65] [InfoMil, 2000 #83].

Environmental issues

Air: Off-gas from the switch condenser scrubber, containing phthalic anhydride, maleic anhydride,
various acids, sulphur dioxide and carbon monoxide. Combustion products from incinerated
residues and overheads from the distillation columns. Special control techniques include the wet
scrubbing of switch condenser off-gases, with recovery of maleic anhydride by processes such as
azeotropic dehydration; catalytic incineration of scrubber tail gas, or condenser off-gasif no
scrubber isinstalled; incineration or fuel use of all hydrocarbon residues.

Water: Acidic scrubber liquor from the switch condenser off-gas scrubber or waste water from
maleic anhydride recovery.

Wastes: Solid organic residues from distillation columns and stills.

WASTE WATER ISSUES FOR OXYGENATED COMPOUNDS. A survey of German
oxygenated processes quantifies the volume of waste water arisings and COD/AOX |oads after
any pre-treatment but prior to biological treatment (Error! Reference source not found.). The
survey aso gives the pre-treatment techniques used to make waste waters amenable to
biological treatment (Table 3.11).
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Product

Waste water volume
(m3t product)

COoD
(kg/t product)

AOX
t product)

<01 [01-1

1-10 | >10

<01 [01-1

1-10| >10

<01 [01-1

1-10

10-100

>100

Formaldehyde (oxide
process)

X

Formaldehyde (silver
process)

X

MTBE / tertiary
Butanol / Butene

Ethylene oxide

Phenol

Propylene oxide (by
chlorohydrin process)

Acetic acid

Ethylene glycol /
Propylene glycol

Phthalic anhydride

Adipic acid

Acrylic acid / Acrylate
ester

Acetaldehyde (by
ethene oxidation)

Acetaldehyde (via
ethanol)

2-Ethyl hexanal

Isopropanol

Ethanol

Bisphenol A

Glycolether

Methyl-methacrylate

Acetic anhydride/
Acetic acid

XX |[X|X

Ethyl acetate

Methylethylketone

Chloroacetic acid

1,4-Butandiol /
Formaldehyde

Maleic anhydride

X

Cyclohexanal /
cyclohexanone

X

X

Note: Figures Include all emissions except rainwater and cooling water blowdown.

Table 3.10: Quantification of waste water arisings from oxygenated processes
[UBA (Germany), 2000 #88]

Product

Treatment technique

Incineration

Stripping

Distillation

Extraction

Sedimentation
& Flocculation

Hydrolysis

Adsor ption

MTBE/ tertiary
Butanol / Butene

X

Ethylene oxide

Ethylene glycoal /
Propylene glycol

Acrylic acid /
Acrylate ester

Acetaldehyde (by
ethene oxidation)

2-Ethyl hexanol

Bisphenol A

Acetic anhydride/
Acetic acid

XXX

Maleic anhydride

Cyclohexanol /
cyclohexanone

Table 3.11: Non-biological treatment techniquesfor oxygenated process waste waters
[UBA (Ger many), 2000 #88]

50

Production of Large Volume Organic Chemical




Chapter 3

3.5 Nitrogenated compounds

Section 4.1d of Annex 1 to the IPPC Directive considers “ hitrogenous compounds such as
amines, amides, nitrous compounds, nitro compounds or nitrate compounds, nitriles, cyanates,
isocyanates’. From this list, an illustrative process was chosen for the production of
Acrylonitrile (a nitrile) and this is described in Chapter 11. Although not a consensus decision
of the TWG, detailed information is also provided on the process for the production of Toluene
Diisocyanate (a cyanate) in Chapter 13.

Table 3.12 gives Europe's most important nitrogenated organic products (in tonnage terms).
Thetable also indicates what type of process description is provided in the BREF (if any).

Product Production capacity (kt per year) Process description?

Nitrobenzene 1218

Acrylonitrile 1130 Illustrative process
Caprolactam 1095

Aniline 839 V

MDI 832 J
Adiponitrile 500 V
Hexamethylene diamine 440 v

TDI 413 Illustrative process
Melamine 270 V

Methyl amine 248 N

Ethanol amine 223 V
Ethylene amine 138 v
Acrylamide 114 v

Table 3.12; Nitrogenated organics with European production capacitiesin excess of 100 kt/yr
[UBA (Germany), 2000 #89] based on Standard Research Ingtitute (SRI) data, Directory of
Chemical Products Europe, Vol. |1, 1996

3.5.1 Amines

Amines are derived from ammonia by replacing one or more of the hydrogen atoms with alkyl
groups. Amines are classified as primary, secondary, or tertiary depending on whether one, two
or three hydrogen atoms are replaced.

3.5.1.1 Aliphatic amines

ETHANOLAMINES: All three ethanolamines, monoethanolamine (MELA), diethanolamine
(DELA) and triethanolamine (TELA) are produced concurrently in the exothermic reaction of
ethylene oxide and ammonia. The reaction is carried out at an elevated temperature and
pressure, with excess ammonia to ensure complete conversion of the ethylene oxide. The need
for a catalyst is dependent upon the reactor operating conditions. The relative distribution of
ethanolamines in the crude reactor product can be varied in response to market demand. A high
ratio of ammonia to ethylene oxide is used when MELA and DELA are required. MELA and
DELA arerecycled if DELA and TELA are the desired products [Environment Agency (E&W),
1999 #7].

ETHYLAMINES & ISOPROPYLAMINES are usually produced on the same plant on a
campaign basis. Primary, secondary and tertiary ethylamines are produced concurrently but the
tertiary isopropylamine is limited by steric hindrance. Diethylamine is generaly the most
important product, but the manufacture of the various products is governed by the rdative
market demands and the ability to recycle surplus product. A basic reactor system design is
used world-wide with variations on the associated distillation  system.
Ethylamines/isopropylamines are manufactured by the gas-phase reaction of anhydrous
ammonia and either ethanol or isopropanol at elevated temperature and pressure in the presence
of a hydrogenation catalyst (e.g. Raney nickel) [Environment Agency (E&W), 1999 #7].
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METHYLAMINES: The unit process of ammonolysis is important in the production of
amines, especially the methylamines of monomethylamine (MMA), dimethylamine (DMA) and
trimethylamine (TMA). Methylamines are produced in equilibrium in the catalysed vapour-
phase alkylation of ammonia with methanol at 260 - 320 °C and a pressure greater than 20 barg.
The exothermic reaction is carried out over a fixed-bed of amorphous silica-alumina catalysts.
The crude reaction mixture consists of excess ammonia, mono-, di- and trimethylamines,
reaction water and uncovered methanol, and is usualy purified in a distillation train
[Environment Agency (E& W), 1999 #7].

Environmental issues

Air: Process vents that contain methylamines are routed via an absorption system to enable
recovery (in a stripper) and recycling. Due to the low odour threshold of MMA, DMA and TMA,
leaks are minimised through the good design of storage and handling facilities, seals on pumps, and
the minimisation of flanges in pipe work. Bio-treatment or incineration may be necessary as back-
up systems to remove odour.

Water: Waste water is generated in the reaction and arises from scrubber water purges (containing
soluble amines and ammonia). Water use in the scrubbing systems is minimised. Biological
treatment of waste water.

Wastes: Spent catalyst.

QUATERNARY AMMONIUM SALTS: The alkylation of amines forms quaternary
ammonium salts (general formula R*N*X- where X istypically a hdideion; R is an aiphatic or
aromatic group). Amines react with an alkyl halide to form the next higher amine in the series
and the reaction can proceed to the final stage to produce the quaternary salt. Trimethylamine
(TMA) is reacted with ethylene dichloride (EDC) to produce the chlorinated quaternary salt as
an aqueous solution. The process involves the exothermic, batch reaction of the two liquid
feeds, with an EDC excess, carried out at 2.5 barg and 100 °C [Environment Agency (E&W),
1999 #7].

3.5.1.2 Aromatic amines

ANILINE: One of the most important aromatic amines is aniline. It is produced either by the
reduction of nitrobenzene (the Bechamp process) or by the catalytic hydrogenation of
nitrobenzene (in the gaseous or liquid phase). The production of nitrobenzene and aniline are
often integrated [Environment Agency (E& W), 1999 #6].

Environmental issues

Air: NOx emissions are often controlled by caustic scrubbing prior to discharge to atmosphere.
Vent gases (mainly methane and hydrogen) have a high calorific value and can be used as fuel or
incinerated.

Water: Alkali water (‘red water’) is particularly toxic and contains nitrophenols and picrates that
|each from the organic phase during washing. Typical concentrations range from 1000 to 10000
ppm. Various abatement techniques have been employed including wet air oxidation, incineration
and charcoal adsorption followed by incineration. The acidic water stream is usually managed in a
conventional bio-treatment plant after neutralisation.

Wastes: Catalyst residues (copper/silica) are either disposed of by landfill or recycled.

CYCLOHEXYLAMINE: Aniline may be subsequently used to produce cyclohexylamine by
the liquid-phase hydrogenation of aniline in the presence of a catalyst (cobalt, nickel or
ruthenium/palladium) [Environment Agency (E& W), 1999 #6].

ETHYLENEDIAMINE: The production of ethylenediamine (1,2-diaminoethane) first involves
the reaction of ethylene dichloride (EDC) and ammonia to form the intermediate diethylene
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triamine hydrochloride. The intermediate is neutralised with sodium hydroxide and converted
into amines, salt and water. Ethylenediamine is separated by crystallisation and distillation,
whilst the ammonia and sodium hydroxide are recovered. The by-products are diethyl triamine
(DETA), higher polyamines and ammonium salts. Vinyl chloride is also formed due to the
partia decomposition of EDC [InfoMil, 2000 #83].

An ethylenediamine process in Sweden does not use chlorinated reactants. The plant is run in
two continuous stages. In the first stage monoethanolamine (MEA) is formed from ethylene
oxide and ammonia, and in the second MEA is again reacted with ammonia to form ethylene
amines. Ammonia that has not reacted is recirculated in each stage. Intermediate and final
products are purified by distillation.

MELAMINE (24,6-triamino sym-triazine) is used to produce melamine resins, glue and
decorative surfaces, either from dicyanamide or urea[Austria UBA, 2000 #95].

¢ dicyanamide can be exothermically converted to melamine in a liquid phase (using, for
example, a methanol solvent mixed with ammonia, or liquid ammonia) but this requires the
recovery and cleaning of solvents. In the solid phase reaction the main problem is to remove
reaction heat and so minimise by-product formation and prevent melamine decomposition

» melamine is produced from urea either under high pressure or using catalysts in a highly
endothermic reaction. Much of the ureais decomposed to ammonia and carbon dioxide, and
is recovered, most obvioudly for urea production. The process variants that use high
pressure include the Allied Chemicals process, the Montecantini process and the Nissan
process. The Catalytic low-pressure processes include the Chemie Linz process, Dutch-
Staatsmijnen Process and the BASF process.

3.5.2 Amides

Amides are characterised by an acyl group (-CONH,) attached to an organic e.g. Formamide
(HCONHy,), Carbamide (Urea).

ACRYLAMIDE is manufactured by the reaction of acrylonitrile and water in a continuous
stirred tank reactor operating at 100 °C and 4 barg and with a copper-based catalyst. Hydrogen
is used to activate the catalyst. Product is steam stripped from the resulting agueous sol ution.
Unreacted acrylonitrile can be recycled within the process to give amost complete chemical
conversion [InfoMil, 2000 #83].

Environmental issues

Air: Acrylonitrile. Residua atmospheric emissions are treated in a scrubber.
Water: Copper from catalyst after separation by precipitation / flocculation.
Wastes: AMD polymer, Copper ludge, waste water treatment sludge.
Energy: Exothermic process. Energy recovery is practised.

UREA (CO(NH,),) is mainly used in the production of: fertiliser; additives to agricultural
fodder; resins and glues (condensation reactions with formaldehyde); melamine; dyes; and
varnishes. Urea is produced by the exothermic reaction of liquid anmonia and liquid carbon
dioxide at high pressure (200 - 250 bar) and temperature (160 — 200 °C) to form ammonium
carbamate. The use of ammonia and carbon dioxide raw materials can be optimised by recovery
and recycle, and ‘Total Recycle’ processes now exist (either by conventional recycle or by
stripping). The ammonium carbamate decomposes endothermically at lower pressure to urea
and water. The urea solution is concentrated to molten urea in an evaporator (short residence
times are used to minimise decomposition to ammonia and cyanic acid). Alternatively the urea
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is crystallised and subsequently separated from the solution by centrifuge. The urea melt or urea
crystals can be used as raw material for different products, or prilled or granulated into solid
product. Newer plants tend to use granulation as the large volumes of cooling air used in prilling
towers create a significant air emission [Austria UBA, 2000 #93]. Further information may be
found in the BREF on Large Volume Inorganic Chemicals and in the EFMA’s (European
Fertiliser Manufacturer’s Association) booklet titled * Production of Urea and Urea Ammonium
Nitrate' .

Environmental issues

Air: Exhaust gas from the prilling or granulation system contains ammonia and ureadust. This
requires abatement with wet scrubbers, dry dust collectors or electrostatic precipitators. The
efficiency of ammoniaremoval can be improved by using an acid washing solution, but this
prevents recycling of the solution in the production process. The process for concentrating the urea
solution creates an off-gas containing ammonia and carbon dioxide.

Water: The process reaction produces approximately 300kg water per tonne of urea, mainly in the
evaporation unit. Ammonia and carbon dioxide contaminants are removed by stripping or by
digtillation. A hydrolyser decomposes the urea contaminants into NHz & CO, (for process re-use).

3.5.3 Nitrous / nitro / nitrate compounds

The two main nitration reactions are the nitration of aromatics and the production of explosives
[Environment Agency (E&W), 1999 #6]. There are a number of issues whatever combination
of agent/reaction is used, namely:

» thereisagreat diversity of raw materials and products

* large amounts of acid gas are evolved from the process

* large excesses of acid are used to drive the reaction

e gas streams are formed that are rich in oxides of nitrogen (NOx). These may be diluted
with air to convert the NO into NO, and this can be treated in a scrubber containing weak
caustic soda. Alternative technigues are recovery, via absorption in nitric acid, and SCR

e cyclones are often used to remove surplusliquid.

In aromatics nitrations, the reactor is charged with an organic material plus a nitrating agent
(often a‘mixed acid’ of sulphuric acid/nitric acid) [Environment Agency (E&W), 1999 #6]. A
wide range of operating conditions may be used but typically atmospheric pressure and 100 °C.
On completion of the reaction, the mixture is quenched in water or ice (possibly in a separate
vessal). Releases from the reactor may include:

- acidic vapours (largely nitric or sulphuric acid) from the reaction and quenching
- unreacted nitrating agent arising from the use of excessto drive the reaction

- VOC emissions

- acidic waste waters.

In the separation stage, the quenched mixture is separated using pressure filtration. Releases
from this activity may include:

« filtrate contaminated with unreacted raw material and acid. Some may be recycled, most is
neutralised with lime to form gypsum. Reprocessing of the filtrate to recover sulphuric acid
is more common and is environmentally preferable

» dilute acidic wash waters (from washing the product on the filter) that will require
neutralisation.
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In explosives nitrations, glycerine or cellulose is nitrated in a reactor with mixed acid at about
0°C. This evolves nitrogen oxide off-gases. The resulting chilled emulsion is separated and
washed with water and sodium carbonate. Spent acid from separation is ditilled to obtain the
nitric and sulphuric acid components. This may generate releases of nitric acid and sulphuric
acid from distillation, and acidic waste waters.

3.5.4 Nitriles

Acrylonitrile isthe most commercially important nitrile product and is considered in detail as an
illustrative process.

ADIPONITRILE isan intermediate in the synthesis of nylon. It can be produced by the hydro-
cyanation of butadiene, or the eectro-hydrodimerisation of acrylonitrile. The electro-
hydrodimerisation of acrylonitrile is carried out in reactors that contain lead-plated carbon steel
electrodes. The crude adiponitrile stream is vacuum distilled to produce a product stream and
high/low boiling fractions for incineration. A crystalliser is used to reclaim the majority of the
phosphate and borate species from the electrolyte. The agueous phase from the crystalliser is
sent for lead removal in which sodium-hydrogen sulphide is added to form a lead sludge for
separation by centrifuge [Environment Agency (E&W), 1999 #7].

HEXA-METHYLENEDIAMINE: Adiponitrile may be catalytically hydrogenated to produce
hexa-methylenediamine (HMD) either by a high-pressure process or a low-pressure process. In
the high-pressure process, liquid ammoniais used to suppress the formation of by-products and,
with typical hydrogenation temperatures of 80 - 150 °C, this results in operating pressures in the
range 200 - 340 barg that maintain the ammonia in the liquid phase. In the low-pressure
process, acohols and/or an agueous akali are used to suppress the formation of by-products.
The hydrogenation catalyst may be a catalyst slurry or a fixed bed of reduced cobalt, iron,
ruthenium or Raney nickel [Environment Agency (E& W), 1999 #7].

3.5.5 Cyanates /isocyanates

Cyanates and isocyanates contain the radical -NCO. Mono-isocyanates are used commercially,
but the term usually refersto diisocyanates.

DIPHENYL METHANE DIISOCYANATE (MDI) is a raw materia for the production of
polyurethane resins [InfoMil, 2000 #83]. MDI is produced by the phosgenation of diamino
diphenyl methane (DADPM). The production of the phosgene and DAPM raw materials is
highly integrated into the process. Phosgene is prepared continuously from chlorine gas and
carbon monoxide over a carbon catalyst, and then condensed. DADPM is prepared from
formaldehyde and aniline with a hydrochloric acid catalyst. After the reaction, HCl is
neutralised with caustic soda, and the resulting sodium chloride brine is gravity separated from
the DADPM for effluent treatment. Methanol inhibitor in the formaldehyde leaves with the
process water. The DADPM is water-washed to remove salt traces and stripped with steam /
nitrogen to remove aniline residues. Aniline is condensed and stored for re-use in the DADPM
production. The non-condensables from the aniline recovery and the reactor vent gases are sent
to the waste gas treatment unit. The DADPM product is stored prior to phosgenation.
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In the phosgenation section, condensed phosgene is absorbed in monochlorobenzene (MCB)
and passed to the phosgenation reactor for reaction with DADPM. The reaction gas consists of
mainly HCI and phosgene and is recycled to the absorption column. The off-gases from the
absorption column (mainly HCI from the phosgenation reactor and some carbon monoxide) are
diverted to the HCI recovery section where HCI is compressed and exported.

The crude MDI mixture is separated from the MCB solvent in three steps. Firstly, the MDI
mixture is thermally degassed. The recovered phosgene is returned to the absorption column of
the phosgenation section and the recovered MCB is stored for re-use. Secondly, the MDI
mixture is purified in a vacuum system and de-chlorinated (to remove HCI) by nitrogen
stripping. Here the generated gases are sent to the waste gas treatment unit. The recovered MCB
is stored for re-use. In the MCB recovery some phenyl isocyanate is also recovered. The phenyl
isocyanate is converted to a MDI isomer and ends up as part of the polymeric MDI product,
which contains several MDI isomers. In the splitting section the MDI mixture is split into pure
4,4 MDI, mixed isomers and polymeric MDI (al of them useful products).

The waste gas treatment section deals with the process vents and vapours from the MCB, HCI
and aniline storage. The vents from the DADPM section and the HCI and aniline storage are
cooled to condense and recycle DADPM vapours. The uncondensed gases are treated in a
caustic scrubber prior to emission to the atmosphere. The other vents from MCB storage, the
MDI / MCB separation section and the M DI splitting section are refrigerated and subsequently
led to awater and serial caustic scrubber prior to release to the atmosphere. Scrubber liquids are
treated in the process water treatment unit.

The process water treatment consists of two parts. The first part, the amine-brine section, treats
the DADPM, methanol, aniline and phenol-containing brine from the DADPM section. Phenol
is a contaminant in the raw material aniline. Methanol is recovered through fractionation and
exported. DADPM and aniline are recovered for re-use through extraction (DADPM in aniline),
gravity separation and steam stripping (last stage removal of aniline and methanol prior to
discharge of process water). The waste water from this unit is discharged to the centra
biological waste water treatment plant. The second part of the process water treatment deals
with scrubber drains and rainwater and removes MCB through gravity separation and steam
stripping. The recovered MCB is returned to the MCB storage. The treated water is discharged
to the central biological waste water treatment plant.

Environmental issues

Air: Waste gas emissions from the waste gas treatment units. Fugitive emissions. All raw materials,
intermediates and auxiliary products such as MCB, aniline, DADPM, carbon monoxide and HCI
are recovered for re-use. Process vents and vents from HCI, aniline, DADPM and MCB tank
storage are treated in water and / or caustic scrubber prior to discharge to atmosphere.

Water: Liquid extraction is applied to remove DADPM. Steam strippers are installed to remove
aniline and MCB from process and scrubber water discharges to the biological waste water
treatment plant. The most important contaminant is phenol.

Wastes: Methanol and halogenated waste from the recovery of MCB from certain off-spec
materials are incinerated.

Energy: Phosgene, DADPM and MDI production are exothermic processes but not to the extent
that heat recovery options such as steam generation can be applied.

3.5.6 Other

CAPROLACTAM (hexamethyleneimine) is the main raw material for the production of
polyamide-6 (nylon). Caprolactam is produced via the intermediate cylohexanone
(ketohexamethylene) some of which is used as a solvent in the production of paint. A
caprolactam production unit typically consists of four stages [InfoMil, 2000 #83]:
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1) Cyclohexanone (ANON) plant: Cyclohexanone is produced catalytically from phenol and
hydrogen. By-products are cyclohexanol and residues (tar). Cyclohexanol is converted into
cyclohexanone whilst generation of hydrogen takes place. Tar is incinerated for heat
generation purposes. Waste gas from the reactors contains hydrogen and methane. Methane
isan impurity of the hydrogen gas. The waste gasis used as site fuel gas system or flared.

2) Hydro xylamine phosphate oxime (HPO) plant: Oxime, the basic intermediate for
caprolactam production, is produced via the phosphate route. This utilises two circular
counter current liquid streams of an inorganic liquid (ammonium nitrate, phosphoric acid
and water) and an organic stream (mainly consisting of toluene).

