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Executive Summary

EXECUTIVE SUMMARY

The BAT (Best Available Techniques) Reference Document (BREF) entitled “Best Available
Techniques for the Manufacture of Organic Fine Chemicals’ (OFC) reflects an information
exchange carried out under Article 16(2) of Council Directive 96/61/EC (IPPC Directive). This
executive summary describes the main findings, a summary of the principal BAT conclusions
and the associated consumption and emission levels. It should be read in conjunction with the
preface, which explains this document’s objectives; how it is intended to be used and legal
terms. It can be read and understood as a standalone document but, as a summary, it does not
present all the complexities of this full document. It is therefore not intended as a substitute for
this full document as atool in BAT decision making.

This document focuses on the batch manufacture of organic chemicals in multipurpose plants
and addresses the manufacture of awide range of organic chemicals although not all of them are
explicitely named in ANNEX 1 of the Directive. The ligt is not conclusive but includes, e.g.
dyes and pigments, plant health products and biocides, pharmaceutical products (chemical and
biological processes), organic explosives, organic intermediates, specialised surfactants,
flavours, fragrances, pheromones, plasticisers, vitamins, optical brighteners and flame-
retardants. No specific threshold was established in drawing a borderline to large volume
production. Therefore it is implied that an OFC production site may aso include dedicated
production lines for “larger” volume products with batch, semi-batch or continuous operation.

|. The sector and environmental issues

Organic fine chemica manufacturers produce a range of chemical substances, which are
typically of a high added-value and produced in low volumes, mainly by batch processes in
multipurpose plants. They are sold to companies, mostly other chemical companies, serving an
immense range of end-user markets, on either a specification of purity or on their ability to
deliver a particular effect. OFC manufacturers range in size from very small (<10 staff) to very
large multinationals (>20000 staff), with typical manufacturing sites having between
150 and 250 staff.

The chemistry of fine organic intermediates and products shows an enormous diversity. But in
reality, the number of operations/processes used remains reasonably small. These include
charging/discharging of reactants and solvents, inertisation, reactions, crystallisations, phase
separations, filtrations, digtillation, product washing. In many cases cooling, heating, or the
application of vacuum or pressure is necessary. The unavoidable waste streams are treated in
recovery/abatement systems or disposed of as waste.

The key environmental issues of the OFC sector are emissions of volatile organic compounds,
waste waters with potential for high loads of non-degradable organic compounds, relatively
large quantities of spent solvents and non-recyclable waste in high ratio. Given the diversity of
the sector, the wide range of chemicals produced and the enormous variety of possibly emitted
substances, this document does not provide a comprehensive overview of the releases from the
OFC sector. No data on consumption of raw materials, etc. were available. However, emission
data are presented from a broad range of example plants in the OFC sector.

[1. Techniquesto consider in the deter mination of BAT

The techniques to consider in the determination of BAT are grouped under the headings
“Prevention and minimisation of environmental impact” (much related to the process design)
and the “Management and treatment of waste streams’. The former includes strategies for the
selection of the synthesis route, examples of alternative processes, equipment selection and
plant design. The management of waste streams includes techniques for the assessment of waste
stream properties and the understanding and monitoring of emissions. Finaly, a wide range of
recovery/abatement techniques for the treatment of waste gases, the pretreatment of waste water
streams and the biological treatment of the total waste water are described.
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[11. Best available techniques

The summary presented below does not include background statements and cross referencing
which is found in the full text. Additionally, the full text contains BAT on environmenta
management. Where general BAT associated emission levels are given both in terms of
concentration and mass flow, that which represents the greater amount in specific cases is
intended asthe BAT reference.

Prevention and minimisation

I ntegration of environmental consider ationsinto process development

BAT is to provide an auditable trail for the integration of environmental, hedth and safety
considerations into process development. BAT is to carry out a structured safety assessment for
normal operation and to take into account effects due to deviations of the chemical process and
deviations in the operation of the plant. BAT is to establish and implement procedures and
technical measures to limit risks from the handling and storage of hazardous substances and to
provide sufficient and adequate training for operators who handle hazardous substances. BAT is
to design new plants in such a way that emissions are minimised. BAT is to design, build,
operate and maintain facilities, where substances (usually liquids) which represent a potential
risk of contamination of ground and groundwater are handled, in such a way that spill potential
is minimised. Facilities have to be sedled, stable and sufficiently resistant against possible
mechanica, thermal or chemical stress. BAT is to enable leakages to be quickly and reliably
recognised. BAT is to provide sufficient retention volumes to safely retain spills and leaking
substances, fire fighting water and contaminated surface water in order to enable treatment or
disposal.

Enclosur e of sources and airtightness of equipment

BAT is to contain and enclose sources and to close any openings in order to minimise
uncontrolled emissions. Drying should be carried out by using closed circuits, including
condensers for solvent recovery. BAT is to use recirculation of process vapours where purity
requirements alow this. To minimise the volume flow, BAT is to close any unnecessary
openings in order to prevent air being sucked to the gas collection system via the process
equipment. BAT is to ensure the airtightness of process equipment, especially of vessels. BAT
isto apply shock inertisation instead of continuous inertisation. Still, continuous inertisation has
to be accepted due to safety requirements, e.g. where processes generate O, or where processes
require further loading of material after inertisation.

Layout of distillation condensers
BAT isto minimise the exhaust gas volume flows from distillations by optimising the layout of
the condenser.

Liquid addition to vessels, minimisation of peaks

BAT is to carry out liquid addition to vessels as bottom feed or with dip-leg, unless reaction
chemistry and/or safety considerations make it impractical. In such cases, the addition of liquid
as top feed with a pipe directed to the wall reduces splashing and hence, the organic load in the
displaced gas. If both solids and an organic liquid are added to avessel, BAT isto use solids as
a blanket in circumstances where the density difference promotes the reduction of the organic
load in the displaced gas, unless reaction chemistry and/or safety considerations make it
impractical. BAT isto minimise the accumulation of peak loads and flows and related emission
concentration peaks by, e.g. optimisation of the production matrix and application of smoothing
filters.

Alter native techniquesfor product work-up

BAT is to avoid mother liquors with high salt content or to enable the work-up of mother
liguors by the application of alternative separation techniques, e.g. membrane processes,
solvent-based processes, reactive extraction, or to omit intermediate isolation. BAT is to apply
countercurrent product washing where the production scale justifies the introduction of the
technique.
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Vacuum, cooling and cleaning

BAT is to apply water-free vacuum generation by using, e.g. dry running pumps, liquid ring
pumps using solvents as the ring medium or closed cycle liquid ring pumps. However, where
the applicability of these techniques is restricted, the use of steam injectors or water ring pumps
isjustified. For batch processes, BAT is to establish clear procedures for the determination of
the desired end point of the reaction. BAT is to apply indirect cooling. However, indirect
cooling is not applicable for processes which require the addition of water or ice to enable safe
temperature control, temperature jumps or temperature shock. Direct cooling can aso be
required to control “run away” situations or where there are concerns about blocking heat-
exchangers. BAT is to apply a prerinsing step prior to rinsing/cleaning of equipment to
minimise organic loads in wash-waters. Where different materials are frequently transported in
pipes, the use of pigging technology represents another option to reduce product |osses within
cleaning procedures.

Management and treatment of waste streams

M ass balances and analysis of waste streams

BAT is to establish mass balances for VOCs (including CHCs), TOC or COD, AOX or EOX
(Extractable Organic Halogen) and heavy metals on a yearly basis. BAT is to carry out a
detailed waste stream analysisin order to identify the origin of the waste stream and a basic data
set to enable management and suitable treatment of exhaust gases, waste water streams and
solid residues. BAT isto assess at |east the parameters given in Table | for waste water streams,
unless the parameter can be seen asirrelevant from a scientific point of view.

Parameter
Volume per batch
Batches per year
Volume per day
Volume per year
COD or TOC Standard
BODs

pH

Bioeliminability

Biological inhibition, including nitrification
AOX

CHCs

Solvents

Heavy metals

Total N Whereitis
Total P expected
Chloride
Bromide

SO~

Residual toxicity

Tablel: Parametersfor the assessment of waste water streams

Monitoring of emissionsto air

Emission profiles should be recorded instead of levels derived from short sampling periods.
Emission data should be related to the operations responsible. For emissions to air, BAT is to
monitor the emission profile which reflects the operational mode of the production process. In
the case of a non-oxidative abatement/recovery system, BAT is to apply a continuous
monitoring system (e.g. Flame lonisation Detector, FID), where exhaust gases from various
processes are treated in a central recovery/abatement system. BAT is to individually monitor
substances with ecotoxicological potential if such substances are released.
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Individual volume flows
BAT is to assess the individua exhaust gas volume flows from process equipment to
recovery/abatement systems.

Re-use of solvents

BAT isto re-use solvents as far as purity requirements allow. This is carried out by using the
solvent from previous batches of a production campaign for future batches, collecting spent
solvents for on-site or off-site purification and re-use, or collecting spent solvents for on-site or
off-site utilisation of the calorific value.

Selection of VOC treatment techniques

One or a combination of techniques can be applied as a recovery/abatement system for awhole
site, an individual production building, or an individual process. This depends on the particul ar
situation and affects the number of point sources. BAT isto select VOC recovery and abatement
techniques according to the flow schemein Figure .

Non-oxidative VOC recovery or abatement: achievable emission levels
Where non-oxidative VOC recovery or abatement techniques are applied, BAT is to reduce
emissionsto thelevelsgivenin Tablell.

Thermal oxidation/incineration or catalytic oxidation: achievable emission levels
Where thermal oxidation/incineration or catalytic oxidation are applied, BAT is to reduce VOC
emissionsto thelevelsgivenin Tablelll.

Recovery/abatement of NOy

For thermal oxidation/incineration or cataytic oxidation, BAT is to achieve the NOx emission
levels given in Table IV and, where necessary, to apply a DeNOy system (e.g. SCR or SNCR)
or two stage combustion to achieve such levels. For exhaust gases from chemical production
processes, BAT is to achieve the NOy emission levels given in Table IV and, where necessary
to apply treatment techniques such as scrubbing or scrubber cascades with scrubber media such
as H,O and/or H,O, to achieve such levels. Where NOy from chemical processes is absorbed
from strong NOx streams (about 1000 ppm and higher) a 55 % HNOs can be obtained for on-
site or off-site re-use. Often, exhaust gases containing NOx from chemical processes aso
contain VOCs and can be treated in athermal oxidiser/incinerator, e.g. equipped with a DeNOy
unit or built as atwo stage combustion (where already available on-site).

Recovery/abatement of HCI, Cl,, HBr, NH3, SO, and cyanides

HCl can be efficiently recovered from exhaust gases with high HCl concentrations, if the
production volume justifies the investment costs for the required equipment. Where HCI
recovery is not preceded by VOC removal, potential organic contaminants (AOX) have to be
considered in the recovered HCI. BAT is to achieve the emission levels given in Table VI and,
where necessary, to apply one or more scrubbers using suitable scrubbing media.

Removal of particulates

Particulates are removed from various exhaust gases. The choice of recovery/abatement systems
depends strongly on the particulate properties. BAT is to achieve particulate emission levels
of 0.05 -5 mg/m® or 0.001 — 0.1 kg/hour and, where necessary, to apply techniques such as bag
filters, fabric filters, cyclones, scrubbing, or wet eectrostatic precipitation (WESP) in order to
achieve such levels.
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VOCs
in exhaust
gases

Connect exhaust gas
stream to one or more
condensers for recovery,
using temperatures
suitable for the VOCs

Assess the application
of one or a

A 4
Levels

from Table Il

achievable
2

Yes

A 4

combination of
non-oxidative
treatment techniques

more criteria for
thermal or catalytic
oxidation fulfilled ?

One or
Yes

(Table V)

Levels
from Table Il

achievable
?

Assess the optimisation by:
No

« increasing treatment efficiency

« increasing the existing treatment capacity

« adding techniques with higher efficiency

Apply one or a

combination of

non-oxidative
treatment
techniques

Levels
from Table Il

achievable
2

I

Apply the

A

optimised
configuration

A 4

Apply thermal or catalytic
oxidation and achieve
levels from Table IlI
or apply another technique
or combination of
techniques achieving at
least an equivalent
emission level

Figurel: BAT for the selection of VOC recovery/abatement techniques

Parameter

Aver age emission level from point sour ces*

Tota organic C

0.1 kg C/hour

o 20mgCim®

*

**

The averaging time relates to the emission profile, the levelsrelate to dry gas and Nm®
The concentration level relates to volume flows without dilution by, e.g. volume flows from room or
building ventilation

Tablell: BAT associated VOC emission levelsfor non-oxidative recovery/abatement techniques
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Thermal oxidation/incineration Average mass flow Average concentration
or catalytic oxidation kg C/hour mg C/m*
Total organic C <0.05 or <5

The averaging time relates to the emission profile, levels relate to dry gas and Nm?®

Tablelll: BAT associated emission levels for total organic C for thermal oxidation/incineration or
catalytic oxidation

A
Source verage Aver a%e Comment
kg/hour mg/m
The lower end of the range
relates to low inputs to the
Chemical production processes, " SC.rUbbl ng w;temland. scrubbing
" with H,O. With high input
e.g. nitration, recovery of spent 0.03-1.7 7-220 levels, the lower end of the
acids or rangeis not achievable even
with H,0, as the scrubbing
medium
Thermal oxidation/incineration, ik
catalytic oxidation 0.1-03 13-50
Thermal oxidation/incineration, .
catalytic oxidation, input of 25-150 ka%wgvcﬁ?]ggv (I:tlg SCR, upper
nitrogenous organic compounds g

NOy expressed as NO,, the averaging time rel ates to the emission profile
Levelsrelate to dry gasand Nm®
Levelsrelate to dry gas and Nm®

Kk

TablelV: BAT associated NO, emission levels

Selection criteria
a | Theexhaust gas contains very toxic, carcinogenic or cmr category 1 or 2 substances, or
b | autothermal operation is possiblein normal operation, or

overall reduction of primary energy consumption is possible in the installation
(e.g. secondary heat option)

TableV: Selection criteriafor catalytic and ther mal oxidation/incineration

Parameter Concentration M ass flow
HCl 0.2—-7.5mg/m’ 0.001 — 0.08 kg/hour
Cl, 0.1-1mgm’
HBr <1 mg/m®
NH; 0.1-10 mg/m® or 0.001 — 0.1 kg/hour
NH; from SCR or SNCR <2 mg/m® <0.02 kg/hour
SO, 1-15mg/m’ 0.001 — 0.1 kg/hour
Cyanides as HCN 1 mg/m® 3 g/hour

TableVI: BAT associated emission levelsfor HCI, Cl,, HBr, NH3, SO, and cyanides
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Typical wastewater streamsfor segregation and selective pretreatment

BAT is to segregate and pretreat or dispose of mother liquors from halogenations and
sulphochlorinations. BAT is to pretreat waste water streams containing biologically active
substances at levels which could pose a risk either to a subsequent waste water treatment or to
the receiving environment after discharge. BAT is to segregate and collect separately spent
acids, e.g. from sulphonations or nitrations for on-site or off-site recovery or to apply BAT
about pretreatment of refractory organic loadings.

Pretreatment of waste water streamswith refractory organic loadings

BAT is to segregate and pretreat waste water streams containing relevant refractory organic
loadings according to this classification: Refractory organic loading is not relevant if the waste
water stream shows a bioeliminability of greater than about 80 - 90 %. In cases with lower
bioeliminability, the refractory organic loading is not relevant if it is lower than the range of
about 7.5 - 40 kg TOC per batch or per day. For the segregated waste water streams, BAT isto
achieve overall COD elimination rates for the combination of pretreatment and biologica
treatment of >95 %.

Recovery of solventsfrom waste water streams

BAT is to recover solvents from waste water streams for on-site or off-site re-use, where the
costs for biological treatment and purchase of fresh solvents are higher than the costs for
recovery and purification. This is carried out by using techniques such as stripping,
digtillation/rectification, extraction or combinations of such techniques. BAT is to recover
solvents from waste water streamsin order to use the calorific value if the energy balance shows
that overall natural fuel can be substituted.

Removal of halogenated compounds from waste water streams

BAT is to remove purgeable CHCs from waste water streams, e.g. by stripping, rectification or
extraction and to achieve levels given in Table VII. BAT isto pretreat waste water streams with
significant AOX loads and to achieve the AOX levels given in Table VII in the inlet to the
on-site biological Waste Water Treatment Plant (WWTP) or in the inlet to the municipa
sewerage system.

Removal of heavy metalsfrom waste water streams

BAT is to pretreat waste water streams containing significant levels of heavy metals or heavy
metal compounds from processes where they are used deliberately and to achieve the heavy
metal concentrations given in Table VII in the inlet to the on-site biologicad WWTP or in the
inlet to the municipal sewerage system. If equivalent removal levels can be demonstrated in
comparison with the combination of pretreatment and biological waste water treatment, heavy
metals can be eliminated from the total effluent using only the biological waste water treatment
process, provided that the biological treatment is carried out on-site and the treatment sludge is
incinerated.

Parameter vearly Unit Comment
average
The upper range relates to cases where hal ogenated
AOX 05-85 compounds are processed in numerous processes and the
' ' corresponding waste water streams are pretreated and/or
where the AOX is very bioeliminable
Purgeable <01 Alternatively achieve a sum concentration of <1 mg/l in the
CHCs ' mg/l | outlet from pretreatment
Cu 0.03-04
Cr 0.04-03 The upper ranges result from the deliberate use of heavy
- metals or heavy metal compounds in numerous processes and
Ni 0.03-0.3 the pretreatment of waste water streams from such use
Zn 0.1-05

Table VII: BAT associated levelsin the inlet to the on-site biological WWTP or in theinlet to the
municipal sewerage system
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Free cyanides

BAT is to recondition waste water streams containing free cyanides in order to substitute raw
materials where technically possible. BAT is to pretreat waste water streams containing
significant loads of cyanides and to achieve a cyanide level of 1 mg/l or lower in the treated
waste water stream or to enable safe degradation in a biological WWTP.

Biological waste water treatment

BAT isto treat effluents containing a relevant organic load, such as waste water streams from
production processes, rinsing and cleaning water, in a biological WWTP. BAT is to ensure that
the elimination in a joint waste water treatment is overall not poorer than in the case of on-site
treatment. For biological waste water treatment, COD elimination rates of 93—-97 % are
typically achievable as a yearly average. It is important that a COD elimination rate cannot be
understood as a standalone parameter, but is influenced by the production spectrum (e.g
production of dyes/pigments, optical brighteners, aromatic intermediates which create refractory
loadings in most of the waste water streams on a site), the degree of solvent removal and the
degree of pretreatment of refractory organic loadings. Depending on the individual situation,
retrofitting of the biological WWTP is required in order to adjust, e.g. treatment capacity or
buffer volume or the application of a nitrification/denitrification or a chemical/mechanical stage.
BAT isto take full advantage of the biological degradation potential of the tota effluent and to
achieve BOD elimination rates above 99 % and yearly average BOD emission levels of
1-18 mg/l. The levels relate to the effluent after biological treatment without dilution, e.g. by
mixing with cooling water. BAT isto achieve the emission levelsgivenin Table VIII.

Monitoring of thetotal effluent

BAT is to regularly monitor the total effluent to and from the biological WWTP. BAT is to
carry out regular biomonitoring of the total effluent after the biological WWTP where
substances with ecotoxicological potential are handled or produced with or without intention.
Where residua toxicity is identified as a concern (e.g. where fluctuations of the performance of
the biological WWTP can be related to critical production campaigns), BAT is to apply online
toxicity monitoring in combination with online TOC measurement.

Yearly aver ages*
Parameter Level Unit Comment
COD 12 - 250
The upper range results from the production of mainly
Total P 0.2-15 compounds containing phosphorus
The upper range results from production of mainly
Inorganic N 2-20 organic compounds containing nitrogen or from, e.g.
fermentation processes
The upper range results from numerous AOX relevant
AOX 01-17 mad/l | productions and pretreatment of waste water streams
with significant AOX loads
Cu 0.007-0.1 The upper ranges result from the deliberate use of heavy
Cr 0.004 - 0.05 metals or heavy metal compounds in numerous processes
Ni 0.01-0.05 and the pretreatment of waste water streams from such
Zn -01 use
Suspended 10- 20
solids
LIDg 1-2
LIDp 2-4 I o . .
LIDA 1-8 Dilution | Toxicity is also expressed as aquatic toxicity
factor (ECx levels)
LID, 3-16
LIDgy 15
" The levels relate to the effluent after biological treatment without dilution, e.g. by mixing with
cooling water

TableVIII: BAT for emissions from the biological WWTP

viii
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V. Concluding remarks

The information exchange on Best Available Techniques for the Manufacture of Organic Fine
Chemicals was carried out from 2003 to 2005. The information exchange process was
successful and a high degree of consensus was reached during and following the final meeting
of the Technical Working Group. No split views were recorded. However, it has to be noted that
increasing confidentiality concerns represented a considerabl e obstacle throughout the work.

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 aso the Preface of this document).
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Preface

PREFACE

1. Status of this document

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

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

In order to help the reader understand the legal context in which this document has been drafted,
some of the most relevant provisions of the IPPC Directive, including the definition of the term
“best available techniques’, are described in this preface. This description is inevitably
incomplete and is given for information only. It has no legal value and does not in any way alter
or prejudice the actua 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 lega 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 specificaly, it provides for a permitting system for certain categories of industria
installations requiring both operators and regulators to take an integrated, overall look at the
polluting and consuming potential of the ingtallation. The overall aim of such an integrated
approach must be to improve the management and control of industrial processes so asto ensure
ahigh level of protection for the environment as awhole. Centra to this approach is the general
principle given in Article 3 that operators should take all appropriate preventative measures
against pollution, in particular through the application of best available techniques enabling
them to improve their environmental performance.