3) Hydro xylamine sulphate oxime (HSO) and caprolactam purification plant: Oxime from the
HSO route plus the oxime from the phosphate route are converted to caprolactam via the
sulphate route.

4) Caprolactam finishing plant: Caprolactam is extracted with benzene. A water wash then
removes ammonium sulphate and organic impurities. The remaining benzene is evaporated
in a stripper. Further purification is achieved by ion exchange, by catalytic hydrogen
treatment, by evaporation and by distillation

Environmental issues

Air: The cyclohexanone plant has emissions of cyclohexanone, cyclohexanol, benzene,
cyclohexane from tank vents and vacuum systems. The HPO plant has emissions of cyclohexanone
from tank vents and vacuum systems; toluene tank vent emissions; NOx and NO, from the catalytic
NOx treatment unit. The HSO plant has emissions of cyclohexanone and benzene from tank vents
and vacuum systems; SO, emissions; NOx and NO, from the catalytic NOx treatment unit. Waste
gases from the HPO and HSO plants are used as fuel or flared. Waste gases with nitric oxide and
ammonia are converted to nitrogen and water over a catalyst. Benzene tanks are connected to a
vapour destruction unit. Vents on oleum, phenol and ammonia storage tanks are equipped with
water scrubbers. Balancing lines are used to reduce losses from loading and unloading.

Water: After effluent stripping with steam, the main residual contaminants are caprolactam,
cyclohexanone and oxime, and effluent can be treated biologically. The main TOC loads are from
the cyclohexanone production. For the manufacture of caprolactam from cyclohexanone, specific
water volumeisin the range of 0.1 - 1 m*/t and the COD load is 1 - 10 kg/t. Although Ammonia
can be separated as a saleable product, effluents may still contain considerable ammonia loads that
can be reduced by biological nitrification / denitrification.

Wastes: Tar from cyclohexanone production isincinerated. Catalysts are recovered.

Energy: Waste heat recovery is widely applied.

PYRIDINE (N(CH)s) is manufactured world-wide by the catalysed ammonolysis of
acetaldenyde and formaldehyde. Methylpyridine is a by-product of the 2,2-bipyridyl
manufacturing process, which involves the use of pyridine. Dimethylpyridine a batch fraction
can be produced as a by-product from a wet pyridine recovery plant.

WASTE WATER ISSUES NITROGENATED COMPOUNDS. A survey of German
nitrogenated processes quantifies the volume of waste water arisings and COD/AOX loads after
any pre-treatment but prior to biological treatment (Table 3.13). The survey also gives the pre-
treatment techniques used to make waste waters amenable to biological treatment (Table 3.14).
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Product

Waste water volume
(m3t product)

COD
(kg/t product)

AOX

(g/t product)

<01 |01-1]1-10| >10

<0.1

01-1]1-10

>10

<0.1

1-10

10-100

>100

Nitrobenzene

X

Acrylonitrile

X

Caprolactam

X

Aniline
(hydration of
nitrobenzene)

X

X
X
X

Aniline
(reduction with
iron)

TDA

DI
(+phosgene)

Ethanol-amine

X

MDA

MDI
(+phosgene)

X

X

Note: Figuresinclude all emissions except rainwater and cooling water blowdown.

Table 3.13: Quantification of waste water arisings from nitrogenated processes
[UBA (Ger many), 2000 #88]

Product

Treatment technique

Incineration | Stripping

Digtillation

Extraction

Sedimentation
& Flocculation

Hydrolysis

Adsor ption

Nitrobenzene

X

X

Acrylonitrile

Caprolactam

Aniline
(hydration of
nitrobenzene)

Aniline
(reduction with
iron)

TDA

TDI (+phosgene)

MDA

X

Table 3.14: Non-biological treatment techniquesfor nitrogenated process waste waters
[UBA (Ger many), 2000 #88]
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3.6 Halogenated compounds

Annex 1 to the IPPC Directive does not elaborate on what products might be considered
halogenated but Table 3.15 gives Europe’'s most important halogenated organic products (in
tonnage terms). The table aso indicates what type of process description is provided in the
BREF (if any).

Product Production capacity (kt per year) Process description?
1,2-Dichlorethane (EDC) 10817 Illustrative Process
Vinyl chloride (VCM) 6025 Illustrative Process
M ethyl chloride 466
Per chlor oethylene 434
M ethylene chloride 321
Chloroform 318
Epichlorohydrin 290 V
Allyl chloride 244 V
Chloro benzene 233
Tetrachloromethane 205
Trichlorethylene 202
Ethyl chloride 107

Table 3.15; Halogenated organics with European production capacitiesin excess of 100 kt/yr
[UBA (Germany), 2000 #89] based on Standard Research Institute (SRI) data, Directory of
Chemical Products Europe, Vol. |1, 1996

Chlorinated products have most commercial importance, and there are few large volume
brominated products. The most commercially important halogenation reaction is the production
of ethylene dichloride/vinyl chloride (EDC/VCM) and this is considered in detail as an
illustrative process in Chapter 12. Other commercialy or environmentally important
hal ogenation reactions are:

e thefurther chlorination of EDC to trichloroethylene and perchloroethylene

» hydrochlorination of methanol to methyl chloride (and further chlorination to methylene
chloride)

» hydro-fluorination of chlorocarbons (e.g. chloroform) to hydrochlorofluorocarbons (HFCs).

Halogenation processes are typicdly large-scale plants where an organic feedstock is reacted
with halogen or halide in a pressurised continuous reactor at elevated temperature in the
presence of acatalyst. A range of halogenated organic products is formed, which are separated
by condensation and distillation in a train of columns depending on the complexity of the
mixture. Unwanted by-products are recycled to the process where possible. Unreacted halogen
and halide are recovered and returned to the process or other productive use wherever
practicable. Where it is necessary to vent a gas stream, the release of VOCs is abated by an
appropriate technique (e.g. incineration, adsorption). Emergency vents are directed to a
collection system with suitable abatement facilities. Residues such as heavy ends from
distillations are incinerated and not released to land.

Although halogenation is characterised by a very wide variety of reaction options, a number of
environmental issues are associated with virtualy all options, namely [Environment Agency
(E&W), 1999 #6]:

- the potential for release of organo-halogensto the air, water and land environments

- the potentia for formation of dioxins

- sophisticated storage and handling techniques may be required

- halide and halogen gases are formed and require abatement by water and/or caustic
scrubbing.
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The choice of halogenating agent is obviously dependent on the reaction chemistry, but a
consideration of the strengths and weaknesses of the aternative agents gives an insight into
some generic factorsin their use (Table 3.16).

Halogenating Advantage(s) Disadvantage(s)
agent
Chlorine Many reactions will generate only gaseous Sophisticated storage and handling fecilities are

by-product streams, which are easily removed | normally required.
from the off-gas.

On completion of the reaction, only small
amounts of chlorine usually remain.

Bromine Asfor chlorine. Asfor chlorine.
Can be contained in small, easily handled
containers.
lodine Readily available. Charging of the solids to the reaction vessel
Does not require sophisticated storage may require special solids handling equipment.
facilities. Difficulties with certain waste disposal routes.
Thionyl Many reactions will generate gaseous by- Reacts violently with water, a cohols, etc.
chloride product streams, which are most easily On completion of the reaction, considerable
Sulphuryl removed from the off-gas. excess quantities can remain and these have to
chloride Readily available in containers up to 200 be removed by distillation.
litres. Removing the reaction product may be
Does not require sophisticated storage difficult.
facilities.
Phosphorustri- | Readily availablein containers up to 150 Charging of solids to the reaction vessel may
and penta- litresand in bulk. require specia solids handling equipment.
chloride On completion of the reaction, may be Effluent containing phosphorus compounds
removed by filtration. may require specialist treatment.

Reacts violently with water and fumes on
contact with moist air.

Aluminium Readily available. Evolves fumes readily in contact with moist air,
chloride Does not require sophisticated storage generating hydrogen chloride and aluminium
facilities. hydroxide.

Can be used to carry out chemical reactions Generates a considerable volume of agueous
to produce substances that would be difficult | effluent containing aluminium salts. This

to make using other approaches effluent isusually highly acidic.

Charging of solids to the reaction vessel may
require specia solids handling equipment.

Hydrogen Readily available in anhydrous form or Sophisticated storage and handling facilities are
halides agueous sol ution. often required.
May generate no gaseous by-product.

Table 3.16: Comparison of halogenating agents
[Environment Agency (E& W), 1999 #6]

Hal ogenation processes will nearly always involve areaction vessel (to combine an organic feed
with the chosen halogenating agent) and a separation technique (to segregate waste from
product). The main releases from reactors will be VOCs (potentialy organo-chlorines), halides
/ halogens, and an aqueous solution of reaction medium (HCI or inorganic salts). Separation
processes may create wash waters (from filtration) and VOCs (from evaporation) [Environment
Agency (E&W), 1999 #6].

ALLYL CHLORIDE is produced by the chlorination of propylene. The substantial quantities
of chlorinated by-products (HCI, dichloropropane, 1,3-dichloropropylene) are separated by
digtillation and incinerated. HCI is recovered from the incinerator for sale. Waste gases are
scrubbed with an akali liquor and this produces calcium and sodium hypochlorite [InfoMil,
2000 #83]. Some plants may incinerate waste gas and this avoids waste water generation.

CHLORO FLUORO HYDROCARBONS (CFCs) are used as cooling fluids and raw materia
for production of TFE (tetrafluoro ethylene)-monomer. CFCs are produced from chloroform and
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hydrogen fluoride, with help of a catalyst. Hydrogen chloride is formed as a by-product and is
purified for sale as a 30 % HCI solution in water [InfoMil, 2000 #33].

Environmental issues

Air: Waste gases are thermally incinerated. A 30 % solution of HF in water is recovered for sale.
Chlorine vapours are sent to chlorine destruction. Pollutants are VOCs, aromatic hal ogenated
hydrocarbons, freons, and trichlormethane — mostly from fugitive sources.

Water: Air strippers remove organic compounds (e.g. chloroform) from waste water and pass
vapour to incinerator. Main pollutants are inorganic chlorine and fluorine compounds.

Wastes: Used catalyst is regenerated externally.

Energy: Endothermic process.

EPICHLOROHYDRIN is produced by a two-step aqueous phase reaction. In the first stage of
epichlorohydrin (chloropropylene oxide) production, allyl chloride and hypochlorite are reacted
to produce dichlorohydrin and HCI. In a combined hydrolysis / rectification unit the
dichlorohydrin is further reacted with dichloro isopropanol to form epichlorohydrin which is
instantly separated from the agueous solution. The by-products include trichloro propane,
tetrachloro propylethers and chloroether [InfoMil, 2000 #83]. The waste water organic load can
be reduced by extension of the product rectification column. Lime and other inorganic solids are
separated by filtration. The organic load (TOC) mainly consists of glycerine that is easy to
biodegrade. As an alternative to biological treatment, the treatment with hypochlorite is applied
to remove COD and AOX (reduction 90 % and residua AOX of 3 mg/l). Emissions after
treatment are about 3.5 kg COD/ t product, 150 g AOX/t product and 3 g EOX/t product.
Application of sodium hydroxide instead of calcium hydroxide in the agueous process steps
may reduce the release of heavy metals and the related toxicity of the waste water effluent.

WASTE WATER ISSUES HALOGENATED COMPOUNDS. A survey of German
processes quantifies the volume of waste water arisings and the COD/AOX loads after any pre-
treatment but prior to biologica treatment (Table 3.17). The survey aso records the pre-
treatment techniques used to make waste waters amenable to biological treatment (Table 3.18).

Product Waste water volume COD AOX
(m?3t product) (kg/t product) (g/t product)

<01 [01-1]1-10| >10 | <01 |01-1]1-10| >10 | <01 |01-1|1-10]10-100 | >100
EDC (by direct X X X
chlorination)
EDC (by oxy- X X X
chlorination)
Methylchloride X X X
Epichlorohydrin / X X X
Allylchloride
Chloro-benzene X X X
Ethyl chloride X X X

Note: Figuresinclude all emissions except rainwater and cooling water blowdown.

Table 3.17: Quantification of waste water arisings from halogenated processes
[UBA (Germany), 2000 #88]

Product Treatment technique
Incineration Stripping | Didtillation | Extraction | Sedimentation | Hydrolysis | Adsorption
& Flocculation
EDC (by direct X X
chlorination)
EDC (by oxy- X X X
chlorination)
Epichlorohydrin / X X
Allylchloride
Chloro-benzene X

Table 3.18: Non-biological treatment techniques for halogenated process waste waters
[UBA (Ger many), 2000 #88]
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3.7 Sulphur compounds

The large and diverse group of sulphur-containing organic compounds does not have an
illustrative process in this BREF. Annex | of the IPPC directive gives no examples to explain
the term * sul phurous compounds’, but the Paris Workshop [CITEPA, 1997 #47] considered that
the group may include “ mercaptans, sulphonates, sul phates, sulphur oxides’.

Products such as the main thioalcohols may be considered as commodity chemicals. For
example, methanethiol is produced at fairly large scale for methionine (for which an EC
capacity of 150 kt/yr exists). However, many other products will be produced at less than the
nominal 100 kt/yr threshold for LVOC and are confined to specialist producers. Some of the
more important products include [EC DGXI, 1992 #23]:

e amino acids containing sulphur: methionine, cysteine

* mercaptans. methanethiol, ethanethiol, butanethiol

« didkyl sulphides: dimethyl sulphide, diethyl sulphide

e thiuram sulphides: tetramethyl thiuram monosulphide

e acids: thioacetic acid, thioglycollic acid

» dithiocarbamates: dimethyl & dibutyldithiocarbamates

» heterocyclics. thiophene, thiazole

» others: dimethylsulphoxide

» linear akyl benzyl sulphonates and linear alkylphenyl ethoxylates (APEQO) (manufacture of
detergents).

Sulphonation reactions may be considered in terms of the sulphonation of aromatics, and the
sulphonation/sulphation of aliphatics [Environment Agency (E&W), 1999 #6]. The reactions
cover a wide diversity of raw materials and products, but most are typified by the need for a
large excess of acid (to drive the reaction) and the evolution of acid gas. Sulphonation often
generates a sulphur trioxide (SO3) rich gas stream, which can be treated in a ceramic- packed
scrubber containing 98 % sulphuric acid, followed by a candle filter to eliminate mist
[Environment Agency (E&W), 1999 #6].

In the sulphonation of aromatics, the reactor is charged with organic materia plus the
sulphonating agent (often a ‘mixed acid’ of sulphuric acid/nitric acid). A wide range of
operating conditions may be used but typically atmospheric pressure and 100°C. On
completion of the reaction, the mixture is quenched in water or ice (possibly in a separate
vessel). Releases from the reactor may include:

- acid vapours (largely sulphuric acid) from the reaction and quenching

- unreacted sulphonating agent arising from the use of an excessto drive the reaction

- VOC emissions

- acidic waste waters.

In the separation stage, the quenched mixture is separated using pressure filtration. Releases

from this activity may include:

» filtrate contaminated with unreacted raw material and acid. Some may be recycled, but
most is neutralised with lime to form gypsum

» dilute acidic wash waters (from washing the product on the filter) that will require
neutralisation.

Sulphur trioxide is often used in the sulphonation/sulphation of aliphatics. The reaction
generates acidic vapours, VOCs and acidic waste waters. The most important products are the
linear alkyl sulphonates (LAS) used in detergents. Waste gas streams may also arise from
neutralisation of acid reaction product and any on-site sulphur trioxide production.
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CARBON DISULPHIDE is manufactured by the reaction of vaporised sulphur and
hydrocarbons (such as methane, ethane, propylene or natura gas). The gas mixture is heated to
580 - 650 °C and pressures between 2.5-5 barg to produce carbon disulphide and hydrogen
sulphide.  Uncondensed carbon disulphide is recovered from the hydrogen sulphide by
absorption in odourless kerosene, followed by steam stripping, and the combined carbon
disulphide streams are purified by distillation. The hydrogen sulphide is converted back to
sulphur in a Claus plant [Environment Agency (E& W), 1999 #7].

Environmental issues

Air: Carbon disulphide and hydrogen sulphide are steam-stripped from the stabiliser feed drum
overflow and sent to the flare system. Gases |eaving the absorber column contain hydrogen
sulphide, sulphur and carbon disulphide, and pass through a wire-mesh filter to remove entrained
droplets before sulphur recovery in a Claus unit. The carbon disulphide surge tank vent is kept live
with a methane (natural gas) blanket and this leads to a continuous discharge (possibly
contaminated with carbon disulphide) to the flare system. Compressed air is used to strip carbon
disulphide from the surge tank catch pot overflow, and the resulting gas stream will require
treatment if it contains a significant concentration of carbon disulphide. Odourless kerosene from
the production plant may be used to absorb carbon disul phide vapours emitted during the filling of
tankers. Jacketed pipework from sulphur condensers dischargesto the flare stack. During furnace
start-up, a methane feed is established, and sulphur slowly brought on-line until the desired
conversion is achieved.

Water: The aqueous layer from the stabiliser feed drum is degassed with steam and passed to a
catch pot to which cold water is added. A purge of the lean oil system is completed to prevent the
build-up of sulphur compounds and this is stripped using a polysul phide caustic liquor.

Wastes: The sulphur filters are coated with diatomaceous earth and this is periodically removed
(together with some sulphur and inorganic impurities).

DITHIOCARBAMATES are produced by the reaction of an agueous akaline solution of
secondary or tertiary amines with carbon disulphide. Aqueous dithiocarbamates can be added to
an aqueous meta salt to produce a metal dithiocarbamate slurry that is then filtered and dried.
Zinc, nickel and copper dithiocarbamates are the main products [Environment Agency (E&W),
1999 #7].

ETHYL PENTACHLOROTHIOPHENE (EPCT) is produced by the reaction of phosphorus
pentasulphide and ethanol to form diethyldithiophosphoric acid (DETA). DETA is chlorinated
to produce EPCT and a sulphur precipitate [Environment Agency (E&W), 1999 #7].

Environmental issues

Air: Breathing releases from the ethanol storage tank are released directly to the atmosphere. Off-
gases from the reactor are incinerated with contaminated combustion air drawn from the building
caustic scrubber discharge and storage tank vents.

Water: Spent scrubber liquor is discharged frequently. Hydrochloric acid (32 %) is generated in
the adsorber (water scrubber) from hydrogen chloride fumes and either sold commercially or used
to neutralise alkaline liquid waste streams.

Wastes: Cartridges from the DETA filter are collected and sent for off-site disposal. The residues
generated in the chlorination are discharged to steel drums and allowed to cool before sealing and
landfill disposal.

THIOLS can be manufactured by a number of processes [Environment Agency (E&W), 1999
#7]. Ethanethiol is prepared by the vapour-phase reaction between ethylene and hydrogen
sulphide over an acid catalyst. Methanethiol is similarly prepared from the corresponding
alcohol. Other primary thiols are prepared by the UV-light-promoted addition of hydrogen
sulphide to primary alkenes. Tertiary alkanethiols are prepared from the corresponding tertiary
alkene and hydrogen sulphide, in a continuous flow reaction over asolid catalyst. Thiophenol is
prepared by the red phosphorus reaction of benzenesulphonyl chloride, or by the high-
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temperature reaction of monochlorobenzene and hydrogen sulphide. Process equipment and
storage vessels for thiols are constructed of carbon steel, aluminium, stainless sted or other
copper-free alloy. Thiols stored in carbon steel are kept dry and blanketed with an inert gas to
prevent the formation of iron sulphur complexes. Rubber is not suitable for hoses or gaskets.

Environmental issues

Air: The opening of drums prior to charging into reactors creates vapours that are locally extracted
and passed to carbon adsorbers or incineration. Used drums are gently heated in a drum
decontamination plant and the extracted vapours are adsorbed, incinerated or caustic scrubbed.
Blending tanks are vented to a carbon adsorber, incinerator or caustic scrubber. Road tankers are
equipped with a carbon adsorber to remove residual odours. Spent tanker wash-down methanol is
usualy incinerated.

Water: The final water flushing of tankers containing unspent hypochlorite is discharged to
effluent treatment.

Wastes: Effluent treatment sludges and filter-cakes containing dithiocarbamates and other sul phur
complexes are sent to landfill.

THIOPHENE: There are three commercial processes for the production of thiophene. One
route is the vapour-phase reaction of furan and hydrogen sulphide over a hetero-polyacid-
promoted metal oxide catalyst at 300 - 400 °C. The second route, is the continuous reaction of
carbon disulphide and C, compounds (1-butene, butadiene, n-butanol and 2-butenal) over an
alkali-promoted metal oxide catalyst at 500 °C. The third process involves the continuous
reaction of butane and sulphur at 500 - 600 °C over a mixed metal oxide catalyst [Environment
Agency (E&W), 1999 #7].

3.7.1 Generic issues in the production of sulphur compounds

The following technigques are relevant to most processes involving organic chemicals containing
sulphur [Environment Agency (E&W), 1999 #7]:

Waste gases:

» waste process gases are likely to contain hydrogen sulphide and, where practicable, undergo
sulphur recovery

e during normal operation, waste streams containing mainly carbon disulphide are adsorbed
in odourless kerosene. The resulting stream containing hydrogen sulphide, sulphur and
carbon disulphide can be incinerated to give sulphur dioxide as well as carbon oxides and
water vapour. Methods to minimise the release of sulphur oxides are considered. Where
appropriate, sulphur recovery units are installed upstream of any incineration equipment

e contaminated extraction air can be dealt with most easily by incineration. Otherwise,
carbon or biological filters may be considered. Amine, caustic scrubbing or other systems
may be appropriate for particular releases

e odour problems are particularly prominent in the manufacture of thiols and other organic
sulphur compounds. Adsorption beds and bio-filters may be used to eliminate odours from
fugitive releases in enclosed areas

» cyclones are often used to remove surplus liquid from gas streams

* many sulphur compounds have low odour thresholds and conventional equipment designs
(e.g. flanged pipework, centrifugal pumps) may have an unacceptable level of releases.
Thisresultsin the use of al-welded pipework, canned pumps and scrubbing equipment.