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

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

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

“best” means most effective in achieving a high general level of protection of the environment
asawhole.
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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 genera
principles set out in Article 3 when determining the conditions of the permit. These conditions
must include emission limit values, supplemented or replaced where appropriate by equivalent
parameters or technical measures. According to Article 9(4) of the Directive, these emission
limit values, equivalent parameters and technical measures must, without prgudice 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 characterigtics of the instalation 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 transboundary 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 developments in them”, and to publish the results of the exchange.

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

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

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

4, I nformation 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 overall goal to achieve a high level of
protection for the environment as awhole.
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The rest of this section describes the type of information that is provided in each section of the
document.

Chapters 1 and 2 provide general information on the industrial sector concerned and on the
industrial processes used within the sector. Chapter 3 provides data and information concerning
current emission and consumption levels reflecting the situation in existing installations at the
time of writing.

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

Chapter 5 presents the techniques and the emission and consumption levels that are considered
to be compatible with BAT in a generd sense. The purpose is thus to provide genera
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 loca
environmental conditions. In the case of existing installations, the economic and technical
viability of upgrading them also needs to be taken into account. Even the single objective of
ensuring a high level of protection for the environment as a whole will often involve making
trade-off judgements between different types of environmental impact, and these judgements
will often be influenced by local considerations.

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

Reference plants

Apart from references to literature, this document refers frequently to reference plants. Due to
widely spread confidentiality concerns, al reference plants are named with an aias (example:
*199D,0,X*) where the number can be used to identify the reference plant throughout this
document and the following letters indicate the production spectrum as follows:

API

Biocides and/or plant health products
Dyes and/or pigments

Explosives

Flavours and/or fragrances
Intermediates

Large integrated multiproduct site
Optical brighteners

Vitamins

Other OFC

X<QOFrTTmow>»

A list of al reference plantsisgivenin Table 9.1.
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6. Futurereview and update

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

Edificio Expo, ¢/ Inca Garcilaso, §n, E-41092 Sevilla, Spain
Telephone: +34 95 4488 284

Fax: +34 95 4488 426

e-mail: jrc-ipts-ei ppch@ec.europa.eu

Internet: http://eippch.jrc.es
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Scope

SCOPE

The BREF on Organic Fine Chemicals (OFC) focuses on the batch manufacture of organic
chemicals in multipurpose plants. Specifically this document targets the following sections from
ANNEX 1 of the IPPC Directive:

4.1 Dyes and Pigments
4.4 Plant health products and biocides
4.5 Pharmaceutical products (chemical and biological processes)

and additionally
4.6 Explosives
as far as the manufacture of organic compounds is concerned.

Following the same theme of batch manufacture in multipurpose plants the following categories
of chemicals are addressed in this document although not explicitly named in ANNEX 1.

* organic intermediates

e gpeciaised surfactants

« flavours, fragrances, pheromones

» plasticisers

» vitamins (belonging to pharmaceuticals)

e optical brighteners (belonging to dyes and pigments)
» flame-retardants.

This list is not conclusive and no specific threshold was established in drawing a borderline to
large volume production. Therefore it is implied that an OFC production site may also include
dedicated production lines for “larger” volume products with batch, semi-batch or continuous
operation.

The scope covers an enormous variety of produced substances. Therefore the document does not
describe the production of specific, individual products but deals with environmentally relevant
unit processes and unit operations, as well as with the usual infrastructure found at atypical site.
The document cannot and is not intended to replace the chemica textbooks on “green
chemistry” and indeed it gives only general guidance for the early stage of process design — and
deals mainly with process modifications and especially with the management of unavoidable
waste streams.

Theinterfaceto the BREF on CWW [31, European Commission, 2003]

The BREF on “Common waste gas and waste water treatment/management systems in the
chemical sector” describes techniques which are commonly applicable in the whole spectrum of
the chemical industry. As aresult, only generic conclusions were derived, which de facto could
not take into account the specific characteristics of the manufacture of Organic Fine Chemicals.

Using the results of the BREF on CWW as a source of information, the BREF on OFC provides
afurther assessment of such techniques in the OFC context. The main aspect is the effect of the
operational mode (batch manufacture, production campaigns, frequent product change) on the
selection and the applicability of trestment techniques, as well as the implicit challenges of
managing a multipurpose site. Furthermore the performance is assessed and conclusions are
drawn based on OFC specific information and data.
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Chapter 1

1 GENERAL INFORMATION

1.1 The sector
[18, CEFIC, 2003]

The chemical industry substantially contributes to the EU economy, with saes of over
EUR 519000 million and atrade surplus of EUR 65000 million, making it Europe’ s number one
exporter. The chemical industry and all its sectors, especiadly the Organic Fine Chemicals
(OFC) sector, is global in scope, competing on the world market with its products.

The chemical industry is Europe's third largest industry, employing 1.7 million people directly
and with an additional 3 million jobs directly supporting the chemical industry. The OFC sector
is estimated to employ over 0.6 million people with a turnover of EUR 125000 million. Typica
employers include large multinationals with organic fine chemical business units, but over 90 %
of all sector companies are either middle-sized or SMEs.

Perfumes and cosmetics

7% )
Petrochemicals 13 %

Soaps and detergents 5

Plastics and synthetic
rubber 16 %

Pharmaceuticals 26

[ —Man-made fibre 3 %

_Other basic inorganics
3%

\xlndustrial gases 1%

Fertilisers 2 %
Fine chemicals 4 %

Crop protection 2 %

I

Paints and inks 6

)

Other speciality
chemicals 12 %

Figure1.1: Sectoral breakdown of EU chemical industry sales (2003)

Other speciality and fine chemicals are produced in smaller volumes than base chemicals.
Speciality chemicals cover the auxiliaries for industry, dyes & pigments, oleo-chemicals, crop
protection, and paints & inks. Fine chemicas represent pharma-intermediates, agro-
intermediates, and chemical intermediates. Pharmaceutical covers both basic pharmaceutical
products and pharmaceutical preparations.
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Organic fine chemical manufacturers produce a wide range of chemical substances, which are
typically of a high added-value and produced in low volumes, mainly by batch processes in
multipurpose plants. They are sold to companies, mostly other chemical companies, serving an
immense range of end-user markets, on either a specification of purity or on their ability to
deliver a particular effect. Typical major end-user markets are pharmaceuticals, agrochemicals,
dyestuffs, flavours and fragrances, specidity polymers, electronics, food additives, and
catalysts. Typica of the OFC sector is the manufacture of products or intermediates for interna
use, in addition to externa sales. The global market has grown at around 4 % per year and is
currently valued at around EUR 265000 million (USD 300000 million). Demand patterns
affecting typical European OFC manufacturers are:

e continued globalisation of major customers, e.g. pharmaceutical companies, consequently
reducing the number of hew chemical substances requiring contract manufacture

» continued shift of manufacturing activities to the Far East

» continued rationalisation of large multinationals, leading to more outsourcing of existing
and new low volume substances

e increasing costs of regulation, affecting the cost base especialy of smaller manufacturers.

80

70

60 -

50 4 -

40 4 -

30

20 A

3 el

Number of Sales Employment
enterprises

Numer of enterprises and sales
by employment size (share in %)

@1 -9 employees
m 10 - 49 employees
050 - 249 employees

@ more than 250 employees

Figure 1.2: Number of enterprisesand sales by employment size

OFC manufacturers range in size from very small (<10 staff) to very large multinationals
(>20000 staff), with typical manufacturing sites having between 150 and 250 staff.
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It is afeature of the sector to complement manufacturing with special customer services such as
synthesis, contract manufacture, research and screening and the supply of research and
laboratory chemicals. Key attributes of OFC manufacturers are:

strong management, supported by flexible technical and process skills

strong application and customer services [99, D2 comments, 2005]

adoption of international management systems, e.g. 1SO 9001, 1SO 14001, EMAS and a
“Responsible Care Programme”

ability to perform arange of complex chemistries at scales from kilos to tonnes
unique technology platforms and willingness to adopt new, proven technologies
well supported multi-functional assets capable of operating to cGMP when required
regulatory and analytical infrastructure

fast-track development and manufacture

strategic commitment to custom synthesis manufacture

flexibility and responsiveness

strong ability of innovation and links with universities and research organisations
significant efforts to replace hazardous substances [99, D2 comments, 2005].
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1.2 Environmental issues
The key environmental issues of the OFC sector are:

» emission of volatile organic compounds

» waste waters with potential for high loads of non-degradable organic compounds
» relatively large quantities of spent solvents

e non-recyclable waste in high ratio.

The enormous variety of possibly handled (and emitted) substances also includes highly
harmful compounds which may be toxic, suspected of being carcinogenic or being carcinogenic.

The following values may give an impression of the dimensions:

e if anew company with a solvent input of 10000 tonnes per year (which is not unusual)
meets the limits of the VOC Directive, overall emissions of 500 tonnes VOC yearly are
possible

» if the same company does not operate its own recycling/incineration facilities, the remaining
portion of about 9500 tonnes spent solvents have to be disposed of

» for the same company, it would be not unusual to emit 50 tonnes COD yearly, representing
organic compounds which were not degraded in the company’ s waste water treatment plant

« fromalarger plant with amore “difficult” production spectrum, an annual emission of 1000
tonnes COD is possible.

Prevention, minimisation and recovery/abatement of waste streams

The reaction itself and the operations carried out to purify or separate the product create a
variety of waste streams (exhaust gases, mother liquors, wash-waters, spent solvents, spent
catalysts, by-products) which have to be identified. If a particular waste stream cannot be
avoided by process modification, it isacrucia challenge in the multipurpose plant to assign this
waste stream to recovery or abatement facilities or to dispose of it as waste (Figure 1.3).

Production and

o +«— Re-use
related activities Emission

| to air

a

Waste streams from
production and related
activities, e.g.

« exhaust gases

Abatement

* process waters
Recovery

e process residues

* spent solvents

* spent catalysts Emission

* by-products to water

Disposal +— Waste

Figure 1.3: Management of waste streams
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1.3 Some products

1.3.1 Organic dyes and pigments

[1, Hunger, 2003, 2, Onken, 1996, 6, Ullmann, 2001, 19, Booth, 1988, 20, Bamfield, 2001, 46,
Ministerio de Medio Ambiente, 2003]

1.3.1.1 Overview

Dyes and pigments can be classified according to their chemical structure or their mode of
application. The most important commercial products are the azo, anthraquinone, sulphur,
indigoid, triphenylmethane and phthal ocyanine dyes. Figure 1.4 shows the major chromophores
and Table 1.1 shows the classification of dyes by use or method of application.
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1 \ Me
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N=N—©—NH \
\_/
SO3zH [¢] z
(d) G)
(a) Phthalocyanine dye  (b) Triarylmethane dye
(c) Indigoids (d) Azo dye

(e) Anthraquinone dye

Figure 1.4: Major chromophor es of commer cially important dyes

Dyeing method Pref_erred su_bstr_ate/ Principal chemical class Solubility in
typical application water
Azo, metallised azo,
Reactive dyes Cotton phthal ocyanine, Soluble
anthraquinone
. Polyester, .
Disperse dyes electronic photography Non-ionic Insoluble
Direct dyes Cotton, regenerated Anionic, poly-azo Soluble
cellulose
. Anthraguinone, Insoluble
Vat dyes Cellulosefibres indigoids Soluble leuco salts
Sulphur dyes Cotton Sulphur dyes Soluble
Cationic or basic | Paper, polyacrylo nitril, Triarylmethane Soluble
dyes polyesters
. Nylon, wool, silk,
Acid dyes leather, paper, ink-jets Soluble
Solvent dyes Plastics, gasoline, ails, Azo, anthraguinone Insoluble
waxes

Table 1.1: Classification of dyesby use or method of application
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Apart from one or two notable exceptions, all dye types used today were discovered in
the 1880s. The introduction of the synthetic fibres such as nylon, polyester and polyacrylonitrile
during the period 1930 - 1950, produced the next significant challenge. The discovery of
reactive dyes in 1954 and their commercial launch heralded a major breakthrough in the dyeing
of cotton. Intensive research into reactive dyes followed over the next two decades and is still
continuing today.

One important theme in research today is the replacement of tinctorialy weak chromogens, such
as anthraguinone, with tinctorially stronger chromogens, such as (heterocyclic) azo dyes.
Considerable activity is aso being dedicated to high tech applications, especidly in the
€l ectronics and non-impact printing industries.

1.3.1.2 Pigments

Pigments are defined as colouring agents that are practically insoluble in the application
medium, whereas dyes are colouring agents that are soluble in the application medium.

In colouring, the crystalline pigment is applied in the solid state, not in the dissolved form, to
the medium being coloured. Both the chemical and the physical properties of the pigments (e.g.
particulate size, particulate size distribution, special types of surface and specific surface area,
crystal modification, and crystal form) are important for their industrial application.

Many organic pigments and dyes have the same basic chemical structure. The insolubility
required in pigments can be obtained by excluding solubilising groups, by forming insoluble
salts (lake formation) of carboxylic or sulphonic acids, by metal complex formation in
compounds without solubilising groups, and particularly by incorporating groups that reduce
solubility (e.g. amide groups).

Figure 1.5 shows the largest areas of use of organic pigments.

Printing inks
50 %

Paints and
coatings
25%
5 0 Plastics
20 %

Figure 1.5: Main uses of organic pigments

The remaining organic pigments (“ Other”) are used in textile printing and a number of smaller
sectors, including contactless printing processes, office articles and accessories (e.g. coloured
pencils, crayons, chalks), and the colouring of wood, cosmetics, and paper.
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1.3.1.3 Economics

The scale and growth of the dyes industry is linked to that of the textile industry. World textile
production has grown steadily to an estimated 35 million tonnes in 1990. The two most
important textile fibres are cotton and polyester. Consegquently, dye manufacturers tend to
concentrate their efforts on producing dyes for these two fibres. The estimated world production
of dyes and pigments in 1990 was 1 million tonnes. The rapid growth in the high tech uses of
dyes, particularly in ink-jet printing, is beginning to make an impact. Although the volumes in
this area remain small in comparison to dyes for traditiona applications, the value will be
significant because of the much higher price.

Other Asia
40 % DyStar
25%

Ciba
13%

Japan

Yorkshire  Clariant
9% 5% 8 %

Figure 1.6: Share of theworld textile dye market attributableto major manufacturers
[20, Bamfield, 2001]

North America

Western Europe
32 %

30 % ~_

South America
4%

Africa and
Eastern Europe Middle East

3% Asia Pacific 5%
26 %

Figure 1.7: Share of theworld organic pigments mar ket attributable to main geographic regions
[20, Bamfield, 2001]

The Western European share of world production has declined from 95 % in the early 1900s to
about 40 %, taking into account that a large part of US manufacture and that of other countries
is based on Western European subsidiaries. This decline is coupled with an increase of
production in commodity dyestuffs in lower cost countries such as India, Taiwan and China.
The world output of organic dyesis estimated to be 750000 tonnes per year [6, Ullmann, 2001].

The mgjor European dye manufacturers have undergone magjor reorganisations, mergers and
acquisitionsto focus on “core” activities (Table 1.2).

Organic Fine Chemicals 7



Chapter 1

Country Current Company Original companies
Germany Dystar Bayer, Hoechst, BASF, textile dyes from Zeneca
Switzerland | Clariant Sandoz, Hoechst Speciality Chemicals
Ciba Speciality Chemicals | Ciba-Geigy
UK Avecia ICl
Y orkshire Crompton and Knowles (US)

Table 1.2: Restructuring of the major Western European dye manufacturers
[20, Bamfield, 2001]

1.3.2 Active pharmaceutical ingredients (APIs)

[2, Onken, 1996, 6, Ullmann, 2001, 21, EFPIA, 2003, 35, CEFIC, 2003]

1.3.2.1 Overview

Active Pharmaceutical Ingredients (APIs) are based on organic molecules which have been
synthesised and modified to provide medicinal products and comprise the largest segment of
available drugs. Biotechnology is part of the pharmaceutical industry today, but drugs based on
organic chemistry remain the largest part of R&D and comprise the largest percentage of new
drugs launched yearly. Figure 1.8 gives some examples, but in redity the variety in the world is
enormous.
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(d) (a) Benzodiazepams (b) Penicillins
(c) Steroids (d) Indole alkaloids
(e) Barbiturates (f) Sulphonamides

(g) Pyrazolones

Figure 1.8: Examplesof APIs

1.3.2.2 Legal requirements and process modifications

Where APl manufacture on a site requires the observance of the rules of current Good
Manufacturing Practice (cGMP) or approval by the European Medicine Evaluation Agency
(EMEA), the United States Food and Drug Administration (FDA) or other applicable medicine
approval authorities, process modifications can be only carried out fulfilling the required
variation procedure. This represents a serious obstacle for the redesign of existing processes.
Thisis even more the case if the API is supplied to a number of different marketing application
holders (which is the case for about 75 % of the total volume of API production).
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1.3.2.3 Economics

The pharmaceutical industry is a major industrial asset to the European economy, strongly
research-based and one of the best performing high technology sectors. Europe produces more
than 40 % of the world’s pharmaceutical output by value, making it still the world’s leading
manufacturing location ahead of the US (over 30 %) and Japan (20 %).

1985 | 1990 | 2000 | 2001

EUR millions
R&D expenditure | 4300 7900 17000 | 18900
Pharmaceutical market value at manufacturer’s prices | 27600 | 42100 | 87000 | 98700
Pharmaceutical market value at retail prices | 43200 | 67900 | 131000 | 151600

Employees
Employment | 437600 | 505000 | 540000 | 582300

Table 1.3: Economic data for the European phar maceutical industries
[21, EFPIA, 2003]

Although Europe till leads the world in pharmaceutical manufacturing, the US has taken the
lead in innovation in terms of R&D investments and the introduction of new pharmaceuticals,
e.g. patenting biomedicines.

Like many other industries, the pharmaceutical industry is undergoing change. In addition to
constantly assimilating new technologies into its research and adjusting to changing market and
regul atory environments, a number of pharmaceutical company mergers are taking place.

The pharmaceutical industry is highly fragmented. The largest companies have less than 5 % of
the worldwide market share for pharmaceuticals. Perhaps as a result, mergers and acquisitions
have become more frequent. Some examples are the merger of the two British companies Glaxo
and Wellcome; the merger of the life sciences operations of Hoechst, Marion Merril Dow,
Rousell, and Rorer in a series of transactions to form Aventis; Sanofi merged with Synthelabo;
Novartis which was formed by a merger of the Swiss companies Ciba Geigy and Sandoz; and
the merger of Astraand Zenecato form AstraZeneca.

1.3.3 Vitamins
[2, Onken, 1996, 6, Ullmann, 2001]

Vitamins are essential, organic compounds which are either not synthesised in the human and
animal organism or which are formed only in insufficient amounts. Pro-vitamins can be
converted to the vitamin in the body. A typical representative of the pro-vitamins is -carotene,
which is split into two molecules of vitamin A in the organism.

Vitamins are classified not chemically but by their activity. The historical distinction between
fat- and water-soluble vitamins has been retained to this day, since the solution properties are
important not only for the occurrence, but also for the behaviour of vitamins in the organism
(resorption, transport, excretory pathways, and storage).

Fourteen compounds or groups of compounds have been classified as vitamins (Table 1.4).

The worldwide market value for vitamins as a bulk product is egimated to be
EUR 25600 million (DEM 50000 million) per year [6, Ullmann, 2001].
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Compound/group Chemical family | Single substance Production in
tonnes per year
Vitamin A Retinols Vitamin A, 2700
-carotene 100
Other carotenoids 400
Vitamin D Calciferols Vitamin D 25
Vitamin E Tocopherals, a-tocopherol 7000
tocotrienols
Vitamin K Phylloguinone
Vitamin B, Thiamin
Vitamin B, Riboflavin 2000
Vitamin Bs Nicotinacid amide 12000
Vitamin Bg Pyridoxal group
Vitamin By, Cobalamins 12
Vitamin C L -ascorbic acid 40000
Pantothenic acid
Biotin
Folic acid
Niacin

Table 1.4: Compounds and groups classified as vitamins

Feed industry
50 %

Food industry
20 %

Pharmaceutical industry
30 %

Figure 1.9: Use of vitamins by sectors
[6, Ullmann, 2001]

1.3.4 Biocides and plant health products
1.3.4.1 Overview
[2, Onken, 1996, 23, US EPA, 2003]

Biocides and plant heath products are substances or mixtures of substances intended for
preventing, destroying, repelling, or mitigating any pest. A more common term for these
products is “pesticides’, which is taken to include herbicides and other groups as detailed
below.