Effluents:

e liquid effluents will originate from scrubbing systems, process wastes and routine cleaning
of equipment. The effluents may contain carbon disulphide, or hydrogen sulphide,
mercaptans or other organic sulphur compounds

» effluents are likely to require primary and secondary treatment prior to discharge to the
environment
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e steam or air stripping can remove contaminants such as hydrogen sulphide and carbon
disulphide and prepare the effluent for biological treatment, but the resulting off-gas will
reguire sulphur recovery or incineration

* agueous wastes contaminated with kerosene (carbon disulphide process) will require oil
separation. Where possible, contaminated kerosene is regenerated on-site by stripping with
a polysulphide caustic liquor

e gpent scrubber liquors can be treated with hypochlorite to form inert chlorates of sulphur.
The use of hypochlorite or other easily handled oxidant (such as hydrogen peroxide or
0zone) may be considered for the elimination of odoursin effluent.

Wastes:

* wastes are likely to contain organic sulphur compounds. Operators may need to ensure that
the sulphur compounds are removed prior to the landfilling or that the wastes are suitably
contained to prevent the release of the sulphur component and to limit odours.

The recovery of sulphur from process vents is important both for process efficiency and
environmental protection. Recovery is usually based on scrubbing using different absorbentsin
a variety of different contacting methods. Some of the absorbents are described below
[Environment Agency (E&W), 1999 #7].

e Mono- or diethanolamine (e.g. methyl-diethanolamine, MDEA) reacts with hydrogen
sulphide and carbon dioxide to form inert compounds. The amine absorbent passes counter-
current to the sour gas in a packed column producing sweetened gas for further treatment.
The rich amine stream is transferred to a feed drum, which also separates entrained
hydrocarbons. Amines have good absorption efficiency and can be tailored to suit particular
waste streams. The same hardware configuration can also be operated with a potassium
car bonate absorbent.

* In order to avoid the degradation losses suffered by MDEA solutions, the solvent sulfinol
may be used. The sulfinol solution usually consists of 40-45% sulfolane (tetra-
hydrothiophene dioxide), and 40 - 45 % diisopropanolamine. Sulfinol provides greater gas-
treatment capacity, lower solvent circulation, lower heat requirements, and lower rates of
solvent degradation.

* In the alkazid process a solution containing the potassium salt of N,N-diethylglycine or
N,N-dimethylglycine selectively absorbs hydrogen sulphide, carbon dioxide, mercaptans
and small amounts of carbon disulphide, and hydrogen cyanide. The absorbent is thermally
regenerated.

Sulphur can be recovered from the absorbent using the Claus system. The rich amine stream
from the scrubber is first heated in a regenerator column to drive off the hydrogen sulphide.
The overheads are cooled, and condensate is recycled to the column. The lean amine stream is
recycled to the scrubber and the acid gas (greater than 90 % hydrogen sulphide) is passed to
sulphur recovery. In the sulphur recovery unit, part of the acid gasis burnt with air in a furnace
to produce sulphur dioxide and water vapour. Further hydrogen sulphide then reacts with the
sulphur dioxide to produce water vapour and elemental sulphur. Both reactions occur in the
combustion stage and sulphur is condensed for removal from the exit gases. Further acid gasis
added in are-heater and the mixture is passed to the first catalytic stage, containing a fixed bed
of bauxite, where the second reaction continues. The reaction is equilibrium-limited and overdl
conversion of hydrogen sulphide to sulphur depends upon the number of reacting and
condensing stages. To achieve acceptable conversion, three stages are required, or two stages
and tail gas clean-up. Residual sulphur dioxide and hydrogen sulphide are passed to tail gas
incineration before discharge to a vent. Sulphur recovery plants can operate to a recovery
efficiency of at least 98 % during normal operation. This will normally require three catalytic
conversion stages with a selective catalyst in the final stage (e.g. super-Claus process) or with
further treatment of the tail gas (residual sulphur dioxide is reduced to hydrogen sulphide for
recycle to the amine scrubbers).
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Alternatively, sulphur can be directly recovered from weak hydrogen sul phide streams by liquid
redox technologies that oxidise hydrogen sulphide to sulphur using the action of a number of
mild oxidising agents. In the Stretford process, the gas stream is first washed in an akaline
solution containing dissolved vanadates and anthraguinone disulphonic acids, fixing the
hydrogen sulphide. The liquid from the washing stage then passes to a reaction tank, where
virtualy all the hydrogen sulphide is converted into elemental sulphur. The oxidation stage
separates the sulphur from the solution, for return to the washing stage. The sulphur is floated
off as a froth and further recovery produces a saleable form. The sulphur is usually recovered
from the durry in a molten form by decantation under pressure, frequently with prior filtration.
The vanadium-based Stretford process can achieve removal efficiencies of 99.9 % and the
process is tolerant to fluctuating flow-rates. However, the use of vanadium may have
undesirable environmental implications, and other processes, utilising non-toxic iron-based
catalysts, have been devel oped.

3.8 Phosphorus compounds

Annex | of the IPPC directive gives no examples to explain the term * phosphorus-containing
hydrocarbons. These are a specidised group of products and are of most importance in
agricultural insecticides. The sector may include [EC DGXI, 1992 #23]:

» diethyl phosphorodithioate (as used in Phosal one)

» diethyl phosphorochloridothioate (as used in Demeton, Phoxim, Parathion)
« dimethyl hydrogen phosphorodithioate (as used in Malathion)

» dimethyl hydrogen phosphorothiaote (as used in Omethoate).

It is possible that no substances in this sector are produced in excess of the nominal 100 kt/yr
threshold for LVOC.

3.9 Organo-metal compounds

Annex | of the IPPC directive gives no examples to explain the term ‘organo-metallic
compounds' and neither did the Paris Workshop [CITEPA, 1997 #47] elaborate upon the term.

The limited information on organo-metal compounds suggests that many are produced below
the annual production capacity of 100 Kt/yr that has been nominally chosen to define LVOC.

ORGANO-LEAD, ORGANO-LITHIUM AND ORGANO-MAGNESIUM COMPOUNDS.
Whilst the production of every compound involves a unique approach, there are a number of
common issues with the production processes for organo-lead, organo-lithium and organo-
magnesium compounds, namely [Environment Agency (E& W), 1999 #6]:

» the reactions are strongly exothermic and require control to prevent emergency venting of
the reactor contents

» the reactions are sensitive to the presence of atmospheric oxygen and moisture, which can
compromise product quality and, in some cases, can give rise to pyrophoric reactions

» organic solvents are used extensively due to the widespread potentia for water to adversely
affect the reactions

» the presence of both organic and metal-based pollutants in waste streams and

» alarge number of side-reactions that can reduce reaction yields and increase the complexity
of wastes.

In addition to these general issues, the production of each type of compound gives rise to a
number of specific issues.
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There is still alimited market for lead alkyl products, particularly outside Europe, but thisis
constantly declining. All existing processes are based on the batch-wise reaction of lead/sodium
alloy with ethyl or methyl chloride. The main issues to note with this type of reaction are as
follows [Environment Agency (E& W), 1999 #6]:

tetramethyllead (TML), but not tetraethyllead (TEL), is unstable on its own and is thus
manufactured, stored and sold as an 80:20 mixture with toluene

alarge excess of lead needs to be used during the process, with the result that up to 75 % of
the lead is not incorporated into the product and needs to be recovered. Other reagents, (e.g.
alkyl chlorides) are also used in excess and need to be recovered

the reaction usually takes place under pressure to ensure that the normally gaseous akyl
chloride reagent is present in the reaction vessel asaliquid

TEL can be removed from gas streams by the use of minera oil-based, packed tower
absorbers. TEL isrecovered from the oil by stripping under vacuum with heating

waste waters will typically receive pH adjustment followed by settlement to remove
inorganic lead compounds. Lead-rich dudges can be collected and sent for recovery.
Soluble organo-lead compounds can be removed by reduction with sodium borohydride or
zinc. Alternatively, chemical precipitation can be used followed by adsorption and ozone
treatment.

Table 3.19 summarises some of the key process units and sources of releases in the reaction.

Unit Activity Main release(s)

Reactor Reagents are charged to reactor with catalyst where Hydrocarbons and alkyl chloride vented

(autoclave) | they arerefluxed at the desired pressure and from reflux.
temperature (typicaly 6 bar for TEL and 24 bar for Excess akyl chloride vented off at
TML and approx. 65 °C for both). completion of reaction.

Batch still Reaction mass from autoclave is transferred to a batch Remaining akyl chloride driven off as

(reactor) still pre-charged with water. batch still heated.
TML/TEL isthen distilled off by direct steam injection | Still residues (primarily lead, sodium,
and condensed and collected in a separation vessel. chloride, sodium hydroxide and alkyl

chloride).

Phase Remaining water and impurities are removed from Lead and other impurities in aqueous

separation TML/TEL by phase separation. stream.

Blending TML/TEL is blended with a variety of materialsto Dibromo- and dichloroethane from
form final product. blending process.

Collection Effluents from the various stagesin the process are TEL/TML vapours.

pits

directed to collection pits for the recovery of lead.

Table 3.19: Key process unitsand releasesin lead compound production
[Environment Agency (E& W), 1999 #6]

The most important lithium alkyl is n-butyllithium, which is used extensively as an initiator in
polymerisation reactions. All commercia production of n-butyllithium is based on the reaction
of lithium metal with n-butyl chloride. The most important elements in its production
[Environment Agency (E&W), 1999 #6]:

some reagents and the product are pyrophoric and they also react exothermically with water
to form butane gas. The process therefore takes place in a hydrocarbon solvent that
excludes moisture and air. The main solvents used are pentane, hexane and cyclohexane
large amounts of inert gas (nitrogen and argon) are used during parts of the process and
these will entrain volatiles

vents are fitted with oil bubblers to prevent the ingress of air/moisture into the process. QOil
from these bubblers may be volatilised and lost to atmosphere

lithium metal is expensive, and therefore considerable attention is paid to its recovery
during the process and from subsequent waste water- treatment.

Table 3.20 summarises the main process steps, release points and substances rel eased.
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Unit Activity Main release(s)

Reactor Lithium ingots are melted in mineral oil at 180 - 190 °C and then Mineral oil drained from the
cooled to form 'clean’ finely divided lithium. The mineral oil is reactor and hydrocarbon wash
drained from the reactor and a hydrocarbon solvent added to wash contaminated with lithium.
the lithium. Thistoo is drained from the reactor to form alithium Hydrocarbon solvent emissions to
dispersion. air.

Reactor Lithium dispersion is charged to reactor and butyl chloride added at Hydrogen. Hydrocarbon solvent
aconstant rate. emissions.

Filtration | Reaction massisfiltered twice. The resulting filtrate is the product. Filter cake sent for recovery.

Table 3.20: Main process stepsin the production of n-butyllithium
[Environment Agency (E& W), 1999 #6]

Organo-magnesium compounds are used extensively as Grignard reagents. A wide variety of
reactions have been developed to produce specific compounds, but typically these can be
viewed as the displacement of a halogen by magnesium from the desired organic group. The
most important element of the production of organo-magnesium compounds is that they are
aways made and used in an organic solvent, typicaly ethers (e.g. tetrahydrofuran) which
provide good solubility. Although a wide variety of different reactions can be used, a typical
reaction may consist of the process units, activities and rel eases outlined in Table 3.21.

Unit Activity Main release(s)
Reactor Solvent and magnesium metal are charged to reactor Alkyl halide and solvent emissionsto
before the controlled addition of an organo-halide. air.
Reactor Reaction mass is transferred to another reactor for the Solvent emissionsto air.
addition of a second organic compound.
Distillation | To recover solvent. Solvent emissionsto air.
Distillation column bottoms.
Phase Reaction mass is acidified, with the result that Aqueous phase for effluent treatment.
separation magnesium salts are driven into agueous phase.
Product concentrates in organic phase.

Table 3.21: Production of organo-magnesium compounds
[Environment Agency (E& W), 1999 #6]

ORGANO-TIN COMPOUNDS.

In 1989 it was reported [EC DGXI1, 1994 #24] that only six companies within Europe produced
dibutyltin compounds and the highest production rate was a mere 4.4 Kt/yr (at Ciba Geigy AG
Hessen, Germany). Such have been the environmental pressures on the use of organo-tin
products in the intervening period that current European production is probably even lower.
Production is predominantly in multi-purpose batch plants and products are unlikely to meet the
criteriafor classification as LVOC.
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4 GENERIC EMISSIONS

Consumption and emission levels are very specific to each process and so they are difficult to
define and quantify unless the process has undergone detailed information exchange. Some
estimates of emissions from the organic chemical industry can be found in Table I1-5 of [EC
DGXI, 1992 #23], but thisinformation is brief and somewhat dated.

Process emissions normally have very specific causes, most importantly [InfoMil, 2000 #33]:

e the raw materials may contain contaminants that pass through the process unchanged and
exit with the waste water or waste gas (e.g. the MDI process has emissions that result from
the presence of phenoal (in aniline feedstock) and methanol (in formal dehyde feedstock))

» the process may use air as an oxidant and this creates a waste gas (mainly consisting of
nitrogen) that requires venting to atmosphere (e.g. oxychlorination in the EDC process,
methanol oxidation in formal dehyde process, and toluene oxidation in phenol process)

» the process reactions may yield water that mixes with the product (e.g. formaldehyde
production), and requires separation (e.g. asin MDI or EDC production)

» by-products may be formed by the process reactions or from unwanted side reactions. The
by-products have to be separated from the desired products and can often be used as a raw
materia (e.g. in low-olefin crackers) or asafuel

» auxiliary agents may be introduced into the process and not fully recovered (e.g. solvents)

» unreacted feedstock which cannot be economically recovered or re-used.

The character and scale of emissions are highly variable but are often closely related to plant
age. Emissions will also depend on such factors as: raw material composition; product range;
nature of intermediates; use of auxiliary materials; process conditions, extent of in-process
emission prevention and type of end-of-pipe treatment.

The waste streams from each process will also vary over time, depending on the operating
scenario. The possible sources of waste arisings therefore require consideration during:

* routine operation (i.e. expected emissions under stable running)
e non-routine operation (e.g. start-up, shutdown, maintenance, decommissioning), and
* emergencies (e.g. fires, explosion).

However, LVOC processes utilise many common activities so it is possible to consider in a
generic manner where waste streams may arise and what those streams might contain. The
following lists of waste streams are not exhaustive, nor will all streams occur in every process,
but this chapter provides a checklist of possible emission sources and components against which
a regulator can assess a process to elucidate specific details.  Further generic information may
be found in the WWWG horizontal BREF [EIPPCB, Draft #48].

4.1 Air pollutants

The Paris workshop [CITEPA, 1997 #47] considered that the air pollution issues of a process
were different for:

- batch processes in agqueous solution

- batch processesin solvent systems

- continuous processes in agqueous solution
- continuous processes in solvent systems
- continuous gas phase reactions.

Whilst batch processes are unlikely to apply to LVOC, the other categories are al widely used
in the sector.
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4.1.1 Emission sources

In Chapter 2 the BREF introduced the idea of a generic process for the production of LVOC.
The component parts of that generic process provide a useful structure for identifying the
potential sources of air emissions, and some of these are listed below.

Raw material supply and work-up

e vents on distillation columns and stripping columns for removal of impurities in raw
materials

e ventson pre-mixing vessels (VOCs, particul ates).

Synthesis

» discrete vents serving reaction equipment (e.g. purges, inert vents from condensers, let-
down vessels, process scrubbers)

e vents associated with catalyst preparation and catalyst regeneration (containing VOCs,
COx, NOx, SOx)

» relief devicesto maintain safe operation (e.g. pressure relief valves, bursting discs).

Product separation and refinement

e vents serving separation equipment (e.g. digtillation columns, stripping columns,
crystallisers, condensers)

» particulate from drying and handling of solids

* COx and VOCsfrom the regeneration of purification beds

» solvent regeneration.

Product storage and handling

Detailed information on emission sources may be found in the Storage BREF [EIPPCB, Draft

#49], but in general terms emissions may arise from:

e tank losses from displacement during filling and breathing during ambient temperature
changes (mainly VOCs with rate of loss depending on vapour pressure)

* loading/unloading of containers and vessels (tankers for road, rail and boat)

* blanket gases used in storage tanks

» particulate losses from conveyors

» evaporative losses from spills.

Emission abatement

* waste gas combustion units (e.g. flares, incinerators) may produce secondary pollutants that
did not exit in the origina waste stream (e.g. dioxins, particulates), as well as combustion
gases

» stripping of waste water (with air or steam) will transfer dissolved organics into the gaseous
phase

*  VOCsfrom waste water collection systems (e.g. drains, balancing tanks)

« VOCs from waste water treatment facilities (e.g. vaporisation of VOCs in biological
treatment units)

* VOCs and particulates from storage and treatment of solid wastes.

Energy / utilities

e combustion units are widely used for raising steam, heat and €lectricity (e.g. process
heaters, furnaces). These will produce the usua combustion gases (e.g. COx, NOx, SO,,
particulates) and other pollutants (e.g. acid gases, dioxins) if wastes are combusted.
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Infrastructure

« fugitive losses (especially VOCs) from equipment (e.g. compressors, pumps) and fittings
(e.g. flanges, valves)

» cooling water contaminated with process streams (e.g. from equipment leakage) passing
through cooling towers

» workspace ventilation is primarily a hedth and safety issue. Although the pollutant
concentrations are very low in ventilation air, there may be significant mass releases to
atmosphere because of the high air volumes involved.

» analysers and sampling ports

e equipment evacuation and cleaning in preparation for access (e.g. maintenance).

M anagement systems
Inadequacies of management systems or failure of operators to adhere to procedures may be
source of process upsets or incidents with possible subsequent emissions.

4.1.2 Pollutant types

The main category of air pollutants from the production of LVOC is Volatile Organic
Compounds (VOCs), but there may also be significant emissions of particulate matter, acid
gases and combustion gases.

4.1.2.1 Volatile Organic Compounds (VOCs)

VOCs emissions are of significant environmental concern because some have the potentia for
Photochemical Ozone Creation Potential (POCP), Ozone Depletion Potential (ODP), Global
Warming Potential (GWP), toxicity, carcinogenicity and local nuisance from odour. The
prevention of VOC emissions is therefore one of the most important issues facing the operation
of LVOC processes.

The term VOCs covers a diverse group of substances and includes all organic compounds
released to air in the gas phase, whether hydrocarbons or substituted hydrocarbons. Their
properties, and hence need for control, vary greatly and so systems have been developed to
categorise VOCs according to their harmfulness.

The German TA-Luft classification system is used by severd Member States as a basis for
permitting and national legislation or guidance. It is aso the basis for a system developed in the
UK [Environment Agency (E&W), 1995 #14] which identifies three classes of VOC and
reguires acommensurate level of prevention and control for each class. The three classes are:

- extremely hazardousto health — such as benzene, vinyl chloride and 1,2 dichloroethane

- class A Compounds — that may cause significant harm to the environment (e.g.
acetaldehyde, aniline, benzyl chloride)

- class B Compounds — that have lower environmental impact.

VOC could aso be defined as substances having a vapour pressure greater than 0.3 kPa at 20 °C
(which is close to the US definition for the application limits of systematic LDAR). This limit
was set by the USEPA based on two facts:

e emissions of heavier products through leaks are normally very low and can be visualy
detected
» the sniffing method is not adequate for the heavier products.
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Some VOCs may also be highly odorous, for example aldehydes, mercaptans, amines and other
sulphur-containing compounds. This may necessitate additional stringency in the prevention
measures (e.g. high integrity equipment to reduce fugitives) and the abatement of losses.

VOCs typically arise from: process vents; the storage and transfer of liquids and gases; fugitive
sources and intermittent vents. Losses are greatest where the feedstock or process stream is a
gas; in these cases VOC losses can exceed 2% of total production [Environment Agency
(E&W), 1998 #1]. Point sources of VOCs have been well controlled over recent years and
losses of fugitives (from pumps, valves, tanks etc.) have become the major source of VOC
emissions from many plants.

Some unit processes (e.g. hydroformylation, chlorination, dehydrogenation, condensation,
oxychlorination, hydrochlorination) have reactors with large VOC emission factors but their
high calorific values usually make them suitable for abatement in combustion devices. Other
unit processes (e.g. ammination, anmonolysis, cleavage, esterification, fluorination, hydration,
neutralisation, oligomerisation, phosgenation, pyrolysis, sulphurisation) are reported to have no
reactor vents (and hence VOC emissions), but may have significant VOC emissions from
subsequent distillation units [USEPA, 1993 #33].

4.1.2.2 Particulate matter

In general, arisings of particulate matter are not usualy a major issue in the production of
LVOC, but they may derive from such activities as:

» the conditioning of solid raw materias
e thedrying of solid products

e catalyst regeneration

» wastes handling.

4.1.2.3 Combustion gases

Combustion gases may originate from primary sources such as process furnaces, steam boilers,
turbines and engines, but also from pollutant abatement (e.g. incinerators and flares). Whilst
process furnaces are usually dedicated to one process, steam and éectricity producing units
often serve a complete chemical complex and their emissions cannot be allocated easily to one
process.

Combustion units will generate emissions to air that are related to combustion conditions (e.g.
CO,, H,0O, NOx, CH,, CO, soot) and fuel composition (e.9. SO,, fuel-NOx, metals, soot)
[InfoMil, 2000 #83].

Common gaseous fuels in the LVOC sector are natural gas and low-boiling gaseous fractions
from the processes (e.g. hydrogen, C;-C, hydrocarbons). In general, gaseous fuels combust
cleanly and result in the lowest emissions. Gaseous fuels are normally low in sulphur and have
a low content of bound nitrogen, and so the SOx and fuel NOx emissions from gas firing are
relatively low. Emissions may be increased by air pre-heating (higher thermal-NOx emissions)
and sulphur or nitrogen compounds in the fuel (may cause fuel-NOx and fuel-SO, emissions).
The high temperatures in so-called ‘high temperature process furnaces may aso increase
thermal-NOx emissions.