Pests are living organisms that occur where they are not wanted or where they cause damage to
crops or humans or other animals. Table 1.5 gives an overview of the types of biocides and
plant health products according to the type of pest they control, and Figure 1.10 gives some
examples of biocides and plant health products derived by chemical synthesis.
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Pesticide group Pest group

Insecticides Pest insects

Herbicides Weeds

Fungicides Fungi

Acaricides Mites [23, USEPA, 2003]
Nematocides Plant-parasitic nematodes

Mulluscicides Gastropods (snails)

Rodenticides Rodent (e.g. mice)

Microbiocides Bacteria, viruses

Table 1.5: Pesticide groups according to the type of pest they control
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(9) Phyrethroids (h) Methoxychlor

(i) 2,3,6 trichlorobenzoic acid

Figure 1.10: Examples of biocides and plant health products

1.3.4.2 Process modifications in manufacturing crop protection agents
[56, Jungblut, 2004]

Depending on the country requirements, usually the manufacturing route, description of the
starting materials and a specification have to be explained. A modification, which may result in
a change to the technical specification, can require some additional studies. For example,
changes in the purity of an active ingredient may modify its toxicological or ecotoxicologica
profile or its ability to be formulated into a plant protection product. The crop protection
manufacturing process is subject to specific regulations for any changes to the once approved
process via the submission of a “5-batch analysis’. This has to show that the proposed change
does not affect the minimum purity of the active ingredient or the maximum levels of any other
impurities or lead to the presence of any new impurities.
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1.3.4.3 Economics of crop protection
[22, ECPA, 2002, 32, CEFIC, 2003], [56, Jungblut, 2004]

Not al biocides and plant health products are used for crop protection but only the following
information has been submitted.

Over the past ten years, the European crop protection market has been affected by highly
volatile economic and political conditions. Despite the pressure that the agricultural sector has
been subjected to, the market for crop protection products in the EU continues to be the second
largest in the world after North America. Figure 1.12 and Figure 1.13 give an overview of the
market composition and devel opment in Europe.

EU
80%

EFTA
RuUSsSsia 5 CEECs 2%

3% Other CEECs 11%
4%

Figure 1.11: European crop protection market in 2001 showing per centages

Herbicides
40 %

Others
5%

Insecticides
18 %

Fungicides
37 %

Figure 1.12: Western European market (EU and EFTA) by product sector, 2001

Over the past ten years, the relatively poor performance of the global market (see Figure 1.13)
has resulted in considerable consolidation, with a number of companies leaving the market.
From a European perspective, the most significant moves have been the merger of Zeneca and
Novartis to form Syngenta, the acquisition of Cyanamid by BASF, and the purchase of Aventis
by Bayer (so bringing the former operations of Rhone-Poulenc, Hoechst, Schering, Boots and
Fisons into one company). Six companies now dominate the global market, with three of these
(Syngenta, BASF and Bayer) based in Europe. The other three US companies (Monsanto, Dow
and Dupont) all have significant subsidiariesin the EU.
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Figure 1.13: Real growth in the Western European crop protection market, 1990 — 2001

1.3.5 Fragrances and flavours
[6, Ullmann, 2001]

Fragrance and flavour substances are comparatively strong smelling organic compounds with
characteristic, usually pleasant odours. They are used in perfumes and perfumed products, as
well as for the flavouring of foods and beverages. Whether a particular product is called a
fragrance or a flavour substance depends on its use. Natural products are obtained directly from
plant or anima sources by physical procedures. Nature identical compounds are produced
syntheticaly, but are chemically identical to their natural counterparts. Artificial flavour
substances are compounds that have not yet been identified in plant or animal products for
human consumption. Nature identical aroma substances are, with very few exceptions, the only
synthetic compounds used in flavours besides natural products. Figure 1.14 gives some

examples.
(b)
(a) \/J\ N
o)

o o}
CH,OH
OCH; :
(a) B-ionone (b) Coumarin (c) Nerolidol

(d) Geraniol (e) Vanillin

Figure 1.14: Examples of some fragrance and flavour substances
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1.3.6 Optical brighteners

[2, Onken, 1996, 6, Ullmann, 2001]

Optical brighteners or, more accurately, fluorescent whitening agents, are colourless to weakly
coloured organic compounds that, in solution or applied to a substrate, absorb ultraviolet light
(e.g. from daylight at c. 300—430 nm) and re-emit most of the absorbed energy as blue
fluorescent light between c. 400 and 500 nm. In daylight, optica brighteners can thus

compensate for the aesthetically undesirable yellowish cast found in white industrial substrates,
such as textiles, papers, or plagtics. Figure 1.15 gives some examples.
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(a) Diphenyl pryrazolines (b) Coumarins  (c) Stilbenes

Figure 1.15: Examples of some optical brighteners
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1.3.7 Flame-retardants
[6, Ullmann, 2001, 24, EFRA, 2003]

Flame retarded materials are modified or treated to be more resistant to ignition than non-flame
retarded materias, or to have slower rates of flame spread in a major fire that is initiated by
some other source; however, the flame retarded article will still ultimately burn.

Organic flame-retardants are often brominated compounds. The HBr from their decomposition
isvery effective in deactivating free radicalsin the vapour phase. The formation of new radicals
isalso reduced as less heat is generated, and the entire combustion processis slowed.

Chlorinated compounds function in the same manner. In practice, often twice as much
compound containing chlorine is required as compound containing bromine. The difference
approaches the atomic mass ratio for the two halogens, i.e. 79.90: 35.45 = 2.25. Figure 1.16
gives some examples.

Br Br o Br
Br Cl Br Br Br
O
Br Br Br Br Br
Br Br 0 Br

(@) (b) (©

(a) Pentabromo chloro cyclohexane
(b) Tetrabromo phthalic anhydride
(c) Hexabromo benzene

Figure 1.16: Examples of some flame-retar dants
In 2001, the market value of brominated flame-retardant compounds was EUR 864 million

(USD 774 million), related to a worldwide consumption of 774000 tonnes. Figure 1.17 and
Figure 1.18 show the world market share and the market composition, respectively.

us
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Figure 1.17: World market for brominated flame-retar dant compounds by region
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Brominated compounds
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Other
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Figure 1.18: Market composition by flame-retardant material

1.3.8 Plasticisers
[6, Ullmann, 2001]

A platiciser is a substance incorporated into a material to increase its flexibility, workability, or
distensibility. A plasticiser may reduce the melt viscosity, lower the temperature of the second-
order transition, or lower the elastic modulus of the product. Plasticisers are inert, organic
substances with low vapour pressures, predominantly esters, and react physically with high
polymers to form a homogeneous physical unit, whether it be by means of swelling or
dissolving or any other. At present some 300 plasticisers are manufactured, of which at
least 100 are of commercial importance. Figure 1.19 shows some of the most widely used
plasticisers.
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(b) Phthalic esters
(c) Trimellitate esters

Figure 1.19: Examples of some plasticisers

In 1996, production of plasticisers in Western Europe amounted to 1253 x 103 tonnes per year
and in the United States to 636 x 103 tonnes per year [99, D2 comments, 2005]. In terms of
plasticiser types, the majority of this tonnage (>85 %) is standard phthalate (esters of phthalic
anhydride with C8 — C10 alcohols). The reasons for this are the relatively low price and readily
available feedstocks. The remainder of the market is taken up by phthalate esters of other
alcohols, speciality phthalates, adipates, trimellitates, and other esters.
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1.3.9 Explosives
[46, Ministerio de Medio Ambiente, 2003]

Organic chemical explosives are classified as “secondary explosives’ [6, Ullmann, 2001] and
represent active ingredients extensively used in energetic products such as dynamites and
smokel ess powders. Figure 1.20 gives some examples.

Physical explosives (usually considered only as “blasting agents’) are produced by the mixing
of non-explosive materias (or materials not intended to be explosive) e.g. diesal oil, ammonium
nitrate, and sodium perchlorate.

Explosives are dangerous goods (class 1 ADR) and consequently, due to safety concerns
Member States have established special regulations covering their transport, storage and
manufacturing. Nearly every change in manufacturing processes and operations requires
authorisation by national security authorities.
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(a) NH,
CH, NO NO,
O— CH,—C—CH,—O0—NO b
2 2 S ©
NO
2 CH, NO\N’CHZ_N\CH NH, NH,
0—NO, | | 2 NO,
CH, N
’
CH; N—cl, o2
/ NO, NO,
NO NO, NO,
NO, CH =CH NO,
CH,—0—NO,
CH—O—NO
@ 1 : NO, N, g
CH,—0—nNO, (©)
(@) PETN (b) HMX
(c) TATB (d) TNT
(e) Nitroglycerine () HNS

Figure 1.20: Examples of some organic explosives

Secondary explosives are used for industrial and military purposes. Production is carried out by
private companies in many countries, e.g. UK, Germany, Norway, Sweden, Switzerland,
Portugal. In Spain, production was shared between a national company and private ones
until 2004. Nowadays, all Spanish companies are privately operated and owned. In France,
military secondary explosives are manufactured by a national company.

Production figures and prices are usually not available, but as an example, the yearly production
of civil explosives (both inorganic and organic, including mixtures or blasting agents) in Spain
and Portugal amounts to about 95000 tonnes. Only about 9000 tonnes of these are organic
explosives produced by chemical methods.
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2 APPLIED PROCESSES AND TECHNIQUES

This chapter describes a range of processes and techniques applied in the OFC sector, often by
giving examples. The selection is based on the information provided and is restricted to
examples where the provided information enables the discussion of environmental issues.

2.1 Conception: unit processes and operations
[16, Winnacker and Kuechler, 1982], [55, CEFIC, 2003]

The chemistry of fine organic intermediates and products shows an enormous diversity. This
results in the problem that at first sight — with regard to environmental issues — no OFC
installation seems to be comparable to another. But in redlity the number of processes and
operations used remains reasonably small and only a limited number of environmental issues
have to be discussed.

The primary chemicals used for the manufacture of products such as dyes, pharmaceuticals or
biocides are called intermediates and are prepared on an industrial scale from basic organic
(usualy aromatic) raw materials by various chemical procedures (unit processes). The choice of
physical procedures which are applied is limited in a similar way (unit operations). The main
unit processes and operations are listed in Table 2.1, which, however, is not conclusive. Often,
the route taken to go from the basic organic raw material to the target product is via several unit
processes (see Figure 2.1) and possibly includes severa unit operations.

Unit processes Unit operations
Acylation Charging reactants and solvents
Addition Inerting

Alkylation Reaction
Carboxylation Discharging
Carboxymethylation Crystallisation
Condensation Filtration
Diazotisation and modification of the diazo group Product washing
Esterification Drying
Halogenation Extraction
Nitration Electro dialysis
Oxidation Absorption
Rearrangements Phase separation
Reduction Adsorption
Substitution Didtillation
Sulphitation Milling
Sulphonation Apparatus cleaning

Table 2.1: Main unit processes and unit operationsused in industrial fine organic chemistry
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2.1.1 Intermediates

[6, Ullmann, 2001, 16, Winnacker and Kuechler, 1982, 19, Booth, 1988]

The number of intermediates actually or potentially available is very large and the technology of
their manufacture is an important part of industrial organic chemistry.