Liquid fuels may occasionally be used in the LVOC industry. Common liquid fuels are residual
higher boiling fractions from the process and industrial gas oil or fuel oil. Emissions depend
mainly on the concentration of impurities in the fuel. In particular, ‘heavy’ liquid fuels may
cause emissions of dust and heavy metals (due to ash content), emissions of NOx and SO, (due
to nitrogen and sulphur content) and have an increased potential for soot formation.
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4.1.2.4 Acid gases

Mainly hydrogen chloride and hydrogen fluoride formed as by-products during halogenation
reactions. Potentially releases of halogenating agents as well (e.g. chlorine, bromine).

4.1.2.5 Dioxins

Polychlorinated dibenzodioxins (dioxins), polychlorinated dibenzofurans (furans) and
polychlorinated biphenyls (PCBs) may be generated as pollutants from certain production
processes that use chlorine. Dioxins can also be emitted from incinerators treating a chlorinated
or non-chlorinated feedstock if improper operating conditions are used.

4.2 Water pollutants

The Paris workshop [CITEPA, 1997 #47] considered that the water pollution issues of a process
were different for:

- NON-agueous Processes

- processes with process water contact as steam, diluent or absorbent
- processes with aliquid phase reaction system

- batch processes where water is used for cleaning operations.

All but batch processes are likely to be used in LV OC production.

4.2.1 Emission sources

Again, the generic LVOC process provides a useful structure for identifying the source of water
emissions. For all sources, attention should not only be paid to effluent streams that enter
surface waters (rivers, lakes, seas), but adso discharges to groundwater — either directly or
indirectly (viathe contamination of soil). The sources may include:

Raw material supply and work-up
e storage tank overflows
e mixing vessels (e.g. overflows, wash-down).

Synthesis

» water isadded (as reactant solvent or carrier)

» reaction water isformed in the process (e.g. from a condensation reaction)
* water ispresent in the raw material

e process purges and bleeds (especialy of ‘mother liquors')

» quenching of organic vapour streams.

Product separation and refinement

» water isused for product washing and picks up traces of products/ wastes
e gpent neutralising agents (acid or alkali)

e regeneration of ion exchange resins

e solvent recovery.

Product storage and handling
Detailed information on emission sources may be found in the Storage BREF [EIPPCB, Draft
#49], but in general terms emissions may arise from:
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tank overflow

e gpills during loading/unloading

» leakage from tanks and pipe systems
e gpillage from drums and IBCs.

Emission abatement

» effluents may utilise neutralising agents (acid or alkali)
e air abatement systems (e.g. spent scrubber liquor)

* dewatering of sludges

» water bleed from seals drums and knock-out drums.

Energy / utilities

e hydrocarbon contamination of water cooling systems (e.g. from equipment leakage)

« bleed on boiler feed water (containing corrosion-inhibitors, biocides and scale)

¢ bleed on water demineraisation plant

¢ cooling system blowdown

» steam condensate contaminated with raw material, product, or waste (e.g. from equipment
leakage).

Infrastructure

» cleaning operations (washing of vessels, pipes and other equipment to facilitate access e.g.
for maintenance purposes)

o firefighting water

e rain water run-off from roofs and hardstanding

» diffuse sources (e.g. leaks, spills from process equipment)

» oil from mechanical equipment (compressors €etc)

e contamination of condensate from steam ejectors used to create vacuum

e water gland seals on vacuum pumps

e vapour condensates in pipe runs

« genera site effluents from offices, canteens, laboratories and workshops

» water-curtains for hydrocarbons containment and /or acid gases absorption.

M anagement systems
Emissions may occur from process upsets or incidents that are attributable to the inadequacies
of management systems or the failure of operators to adhere to procedures.

4.2.2 Pollutant types

The nature of pollutants in effluents is very specific to the process, but several generic effluent
characteristics are encountered in LV OC processes:

* mixtures of oil/organicsin water. Oils are so widely used in processes that they pose a high
risk of contaminating effluents. Other organic contaminants may arise from raw materials,
by-products and the use of solvents. These may occur as an emulsion or adistinct phase

» biodegradable organics (typically as measured by BOD)

e recalcitrant organics that are not amenable to conventional biological degradation. This
may be measured by tests such as Chemical Oxygen Demand (COD), Total Organic Carbon
(TOC), Adsorbable Organic Halogens (AOX) or Extractable Organic Halogens (EOX)

« volatile organics

* heavy metals—resulting from use of catalysts

e nitrogen-compounds (NH4-N, NOs-N, NO,-N) and phosphate — where used in a process

» acid/ dkaline effluents

e suspended solids

e heat.
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4.3 Wastes

4.3.1 Emission sources

Wastes are very specific to a process, but the key pollutants in wastes can be derived from:
knowledge of the process; materids of construction; corrosion/erosion mechanisms and
materials related to maintenance. In generic terms wastes may include:

Raw material supply and work-up
e off-gpecification raw materials.

Synthesis

e gspent catalyst and catalyst support. Catalysts may become spent because of chemical
deactivation, physical degradation or fouling. The composition of catalysts varies greatly
and is often subject to a high level of confidentiality. Many are based on expensive, exotic
metals and this prompts recovery (either on or off site)

» wastes on shutdown (e.g. organic residues)

e corrosion and erosion products inside equipment (e.g. oxides of iron and other metals).

Product separation and refinement

» gpent purification media. A variety of media are used to remove impurities such as water or
unwanted side products (e.g. activated carbon, molecular sieves, filter media, desiccants, ion
exchange resins)

* unwanted by-products

» process residues (e.g. heavy organic residues from didtillation columns (e.g. tars and
waxes), sudges in vessels). May have value as a by-product, feedstock for another process
or asafuel

* gpent reagents (e.g. organic solvents — these may be valuable to recover/re-use, or to use a
fuel to capture the caorific value)

» off-specification products.

Product storage and handling
Detailed information on emission sources may be found in the Storage BREF [EIPPCB, Draft
#49], but in general terms emissions may arise from:

» waste packaging (e.g. spent drums, sacks)
e product polymerisation in tanks.

Emission abatement

e adsorbents used for spill clean-up

e solids produced by the abatement of air pollutants (e.g. dust from electrostatic precipitators,
bag filters)

» solids produced by the abatement of water pollutants (e.g. catalyst solids settled from waste
water, filter cake).

Energy / utilities
» ashes/ soots from furnaces, heaters and other combustion equipment.

Infrastructure

e decommissioned plant equipment

e construction materials (e.g. metal, concrete, insulation)

e genera site wastes from offices, canteens and laboratories
e gpent cleaning agents (e.g. phosphoric acid)

e gpent ails (lubrication, hydraulic etc)

e gpent heat transfer fluids.
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M anagement systems
Emissions may occur from process upsets or incidents that are attributable to the inadequacies
of management systems or the failure of operators to adhere to procedures.

4.3.2 Pollutant types

The form of wastes may range from discrete solid items to highly fluid sludges with significant
water content. The nature of wastes is very dependent on the process. Wastes may be
hazardous due to the presence of toxic organic substances or heavy metals.

4.4 Factors influencing consumption and emissions

Some of the emission and consumption data in this BREF shows considerable ranges and this
makes the comparison of plant performance very difficult. Much of this variability is explained
by the influence of a number of factors. An understanding of these factors is important for
interpreting emission and consumption data from LVOC processes and so brief explanations
follow [CEFIC, 2000 #110].

4.4.1 Plant boundary definition and the degree of integration

Plants are usually described as being made up of equipment and process units that are ‘1SBL’
(inside battery limits) and ‘OSBL’ (outside battery limits). These definitions are not rigorous
and may depend on the nature of the overall facility within which the plant is located.

At some sites associated production activities may be directly associated with the process under
scrutiny, but at other sites the same activities may be undertaken in separate facilities (i.e.
physically remote and /or operated by another company).

LVOC processes typicaly require the principle utilities (steam, power and cooling water) and
provision for waste water / waste gas treatment. In only a limited number of cases are LVOC
plants totally independent, standalone units with dedicated services. More typically, LVOC
plants are part of an integrated petrochemical and/or refining complex, where common utilities
are provided by central facilities (e.g. dedicated power, steam generation plant, effluent
treatment and flaring facilities).

Integration with other units also allows certain low value or potential waste streams to be
recovered and utilised, or processed into saleable products thus eiminating the requirement for
disposal.

4.4.2 Definition of emission basis

Despite the frequent requirement on producers to provide emission figures to regulatory
authorities, there is no standard basis on which the figures are quoted. The figures may be
actual emissions or just typical levels. Likewise, the figures may, or may not, include emissions
from events such as major plant upsets, emergency releases, overhauls, start-ups and slow-
downs. Other reporting inconsistencies arise from whether waste is subsequently recycled or
processed downstream by the producer himself or athird party, or whether the waste is regarded
as ‘hazardous’ or ‘non-hazardous' by local definition.

4.4.3 Measurement technique
The absence of standardised methods for measuring and reporting emissions makes direct

comparison difficult. Many components are difficult to measure and are frequently reported by
reference to a calculation method that may be based on empirical, model or design information.
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For example, non-channelled (fugitive) emissions may be reported on the basis of direct
measurements or estimates based on a technique that counts the number of emission point
sources (flanges, valves, pumps etc.) and applies standard emission factors relating to the
contained fluid. Likewise the combustion of hydrocarbons at a flare tip may not be 100 %
efficient, but there is no practical way of determining the level of unburned hydrocarbons. The
use of different measurement and reporting methodologies can lead to very different apparent
emission levelsfor similar activities.

4.4.4 Definition of waste

Definition of what constitutes a‘waste’ can have a significant effect on reported emissions and
subsequent plant comparisons. For example, in some facilities site rain water is classified as
waste because it passes through the same treatment facility as process waste water. Solid waste
generation and disposal is particularly complex as many operators are required to provide
complete information on: special wastes, other hazardous wastes, spent catalysts and desiccants,
scrap metal, packaging materials, genera rubbish, office and mess room waste materias.
Elsewhere, reporting requirements are such that only some of these waste categories are
measured and controlled. In some cases, spent catalyst goes for off-site regeneration and/or
precious metal recovery, rather than disposal, and is difficult to evaluate. Likewise, highly
integrated sites may appear to have less waste as they have more opportunities for upgrading
waste streams into products.

4.45 Plant location

Plant location can have an impact on the process flow scheme and as a result, on the nature and
guantity of emissions. This is normally the result of local environmental considerations or
constraints and the effect of cross media environmental aspects. For example, a plant in a
coastal location may utilise seawater for process cooling on a once-through basis, greatly
affecting the specific volume of waste water from the unit. Such a plant may also be able to
separate sulphur compounds, which must be eliminated from the process and convert these to
sulphate, using a wet air oxidation, or acid neutralisation process. The resulting agueous
effluent may be acceptable for discharge to the marine environment but plants located next to
inland watercourses will need to incinerate the concentrated sulphur-bearing stream. Sulphur
dioxide emissions in the former case are zero, whilst in the latter all the contained sulphur is
discharged as SO..
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5 GENERIC TECHNIQUES TO CONSIDER IN THE
DETERMINATION OF BAT

This chapter of the BREF normally provides a catalogue of techniques that can be used to
prevent and control emissions from the process in question, but this is not possible in the
absence of a detailed information exchange for all LVOC processes. Instead, this section
provides an overview of generally available technigues and their application to LVOC
processes. In reading this chapter, reference should also be made to relevant horizontal BREFS,
especially the BREF on Common waste water / waste gas management and treatment which
describes the techniques that are used across the whole chemical industry.

In most cases, processes will achieve environmental protection by using a combination of
process development, process design, plant design, process-integrated techniques and end-of-
pipe techniques. The implementation of some techniques may be easier on new plants, whilst
other techniques can be adopted on existing plants. The chapter therefore considers techniques
involving: management systems; pollution prevention techniques, and pollution control
techniquesfor air, water and solid wastes.

5.1 Management systems

In order to minimise the environmental impact of LV OC processes, it is necessary to appreciate
the central role of effective management systems. The purchase of state-of-the-art hardware
does not automatically guarantee the best environmental performance since it must also be
operated correctly. Likewise, the limitations of older equipment can often be mitigated by
diligent operation. The best environmenta performance is usually achieved by the instalation
of the best technology and its operation in the most effective and efficient manner. This is
recognised by the IPPC directive definition of “techniques’ as “ both the technology used and
the way in which the installation is designed, built, maintained, operated, and
decommissioned” .

An Environmental Management System (EMS) is that part of the overall management system
which includes the organisational structure, responsibilities, practices, procedures, processes
and resources for developing, implementing, achieving, reviewing and monitoring the
environmental policy [InfoMil, 2000 #83]. Environmental Management Systems are most
effective and efficient where they form an inherent part of the management and operation of a
process. There is no definitive EMS and the choice of techniques must be tailored to the
specific circumstances of each site.

Environmental Management Systems can provide a number of advantages, both internal and
external, for example [InfoMil, 2000 #83]:

e improved insight into the environmental aspects of the company

e improved basis for decision making

e improved motivation of personnel

» additional opportunities for operational cost reduction and product quality improvement
e improved environmental performance

e improved company image

» reduced liability, insurance costs and non-compliance costs

e increased attractiveness for employees, customers and investors

e improved relationship with authorities and environmental groups.

Effective environmenta management involves a commitment to continuous environmental
improvement through a cyclica system of: gathering and analysing data; establishing
objectives; setting targets; measuring progress and revising the objectives according to results.
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This systematic approach may be aided by the adoption of formal management standards such
as the Eco Management and Audit Scheme (EMAS) [EC, 1993 #41] or SO 14001.

The following sections provide information on management techniques that have aready shown
benefits to the environmental performance of LVOC processes. The list of techniques is not
exhaustive and it includes many practices that will be considered common sense in well-
managed installations. However, it has been observed that ‘well managed’ installations usually
display good environmental performance as well as profitability, whilst the converse often
applies[Environment Agency (E&W), 1988 #5] [Environment Agency (E&W), 1999 #7].

5.1.1 Management commitment

There are two steps involved in the commitment of management to excellence in environmental
performance. The first step is the formulation of an environmental/sustainable strategy by the
highest management of a company and, secondly, the commitment of this management to
follow the strategy. Many environmental strategies exist, but the commitments required by
CEFIC's ‘Responsible Care' ® initiative [CEFIC, 1999 #17] provide a good framework for the
implementation of management techniques. The key aspects of thisinitiative are that:

e there is a commitment to conform with statutory regulations as a minimum and work with
authorities to develop and implement measures where needed

* employees and contractors are aware of the commitment and areinvolved in its delivery

» thereisan open dialogue both inside and outside the organisation

» all health, safety and environmental impacts of activities, products and processes have been
identified and considered.

This commitment to environmental improvement can be demonstrated to a wider audience by
the publication of corporate (or installation-specific) environmental reports. Such reports might
cover the compliance with legal requirements, performance against targets and planned
improvements.

Some companies have not only adopted formal management commitments such as Responsible
Care but also complementary and more far-reaching visions that internalise 'green thinking' to
enhance environmental and sustainable operation. These might include, for example, strategies
for the use of renewable energy sources, benchmarking of energy efficiency and innovative re-
use of waste, waste water and waste gases both inside and outside the site fence.

5.1.2 Organisation and responsibility

It is necessary to involve al tiers of management in order to ensure good environmental
performance. Clear organisational structures ensure that the management of environmental
issuesis fully integrated into a company’ s decision-making systems. The aim is to engender an
employee culture where the consideration of environmental issues is an inherent part of
employee thought-processes in just the same way as safety or cost.

This requires that all employees understand their duties and responsibilities with respect to
environmental protection.  Correspondingly, management must ensure that processes are
adequately manned in terms of the number of operators, their technical expertise and their
experience.

Written procedures have a fundamental role in good performance and should be prepared for all
the important aspects of plant operation. The writing of procedures does not, per se, deliver
performance and systems should be in place to ensure that procedures are understood and
complied with. Activities that have historically shown higher risks (e.g. poor communication
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during shift changes) may need to be targeted with more detailed procedures. The procedures
should be subject to quality control and should be periodically reviewed to reflect the learning
of plant operation.

There should be a well-understood disciplinary procedure for dealing with any acts of gross
negligence by employees. However, this needs to be balanced against the desire to encourage
the open debate of operating errors so that incidents are investigated and remedied.

Other good practices that may have arole include:

- establish a contingency plan to identify the potentia process incidents and provide guidance
on incident response

- establish procedures to identify, respond to and learn from all complaints and incidents

- establish a clear contact point (of sufficient seniority) to ensure overall ‘ownership’ of
environmental issues

- develop install ation-specific environmental objectivesin addition to the corporate objectives

- include environmental objectivesin annua performance assessments of employees

- make environmental considerations a standard agendaitem at all meetings.

The effectiveness of these systems can be assessed by monitoring overall environmental
performance of the process. Monitoring results may also be considered on a regular basis
(preferably against agreed performance indicators) and form part of the management assessment
process.

5.1.3 Training

Appropriate training should be given to all staff involved in process operation to ensure that
they are competent for their duties. The training should include the environmental implications
of their work and the procedures for dealing with incidents. Staff should be familiar with the
requirements of all environmental permits and understand how their activities may affect
compliance. Records should be kept of the training given to staff and these should be reviewed
periodically to ensure that they reflect the needs of the job.

There may aso be a role for less formal modes of training and information transfer to
employees. For example, notice boards, cascade briefings and in-house magazines can be used
to disseminate environmental performance data. Positive involvement can also be encouraged
by suggestion schemes that reward innovative approaches to environmental issues.

5.1.4 Process design and development

Companies should work to written standards and procedures when modifying existing
installations or designing new plant. Asa minimum this should follow the requirements of any
national and international technical codes for materials, equipment design and fabrication. All
design decisions or modifications should be recorded in order to provide an audit trail.

The provision of research and development (R&D) facilities has an important role in the
development of cleaner technologies. Environmental protection should be an inherent feature of
the design standards since techniques incorporated at the earliest possible design stage are both
more effective and cheaper. Initial process design should consider how fundamental principles
(addition, substitution, deletion and redundancy/duplication) may be applied to process
materias, process variables and equipment in order to prevent releases [Noyes, 1992 #35]. For
example, the consideration of *substitution’ in the context of ‘ process materials may identify an
opportunity for using a less toxic chemical. Or, duplication might involve the use of a second
thermocouple to measure a particularly critical temperature. Such process modifications have
been shown to reduce the severity of operating conditions, the quantities of toxic materids, and
the complexity of the process, and to enhance process control.
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In spite of good design and operation, abnormal operating conditions will occur on all plants.
Since emissions are usually much higher during abnormal operating conditions, it is important
to minimise the number and duration of such events. Abnormal operating conditions can arise
for a variety of reasons, for example: loss of energy supply; activation of safety valves due to
high pressure; disturbances in production plants or environmental protection systems; or
incorrect operation.

The impact of abnormal operating conditions can be minimised by using hazard and risk
analyses to identify the physical and chemical eventualities that could occur in al component
parts of the process (e.g. high pressure, high temperature). If this analysis identifies that critical
ranges can be reached, then safety provisions must be made. These provisions can consist of
technical measures (e.g. safety valves) and/or management systems (e.g. shutdown procedures).
The technica measures may include:

e connection of safety valvesto flares or knock-out vessels

* provision of emergency holding tanks on effluent drains to protect waste water trestment
plants from toxic spills

e provision of secondary containment on production units.

The UK [Environment Agency (E&W), 1999 #6] has aso provided guidance which
recommends that the design of new and existing processes should be critically reviewed to
ensure that the following practices have been followed.

- review the environmental implications of all raw materials, intermediates and products
- identify and characterise al planned and potential unplanned releases

- segregate wastes at source (to facilitate their re-use and treatment)

- treat waste streams at source (to exploit high concentration / low flow streams)

- provide containment for spills

- minimise fugitive losses with high integrity equipment

- provide flow and load buffering

- ingtall back-up abatement systems where appropriate

- assign to wastes their full cost of treatment and disposal.

Plant design should also give consideration to the environmental impact from the eventual
decommissioning of the unit as forethought makes decommissioning easier, cleaner and
cheaper. Decommissioning poses environmental risks for the contamination of land (and
groundwater) and generates large quantities of solid waste. The preventative techniques are
process-specific but general considerations can be found in [Hicks, 2000 #84]. These may
include:

e avoid underground structures

* includefeatures that facilitate physical dismantling (e.g. cut-points, lifting eyes)

e choose surface finishes that are easily de-contaminated

e use an equipment configuration that minimises trapped chemicals and facilitates drain-
down/washing

* design flexible, self-contained units that enable phased closure.

The specific approach to Environmental, Health and Safety activities in a process plant project
will vary from company to company. Annex VII describes a specific example from Finland
[Finnish Environment Institute, 1999 #62].
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5.1.5 Industrial planning and logistics

As well as considering the techniques that are used within a process, it is also important to
consider the wider opportunities provided by the interaction between a process and its
surroundings (so caled ‘Industria Ecology’ [InfoMil, 2000 #83]). New plants provide good
opportunities for optimising the location and logistics, athough the issue is more directly related
to spatial planning. Examples of issues to explore when planning a new plant are:

¢ distance to customers and suppliers (especially for toxic or hazardous components)

* heat integration with neighbouring companies or activities

» recycling or re-use of unwanted by-products or wastes by neighbouring companies

» sharing of utilities or environmenta facilities (e.g. Combined Heat & Power units, waste
water treatment plants, oxygen/nitrogen plant)

» infrastructure (e.g. pipeline connections versus road, railroad or water transport)

e gpatial zoning (with regard to safety, noise, odour, traffic etc.).

5.1.6 Process control

Efficient process control, to achieve stable operations and high yields, is important to achieve
good environmental performance. The operator should be able to demonstrate that the process
is being adequately controlled under all modes of operation (i.e. routine operation, start-up,
shutdown, and abnormal conditions). The operator should identify the key performance
indicators and methods for measuring and controlling these parameters. The key parameters are
usually flow, pressure, temperature, composition and quantity.

All operational modes should be covered by procedures to ensure the effective and efficient use
of control systems. The procedures should be subject to periodic review to reflect practica
observations and experience.

The process should be equipped with alevel of instrumentation that enables monitoring of the
key operational parameters. Process monitoring data should be recorded and stored to provide
adequate information for diagnostic purposes. Modern control systems like DCS (Distributed
Control Systems) or PLC (Programmable Logical Computers) provide process monitoring,
allowing swift corrective action and/or automatic safe shut down in case of deviation from
steady-state conditions.

The start-up and shutdown of units often results in poor process efficiency and this causes
higher emission rates than during routine operation. This should be recognised in the design of
the units and the sizing of environmenta protection systems. The number of start-up and
shutdown events should be minimised through the optimisation of production planning.

Staff should be aware of the environmental implications of abnormal events and how to
reconcile these with the overriding need to maintain plant safety. Staff should be trained to deal
with abnormal operating conditions and should practise the responses using realistic exercises.

Abnormal operating conditions should be documented and analysed to identify the root causes.
The root causes should be addressed with techniques to ensure that events do not recur. This
learning exercise can be facilitated by a ‘no-blame’ culture where the identification of causesis
more important than apportioning blame to individuals.

Sites for the production of LVOC often fall under the scope of the ‘Seveso II' (COMAH)
directive [EC, 1996 #32]. The implementation of Seveso Il is beyond the legal remit of IPPC,
but the IPPC directive (at Article 3d) requires the operation of instalations to involve the
necessary measures to “ prevent accidents and limit their consequences”.
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The Seveso | directive requires the preparation of a ‘safety report’ that sets out an operator’'s
policy for the prevention of mgor accidents and the mechanisms to ensure that it is
implemented. The major-accident prevention policy aims to protect people and the environment
by appropriate means, structures and management systems and the policy is required to take
account of the principlesin Annex |11 of the Seveso directive.

5.1.7 Maintenance

The maintenance of process plant and equipment is an essential part of good operation and will
involve both preventative and reactive approaches.

Preventative maintenance plays a very significant role in optimising environmenta performance
and it is often the preferred approach. A structured programme of preventative maintenance
should be established after detailed consideration of equipment failure frequencies and
consequences. The maintenance programme should be supported by appropriate record keeping
systems and diagnostic testing. There should be clear responsibility for the planning and
execution of maintenance.

The need for reactive maintenance can be minimised by employee vigilance in relation to
imminent problems (e.g. process upsets and leaks). Leak Detection and Repair programmes can
aso play an important role.

Equipment cleaning is a widespread maintenance activity that removes undesirable deposits
(reaction residues, corrosion products, scale etc). Cleaning may be achieved by chemical means
(a solvent such as water or a weak acid) or by mechanical methods (scrapers, pigs etc). The
associated waste streams can be minimised by reducing the need for cleaning (i.e. the
frequency) and reducing the quantity of deposits that accumulate. Specia attention should be
paid to the collection of wash-water from equipment that is removed for cleaning el sewhere (i.e.
ex-stu).

Equipment modifications during maintenance are a frequent occurrence on many plants and
should be covered by procedures that only give authorisation after a suitable level of risk
assessment.  Subsequent process start-up should be dependent on suitable post-modification
checks.

5.1.8 Monitoring

Monitoring has been identified as a common activity across |PPC processes and is the subject of
a horizontal BREF titled ‘Monitoring of Emissions [EIPPCB, Draft #51]. The document
provides generic information on sampling and analysis, and should be read in conjunction with
the BREF on LVOC.

Monitoring is an essential activity in the operation of LVOC processes, but it is often expensive
and time consuming so the objectives should be clear when a programme is drawn up. Process
operators and regulators may use monitoring to provide information on such topics as.

= Process control and optimisation. Monitoring is the way used to control a process by means
of following-up significant physical and chemical parameters. By control of the process, it
is meant the application of conditions in which the process operates safely and
economically. Process parameters change rapidly and this usually necessitates continuous
surveillance with associated aarms and process trips.
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= Monitoring of externa treatment efficiency. End of pipe treatment efficiency may be
guaranteed by the equipment provider or stipulated in a permit. Good treatment efficiency
is generally a result of good operating practice and requires training and experience. The
interdependence between process control and arising waste streams on one hand and
treatment efficiency and outgoing emissions on the other should be well known.

= Emission monitoring. Emissions to air and water (and arisings of solid waste) are
characterised and quantified to provide a check on compliance with permit requirements (or
other performance measures). Subsequent emission reporting provides a check of whether
the permit covers al significant emissions (including those in cooling water and storm
water). Wherever possible, data should be collected on flow rates to enable the calculation
of mass discharges. Provision may also need to be made for monitoring noise and odour.

=  Ambient environment quality. Indicator substances can be monitored to assess the impact
of a process on the local environment (including air, water, land and groundwater
contamination).

= Quality control. Frequent inspection of the quantity and quality of raw material inputs to
the process (e.g. sulphur content in fud oil, water quality) for comparison against
specifications.

= Occupational health and safety. Tests to identify the short and long term risks to personnel
from work place exposure.

» Troubleshooting. Intensive, short duration programmes may be used to study specific
topics.

A monitoring programme to address any of these topics will need to stipulate the frequency,
location and method of both sampling and analysis. Monitoring usualy involves precise
guantitative analysis, but smple operator observations (either visualy or by smell) can also play
an important role in the detection of abnormal releases. Results of monitoring programmes
should be actively used and records of results should be kept for trend analysis / diagnostic use.

5.1.9 Auditing

Operators should not rely solely on the independent auditing carried out by external bodies such
as regulators, but should have there own internal systems in place. The frequency, level of
scrutiny and scope of audits will vary with the objectives. They may typically be:

e toreview theimplementation of environmental policies

» to verify compliance with procedures, standards and legal requirements

» toidentify the need for new / improved standards, procedures and systems of work
* to promote awareness of environmenta protection

* to assess environmental impact of the process.

The auditing should be against agreed performance criteria. Where deficiencies are identified,
there should also be recommendations for remedial action. Systems should also exist to ensure
that the actions are recorded and implemented. Formal audit guidelines exist in the ISO 14000
series, EMAS and in Member Statese.g. [UK CIA, 1991 #39]-

5.1.10 Cost awareness & financing

At an operationa level, there should be a good understanding of the costs associated with solid,
aqueous and gaseous waste production within the process. This can be achieved by using
accounting practices that fully attribute the costs of waste disposa and treatment to the
originating process (or sub-units of a process).
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The process operator should be able to demonstrate that adequate financia resources are being
committed to operate the process in accordance with permit conditions and in-house
commitments. There should be long term financial planning to fund anticipated environmental
investment.  Expenditure for solely environmental purposes should be given proper
consideration alongside commercial initiatives.

In the commodity chemical business the costs of abatement may reduce business profitability
rather than being passed on to customers in selling price [Environment Agency (E&W), 1998
#1]. Waste minimisation initiatives that improve environmental performance as well as
reducing costs can therefore be particularly beneficial .

5.2 Pollution prevention

The IPPC Directive definition of best available techniques strongly emphasises the presumption
for preventative techniques over other methods. This is very much in keeping with the waste
management hierarchy, which advocates;

eliminate the arisings of waste through process design

reduce wastes at source through changes to equipment and procedures
recycle wastes

recover any resource value from wastes

treat and dispose of wastes.

grpLODE

Sequential consideration should be given to each tier of the hierarchy and only when al the
options have been exhausted should attention pass to the next tier. Wastes are progressively
avoided at each tier and only wastes that cannot be avoided by prevention and recycling remain
for treatment and disposal using ‘conventiona’ end-of-pipe abatement techniques. The waste
management hierarchy applies equally well to arisings of gaseous, agueous and solid wastes.

Many other terms are used synonymously for pollution prevention, for example: process-
integrated measures, green chemistry, pollution reduction, source reduction, cleaner production,
waste minimisation, waste reduction, clean technology and low-waste technology. All of these
phrases refer, essentialy, to the concept of providing proactive and more effective
environmental protection by integrating pollution prevention and energy efficiency into the
production process. This recognises the fact that once waste is created it cannot be destroyed —
only modified. Prevention offers a precautionary, rather than curative, approach to
environmental protection and is often compatible with * sustainable development’.

Many companies have aready shown that the creative use of pollution prevention techniques
not only minimises environmental impact, but also improves efficiency and increases profits.
The USEPA has reported that pollution prevention confers many advantages over end-of-pipe
treatment technologies (Table 5.1).

Direct Benefits Indirect Benefits
»  Lower waste treatment costs (whether in-house or off-site) e Reduced likelihood of future costs from
e Lower disposal charges from regulators remediation, legal liabilities and complying
*  Reduced expenditure on raw materials (due to improved yields) with future regulations
«  Cost saving from waste re-use or sale *  Improved relations with local community and
+  Reduced environmental compliance costs (from fines & wider public
shutdowns) *  Increased environmental awareness of process
Lower risk of spills/leaks operators and management
+  Reduced secondary emissions from waste treatment facilities *  Improved health of employees and neighbours
»  Retention (or possible enhancement) of market share for products

Table 5.1: Benefits of pollution prevention
[USEPA, 1995 #12]
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There is a vast range of pollution prevention techniques covering both hardware and software.
Their application is very process-specific, but the USEPA has broadly classified them according
to Figure 5.1. These principles can be applied at any stage in the life of a process, athough the
best opportunities arise in the design of a new process on anew site. New processes allow for
the implementation of the latest technology, optimised heat integration, optimised logistics and
process control, and an optimised package of process-integrated and end-of pipe techniques.
The opportunities for pollution prevention in existing processes are more limited but the
structured approach of a ‘waste minimisation initiative’ can identify options.

The principles of these generic prevention techniques are described in the following sections,
but no attempt is made to provide a definitive list because of the need to consider local factors.
In any choice of technique it will be necessary to give consideration to the full effects of any
process changes to ensure that they do not create new waste streams or adversely affect product
quality. More examples of preventative techniques in chemical processes are given in
references [USEPA, 1995 #12], [Nelson, 1992 #45] and [Smith & Petela, 1991 #46].

Waste Minimization Techniques

I Source Reduction J Recycling
I (Onsite and Offsite)

|
| I [ I

Product Changes

Source Control Use and Reuse Reclamation

« Product Substitution * Return to Original « Processed for

* Product Process Resource
Conservation + Raw Material Recovery

« Changes in Product Substitute for - Processed as a
Composition Another Process By-product

Input Material Changes

« Material Purification
+ Material Substitution

Technology Changes

» Process Changes
« Equipment, Piping, or

Good Operating Practices

« Procedural Measures
» Loss Prevention

Layout Changes

« Additional Automation

» Changes in Operationat
Settings

* Managemant Practices

« Waste Stream Segregation

- Material Handling Improvements
+ Production Scheduling

Figure5.1: Waste minimisation techniques
[USEPA, 1998 #42]

5.2.1 Source reduction

Source reduction techniques are concerned with preventing the arising of wastes by
modifications to process materials, equipment, and procedures. There is no preferred hierarchy
to the source reduction techniques and they may well be used in combination. Techniques for
waste recycling should only be pursued once source reduction has been exhausted.

The environmental implications of a new process or product should be considered at the earliest
possible stages of a project. The research and development stages therefore provide the most
effective opportunity for making fundamental design choices to reduce environmenta impact.
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Research and development may identify several possible reaction pathways for producing the
desired product. All of these pathways should be examined and evaluated in terms of yield, by-
product generation, health & safety and environmental impact [USEPA, 1995 #12]. Operators
should maintain an audit trail of the design and decision making process so that they can
demonstrate what aternative process options were considered and the rationale for the chosen
option.

The integration of environmental protection into process design has spawned the terms ‘green
synthesis’ and ‘green chemistry’. Green chemistry has been defined as “the utilisation of a set
of principles that reduces or eliminates the use or generation of hazardous substances in the
design, manufacture, and application of chemical products’ [Anastas & Warner, 1998 #44].
This definition goes beyond the mere production of chemicals, but producers and regulators
may need to consider the broader ‘life cycle of chemicals in order to apply holistic
environmental protection. Many important developments are reported in the Royal Society of
Chemistry’ s magazine called * Green Chemistry’ (ISSN 14639262, e-mail: minhash@rsc.org).

The goal of green chemistry is to reduce the inherent hazards associated with products and
processes, whilst maintaining the improvements to the quality of life that the industry has
brought. It isnot aradical new approach since it builds upon factors that have always been part
of process design, but it integrates environmental considerations into the heart of decision
making. Green Chemistry has been summarised into twelve principles (Table 5.2). These
should be incorporated into the design of any new LVOC process, and whenever maor
modifications of existing processes provide suitable opportunities.

1. Itisbetter to prevent waste than to treat or clean up waste after it isformed.

2. Synthetic methods should be designed to maximise the incorporation of all materials used in
the processinto the final product.

3. Wherever practicable, synthetic methodologies should be designed to use and generate
substances that possess little or no toxicity to human health and the environment.

4. Chemica products should be designed to preserve efficacy of function while reducing
toxicity.

5. The use of auxiliary substances (e.g. solvents, separation agents) should be made
unnecessary wherever possible and, innocuous when used.

6. Energy requirements should be recognised for the environmental and economic impacts and
should be minimised. Synthetic methods should be conducted at ambient temperature and
pressure.

7. A raw material feedstock should be renewable rather than depleting wherever technically
and economically practicable.

8. Unnecessary derivisation (use of derivatives) (blocking group, protection/de-protection,
temporary modification or physical/chemical processes) should be avoided whenever
possible.

9. Catalytic reagents (as selective as possible) are superior to un-catalysed reagents.

10. Chemical products should be designed so that at the end of their function they do not persist
in the environment and (that they) break down into innocuous degradation products.

11. Analytical methodologies need to be further developed to alow for real-time, in-process
monitoring and control prior to the formation of hazardous substances.

12. Substances and the form of a substance used in the chemical process should be chosen so as
to minimise the potential for chemical accidents, including releases, explosions, and fires.

Table5.2: Principles of Green Chemistry
[Anastas & Warner, 1998 #44]
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5.2.1.1 Product changes

Whilst beyond the immediate scope of IPPC, if the actual product from a process has significant
environmental detriment then operators and regulators should be questioning the need for its
production and examining the viability of aternatives. If it is possible to produce a more
environmentally benign product that fulfils the same purpose, has an equivalent specification
and a similar production cost, then the presumption should be for the substitute. Drivers for
product changes may come increasingly from customers, banks and insurance companies who
reguire more attention to be paid to the overal Life Cycle of the product.

It may also be possible to reformulate or re-specify the product in order to reduce the quantity of
waste arising from its production (e.g. by relaxing the product specification it may be possible
to obviate a separation stage). However, there may be strong economic and technical
constraints to such changes as they require agreement from customers (who will have their own
waste minimisation concerns).

5.2.1.2 Input material changes

The synthesis of an organic compound typically begins with the selection of the starting
material and this choice has a significant bearing on the environmental impact of a process. The
selection should not only consider the hazardous properties of raw materials and the
downstream design implications, but also the environmental impact of how they have been
produced. The aim should be to minimise these environmental impacts through substitution
with more benign raw materials.

Likewise auxiliary chemical reagents used in a process can pose environmental issues, either
directly from their hazardous properties, or indirectly from downstream processing that they
necessitate (e.g. separation from the product). Organic solvents are widely used reagentsin the
production of LVOC and processes should be appraised to determine if the solvent is absolutely
necessary (e.g. can water be used as an aternative?). Where the use of an organic solvent
cannot be avoided then there should be consideration of replacing it with a solvent of lower
volatility and lower environmental impact. After optimisation of these parameters, efforts
should then concentrate on reducing the overall use and loss of solvents.

Impurities in raw materials and auxiliary chemicals will introduce unwanted chemica species
into a process. These chemicas usualy end up as contaminants in the product and this
necessitates a separation stage followed by treatment/disposal of the waste stream. This may be
avoided by using the highest possible specification for raw materials and auxiliary chemicals
and by using reaction inhibitors to prevent the formation of unwanted by-products.

5.2.1.3 Technology changes

Technology changes involve modifications to existing process equipment, or the use of a
fundamentally new process to produce the same product. Since technology changes are
concerned with process hardware there is often a need for design, expenditure approval and
construction that may slow their implementation. New technologies, especially catalytic
processes, may aso be patented and this may hinder widespread adoption.

Production process changes. Expenditure on raw materias is usually the largest cost in
producing LVOC. For commercial reasons, operators therefore aim to maximise the reaction
yield and selectivity by applying effective processes that use high performance, selective
catalysts and well-designed reactors. This approach typically ensures that environmenta
emissions are also minimised.
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Catalytic reagents are generally superior to un-catalysed reagents on environmental grounds and
on process efficiency, although catalysts can themselves create environmental issues. In the
design of catalystsit is undesirable to have alow yield per pass of reactants as this necessitates a
substantial recycle that is costly and uses power. However, a low conversion per pass often
produces a high selectivity, and so there is an economic balance between improved feedstock
consumption and energy cost for recycles. The Annex on page 389 provides further practical
information on the use of catalystsin the Dutch LVOC industry.

There are often practical obstacles to attaining the yield that is theoretically achievable from
reaction kinetics or stoichiometry. The following factors should therefore be considered in
deciding the optimal yield:

- energy consumption can increase as the maximum yield is approached and this has
associated costs and combustion emissions

- safety considerations may become limiting (e.g. explosion limits)

- in equilibrium reactions secondary products may accumulate and require removal (for
example by recycling within the process).

However, it is possible for a reaction to have 100 % yield and yet still generate substantial
quantities of waste. For this reason, it is suggested [Anastas & Warner, 1998 #44] that a better
measure of reaction economy is ‘atom efficiency’ (the ratio of the molecular weight of desired
product to the molecular weight of all material generated by areaction). On the basis of atom
efficiency, substitution and elimination reactions are undesirable because they generate
stoichiometric quantities of unwanted by-products and waste. By contrast, addition reactions
show high atom efficiency because they incorporate al the starting materials into the final
product.

Biotechnology enables the production of chemicals by means of the synthesising powers of
micro-organisms or by using their purified enzymes as biocatalysts. It therefore avoids the use
of toxic catalysts and extreme process conditions, although it may produce different waste
streams. At present, biotechnology experience is mainly limited to fine chemicals, but it is
expected to have increasing application to LVOC.

Changes to equipment, layout or piping: The ultimate aim is for closed processes with no
release points to the environment, but this is rarely practicable and the aim is to minimise the
number of releases. Operators should aim to reduce equipment-related inefficiencies using such
techniques as better seals on pumps to prevent leaks (ingress and egress), and vapour recovery
lines to return VOCs to the process.

Additional automation: Additional monitoring and alarm equipment is desirable since it
improves the data on process variables and hence enables better process control. Increased
automation of process control reduces the likelihood of human error, although this should not be
at the expense of operator understanding of process control.

Process Optimisation: There are many process specific changes that can be made to process
variables (flow, pressure, temperature, residence time) that optimise production and minimise
wastes.

5.2.1.4 Good operating practices
Good operating practices are techniques involving management, organisation or personnel that

can be used to minimise waste (i.e. software changes). They can often be implemented very
quickly, at little cost, and bring efficiency savings with a high return on investment.
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Management practices: Management systems are described in Section 5.1 and they may
include employee training, suggestion schemes to encourage waste minimisation, and a clear
specification to employees of what good practice actually entails. Although more of an issue for
batch processes, production scheduling is aso important to minimise the need for vessel
opening and cleaning.

Materials handling: Process wastes are often just damaged final products, spill residues or out-
of-date / off-specification raw materials. Significant waste reductions can therefore be
conferred by inventory control (e.g. reducing the inventory size, increasing turnover, and
consolidating chemical use) and material controls (reducing raw material and product loss, and
preventing damage during handling / storage).

Waste segregation: Waste streams should be kept separate to reduce the volume of mixed
wastes and hence facilitate re-use and treatment

Cost accounting: The full costs of waste treatment and disposal should be alocated to all
process activities so that each production unit is aware of the economic implications of waste
generation.

Spill and leak prevention: Precautionary modifications should be made to ensure that spills
and leaks do not occur, and that they are dealt with promptly when they do arise. The following
techniques may be applicable:

¢ identify all hazardous substances used or produced in a process

» identify all the potential sources/ scenarios of spillage and leakage

o assesstherisks posed by spills and leaks

» review historical incidents and remedies

» implement hardware (e.g. containment, high level alarms) and software (e.g. inspection and
maintenance regimes) to ameliorate the risks

» establish incident response procedures

e provide appropriate clean-up equipment (e.g. adsorbents for mopping up spills after small
leaks or maintenance works)

e establish incident reporting procedures (both internally and externally)

e establish systems for promptly investigating al incidents (and near-miss events) to identify
the causes and recommend remedial actions

e ensurethat agreed remedial actions are implemented promptly

» disseminate incident learning, as appropriate, within the process, site, company or industry
to promote future prevention.

5.2.2 Recycling

Where it is not possible to prevent waste arisings through source reduction technigues, then
there should be investigation of the opportunities to recycle any wastes, off-specification
products and co-products.

Use and re-use: It may be possible to return the waste material back to the originating process
as a subgtitute for an input material. The waste may also be re-used in another process, possibly
utilising the waste exchange services that exist in many countries. The potential for re-use of a
waste will be determined by its effect on the process; its economic value, and the supply
(availability and consistency of composition).

Reclamation: Rather than direct re-use, reclamation involves waste processing to recover the
resource value. Reclamation depends on the ability to segregate the desired material from the
waste stream. Examples include the recovery of the chlorine content of chlorinated VOCs by
incineration and absorption, and solvent cleaning by distillation. The energy value of VOCs can
also be reclaimed by their use asfuel.
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5.2.3 Waste minimisation initiatives

Most existing production processes have been in operation for many years and may not have
benefited from intense environmental scrutiny during their design stage. But existing processes
may be able to achieve significant emission reductions using waste minimisation exercises to
appraise environmental performance and implement techniques that reduce emissions and
improve efficiency. The US Waste Management Assessment Procedure (WMAP) describes a
systematic structure for waste minimisation exercises [Kent, 1992 #36] and is summarised
below.