Starting raw materials are aromatic hydrocarbons, such as benzene, toluene, naphthaene,
anthracene, pyrene, phenol, pyridine and carbazol, as well as a wide range of aliphatic
compounds like, e.g. alcohals, carbonic acids, heterocyclic compounds.

Aromatic hydrocarbons undergo four electrophilic substitution reactions — the Friedel-Crafts
reaction, halogenation, nitration and sulphonation — as well as oxidation and reduction. The
reactions lead to substituted hydrocarbons (primary intermediates).

Most manufacturing processes for primary intermediates are run continuously and with
dedicated equipment, because of the large production volume. Subsequent modification steps
are usually carried out in batches. Table 2.2 gives some examples. “One pot” synthesis indicates
that several reaction steps are carried out without work-up of the intermediates.

Compound Unit process Mode_of Use
operation
Primary Nitrobenzene Nitration Continuous
intermediate | Chlorobenzene Chlorination Continuous
p-toluene sulphonic acid | Sulphonation Continuous
o-nitroaniline Exchange Continuous
I ntermediates 4-ch|orq—3—n!trobenzene Sulphonation Batch Dyes
sulphonic acid
2,3,A-richloro-6- Exchange Batch, semi-batch | Pesticides
nitrophenol
Sulphonation
. . Amination “ »
Bromamine acid Sulphonation Batch, “one pot Dyes
Bromination
Diazotisation " " Pharmaceuticals
Pyrazolone Condensation Batch, “one pot Dyes

Table 2.2: Examplesfor primary inter mediates and inter mediates
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2.1.2 Isomers and by-products

The stepwise introduction of substituents and their subsequent modification (see Figure 2.1), in
combination with the unavoidable drastic reaction conditions (e.g. reactivity of halogens,
oxidative effects of concentrated sulphuric/nitric acids, higher reaction temperatures for
deactivated aromatics), can lead to an increasing number of side reactions and unwanted by-
products, e.g:

e position isomers

» higher and lower substituted compounds

» modification of substituents

e oxidation products

*  by-products derived from the by-products if work-up is omitted (“ one pot synthesis”).

cl cl OCH,
NO, NO,
@ —_— — —_—
Chlorination Nitration Exchange
OCH3 OCH3 OCH3 OCH3
NH—NH
Reductive
coupling Rearrangement

Figure 2.1: lllustrative example of a synthesis using several unit processes

Often recovery and re-use of isomers or by-products is technicaly possible (e.g. as starting
materia in other plants or sectors). But in many cases a recovery appears difficult due to
economical, ecological or lega regirements. If a recovery is not possible, unwanted
isomers/by-products have to be separated from the product and contribute to waste or waste
water streams.

The nitration of toluene given in Table 2.3 can be used as an illustrative example. In this case,
the isomers are separated and purified by distillation.

Starting material Process Isomers By-products
Nitrophenols
o . o-Nitrotoluene (59.5 %) | Nitrocresols
Toluene HK{SZI onwith m-Nitrotoluene (4 %) Nitrohydroxy benzoic acids
p-Nitrotoluene (36 %) Phenylnitromethane
Tetranitromethane

Table 2.3: Examplefor the formation of isomersand by-products
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2.2 Multipurpose plants

Multipurpose plants enable the operator to manufacture different products with a certain
flexibility according to market requirements. Figure 2.2 gives an impression of the arrangement
inatypical plant, which uses gravity flow for efficient material transport. The main components
in the multipurpose plant are:

e raw material storage (warehouse, tank farm)

» reactors and vessels

» finished and intermediate storage

o utilities (e.g. cooling, vacuum, steam, cleaning)
* process control systems

» feed tanks (usually upper floors)

» purification and separation equipment

e recovery and abatement facilities

e blow-off systems and catch tanks.

Production campaigns with batch wise, semi-batch or continuous operation of reactors and
facilities for product work-up alternate with shutdown, cleaning and start-up situations.

Figure 2.2: Typical layout for a multipur pose plant

The example schedule given in Figure 2.3 shows the utilisation of 17 vessels in a production
building on a multipurpose plant with 22 different products/intermediates (shown as different
colours). This picture could vary dragticaly over the year due to a possibly changed market
situation. The use of the capacity varies from 60 to 95 %. Lower values would be critical from
an economic point of view. Higher values would represent area challenge from an operational
point of view.
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Vessel September 2003
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Figure 2.3: Examplefor the utilisation of the vesselsin a production building
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2.3 Equipment and unit operations

2.3.1 Reactors
[6, Ullmann, 2001]

The main equipment in multipurpose plants is the stirred tank reactor, which fulfils the
flexibility requirements arising from the varied physical states of the materias being used (e.g.
dry powders, wet solids, pastes, liquids, emulsions, gases).

The vessdls are required to withstand a range of process conditions (e. g. temperature, pressure,
corrosion) and are thus usually made of stainless steel, rubber- or glass-lined steel, enamel
coated, or other special materials. The mechanical design of the agitator baffles and cooling
systems is constrained by the need to attach and maintain the rubber or glasslining.

Other characteristics:

» used for both batch and continuous mode, as well asin cascades

 sized up to 60 m® (fermentation reactors up to about 1000 m?°)

» usually dished bottom (reactions may be carried out under pressure)

» equipped with one or more stirrers to ensure the requested mixing degree, heat-exchange
performance, etc.

» jackets or half pipe coils are often fitted around the vessel to provide heat transfer

» wall baffles are installed inside to prevent the gross rotation (“swirl”) of the contents with
the dtirrer.

Gas inlet

Jabueyoxa-reaH

Pump

l /
N

Figure2.4: Stirred tank reactor (conventional temperature control, left) and loop reactor (right)

Other used reactor types are, e.g:

» loop reactors (closed loop or continuous loop)

e bubble columns (closed loop or continuous |oop)
e pipereactors

* tubular reactors.
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2.3.1.1 Liquid addition to reactors
[18, CEFIC, 2003]
Liquids are added to reaction vessels for a number of reasons, e.g.

» raw material charge as part of arecipe for abatch reaction

» raw material for a semi-batch reaction (i.e. reacts asit is charged)
» adjustment of reactant concentrations

» refluxing to control the reaction temperature

e quenchingto stop areaction

e cleaning.

Many factors, such as material properties, operational mode, reactor temperature and pressure,
reactor contents as well as related management/procedures and training are taken into account
for designing or reviewing this operation.

The common methods of charging include:

e pumping from storage tanks, process vessdls, road cars, IBCs, drums
e gravity flow

e pressurised gas transfer (compressed air, nitrogen, etc.)

e vacuum transfer

e manua charging [99, D2 comments, 2005].

For information on material transfer with pigging systems see Section 4.2.8.

Vessels must be protected from over/under pressure by construction design, safety relief
systems and/or appropriate control systems.

The environmental issue is the displacement of gas/vapours from the reactor into a
vent system during filling (if gas balancing is not possible). The vent system discharges
via arecovery/abatement system if treatment isrequired or directly to the air.

2.3.2 Equipment and operations for product work-up
[18, CEFIC, 2003, 46, Ministerio de Medio Ambiente, 2003]
2.3.2.1 Drying

Many different dryer types are available and are in use. They include among others: fluidised
bed dryers, vacuum dryers, spray dryers, band/belt dryers.

Common environmental issues are the:

- removal of gases or vapour of the solvent together with
- finer solid material.

Therefore, dryers are usually connected to a dust collection system (cyclones, filters,
scrubbers) and/or VOC recovery/abatement systems (scubbers, adsorption, condensers).
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2.3.2.2 Liquid-solid separation

Liquid-solid separation is used, e.g. for the separation of a precipitated product, catalyst, solid
impurities. The spectrum of the available and used equipment is wide and includes decanters,
decanter centrifuges, sieves, sand filters, rotary drum filters, band filters, plate filters, Nutsche
filters, membrane systems, centrifuges.

The environmental issues are linked to the properties of the liquid. The main aspects
are

- VOCs from vents
- organic or agueous mother liquors or washes.

These are usually treated by applying recovery or abatement techniques.

2.3.2.3 Distillation

Didtillation is carried out to separate or purify volatile components from less volatile
components. A digtillation unit always consists of a means of heating the feed, the column or
the vapour line (with many alternatives of packing to achieve specific results) and a heat-
exchanger to condense the vapours.

The main environmental issues are;

- energy efficiency (efficient design, insulation, heating, cooling)

- emissionsto air from the condenser vent in case of atmospheric distillations
- waste streams (which can be re-used or recovered, or disposed of)

- wastes from cleaning.

2.3.2.4 Liquid-liquid extraction

Liquid-liquid extraction or solvent extraction is a separation process which is based on the
different distribution of the components to be separated between two liquid phases.

Liquid-liquid extraction is primarily applied where direct separation methods such as distillation
and crystallisation cannot be used or are too costly. Liquid-liquid extraction is also used when
the components to be separated are heat sensitive (e.g. antibiotics) or relatively non-volatile.

Extraction apparatus can be classified into countercurrent columns, centrifugal extractors, and
mixer-settlers. In a simple case, even a stirred tank may be applicable. All industrial equipment
designs use the principle of dispersing one of the two liquids into the other in order to enlarge
the contact area for mass transfer.

The main environmental issues are linked to the properties of the liquids:

- VOCs from vents
- organic or agueous mother liquors.

These are usually treated by applying recovery or abatement techniques.
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2.3.3 Cooling
[57, UBA, 2004]

Cooling can be carried out directly or indirectly (Table 2.4). For information on indirect cooling
see also Section 4.2.9. Direct cooling is also used as areaction stopper in emergency situations.

Operation Description Environmental issue
L D Irect cooling is carried out by Waste water streams loaded
Water injection injection of water, usually to cool . )
with vapour contaminants
5 down vapour phases
= - _ Addition of ice or water is carried out
O | Addition of ice to adjust temperature of processes (e.g. | Increased volume of waste
or water to enable temperature jumps or water streams
shocks)
5 Indirect cooling is provided by surface
o heat-exchangers, where the cooling Cooling waters and spent
g Surface heat-exchange | oyim (e.g. water, brines) is pumped | brines
- in a separate circuit

Table 2.4: Direct and indirect cooling

2.3.4 Cleaning
[46, Ministerio de Medio Ambiente, 2003]

Due to the frequent product changes, well established cleaning procedures are required to avoid
cross-contamination, e.g. for the production of intermediates and APIs.

The cleaning of equipment, such as reactors, centrifuges and sieves is carried out using water,
sodium hydroxide, hydrochloric acid, acetone, specific solvents and steam, depending on the
eguipment or substances to be cleaned. The cleaning process is finished with water to rinse or
with an organic solvent (water free rinsing) where the drying of the equipment isimportant.

The cleaning process can be carried out in different ways:

With hoses: Cleaning is carried out with pressurised water from a hose to reduce water
consumption.