Planning and organisation. Waste minimisation exercises should be considered at regular
intervals during the life of an installation, and specifically at any time of plant modification.
Even production processes that have undergone detailed environmental scrutiny during the
design stage should be subjected to waste minimisation exercises, since they will benefit from
advancesin avail able technology, environmental legislation and environmental information (e.g.
toxicity data). Waste minimisation exercises can only succeed if there is a strong management
commitment to provide the necessary momentum and control. Waste minimisation should be
evaluated periodically to a defined programme and should set goals by which success can be
measured. The project team should be selected to provide a balance of operational experience
and technical knowledge. The active participation of operational staff confers ownership of the
exercise, and this is important since successful waste minimisation exercises often stimulate
further success.

Data gathering. To identify the most important releases, data is required on consumption (of
raw materials and energy), re-use (of substances, products and energy) and environmental
releases. For al of these parameters it is useful to have information on the location, quantity,
guality and cost. The data should adequately reflect all operating modes, any long-term trends,
and production rates. Mass balances may be useful in identifying the origin and fate of wastes.

Generation of options. Armed with a detailed understanding of the process and the arisings of
wastes, it is possible to identify options for minimisation. This can involve analytical thought
processes, credtive ‘brainstorming’, plant inspections and comparison with other similar
installations to see what options have already been pursued. The step may involve commercial
confidentially and so the options are not necessarily disclosed outside the company.

Feasibility analysis. The team then evaluates which options are technically and economically
feasible, and operationally acceptable. The technical considerations include the logistics of
adopting the modification, its effect on product quality and any secondary environmental
impacts. The economic evaluation is carried out using standard measures such as payback
period or discounted cash flow, and considers both capital and operating costs. The options
should be ranked on the basis of profitability to ensure that resources are targeted at emission
sources that are the most easily prevented and most important.

Implementation. The chosen options require justification and then funding. The installation of
new equipment and the implementation of new procedures may require management
commitment to overcome any resistance to change. The effectiveness of completed
modifications is evaluated against the expected environmental and economic performance.
However, options that have indisputable benefits might be implemented immediately in order to
demonstrate a tangible success and to maintain impetus for the initiative. The step may involve
commercia confidentialy and so the implementation plans are not necessarily disclosed outside
the company.
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Futureinitiatives. Waste minimisation is a concept of continuous improvement and should not
be considered as a one-off exercise. A programme should be identified for future initiatives and
any particular topics for consideration. Initiatives are typically carried out annually or whenever
there are significant changes to the process, product or raw materials. Initiatives may also be
appropriate whenever new techniques become available and whenever there are significant
environmental incidents.

It has been reported [UK IChemE, 1992 #40] that there can be a number of barriers to waste
minimisation and regulators should be aware of these so that installation-specific solutions can
be identified. The barriers have been classified as:

- economic (e.g. long pay-back times, shortage of capital, inaccurate accounting for the costs
of waste treatment and disposal)

- technical (e.g. lack of information on techniques, concern over impact on product quality)

- regulatory (changes to operating licences, need for environmental assessments)

- cultural (lack of senior management commitment, resistance to change from operators).

5.2.4 Examples of process-integrated measures

As a demonstration of some of the approaches described above, Table 5.3 gives practica
examples of techniques that could be applied to new and existing LVOC plants. The tableisnot
exhaustive, but gives potential problems and possible solutions for a number of relevant issues.
Although the table mainly involves process-integrated measures, it also includes some *rethink
& redesign’ and ‘end-of-pipe’ solutions.
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Potential problem

| Possible approach

Process operation & design

Numerous processing steps create
wastes and opportunities for errors

Keep it simple. Make sure all operations are entirely necessary.

Non-reactant materials (e.g. solvents,
adsorbents) create wastes. Each
chemical (including water) employed
within the process introduces
additional potential waste sources
and the composition of generated
wastes tends to become more

compl ex.

Evaluate unit operations or technologies that do not require the addition of
solvents or other non-reactant chemicals.

High conversion with low yields
resultsin wastes

Recycle operations generally improve overall use of raw materials and
chemicals, thereby increasing the yield of desired products while also
reducing the generation of wastes. For example, operating at alower
conversion rate per reaction cycle (by reducing catalyst consumption,
temperature or residence time) can result in a higher selectivity to the desired
products. The net effect upon recycle of unreacted reagentsisanincreasein
product yield, reduced quantities of spent catalyst and less desirable by-
products.

Non-regenerétive treatment systems
result in increased waste (compared
with regenerative systems).

Regenerative fixed beds or desiccants (e.g. aluminium oxide, silica,
activated carbon, molecular sieves) generate less solid and liquid waste than
non-regenerative units (e.g. calcium chloride, activated clay). However the
activation and regeneration of beds can cause significant pollutants.

Insufficient R&D into aternative
reaction pathways may miss
opportunities such as waste reduction
or eliminating a hazardous
constituent.

R& D during process conception and laboratory studies should thoroughly
investigate alternatives in process chemistry that affect pollution prevention.

Catalysts

By-product formation, incomplete
conversion and less-than-perfect
yield

Use amore selective catalyst that will reduce the yield of undesired by-
products.

Improve reactor mixing/contacting to increase catalyst efficiency

Increase activity of the catalyst by means of a higher concentration of
active components and/or increased surface area.

Develop athorough understanding of reaction to allow optimisation of the
process. Include catalyst consumption and by-product yield.

The presence of heavy metalsin
catalysts can result in contaminated
waste water, waste gases, waste or
(by)products

Use catalysts comprised of noble metals or non-toxic metals. Both on-site
and off-site re-claimers generally recycle catalysts containing noble metals.
Use amore robust catalyst or support in case of heterogeneous catalysts

Use of homogenous catalyst may
result in entrainment in by-products,
waste water, waste gases or wastes

Use of heterogeneous catal yst

Emissions or effluents are generated
with catalyst activation or
regeneration

Select off-site catalyst activation or regeneration
Use appropriate environmental protection in case of on-site catalyst
activation or regeneration

Pyrophoric catalysts need to be kept
wet, resulting in liquid contaminated
with metals

Use of non-pyrophoric catalyst
Minimise amount of water required to handle and store safely

Short catalyst life

Use catalyst which isless sensitive

Avoid conditions which promote thermal or chemical deactivation

By extending catalyst life, emissions associated with catalyst handling and
regeneration are minimised.

I ntermediate products

Intermediates may contain toxic
constituents or have characteristics
that are harmful to the environment,
under both normal or upset conditions

Modify process to reduce amount or change composition of intermediates
Use equipment design and process control to reduce emissions
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Process temperature
High heat exchange tube »  Select operating temperatures at or near ambient temperature whenever
temperatures cause thermal possible

cracking/decomposition of many
chemicals. These lower molecular
weight by-products are a source of
‘light-ends’ and leaking losses. High
local temperatures give riseto
polymerisation of reactive monomers,
resulting in ‘heavies or ‘tars’. Such
materials can foul heat exchangers or
plug fixed bed reactors, thereby
requiring costly equipment cleaning
and production stops.

Improve mixing to avoid ‘ hot spots

Use lower pressure steam to lower temperatures

Use intermediate exchangers to avoid contact with furnace tubes and walls
Use staged heating to minimise product degradation and unwanted side
reactions

Use superheated high pressure steam instead of process furnace

Avoid conditions that foul heat exchangers

Use online tube cleaning technologies to increase heat transfer

Use scraped wall exchangers in viscous service

Usefalling film re-boiler, pumped recirculation re-boiler or high-flux tubes.

Higher operating temperatures imply
aneed for energy input. The energy is
usually derived from combustion
units that generate emissions

Explore heat integration options (e.g. waste heat or hot process streams to
preheat materials and reduce the amount of combustion required)

Use thermo-compressor to upgrade low-pressure steam to avoid the need
for additional furnaces and boilers

Cool materials before sending to storage

Water solubility of most chemicals
increases with increasing temperature

Use lower temperature (vacuum processing)

Process pressure

Leaking losses from equipment

Minimise operating pressure. Equipment operating under vacuum is not a
source of fugitives; however, leaks into the process require control when
system is degassed.

Reduce leaking losses by control measures

Gas solubility increases with higher
pressures

Determine whether gases can be recovered, compressed and re-used or
reguire controls

Vapour pressure

Higher vapour pressures increase
leaking losses in material handling
and storage.

Use materials with lower vapour pressure.

High vapour pressure with low odour
threshold materials can cause
nuisance.

Use materials with lower vapour pressure and higher odour threshold.

Corrosive environment

Material contamination occurs from
corrosion products. Equipment
failures result from spills, leaks and
increased maintenance costs

Avoid corrosivity of materials contacting equipment.

Neutralise corrosivity of materials contacting equipment. This may generate
waste.

Improve metallurgy or provide lining or coating of equipment

Use corrosion inhibitors. This may generate waste.

Batch versus continuous operation

Process inefficiencies and increased
emissions of batch processes

Use continuous process where possible
Sequence the addition of reactants and reagents to optimise yields and lower
emissions

Vent gaslost during batch fill

Use reactor and storage tank vent balancing lines
Recover vapours (e.g. through condenser, adsorber)

Waste generated by cleaning/purging
of process equipment between
production batches

Use materials with low viscosity. Minimise equipment roughness.
Optimise product manufacturing sequence to minimise washing operations
and cross-contamination of subseguent batches.

Raw materials purity

Impurities may produce unwanted
by-products and waste. Toxic
impurities, even in trace amounts, can
make a waste hazardous.

Use higher purity raw materials.

Purify materials before use and re-use if practicable

Useinhibitors to prevent side reactions. Note that inhibitors may have
environmental impact themselves.

Excessive impurities may require
more processing and equipment to
meet product specifications,
increasing costs and potentia for
leaking losses, leaks and spills.

Achieve balance between feed purity, processing steps, product quality and
waste generation
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Specifying a purity greater than .
needed by the process and the
subsequent steps increases costs and
can result in more waste generation
by the supplier

Specify purity no greater than what the process needs.

Impurities/inertsin air asaraw *  Usepure oxygen.
material can increase inert purges
Impurities may poison catalyst e Install guard bedsto protect catalyst.

prematurely, resulting in increased
wastes due to yield loss and more
frequent catalyst replacement.

Water solubility

Toxic or non-biodegradable materials
that are water-soluble may affect
waste water treatment operation,
efficiency and costs.

Use less toxic or biodegradable materials.

Process water associated with water
washing or hydrocarbon/water phase

Evaluate alternative separation technol ogies (coalescers, membranes,
distillation etc)

separation will be impacted by +  Determine optimum process conditions for phase separation.

solubility of hydrocarbon in water. «  Minimise water usage.

Appropriate waste water treatment |+ Re-use wash water.

will be impacted. «  Evaluate the need for separate treatment of the segregated waste water
stream (prior to any further general waste water treatment).

Toxicity

Community and worker safety and
health concerns result from routine
and non-routine emissions.

Use less toxic materials
Reduce exposure through equipment design and process control. Use
systems that are passive for emergency containment of toxic releases.

Surges or temporarily increased .
levels of toxic components can shock
or miss biological waste water
treatment systems possibly resulting
in reduced treatment efficiency
and/or release of toxicity in the .
environment.

Use less toxic materials

Reduce spills, leaks and upset conditions through equipment and process
control.

Apply unit pre-treatment to avoid toxics in biological waste water treatment
unit.

Install buffer capacity for flow and concentration equalisation.

Handling and storage

Large inventories can lead to spills,
inherent safety issues and material
expiration.

Minimise inventory by just-in-time delivery.

Small containers increase handling
frequency which increases changes of
material releases and waste residues
from shipping containers .

Use bulk supply, or ship by pipéline.

Pack the product in the same containers that the raw materials were
supplied in.

Use returnable containers or drums

Quantity and quality of waste

Characteristics and sources of waste
are unknown.

Document sources, quantities and quality of waste streams prior to pollution
prevention assessment

Wastes are generated as part of the
process.

Determine what changes of process conditions would lower waste
generation or toxicity.
Determine if wastes can be recycled into the process.

Hazardous or toxic compounds are
found in the waste streams.

Evaluate which process conditions, routes or reagents (e.g. solvent,
catalysts) can be substituted or changed to reduce or eliminate hazardous or
toxic compounds.

Environmenta fate and waste .
properties are not known or
understood.

Evaluate waste characteristics using the following type properties:
corrosivity, flammability, reactivity, energy content, biodegradability,
aquatic toxicity and bio-accumulation potential of the waste and its
degradable products, and whether itisasolid, liquid or gas.

Ability to treat and manage hazardous
and toxic wastes unknown or limited.

Consider and evaluate al onsite and offsite recycle, re-use, treatment, and
disposal options available. Determine availability of facilities to treat or
manage wastes generated.

Equipment (compressors, blowers, fans)

Shaft seal leaks, piston rod seal leaks | o

Preventive maintenance programme

and vent streams *  Sedl-lessdesign (diaphragm, hermetic or magnetic)
»  Design for low emissions (internal balancing lines, double inlet, gland
eductors)
»  Shaft seal designs (carbon rings, double mechanical sedls, buffered sedls)
»  Double seal with barrier fluid vented to control device
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Concrete pads, floors, sumps

Leaks to soil and groundwater

Reduce unnecessary purges, transfers and samplings
Use drip pans where necessary

Water stops

Embedded metal planes

Expoxy, or other, impervious sealing

Controls

Shutdowns and start-ups generate
waste and releases

Preferably use continuous processes

Optimise on-line run-time

Optimise shutdown interlock inspection frequency

Identify safety and environment critical instruments and equipment

Improve on-line controls

Use automatic start-up and shut down

On-line vibration analysis

Use ‘consensus’ systems (e.g. shutdown trip requires 2 out of 3 affirmative
responses).

Distillation

Impurities remain in process stream

Change column operating conditions: (e.g. reflux ratio, feed tray,
temperature, pressure).

Clean column to reduce fouling

Insulate to prevent heat loss

Preheat column feed

Increase vapour line size to lower pressure drop

Change the column internals

Large amounts of contaminated water
condense from steam stripping

Usere-boilers or inert gas stripping agents
Use higher temperature steam

Storm water and calamity water

Contaminated rainwater

Segregate storm water from process water sewer.

Provide roof over process facilities

Monitor storm-water release

Roofing certain storage areas can be beneficial, subject to safety constraints

Contaminated sprinkler and fire water

Sedl floors
Drain to buffer basin
Route to waste water treatment

Rinsing and cleaning

Leaks and emissions during cleaning

Design equipment for cleaning

Design for minimum rinsing

Design for minimum sludge

Provide vapour enclosure

Drain to process water system or sump
Use drip pans for maintenance activities
Re-use cleaning solutions

Heat exchangers

Increased waste due to high localised
temperatures

Select operating temperatures at or near ambient temperature whenever
possible.

Use intermediate exchangers to avoid contact with furnace tubes and walls.
Use staged-heating to minimise product degradation and unwanted side
reactions (e.g. first waste heat, then low-pressure steam, and then high-
pressure steam).

Use scraped wall exchangersin viscous service.

Use falling film re-boiler, piped recirculation re-boiler or high flux tubes.
Monitor exchanger fouling to correlate process conditions that increase
fouling, avoid conditions which rapidly foul exchangers.

Use on-line tube cleaning techniques to keep tube surfaces clean.

Contaminated materials due to tubes
leaking at tube sheets

Use welded tubes or double tube sheets with inert purge.

Operate the least critical medium at a dlight overpressure.

Mount vertically.

Steam heating can reduce decomposition and fouling (but may be less
efficient than direct firing).

Furnace emissions

Use superheat or high pressure steam instead of furnace.
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Piping

Leaks to soil and groundwater,
leaking losses

Design equipment layout to minimise pipe run length.
Eliminate underground piping or design with cathodic protection
Welded fittings.

Reduce number of flanges and valves.

Use all welded pipe.

Use spiral wound gaskets.

Use plugs and double valves for open-end-lines.
Change metallurgy

Use lined pipe

Monitor for corrosion and erosion.

Paint to prevent external corrosion.

Releases when cleaning or purging
lines

Use ‘pigs for cleaning.

Slopeto low point drain.

Use heat tracing and insulation to prevent freezing and to reduce viscosity,
(thus reducing energy demand and product draining losses).

Install equaliser lines.

Flush to product storage tank or treatment facility.

Design pipe networks to avoid dead legs

Frequent drain inspection cleaning programme

Equipment (pumps)

Leaking losses from shaft seal leaks

Use pressure transfer to eliminate pump.

Mechanical seal instead of packing.

Double mechanical seal with inert barrier fluid vented to control device.
Seal-less pump (canned motor magnetic drive).

Use vertica pump.

Seal installation practices.

Monitor for leaks.

Residua ‘heel’ of liquid during pump
maintenance

Low point drain on pump housing

Flush housing to process sewer for treatment

Increase running time pump by selecting proper sealing materials, good
alignment, reduced pipe-induced stress, maintaining seal lubrication.

Injection of seal flush fluid into
process stream

Use double mechanical sea with inert barrier fluid where practical.

Reactors

Poor conversion or performance due
to inadequate mixing

Use static mixing

Add baffles

Change impellers

Add ingredients with optimum sequence

Add horsepower

Add distributor

Allow proper reactor head space to enhance vortex effect

Waste by-product formation

Provide separate reactor for converting recycle streams to usable products
Optimise reaction conditions (e.g. temperature, pressure)

Relief valve

Leaks Provide upstream rupture disc
Monitor for leaks

Leaking losses Vent to control or recovery equipment

Monitor for leaking losses (particularly after the valve has discharged)
Monitor for control efficiency

Discharge to environment from
overpressure

Vent to control or recovery device
Thermal relieve to tanks
Avoid discharge to roof areas to prevent contamination of rainwater

Frequent relief Use pilot-operated relief valve
Increase margin between design and operating pressure
Reduce operating pressure
Review system performance

Sampling

Waste generation due to samples
(from disposal, containers, leaks,
fugitives)

Reduce number and size of samples needed
Sample at the lowest possible temperature
Cool before sampling

Usein-linein-situ analysers

System for return to process

Closed loop

Drain to sump or process water system
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Vacuum systems

Waste discharges from jets Substitute by mechanical vacuum pump
Evaluate using process streams for powering jets
Monitor for air leaks

Recycle condensate to process

Valves

Bellow sedls

Reduce number where practical

Specia packing sets

Stringent adherence to packing procedures

Leaking losses from leaks

Vents

Release to environment *  Routeto control or recovery device
*  Monitor performance

Table 5.3: Practical examples of process-integrated measuresfor new and existing LVOC plants
Prepared by [InfoMil, 2000 #33] based on information in [USEPA, 1995 #12]

5.3 Air pollutant control

After full consderation of preventative techniques outlined above, attention can turn to
techniques for the control of air pollutants.

The treatment of air emissions normally takes place on-site and usually at the point of
generation. Transport of contaminated waste gas streams over longer distances is normally not
feasible due to the piping costs and possible problems during transport (e.g. condensation,
corrosion, leakage). Waste gas treatment units are specifically designed for a certain waste gas
composition and may not provide treatment for al pollutants. The LVOC industry has
increasingly reduced the emissions from point sources, and this makes losses from fugitive
sources relatively more important.

LVOC processes usually operate with closed process equipment because of reactant/product
characterigtics (e.g. high volatility, high toxicity, high hazard risk), and reaction conditions (e.g.
high temperatures and pressures) and this has associated environmenta benefits [InfoMil, 2000
#33]. Special fields of attention with regard to air emission prevention are the raw materials and
fuel composition; the required volume of process air; the presence of, and need for, inert gases
in the process (e.g. N, from ambient air); the energy consumption and the combustion
conditions [InfoMil, 2000 #83].

Special attention should be paid to the release of toxic / hazardous components and their impact
on the plant surroundings. The LVOC industry is characterised by toxic / hazardous chemicals
that are handled and processed in large volumes and so external safety is an important issue.

Emissions from process furnaces, steam boilers and power generating units are directly related
to the process energy consumption. Energy savings therefore result in lower emissions from
these units.

Dilution of waste gas streams should be avoided at all times, unless required for the proper
operation of a technique or the protection of equipment against heat or corrosive components.
Dilution generally reduces the efficiency of treatment units and reduces the potential for re-use
of the waste gas stream.

Exhaust gases from vents should generally be colourless and free of visible mist, droplets or
plume. This reduces nuisance and the entrainment of pollutants in condensing water vapour.
The exit temperature of gases can be raised above the dew point by using waste process heat.
This may also assist plume dispersion by increasing thermal buoyancy.
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The following sections describe the techniques for the prevention and control of generic
pollutant groups. The release levels achieved by these techniques are highly dependent on the
individual process and local circumstances, but generic performance data may be found in the
horizontal BREF on waste water and waste gas. Table 5.4 provides a summary of the key

pollutants from the LV OC industry and applicable control techniques.

Pollutant End-of-pipe technique Remark
VOC *  Vapour recovery unit Recovers VOC (e.g. condensation, membrane filtration)
e Incinerator Destroys VOC (severa types e.g. catalytic, auto-thermal)
» Activated carbon filter Removes VOC, two types (regenerative, non-
regenerative)
NOx e SCR Sensitive to catalyst deactivation
* SNCR Requires high temperatures
SO, » Alkaline scrubber Generates gypsum waste (if [ime or limestone is used)
*  Chemical scrubber Generates waste
H,S e Incinerator Only to reduce odour and toxicity
e Incinerator + scrubber To remove odour, toxicity and sulphur compound
e Claus-unit Recovers sulphur
e Chemical scrubber Recovers sulphur
Particulates |«  Multi-cyclones Robust but low efficiency for smaller particles
e Fabricfilter Very high efficiency, sensitive to dust characteristics
»  Electrostatic precipitator High efficiency, sensitive to explosive mixtures and dust
characteristics
*  Wet scrubber « Efficiency dependson type & pressure, creates waste
water
*  Micro-filtration *  Extremely high efficiency, expensive and sensitive
Noxious * Incinerator * High efficiency, sometimes treatment waste gas
gases necessary
» Activated carbon « High efficiency, may create waste, may allow recovery

Table 5.4: Examples of control techniquesto treat air emissionsfrom the LVOC industry
[InfoMil, 2000 #83]

5.3.1 Volatile Organic Compounds (VOCs)

The effectiveness and costs of VOC prevention and control will depend on the VOC species, the
VOC concentration, the flow rate, and the source. Resources are typically targeted at high flow,
high concentration, process vents, but recognition should be given to the cumulative impact of
low concentration diffuse arisings.