Cleaning-in-place units (CIP): Different systems of cleaning have been established to limit
emissions and to improve efficiency, such as the CIP system, Cleaning-in-place alows
eguipment to be cleaned directly inside with water scatterers under pressure and allows cleaning
liquids to be recovered (where the operator is not concerned about cross-contamination). CIP
aso enables the operator to carry out the cleaning process without the need to take the
eguipment apart or for workers to enter the vessels.

The main environmental issues are:;

* waste water streams loaded with residual substances from processes or cleaning
*  VOC releasesto air from the use of solvents
» and solvents containing residual substances from processes or cleaning.
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2.3.5 Energy supply
[43, Chimia, 2000]
Two main sources of energy are consumed on the typical site:

e steam
e electricity.

Generally, only steam is produced on-site and electricity is supplied by an external source.
Cogeneration by self-production of electricity and steam is advantageous on large sites.

Energy is normally provided by boilers equipped with turbines fitted with burners for natura
gas and fuel ail, with gas being the main fud (about 95 %). Spent solvents are often used as a
fuel together with gas.

Figure 2.5 shows an example for a setup with two boilers sharing an exhaust gas recuperator.
Here the smaller boiler (boiler 1 which produces 80 tonnes steam/hour) is mainly used in
summer and the larger boiler (boiler 2 which produces 160 tonnes steam/hour) mainly in winter,
when the steam demand is higher. The recuperator cools down the exhaust gas from 130 °C to
about 45 °C and warms the water from 20 °C to about 60 °C. About 3.8 MW heat is recovered.

Steam and electricity can also be provided by on-site combined cycle power plants, thermal
oxidisers or incinerators.

O
=
92 3
3 i
D
<
Boiler 2
Boiler 1
I—b Recuperator
Water
P Steam

Figure 2.5: Example of an energy supply setup with two boilers
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2.3.6 Vacuum systems
[9, Christ, 1999

Many processes in organic chemistry are operated under vacuum. A number of criteriainfluence
the selection of a vacuum pump, such as the required pressure difference, volume flows,
temperature, etc. The choice of the pump type is relevant also from the environmental point of
view. Table 2.5 gives an overview to some pump types and the environmental issues.

Pump type Medium Main environmental issues

Water ring pumps cause relatively large
amounts of waste waters streams. If VOCs
Water are present, these contaminate the waste
water stream. Especially halogenated
hydrocarbons can be a problem

Liquid ring vacuum pump

Contamination with the pumped substance,

Solvent typically connected to arecovery system
Dry vacuum pump nNo?urE(raiil:tin;’n No contamination of any medium

No medium, The lubrication oil has to be collected and

Dry vacuum pump with lubrication | disposed of

Table 2.5: Some pump types and their main environmental issues

For information on vacuum generation see also Sections 4.2.5 and 4.2.6.
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2.3.7 Recovery/abatement of exhaust gases
[15, K6ppke, 2000]; [31, European Commission, 2003], *019A,I*

Figure 2.6 gives an overview of the recovery/abatement techniques applied to exhaust gases.
Oxidisers include thermal and catalytic oxidation. The choice of a particular technique or a
particular combination of techniques depends on the contaminants present and especially on the
VOC concentration, flow and the variations in concentration and flow. Additionaly, various
types of filters can be used to recover particul ates.

Events of planned or emergency shutdowns may require back-up systems or modifications of
schedules and hours of operation.

Primary and secondary condensers (non-cryogenic) are directly attached to the reactors. If VOC
rich exhaust gases are treated by thermal oxidation, other streams can be used as the oxygen
source, e.g. VOC lean or odorous streams.

Thermal oxidisersand incinerators
In this document, the term “thermal oxidation” is used where applied to the gas phase, however,
where co-treatment of gas, liquids and/or solidsis carried out, then “incineration” is used.

The gas collection system consists of the source enclosure, vents and pipes. The gas flowrate is
minimised by encasing the source as far as feasible. Explosion risks are controlled by the
installation of flammability detectors inside the collection system and by keeping the gas
mixture securely below the lower explosion limit (“LEL”, usually below 25 % LEL), above the
higher explosion limit or by inertisation.

W aste gas
emission
V'

\ 4

Particulate
removal

Thermal
oxidiser

Scrubber .

Selegtion of ("Cryogenic
techniques or CareT e
combinations of
Waste gas techniques based
containing on pollutant A—
VOC and concentration, Adsorber
possibly other flow and the
pollutants variations in
concentration _
» Condenser
and flow
@
Other =
pollutants, g
no VOC )

Figure 2.6: Typically applied recovery/abatement techniquesfor exhaust gases on OFC sites
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2.3.8 Recovery/abatement applied to waste water streams

Figure 2.7 gives an overview of the applied recovery/abatement techniques applied to waste
water streams. The total effluent is normally treated in a biological WWTP, on-site or together
with other waste water in off-site plants (in most cases municipal).

Particular waste water streams which are not suitable for biological treatment are segregated and
separately pretreated or disposed of as waste (e.g. incineration).

In order to ensure a uniform input level for the biologicd WWTP as much as possible, a
sufficient buffer volume is provided. Providing equalisation can often efficiently reduce toxicity
to alevel whereit will not adversely impact the operations of a biological WWTP.

Low biodegradable
Heavy metals
Toxic/inhibiting

Other Exceptional high loads

BN
L L

->| lon-exchange U Chemical oxidation -
->| Extraction

7 Low pressure =
->| Adsorption I) wet oxidation

Strippin
'>| pRing j Wet oxidation B
->| Distillation I

->| Permeation

Biological
WWTP

Waste water
emission

Figure2.7: Typically applied recovery/abatement techniquesfor waste water streamson OFC sites
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2.3.9 Groundwater protection and fire fighting water

[46, Minigterio de Medio Ambiente, 2003], *019A,I*

The am is to avoid the disruption of production operations and to avoid the discharge of
substances hazardous to water. The strategy for groundwater protection is based on three major

aspects:

(1) stable and leak-proof facilities
(2) adequate retention volumes for spillages and fire-fighting water
(3) adequate monitoring and control equipment including alarms as well as qualified personnel.

Typical measures for catching spills, wash-waters from cleaning, or possibly contaminated
rainwater from production or materials transfer areas are:

concrete or asphalt base with sealed liners or impermeabl e paints

bunded areas or basements for production areas

monitoring of storm-water for organic content, pH and conductivity before discharge
retention ponds for fire fighting water and contaminated storm-water.
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2.3.10 Solvent recovery

*019A,I*

Solvent recovery is carried out on-site or off-site. Figure 2.8 shows the typically applied

processing units.

Factors that influence whether a solvent is recovered are:

e purity requirements for internal re-use in the process (e.g. cGMP requirements)
e purity requirements for commercial re-use
« complexity of the purification process to reach the required purity, e.g. if mixtures form

azeotropes

e gap between the boiling points in the case of solvent mixtures

e purchase costs for the fresh solvent compared to the work-up costs
e amount of waste streams created

e safety requirements

e other, e.g. process variation procedures under cGMP.

The waste streams can be re-used or recovered, but many need to be considered for a disposa

route.

Fresh solvents tank farm

1

Depending on the

¥

Waste water
treatment

separation task

4

Spent solvents from tank farm,
solvent mixtures,
waste water containing solvent

Figure 2.8: Typically applied processing unitsfor solvent recovery on OFC sites
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2.4 Site management and monitoring

2.4.1 Emission inventories and monitoring

[31, European Commission, 2003], *018A,1*, *006A,1*

Emission inventory

Because of the production characteristics (batches, campaigns) the emission inventory is the key
for understanding, operating and improving an OFC plant (not only) from an environmental

point of view.

A typical OFC site has implemented a system for the identification of generated waste streams
and documentation of their further fate: output from processes, recovery, abatement and
emissions. The obtained databases are used as tools for improvement strategies, communication
with authorities (e.g. applications) and to fulfil report requirements. Table 2.6 gives an overview

of the main parts of the management systems.

I nstrument

Description

Site inventory

Plans, maps, brief
descriptions

Schematic location of facilities, sources for
waste streams, collection systems, sampling
points

Production matrix

Records of batches/campaigns

Waste stream
inventory

Waste stream analysis

Process related identification and
characterisation of each waste stream

Woaste streams from other
sources

Identification and characterisation of other
waste streams, e.g. from recovery systems

Emission sources and
emission data

Emission data related to the source and
compared to the limits where fixed in permits

Mass balances

Solvent/VOC balance

Highly hazardous
substances

Heavy metals

COD balance

Environmental
impact assessment

Characterisation of
substances at the interface
plant/environment

Substances, mass flows, concentrations,
characeristics (continuous/discontinuous)
environmental impact

Characterisation of the
whole effluent at the
interface plant/environment

Toxicity levels

Table 2.6: Typical instrumentsfor establishing an emission inventory

Monitoring

The emission inventory is mainly based on monitoring data but also partly on calculations and
estimations (e.g. diffuse emissions from a biological WWTP). Parameters and monitoring

frequencies are usualy fixed in permits.
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2.4.2 Overview to sources and parameters/pollutants
2.4.2.1 Waste gas emissions
[31, European Commission, 2003]

The waste gas emissions can be divided into ducted emissions and non-ducted emissions
(diffuse or fugitive). Table 2.7 gives an overview of the main sources and pollutants.

From process equipment

Exhaust gases from reaction vessels and condensers

Exhaust gases from catalyst regeneration

Exhaust gases from solvent regeneration

Exhaust gases from storage and handling

Sour ces
Exhaust gases from purge vents or preheating equipment
Discharges from safety relief devices
Exhaust gases from general ventilation systems
Exhaust gases from diffuse or fugitive sourcesinstalled within
an enclosure or building
Diffuse emissions

Others — .
Fugitive emissions
Sulphur compounds S0O,, SO;, H5S, CS,, COS
Nitrogen compounds NOy, N,O, NHz, HCN
Halogens and compounds Cl,, Br,, HF, HCI, HBr
Incomplete combustion products | CO, CiH,

Pollutants VOC,
Volatile organic compounds
halogenated VOC
. Dust, soot, akali, heavy

Particul ate matter metals
Other CO,

Table 2.7: Overview to sources and pollutantsfor waste gas emissions
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2422

Solvents and volatile organic compounds

[38, Moretti, 2001, 46, Ministerio de Medio Ambiente, 2003]

A volatile organic compound (VOC according to the VOC Directive) is any organic compound
having at 293.15 K a vapour pressure of 0.01 kPa or more, or having a corresponding volatility
under the particular conditions of use.

VOC emissions arise mainly from the use of solvents, but also from volatile raw materias,
intermediates, products and by-products. The relation between the main VOC compound
families and their relative share in the emissions to the air from the Organic Fine Chemicas
sector is given in Figure 3.1 on page 75 [46, Ministerio de Medio Ambiente, 2003]. Other
emitted VOCs include CFCs, ethers, free acids, amines, terpenes, mercaptans, thioethers,
nitriles, peroxacil nitrates (PAN), nitroalkanes, nitroaromatics and heterocyclics containing N,
O or S. Table 2.8 lists some organic solvents used in the OFC sector [60, SICOS, 2003].