There is a presumption [EC, 1999 #30] that toxic VOCs should be replaced by less harmful
substances as soon as possible, where this is technicaly and economically feasible. Where
possible, it is aso good practice to substitute volatile compounds with compounds that have a
lower vapour pressure. Where this is not possible, the initial efforts should be to minimise
losses and then to recover the calorific value of unavoidable emissions. The following sections
describe some of the prevention and control techniques that are applicable to these arisings.

5.3.1.1 Process vents
Process vents usually represent the largest source of VOCs arisings from LVOC processes.

V OCs should, wherever possible, be re-used within the process. The potentia for recovery will
depend on such factors as:
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- Composition. In technical and economic terms, a gas stream containing one VOC (or a
simple mixture) will be more amenable to re-use than one containing a complex mix.
Likewise, high concentration streams (with low levels of inerts) are more amenable to re-
use.

- Restrictions on re-use. The quality of recovered VOCs should be of a suitable quality for
re-use within the process, and should not generate new environmental issues.

- VOC value. VOCs that are derived from expensive raw materials will be able to sustain
higher recovery costs.

The next best alternative is to recover the calorific content of the carbon by using the VOCs as a
fuel. If thisis not possible, then there may be a requirement for abatement. The choice of
abatement technique is dependent on factors that include the VOC composition (concentration,
type and variability) and target emission level. Although costly, there may be need for a
combination or selection of techniques, for example [Environment Agency (E&W), 1988 #5]:

1. pretreatment to remove moisture and particulates, followed by
2. concentration of adilute gas stream, followed by

3. primary removal to reduce high concentrations, followed by

4. polishing to achieve the desired release levels.

Fuller descriptions of abatement techniques are provided in the WWWG horizontal BREF and
other texts e.g. [ETBP, 1996 #63]. In genera terms, condensation, absorption and adsorption
offer opportunities for VOC capture and recovery, whilst oxidation techniques involve VOC
destruction. The choice of the best technique will depend on site-specific circumstances, but
some of the techniques for consideration are:

- Condensation. VOCs can be forced to condense from a gas stream by increasing the
pressure or, more usualy, reducing the temperature. Condensation can theoretically be
applied to any VOC, but the main constraint is the temperature reduction that is necessary to
effect the phase change. The choice of heat exchanger depends on the vapour stream
characteristics and there may be benefits in using: refrigerated condensers (to remove more
volatile species); a series of condensers (to prevent freezing); or scraped heat exchangers (to
clear blockages). Indirect cooling systems are preferred as this prevents the formation of
effluents. Condensation should recelve strong consideration as a primary abatement
technique because it enables VOCs to be recovered and re-used. It isarelatively cheap and
simple technique that is suited to high inlet concentrations.

- Absorption. VOCs can be removed from a gas stream by mass transfer into a scrubbing
liquor. The choice of absorbent (e.g. water, caudtic, acid) depends on the contaminants, but
mineral oil is most widely used for non-polar compounds. The technique is well established
and is highly flexible as there are numerous variables that can be manipulated to optimise
performance. It is applicable to high VOC concentrations and can achieve up to 99 %
removal. The resulting mixture can be treated (often by distillation or degassing) to alow
recycling of the absorbent and the contaminants. Thought should be given to using an
absorbent that can be re-used directly in the process as this obviates the need for treatment.

- Adsorption. VOCs are removed from the gas stream by adhering to the surface of a solid
material. Adsorbents are quickly saturated by high concentration flows and so they are
typically used as a polishing stage after condensers or scrubbers. Adsorbents require
periodic regeneration to maintain their efficiency, and have a limited life after which they
require reactivation or disposal. Activated carbon is widely used for the adsorption of
VOCs with molecular weights in the range of 45 - 130 and can achieve removal rates of 99
% [Environment Agency (E&W), 1998 #1]. However, it is poor for reactive compounds
(such as organic acids, aldehydes, ketones and monomers) and where there is a mixture of
low and high boilers. Silica gel, activated alumina and molecular sieve zeolites aso have
applications.
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Thermal Oxidation. The complete thermal breakdown of VOCs will lead to the formation of
carbon dioxide and water. This can be combined with existing combustion units (e.g. boilers) or
safety systems such as flares (considered in more detail in Annex I11: Flare Systems). However,
improved control is provided by dedicated abatement units such as high-temperature
incinerators, flameless thermal oxidisers, and low-temperature catalytic units (see

Annex IV: Incinerators for more information). Since oxidation techniques involve VOC
destruction, they are only utilised when efforts to recover and re-use VOCs have been
exhausted. Okxidation techniques can be used for a wide variety of feed conditions, have
good VOC removal efficiencies and introduce the potentia for energy recovery. However,
there may be issues with the formation of secondary pollutants such as acid gases (from
halogenated V OCs), nitrogen oxides and dioxins.

Bio-oxidation. Bio-filtration, bio-scrubbing and bioreactors are relatively new techniques
that destroy VOCs using the biological oxidation. Biochemical oxidation is carried out by
aerobic micro-organisms that are supported on a substrate. The techniques are suitable for
low concentrations of organics and odours. The highest degradation is of aliphatic
compounds containing an oxygen molecule and less than seven carbon atoms [ Environment
Agency (E&W), 1988 #5].

Table 5.5 provides a descriptive overview of the strengths and weaknesses of various VOC
control techniques, whilst Figure 5.2 shows the applicability of techniques in terms of VOC
concentration and flow. The table and figure should be viewed as initial screening tools in the
selection of techniques and are not intended to be prescriptive.

Recovery and re-use techniques Destr uctive techniques
Issue Adsorption | Condensation | Absorption Thermal Catalytic | Biological
oxidation oxidation
Hydrocarbons D E B-D A A A-C
Zj?lp%gcfr?:tlg c?rrganics D E A B D C-E
Aminated organics D E C-D C C B-C
condenagbles” A A B-C A A AC
Halogenated or
sulphonated organic A A A-B B D C-E
condensables
Continuous flow A A A A A A
Batch or variable flow A A A D D A
Removal efficiency B C A B C A-B
Pressure drop C B B A C A
VOC recovery B A B E E E
Key: A: Excellent B: Good C: Satisfactory  D: Poor E: Unacceptable

1. Condensable hydrocarbons are those which condense at realistically achievable temperatures.

Table5.5: Summary of the strengths and weaknesses of VOC control techniques
[Environment Agency (E& W), 1999 #6]
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Figure5.2: Applicability of abatement techniquesto VOC flow rate and concentration
[Environment Agency (E& W), 1999 #6]

Estimates have been made of the comparative cost of the destruction or recovery of VOCs in
continuous vents (Table 5.6).

Abatement technique Capital cost | Annualised Cost per tonne
(£000) cost (£000) VOC (£/tonne)
Incinerator without energy recuperation 490 456 1170
Incinerator with 70 % energy recuperation 586 238 610
Incinerator with thermal regeneration 720 176 450
Catalytic incineration 630 201 510
Adsorption 1450 315 (a) 800 ()

Notes (a). No credit included for recovered VOC.
Assumption — 2000 mg/m® of oxygenated organics in a stream of 25000 m*/hour.

Table 5.6: Cost of incineration or adsor ption of VOC
[Environment Agency (E& W), 1999 #7] [Environment Agency (E& W), 1998 #1]
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However, these costs are highly dependent on site-specific factors (such as plant layout), gas
flow-rate and VOC concentration. Table 5.7 shows how the costs of incineration and adsorption

increase when the organic loading is low.

Abatement technique VOC Flow Annualised

(mg/m®) (m*hour) cost (£000)
Incinerator with 70 % recuperation - Case A 2000 25000 238
Incinerator with 70 % recuperation - Case B 10000 5000 50
Adsorption — Case A 2000 25000 315
Adsor ption — Case B 10000 5000 175

Table5.7: Costsof incineration or adsor ption with sensitivity to process duty
[Environment Agency (E& W), 1999 #7] [Environment Agency (E& W), 1998 #1]

The UK has indicated that the best available techniques can be used on point releases from new
processes to achieve the benchmark levels shown in Table 5.8.

Benchmark emission level
See Annex at page 360

VOC Category ¥ Threshold mass flow
Highly har mful -

Total ClassA >100 g/h 20 mg/m° (as the substance)
<100 g/h As appropriate to process and locality
Total ClassB > 2 kg/h or >5 tonneslyear | 80 mg/m? (as toluene)
(astoluene) (whichever islower)
< 2kg/h or <5 tonnes/lyear | Asappropriate to process and locality

(whichever islower)
(1) Asdescribed in Section 4.1.2.1.

Table 5.8: UK Benchmark levels associated with Best Available Techniques
[Environment Agency (E& W), 1999 #7]

Although LV OC processes are not covered by the scope of the ‘ Solvents Directive' [EC, 1999
#30], the directive nonetheless provides some useful guidance on the prevention and reduction
of air pollution from solvent emissions, for example:

- VOCs that are carcinogenic, mutagenic or toxic to reproduction (risk phrases R45, R46,
R49, R60, R61) should be replaced by less harmful substances as soon as possible

- where the emission of carcinogenic, mutagenic or toxic VOCs exceeds 10 g/h then an
emission limit value of 2 mg/Nm? should apply

- where the emissions of halogenated VOCs with risk phrase R40 exceeds 100 g/h then an
emission limit value of 20 mg/Nm? should apply

5.3.1.2 Storage, handling and transfer

The genera techniques for storage, handling and transfer are dealt with in the horizontal BREF
on ‘Emissions from Storage’ [EIPPCB, Draft #49] whilst specific information may be found in
the LVOC illustrative process chapters.

At ageneric level for LVOC processes, storage tank releases may result from air displacement
during ambient temperature changes, during tank filling and from the use of inert gas blankets.
The volume held in storage aso has an influence and it is good practice to minimise stocks as
there is much truth in the adage — “If you don’t storeit, you can't loseit”.
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Minimisation techniques are particularly applicable to environmentally hazardous substances,
odorous substances and any substances with a true vapour pressure (TVP) in excess of 14 kPa
[Environment Agency (E&W), 1999 #7]. Losses from tanks can be minimised by the use of
such techniques as [Environment Agency (E&W), 1998 #1] [Finnish Environment Institute,
1999 #55]:

« externa floating roof, which can effect a 70 - 90 % reduction in losses

* secondary seals can further improve reductions to 95 %

» fixed roof tanks with internal floating covers and rim seals, which are used for more volatile
liquids and can achieve 70 - 85 % reduction

» fixed roof tanks with inert gas blanket

e storage under pressure provides a higher level of containment (e.g. for highly odorous
amines)

» inter-connecting storage vessels and mobile containers with balance lines, reducing losses
by 75 %.

The temperature of volatile materials held in bulk storage should be as low as possible without
causing freezing. Storage temperature can be minimised by passive techniques (such as
insulating the tank and painting the tank surface white) and active techniques (such as cooling
the tank inlet stream).

All storage tanks should have instrumentation and procedures to prevent overfilling. The
instrumentation should include level measurement, independent high-level alarms, high-level
cut-off and adequate operating procedures.

Secondary containment may be fitted to tanks after a risk assessment. The capacity of bunds
should be 110 % of the largest tank in any bund. Bunds should be impermeable and should be
inspected regularly to ensure that they retain their structura integrity. There should be no direct
connection of bunds to drains but there should be a draw-off facility for rainwater. Bunds in
remote locations should be regularly inspected by operators and fitted with high level alarms.

The loading and unloading of transport containers (rail or road tankers or boats), and the transfer
of material between vessels pose a risk of losses to air, ground and water. The techniques
available to reduce these risks include:

- tank filling pipes that extend beneath the liquid surface

- bottom loading to avoid splashing

- vapour balance lines that transfer the displaced vapour from the container being filled to the
one being emptied

- anenclosed system with extraction to suitable arrestment plant.

When filling transport containers with aloading arm the following are also good practice:

- fit sensing devices to the loading arm to detect undue movement

- use pressure/vacuum sensors to detect accidental spillage and leakage

- install self-sealing hose connections

- fit barriers and interlock systems to prevent damage to equipment from the accidenta
movement or drive-away of vehicles.

Displaced gases that necessarily occur from storage and handling are preferably recovered by
condensation, absorption or adsorption before consideration is given to destruction by
combustion (in aflare, incinerator, or energy raising unit). Flame arresters (or other detonation
safeguards) will be required in the case of abatement by combustion.
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Some estimates have been made of the costs of techniques for controlling evaporative losses
from tanks and loading operations (Table 5.9) although the unit costs will vary inversely with
vapour pressure.

Abatement technique Capital cost Annualised | Cost per tonne
(£000) cost (£) VOC (£/tonne)

External floating roof: secondary seal 28 4140 650

Internal floating roof (inside a fixed r oof) 79 12300 965

Road tanker modifications 80 11700 835

Single-stage Vapour Recovery Unit 710 137650 2900

Plus second-stage Vapour Recovery Unit(a) 115 22700 9550

Notes. a. Incremental on single stage recovery. Assumptions—Data based on a liquid with a vapour pressure of 40

kPa at operating conditions, storage in two tanks of 5000 m® each, and transfer of 100000 tpa. Four road tankers

areincluded in this scope. A nominal credit of £150 per tonne s given for saved VOC.

Table5.9: Cost of VOC containment for storage and transfer
[Environment Agency (E& W), 1998 #1] [Environment Agency (E& W), 1999 #7]

More detailed cost information for a combination of tank types, tank sizes, vapour pressures and
control techniques can be found in [Rentz, 1999 #114]. A hierarchy of primary techniques for
minimising storage emissionsis given in Table 5.10.

Description of primary measur e for minimising stor age losses

01 | External paint finish of light shade and improved operational procedures (roof hatches not opened
unnecessarily, frequent inspections)

02 | Conversion of fixed roof to internal floating roof tank.
01 plusingtallation of internal floating roof with improved primary seal (liquid mounted primary seal
or mechanical shoe) & secondary seal (weather shield, rim mounted, mechanical shoe) & roof fitting
controlled (pontoon & double deck)

03 | 01 plus secondary seal (weather shield, rim mounted, mechanical shoe) & roof fitting controlled
(pontoon & double deck)

04 | 01 plusimprovement of primary seal (liquid mounted primary seal or mechanical shoe) & roof fitting
controlled (pontoon & double deck)

05 | 01 plusimproved primary seal (liquid mounted primary seal or mechanical shoe)plus secondary sed
(weather shield, rim mounted, mechanical shoe) & roof fitting controlled (pontoon & double deck)

06 | Conversion of externa floating roof tank to internal floating roof tank.

01 plus installation of a fixed roof on the outside, internal floating roof with improved primary seal
(liquid mounted primary seal or mechanical shoe) & roof fitting controlled (pontoon & double deck)

Table 5.10: Hierarchy of primary measuresfor minimising storage losses
[Rentz, 1999 #114]

5.3.1.3 Fugitives

Fugitive emissions to the air environment are caused by vapour leaks from pipe systems and
from closed equipment as aresult of gradual loss of the intended tightness [ CEFIC, 2001 #147].
Although the loss rates per individual piece of equipment are usualy small, there are so many
pieces of equipment on atypical LVOC plant that the total loss of VVOCs via fugitive routes may
be very significant. For example, fugitive emissions from some Dutch processes account for
>80% of dl VOC emissions [InfoMil, 2000 #83]. Leak Detection and Repair (LDAR)
programmes are therefore important to identify leak sources and to minimise losses.
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5.3.1.3.1 Sources of fugitives and reduction techniques

There are many potential sources of fugitive emissions in LVOC plants but they can be
classified into a few common categories, typically; stem packing on valves and control valves,
flanges / connections, open ends, safety valves, pump and compressor seals, equipment
manholes and sampling points [CEFIC, 2001 #147]. As a very rough guide, it has been
estimated that for every pump on an average plant there will be 32 valves, 135 flanges, 1 safety
valve and 1.5 open-ended lines [InfoMil, 2000 #83].

Valves: Stem leaks can be caused by such factors as. the use of low quality packing
material, inaccurate machining of the stem / packing housing, improper valve assembly,
ageing of the packing, inadequate packing compression, and corrosion / abrasion of the
packing by dirt. High quality valves have very low fugitive emissions as a result of
improved packing systems that are built to stringent tolerances and carefully assembled. In
some instances, departing from raising stem valves and using another type of valve can be
justified. Good quality quarter turn valves often have lower emissions than raising stem
valves and, along with seeved plug valves, have two independent seas but other
considerations may limit their use. Bellows valves have no stem emission at al, but the
resulting emission reduction (compared with good quality raising stem valves) may not be
sufficient to justify the additional costs. Bellows valves are mainly used for health or safety
reasons in highly toxic services (to reduce operator exposure to toxic vapours) or highly
corrosive service (to avoid corrosion of the valve components that could lead to a loss of
containment). As a very rough guide, bellow valves up to 50 mm will cost four times as
much as the same size conventiona valve. Valves between 50 and 200 mm will cost three
times as much, and valves above 200 mm twice as much as a conventiona valve.

Control valves: Because they are frequently opened and closed, control valves are more
prone to leakage than shut-off valves. It isnot uncommon to find more than 20 % of control
valves leaking above 1000 ppm, even in well-maintained plants that have a stringent
fugitive emission reduction programme. Using rotating control valves instead of raising
stem control valves can help reduce fugitive emissions. Another possibility is to consider
process control using variable speed drivers on pumps rather than control valves.

Flanges: On atypical plant, the percentage of leaking flanges is relatively low but due to
the large number of flanges they can contribute significantly to total fugitive emissions.
Piping systems in cyclic thermal service are likely to have higher leak rates. Leaks from
flanges are often caused by misalignment and can be reduced by increased attention to the
bolting technique. The flange rating and the gasket material must be adequate for the
service. Minimising the number of flanges (by replacement with welded connections) can
be considered, compatible with the operations and maintenance requirements of the plant.

Open ends. Most so-called ‘open ends are the vents and drain outlets from pipes,
equipment or sampling points. The open ends are fitted with a (normally closed) valve but
are prone to very high leak rates if poorly maintained. All vents and drains that are not
operated on a regular basis should be blinded, capped or plugged. Those that need to be
operated regularly should be fitted with two block valves. Sampling points can be fitted
with a ram-type sampling valve or with a needle valve and a block valve to minimise
emissions. Losses from sampling systems and analysers can also be reduced by optimising
the sampling volume/frequency, minimising the length of sampling lines, fitting enclosures,
venting to flare systems and closed |oop flush (on liquid sampling points).
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» Safety valves: Leaks through safety valves discharging to air can be significant. Losses can
be reduced by the installation of a rupture disk upstream of the safety valve. Alternatively,
safety relief devices and equipment blow-down connections can be connected to a flare or
to another vapour abatement system, although this option may be prevented by safety
considerations. Balanced bellows-type relief valves are also used to minimise the valve
leakage outside of design lift range.

e Pumps: Although pump seals can have high leak rates their contribution to the total fugitive
emissions is usualy relatively small owing to the limited number of pumps installed in a
plant. Fugitive emissions can be minimised by the use of high quality and double sea
systems. Centrifugal pumps use a double mechanical seal with a seal barrier fluid athough
this system is quite expensive. In many cases, simpler high performance seal systems can
achieve the desired performance regarding fugitive emission. Whenever applicable, seal-
less pumps (either magneticaly driven or canned) eliminate the fugitive emission
completely. Seal-less pumps are not available for all duties and not suitable in services
containing particles, particularly iron (which may come from corrosion).

e Compressors: Issues with compressors are similar to pumps. However, leak rates from
large compressors can be very significant, particularly for positive displacement machines.
In addition to the solutions available for pumps, it may also be possible to collect the seal
losses and route these to alower pressure system, if it exists, or to flare.

General factors that apply to all equipment are:

e minimising the number of valves, control valves and flanges will reduce potential leak
sources, but this must be consistent with plant safe operability and maintenance needs

e improving the access to potential leaking components will enable effective future
mai ntenance.

In many cases, using better quality equipment can result in significant reductions in fugitive
emissions. On new plants, this does not generally increase the investment cost but, on existing
plants, replacing existing equipment with equipment of improved quality may be a significant
cost (see Section 5.10 for contributory factors). On both new and existing plants, the control of
fugitive emissions also relieson LDAR (Leak Detection and Repair) programmes.

5.3.1.3.2 Leak detection

The first step in reducing fugitive emissions is to detect which of the numerous potential leak
points on a plant are leaking. The usua detection method is ‘sniffing’ using a hand-held
organic vapour analyser (OVA) to measure the vapour concentration at the interface of the
potential leak. The best ‘sniffing’ method is generally regarded to be Method 21 as developed
by the USEPA. The OVA iseither a FID (flame ionisation detector) or a PID (photo ionisation
detector), depending on the nature of the vapours. PID techniques can be used in plant areas
that have an explosion risk but they are insensitive to many substances. FID techniques are
therefore more widely used.

The measured concentration (in ppm) is called the screening value and becomes a ‘leak’ when it
exceeds a defined level. The concentration measurements collected by sniffing are not very
accurate because measurement and interpretation are influenced by factors, such as:

* OVA type and manufacturer - the measured concentration is influenced by the pumping rate
and by the size and shape of the probe tip.

e Operator skill - the speed at which the probe tip is moved and the distance to the leak point
interface have an influence. Good practice is described in USEPA Method 21.

» Weather conditions during measurements - measurements undertaken in high winds are
useless. Theintensity of precipitation and the ambient may also play arole.
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e Background concentration - an average background concentration can be measured and
deducted from measurements but this does not take account of the background variability.

* Nature of the emitted vapour - the response factor of the instrument to the substances being
emitted must be taken into account. However, the exact composition of the vapoursis often
not precisely defined for every potential leak point.

* OVA cdibration — the detector must be re-calibrated on aregular basis to avoid drift.

» Pressurein the system - appendages at elevated pressure have a higher tendency for leaking
than appendages in service at aimospheric pressure, but the use of better construction
standards reduces this tendency.

«  Substances present in the equipment - the information on the substances is important for
classification purposes (gaseous, low boiling, high boiling) so that the emission load can be
calculated (e.g. using the EPA correlation method).

Developments in leak detection methods can be expected in the future but there are aternative
methods that are already used or under development; namely:

e Use of dogs - trained dogs can detect emissions at low ppm values but this is restricted to
non-toxic substances at a temperature below 60 °C. Once detected, leaks are quantified by
‘sniffing’ (as described above).

* Infrared laser based visualisation device - this promising leak detection method is under
development by the American Petroleum Institute. The aim is to develop a portable device
that allows visualisation of the leaksin the device' s viewer.

Some leak sources that have a very low risk of causing fugitive emissions are not covered by
leak detection programme. For example, sniffing is not an appropriate method for leak
detection from systems that only contain heavy liquids with a vapour pressure below 0.3 kPa at
20°C. These leaks can anyway be detected visually and the losses do not contribute
significantly to overall fugitive emissions.

5.3.1.3.3 Leak repair

Leak detection is carried out so repairs can be effected and fugitive emissions reduced. If the
repairs are not completed or are ineffective, then no emission reduction is achieved. Repairs
should therefore be carried out as soon as possible after leak detection and a staged repair
approach is often applied to reduce the costs:

¢ Immediate, minor repairs can be performed while the equipment is still operating by, for
example, tightening bolts to eliminate leaks from valve stems or flanges, or installing /
tightening caps on open ends. This is often effective for open ends and flanges but not
aways so for valve stem packing as over-tightening may prevent valve operation or may
completely destroy the packing thus causing a larger leak. In any case, bolt tightening on
equipment under pressure needs to be executed carefully by skilled operators and may not
always be appropriate due to safety reasons (e.g. high pressure).

» Leaks that cannot be stopped by immediate minor repair are considered for more intensive
repair. As this can involve changing a gasket or valve packing it typically requires the
equipment to be taken out of service. Repairs to equipment that is continuoudly in service
are usually delayed until the next plant shut-down or turnaround.

*  When no effective repair can be performed, replacement of the equipment needs to be
considered.

The threshold leak rate at which repairs are performed depends on the plant situation and the
type of repair required. Minor repairs are low cost interventions and can be performed on all
leaks above a low threshold (CEFIC quote a figure of 1000 ppm). Setting the threshold for
repair at a low level reduces the number of leaks that evolve into bigger leaks (requiring more
difficult and expensive repair). However, performing intensive repairs at the same low
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threshold is not justifiable and the leak threshold value is set higher - CEFIC quote afigure of at
least 10000 ppm [CEFIC, 2001 #147].

In the Netherlands the threshold levels for leak repair are more stringent and also distinguish
between carcinogenic and non-carcinogenic substances. The service area of DCMR (Rijnmond-
Rotterdam Harbour) has the following approach (source Infomil e-mail to EIPPCB of 17/07/01):

“At measured concentrations higher than 1000 ppmv (leaking threshold), direct action will be taken to
repair the leak. After the leak has been repaired, the point is measured again. If the leaking persists
(> 1000 ppm), the leak is again repaired.

In the case of carcinogenic substances a leaking threshold of 500 ppm is respected.

When concentrations are measured between 500 and 1000 ppm, the equipment may only be used
for non-carcinogenic substances.

The mentioned concentrations are corrected for the response factor of the measuring equipment to
the relevant substance.”

5.3.1.3.4 Emission quantification
In general terms, the level of fugitive emissions will depend on such factors as:

» thevapour pressure of the substance being handled

» the number and type of sources

» the method of determination (estimation or monitoring)
» theinspection and maintenance regime for sources, and
e toalesser extent, the rate of production.

There are several established techniques for the quantification of fugitive losses from a plant
and further detall may be found in the Monitoring BREF [EIPPCB, Draft #51]. Most
techniques first require an accurate component count and the establishment of a database. This
can be carried out using unit flow plans, by field inspection or a combination of both. In
making the component count, all process pipework is normally considered, but small diameter
instrument connections are not (since these include a large number of very small valves with
relatively low potential leak rate). Components are classified in terms of type, service and
process conditions to identify those elements with the highest potential for fugitive loss and to
facilitate the application of industry standard leak factors (for example those of the USEPA in
Table 5.11). An estimate of overall fugitive emissions from the plant can be derived but
experience shows that this can give an over-estimation of fugitive losses [CEFIC, 2000 #111].

Equipment type Service Emission factor (g/h/sour ce)
Valves gas 5.97
light liquid 4.03
heavy liquid 0.23
Pump seals light liquid 19.9
heavy liquid 8.62
Compressor seals gas 228
Pressurerelief valves gas 104
Connectors all 1.83
Open-ended lines all 1.7
Sampling connections all 15.0
NB: Different emission factors are specified for different leak rates

Table5.11: Average USEPA emission factors
[InfoMil, 2000 #83]
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A more accurate emission quantification typically involves deducing a leak rate (kg/year) from
the screening value for each point, adding the leak rates of all leak sources and integrating over
the reporting time period (typically one year). At each stage, uncertainties creep into the
calculation and so the quantification of fugitive emissionsisfairly inaccurate, even if it is based
on the results of an extensive sniffing campaign.

Estimations of emission levels may be validated by gas imaging [European Sealing Association,
2001 #155], dispersion modelling (to predict atmospheric mass flux and concentrations) and
environmental monitoring techniques (to compare the predicted and measured situations). More
detail on these methods may be found in the Monitoring BREF [EIPPCB, Draft #51].

5.3.1.3.5 Targeted monitoring

Since leak detection is a labour intensive and expensive activity it is important to develop a
methodology that minimises the work whilst maximising the reductions in fugitive emissions.
Monitoring programmes for sniffing consider and adjust the following parameters to define the
most suitable programme:

< the monitoring frequency: at what time interval should potentia leak points be screened for
leaks?

» the percentage of the hardware that needs to be monitored: sampling can help reduce costs
while providing reliable indications on the trend in emissions from the related components

» thetype of hardware that needs to be monitored: what are the limitsin size, service or type
of hardware beyond which screening for leaks is not beneficial?

‘Targeted Monitoring' defines a programme that directs the main effort at the leak points with
the highest rate of leakage. It involves the following steps:

» Make a survey of al potentia leak points on the plant. ldedly, a complete plant survey
should be carried out using up-to-date piping and instrumentation drawings to establish
population counts of equipment and fittings. The survey should cover gas, vapour and light
liquid duties. In large plants the survey costs force a staged approach, either by dividing the
plant into units or by first screening only valves / rotating equipment followed later by the
screening of flanges. Alternatively, sampling can be used on items on which low leak rates
are expected (e.g. flanges) to assess their rate of leakage.

» Analyse the results of the first screening survey. There are aways large differences in the
leak rates of components and it is often impossible to predict which components will leak
most. This analysis is best performed with the aid of a database that records relevant data
on each potential leak point. The potential leak points can be divided into families (e.g. by
type of component, size, service) and the percentage of elements leaking above a defined
threshold (e.g. 1000 ppm) can be defined for each family.

»  Focus further monitoring and repair on those families with the highest percentage of leaking
elements. This maximises the reduction in fugitive emissions per unit of expenditure.
Sometimes it may be expensive to repair items with high leak percentages and the
contribution of these items to the total fugitive emission must be considered. If the family
contribution to the total emissionislow (i.e. few items in the family), then expensive repair
may be less justified than to other items contributing more to the total (but with a smaller
percentage of leaking elements).

» Define whether high leak percentages are caused by structural causes (e.g. inadequate
gasket material, wrong type of valve) and define corrective action accordingly.

» As effective repairs are carried out on the components having the highest focus, shift the
priority to new families of components that rise to the top of thelist.

* Use a sampling strategy to check that families of components having a low percentage
leaking components remain at thislevel.
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This approach has severa advantages:

* it maximises the reduction in fugitive emissions and minimises the cost

* it definesimprovements that are required in the specification of plant components

e itidentifiesimprovementsto the repair methods

e it meansthat a significant percentage of all potentia leak points do not need to be screened
on an annual basis. Emission calculations are therefore based on a partial set of screening
values and on average emission rates from previous surveys for the remaining points.

There are differing views on the guideline frequency for measuring leaks. CEFIC state that
“every four years seems a reasonabl e frequency” whilst a Member State considers that “all leak
sources should normally be measured once a year”. It is generally agreed, however, that the
exact programme for leak measurement will depend on the results from the initial (baseline)
measuring exercise and the feedback from subsequent LDAR activity.

A variety of management systems may also be needed to support the a LDAR programme, for
example:

» physical labelling of sourceswith a unique reference number

e up-to-date maintenance of process and instrumentation diagrams (P&IDs) showing the
sources

» a database of sources (with reference number, equipment manufacturer, gasket material,
etc.), programmed detection survey dates, leak detection results, completed repair work and
planned repair work.

5.3.1.3.6 Costs

Estimates have been made of the costs of preventing fugitive emissions but for techniques such
as the installation of high-integrity equipment and fittings, it is difficult to split out the true
incremental costs. A simple LDAR scheme, involving the annual inspection of gas and volatile
liquid service components, is estimated to have a net annualised cost of £12000 per year or £760
per tonne of VOC (for atypical plant handling 20000 tpa of gaseous hydrocarbon streams and
30000 tpa of volatile liquids) [Environment Agency (E& W), 1998 #1].

5.3.1.3.7 Diffuse and other fugitives sources

The term fugitive emissions can also apply to emissions that arise from process operations (e.g.
opening of vessdls, filtering, stirring / agitator seals) and due to volatilisation from liquid spills,
effluent collection systems and effluent treatment plants. These fugitive emissions are
measured and controlled using different techniques to those described for piping and equipment
leaks. Relevant operational and maintenance techniques may include:

» reverse the pressure gradient by operating the plant a below ambient pressure (this is
probably most feasible at the design stage)

» obviate the need for vessal opening through design modifications (e.g. cleaning sprays) or
change the mode of operation (e.g. spray anti-caking reagents directly into vessels)

o convey leaks from compressor seals, vent and purge lines to flares or to flame-less oxidisers
(the UK reports the use of Thermatrix units)

» enclose effluent collection systems and tanks used for effluent storage / treatment to reduce
evaporative losses (as long as this does not compromise system safety)

e monitor cooling water for contamination with organics (e.g. from heat exchangers).

5.3.1.3.8 Further information

Further details on fugitives can be found in Annex Il: Leaking Losses. This study concluded
that:
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as aresult of the efforts to reduce point sources, leaking losses form a significant part of the
total emissions from the LVOC industry

leaking losses are hard to determine and a monitoring programme is a good starting point to
gain insight into the emissions and the causes. This can be the basis of the action plan

the successful abatement of leaking losses depends heavily on both technical improvements
and the manageria aspects

motivation of personnel appears to be an important factor in the overall emission abatement
of leaking losses

abatement programmes can reduce the unabated losses (as caculated by average US-EPA
emission factors) by 80 - 95 %

special attention should be paid to long term achievements

most reported fugitive emissions are calculated rather than monitored and not all calculation
formats are comparable. Monitoring at well-maintained Dutch plants shows that the
average emissions factors are generally higher than measured values

abatement of fugitive emissionsis less process related than process emissions.

5.3.1.4 Intermittent Vents

Significant VOC releases can occur from intermittent activities such as pressure relief, blow-
down and process start-up / shutdown. A number of techniques can be used to reduce these
arisings.

minimise inventories prior to shutdown

establish start-up and shutdown procedures that minimise purges to relief and blow-down
discharge any vessel contents to enclosed receptors (blow-down drums)

pass vents to a flare or the site boiler (e.g. streams created by purging and steam cleaning of
equipment, handling catalyst and disposing of waste)

install two tiers of pressure relief —one at alow trigger pressure allowing low flows to pass
to abatement, and another at a higher trigger pressure to deal with low probability, high flow
events.

5.3.2 Combustion gases

In terms of pollutants from combustion units, the main emissions are of carbon dioxide, nitrogen
dioxide, sulphur dioxide and particul ates:

Carbon dioxide emissions can be reduced by switching to low-carbon fuels or to non-fossil
fuels. Switching to low-carbon (hydrogen-rich) fuelsis usualy not cost-effective if only the
CO; benefits are calculated. However, such fuels normally also have lower sulphur and ash
content and if the benefits of reduced SOx and dust emissions are also included, the fuel
switch can be very cost-effective [InfoMil, 2000 #83].

Nitrogen dioxide emissions from combustion are most commonly reduced by combustion
modifications that reduce temperatures and hence the formation of thermal NOx. The
techniques include low NOx burners (up to 70 % NOx reduction), flue gas recirculation,
and reduced pre-heat. Nitrogen oxides can also be removed after they have formed by
reduction to nitrogen. Selective Non Catalytic Reduction (SNCR) uses the injection of
ammonia or urea and achieves removal rates of 60 - 80 % [Environment Agency (E&W),
1998 #1]. Selective Catalytic Reduction (SCR) injects ammoniainto a catalyst bed and can
achieve up to 95 % reduction [Environment Agency (E&W), 1998 #1]. The incremental
cost on new plant is small although costs become more significant the smaller the plant and
the overall viability probably depends on local environmental impact. Estimated costs for a
retrofit on an existing plant are shown in Table 5.12. Emissions can be limited to <30 mg
NOx/MJ by burning gas with low NOXx technology [SEPA, 2000 #75].
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Abatement technique Capital Annualised | Cost per tonne
cost (£000) cost (£) NOXx (£/tonne)
Low NOx Burners 190 38 1200
Selective Non-Catalytic Reduction (SNCR) @ 540 171 3600
Selective Catalytic Reduction (SCR) @ 1865 417 6950
Note 1: based on the flue gas from a40 MW fired heater

Table 5.12: Cost of Nitrogen Oxide abatement
[Environment Agency (E& W), 1998 #1] [Environment Agency (E& W), 1999 #7]

Sulphur dioxide emissions are usualy low but can be reduced by switching to lower
sulphur fuel oil or to natural gas. This has been estimated [Environment Agency (E&W),
1999 #7] to cost around £300 to £500 per tonne of sulphur dioxide (excluding any costs of
converting burners). Reductions can also be achieved by the in-furnace injection of akali
or by flue gas treatment.

Particulate emissions can be reduced by the optimisation of combustion conditions or
switching to natural gas. Unavoidable arisings can be captured in bag filters or el ectrostatic
precipitators.

In general terms, LV OC processes may generate these combustion gases from process furnaces,
steam boilers and gas turbines:

1

Processfurnaces. Gas fired furnaces with low-NOx burner configuration can achieve NOx
reduction down to 50 - 100 mg/Nm® for new and existing installations. Values towards the
higher part of the range indicate the adverse effect of high temperatures (air preheat) and
hydrogen-rich fuels. In exceptional situations, with little possibilities for retrofit, emissions
may be up to 200 mg/Nm?®.

Steam boilers: Using gas firing, low-NOx burners and flue gas recirculation can achieve
NOx emissions of 35 mg/Nm?® in new boilers and 100 mg/Nm?® in existing boilers. When
firing gas, emissions of dust and SOx are negligible.

Gas turbines: Dry low-NOx combustors (natural gas) in new gas turbines can achieve a
NOx level of 50 mg/Nm® (at an oxygen content of 15 vol%) with negligible emissions of
dust and SOx. Steam injection or SCR in existing gas turbines is also used, athough the
cost-effectiveness of SCR should be taken into account. Steam injection is primarily used
with oil fuels for which dry low NOx combustors are less effective. A NOx level of 75 -
100 mg/Nm?® can be attained with steam injection. The application of SCR can reduce NOx
by up to 95 % (18 mg/Nm?). Emissions of dust and SOx are negligible.

Since they are usually based on standard designs, more detailed information on steam boilers
and gas turbines may be found in the BREF on Large Combustion Plants [EIPPCB, Draft #127].

5.3.3 Particulate matter

There are not usualy many arisings of particulate matter from LV OC processes but, where there
are, the following prevention techniques have been shown to be beneficial.

dust-prone materials should be contained in silos, storage tanks or covered areas and served
by dust-suppression equipment (e.g. water sprays)

fit flexible seals to vessel charging manholes

enclose handling facilitiesin a building

provide handling areas with local vacuum extraction that is connected to dust abatement.
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Where these source controls cannot prevent occurrence, then a number of techniques can be
used for abatement, namely:

- Cyclones. Centrifugal force is employed to separate particles down to 5 to 10 um. They
arerobust and are widely used for high temperature and pressure operation.

- Filters. Fabric or ceramic mediums are used to impinge particles. They provide higher
removal efficiency than cyclones and may be further enhanced by the use of pre-coating.

- Wet collection devices. Particles are wetted and removed from the gas stream in venturi,
jet or dynamic scrubbers. They are suitable for high-temperature and high-moisture gases.

- Electrogtatic precipitators. These can be of the wet or dry type, but they have limited
application in organic chemical processes because of the explosion and fire risks that they
pose to flammable gases.

5.3.4 Performance of air pollutant control techniques

When the combination of generic techniques described in Section 5.3 are applied to LVOC
processes they have been able to achieve the emission ranges shown in Table 5.13. In general
terms, the stated emission ranges would be achievable by the thermal combustion of polluted
gaseous streams (sometimes with subsequent flue gas treatment) and the use of sulphur-free fuel
gas to assist combustion. In some cases, the performances are not achievable by catalytic
combustion but only by high temperature thermal oxidation.

Sub sector NOXx SO, Cco Total C Dust | PCDD/F Specific compounds (mg/mg3)
mg/m® | mg/m® | mg/m® mg/m® | mg/m3| ng/md
Aromatics 115- 300 3 4-50 6 3
Olefins 80-200 | 5-35 | 10-180 10 Butadiene 1 mg/m3
(5-150) *
Halogenated | 30- 200 - 5-50 4-35 0.07- Inorganic Comp. 4 — 8 mg/m3
compounds 0.05 HCl 10 mg/m?
Chlorine 1 - 5 mg/m3
Vinyl chloride < 1 mg/m3
1,2 — Dichloroethane < 1 mg/m3
Ethylene chloride < 5 mg/m?3
Oxygenated |100-300| <2-6 | <5-100| 3-100 1 Formaldehyde 0.2 — 0.4 mg/m?3
compounds SO,/ Acetic acid 1 - 22 mg/m?3
SO, Acetaldehyde 6 - 20 mg/m3
Ethylene oxide 0.5 — 5 mg/m?
Propylene oxide 0.1 — 5** mg/m?3
Ethylene glycol 30 — 100 mg/m?
Nitrogenated | 12 - 200 <20 | <2-130| <1-35 [<1-5 Caprolactam 100 mg/m?3
compounds HCN 1 - 3 mg/m?
Nitrotoluene 0.7 mg/m?
Toluenediamine (TDA) 0.6 mg/ms3
Toluene diisocyanate (TDI) 4 mg/m?3

Note: NOx, SO,, CO, Tota C, and dust measured as %2 hour averages. PCDD/F as single measurement
Note: * after treatment by flare. ** after treatment by gas scrubber / cooling tower.

Table 5.13: Emission levels associated with BAT
[UBA (Germany), 2000 #91]
5.3.5 Monitoring of air emissions

Genera information on the monitoring of air emissions may be found in the horizontal BREF
on Monitoring [EIPPCB, Draft #51].
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5.4 Water pollutant control

The techniques that can be applied to new plants and to existing facilities will differ. In existing
plants, the choice of control techniques is usualy restricted to process-integrated (in-plant)
control measures, in-plant treatment of segregated individual streams and end-of-pipe treatment.
New plants provide better opportunities to improve environmenta performance through the use
of aternative technologies to prevent waste water arisings.

An appropriate control strategy for waste water from the LVOC industry can be summarised as
[InfoMil, 2000 #83]:

e organic waste water streams not containing heavy metals or toxic or non-biodegradable
organic compounds are potentialy fit for combined biological waste water treatment
(subject to an evaluation of biodegradability, inhibitory effects, dudge deterioration effects,
volatility and residua pollutant levelsin the effluent)

* waste water streams containing heavy metals or toxic or non-biodegradable organic
compounds (e.g. indicated by high AOX /EOX or high COD/BOD ratios) are preferably
treated or recovered separately. Individual waste streams containing toxic or inhibitory
organic compounds or having low bio-degradability are treated separately e.g. by (chemical)
oxidation, adsorption, filtration, extraction, (steam) stripping, hydrolysis (to improve bio-
degradability) or anaerobic pre-treatment. Some specific examples of waste water streams
from LVOC processes are: heavy metals (e.g. copper from adipic acid or HMD-production),
inhibitory organic compounds (e.g. akali water from aniline-production) and low
degradability (e.g. cyclohexanone/ol, caprolactam-production).

The Annex on page 386 provides an interesting historical review of the waste water treatment
strategies adopted by two Dutch LV OC sites. These case studies emphasise the dual importance
of technical measures and management systems, and the need to fully exploit process-integrated
techniques before constructing expensive end-of -pipe waste water treatment plants.

5.4.1 General prevention techniques

Before considering waste water treatment techniques, it is first necessary to fully exploit all the
opportunities for preventing, minimising and reusing waste water. However, water use, effluent
generation and effluent treatment are al intrinsically linked and should be considered in
combination. A typical exercisein preventing waste water may include the following steps:

Step 1. ldentify waste waters - The first step is to identify all waste water arisings from a
process and to characterise their quality, quantity and variability. Pareto analysis is useful to
identify those sources that use most water and contribute most waste water. Further clarification
is provided by the preparation of plans that show all drain networks, points of arising, isolation
valves, manholes and points of discharge.

Step 2: Minimise water flows - The overall aim is to minimise the use of water in the process
in order to obviate effluent production or, if that is not possible, to produce more concentrated
effluents. It will be necessary to identify the minimum quantity of water that is needed (or
produced) by each step of the production process and then to ensure that these requirements are
implemented by such practices as:

* use of water-free techniques for vacuum generation (e.g. use the product as a sealing liquid
in vacuum pumps, use dry pumps)

» change cleaning procedures to use counter-current (rather than co-current) washing and
water spray