Solvent Formula Comment
M ethanol CH,O
Toluene C;Hg
Acetone CsHsO
Ethanol C,HeO
o-chlorotoluene C,H,Cl halogenated R40
Benzene CsHs R45
Trichloromethane CHCl;4 halogenated R40
1,2 dichloroethane C,H,Cl» R45
Dichloromethane (methylene chloride) | CH,Cl» halogenated R40
Dimethylformamide CsH;NO R61

Table 2.8: Some solventsused in the OFC sector

TheVOC Directive

The Council Directive 1999/13/EC on the limitations of emissions of volatile organic
substances due to the use of organic solvents in certain activities and installations contains
regulations for pharmaceutical companies consuming more than 50 tonnes of solvents per year

(Table 2.9).
o . Fugitive emission values Total ELV
Activity ELVinwastegases | = "¢ govent input) (of solvent input)
New Existing New Existing
Manufacturing of
pharmaceutical 20 mg C/m® 5% 15 % 5% 15 %
products

@ 1 techniques are used which allow the re-use of recovered solvents, the ELV is 150 mg C/m®
@ The fugitive ELV does not include solvents sold as part of productsin a sealed container

Compounds ELV Threshold
VOCs classified as carcinogens, . .
. ! Assigned or need to carry the risk 3
mutagens, or toxic to reproduction 2mg/m 10 g/hour
under Directive 67/548/EEC phrases R45, R46, R49, R60, R61
Halogenated VOCs Assigned the risk phrase R40 20 mg/m® 100 g/h

Table 2.9: Limit valuesfor the manufacture of phar maceutical productsin the VOC Directive
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2.4.2.3 Waste water emissions

[31, European Commission, 2003]

Table 2.10 gives an overview of the sources of waste water streams, possible contaminants and
the relevant parameters.

Mother liquors and initial wash-waters contribute up to 90 % of the contaminant loads, although
their share of the total volume is only about 10 to 30 %. Toxicity/inhibition and biogliminability
are key parameters for functionality and the performance of biological treatment plants.

Mother liquors from processing products

Wash-water the from purification of products

Vapour condensates

. uench water
Main sources Q

Waste water streams from the treatment of exhaust gases or flue-gas treatment
(scrubbers)

Waste water streams from rinsing and cleaning

Contaminated water from vacuum generation

Conditioning of utility water, bleed from boiler feed-water systems, blowdown
from cooling cycles, back-washing of filters, laboratory or pilot scale plants,
sanitation waste water, rainwater from contaminated surfaces, landfill leachates

Non-reacted starting material

Other sources

Production residues

Contaminants | Auxiliaries

Intermediate compounds

Unwanted by-products

General Toxicity
COD/TOC, BOD, hioeliminability, AOX (also
Oraanic load EOX), toxicity, persistency, bioaccumulation;
9 for Whole Effluent Assessment (WEA) see
Relevant Section 4.3.8.19
parameters Inorganic load Heavy metals, NH,-N, inorganic N

Individual substances

Solvents, priority substances, POPs

Other

P-total, N-total, pH, hydraulic load,
temperature

Causesfor high loads

COD/TOC, BOD, AOX

Organic compounds, soluble in water or
miscible with water

Low bioeliminability

See Section 2.4.2.4

AOX

Halogenated starting materials, hal ogenated
solvents, hal ogenation products

Heavy metals

Heavy metals as reactants, catalysts or
incorporated in organic compounds

Table 2.10: Overview of the sources of waste water streams, contaminants and relevant parameters
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2.4.2.4 Biodegradability and elimination of organic compounds
[27, OECD, 2003, 28, Loonen, 1999, 29, Katenmeier, 1990]
Rules of thumb

Biological degradation or the degree of elimination of a particular compound in a biological
WWTP is difficult to predict and theoretical/mathematical methods are still burdened with
uncertainties. However, some rules of thumb can be established:

e aliphatic compounds are usually easily degradable

» aliphatic compounds with branched chains or rings with hetero atoms (e.g. cyclic ethers) or
with halogen atoms show low biodegradabilities

e simple aromatic compounds are usually easily degradable

» aromatic compounds with functiona groups such as—SOs;H, -NO, or —X have low
biodegradabilities

»  Functional groups such as—NO,, -NH,, -COOH and especially —SO;H decrease the degree
of dimination (higher water solubility).

Figure 2.9 and Figure 2.10 illustrate these rules for aromatic compounds [30, ESIS, 2003].

Degradability testing and inter pretation of results
Table 2.11 gives an overview of the most common degradation tests in use.

Readily biodegradability tests are screening tests under aerobic conditions, in which a high
concentration of the test substance (2 to 100 mg/l) is used and the biodegradation rate is
measured by parameters such as COD, BOD and CO.. A positive result is interpreted as rapid
degradation in most environments.

Inherent biodegradability tests are used to assess whether a chemical has any potential for
biodegradation under aerobic conditions. The test procedures alow prolonged exposure of the
test substance to micro-organisms and a low test substance to biomass ratio, sometimes
including an adaptation of the biomass, leading to a significantly more extensive degradation of
the chemical. A negative result in tests for inherent biodegradability may lead to a preliminary
conclusion of environmental persistency or inhibiting effects.

The test result (see examples given in Figure 2.9 and Figure 2.10 from the ESIS database and
e.g. Table 4.27, Table 4.29, Table 4.34 for process waters) is usually expressed as a percentage
removal and has to be interpreted on the basis of test conditions (effects such as adsorption or
stripping have to be taken into account) and duration, especidly if the results are used as
decision criteriafor the management of an industrial sewage treatment plant.

Test type M ethod I nter pretation when positive
OECD 301 A “Die-Away”

OECD 301 B CO, Evolution

Readily OECD 301 C Modified MITI (1)
biodegradability OECD 301 D Closed Bottle

OECD 301 E Modified OECD Sreening
OECD 301 F Manometric Respirometry
OECD 302 A Modified SCAS

Inherent OECD 302 B Zahn-WellendEMPA “eliminable under specific sewage
biodegradability OECD 302 C Modified MITI (I1) treatment conditions’

OECD 302 D Draft Concawe

Table 2.11: Selected test methodsfor the degradation of organic chemicals

“readily biodegradable”
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COOCH,
COOCH,
CHO 91 %
301E
NH, CH, NH,
NO, CH,
99 %
302c © gg;{; 90 %
COOH 97 % A
301E NO,
@ : : COOH
99 % o
100 % 6 .
NO, 302B 90 % 85 %
301C 2 301D 302B

Figure 2.9: Examples of aromatic compounds with a biodegradability of more than 80 %
The percentage represents the biodegradability, the number and letter below it relates to the test
method used (see Table 2.11)

Cl
CH,
25%  NH: 0%
69 % 302B NO, 302B
301D NO,
NO, NO,
cl SO;H
COOH cl CH;,
COOiBu @@
COOIB 72 % 58 % 0%
1Bu 0 ° 301D
29 % 301B 301D SOsH 0%
301D COOH SO.H
sou 301C 3
OH
©© NH, c=c NH, oy
3
Cl
5%
SOz;H
69 % " 301D
301C 0%
NH, 302B
SO,H

Figure 2.10: Examples of aromatic compounds with a biodegradability of lessthan 80 %
The percentage represents the biodegradability, the number and letter below it relates to the test
method used (see Table 2.11)
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2.5 Unit processes and connected operations

2.5.1 N-acylation
[6, Ullmann, 2001, 9, Christ, 1999, 16, Winnacker and Kuechler, 1982] *010A,B,D,I, X*

See also Section 4.3.2.1 for environmental issues and treatment of waste streams from
N-acetylations.

N-acylation is a widely spread reaction for the protection of anilinic amino groups before
chlorinations, nitrations or sulphonations are carried out. Arylides (amides of acetoacetic acid)
are important intermediates, e.g. for organic pigments.

Chemical reaction

The most important N-acylation agents are:

e aceticacid
» acetic anhydride, other carboxylic anhydrides
» diketene

* acetoacetic ester
» acetic chloride, other acyl halides
* N-carboxy anhydrides.

They work according to the substitution:
R -NH, + X-CO-R 2> R -NH-CO-R + HX

where HX isreleased. HX may be, e.g. H,O, CH;COOH, C,HsOH, HCI.
(the reaction with diketene is an addition).

Operations

Figure 2.11 shows a typical sequence of operations for N-acylations and the typical waste
streams. Amine and an equimolar amount of an acylation agent are typically dissolved in H,O
or diluted acetic acid (for acetoacetic ester, xylene is often used) and heated. Reaction water or
acetic acid or ethanol and solvent are distilled off and the product is obtained directly or
following crystallisation (occasionally by salting out) and filtration.

40 Organic Fine Chemicals



Chapter 2

Amine
Acetic acid 0
. ) - i CH,COOH
Acetic anhydride —», N_aqyla_tlon > g
: distillation C,H,OH
Diketene
. Solvent
Acetoacetic ester

y

Crystallisation/
salting out

Salt —

y

Filtration

A

Mother liquor

v

Product

Figure 2.11: Typical sequence of operations and related waste streams from N-acetylations

2.5.2 Alkylation with alkyl halides
[6, Ullmann, 2001, 15, K 6ppke, 2000]

See dso Section 4.3.2.2 for environmental issues and treatment of waste streams from
akylation with alkyl halides.

Alkylations with akyl halides are important reaction steps in industrial scale chemistry,

predominantly for the synthesis of pharmaceuticals or agricultural chemicals. Some often used

akyl halides are methyl chloride, methyl iodide, ethyl chloride, isopropyl chloride, tert-butyl

chloride, and benzyl chloride.

Chemical reaction

The following equation shows an example of methylation with methyl chloride:

(1) R—NH, + 2CHCI + 2NaOH > R-N(CHj3), + 2NaCl + 2H)O

(20 R=N(CH3), + CHiCl > R-N(CHg); + CI

Sidereactions: The effect of possible side reactions must be considered individually,
but generally the use of lower akyl halides leads to the formation of a
variety of lower molecular compounds, e.g:

CHCl + NaOH > CHsOH + NaCl

CHOH > CH3—O-CH; + H,0

Operations

Because akylation reactions are diverse in nature, there is no universal method of carrying them
out. The production of each compound needs to be considered individually, taking into account
the chemical, engineering, and economic factors.
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2.5.3 Condensation
[6, Ullmann, 2001, 16, Winnacker and Kuechler, 1982, 62, D1 comments, 2004]

See adlso Section 4.3.2.3 for environmenta issues and treatment of waste streams from
condensation.

Condensation represents a widely applied reaction type in industrial organic chemistry. Some
examples are the manufacture of aromatic azo and poly azo compounds (intermediates for dyes
and pigments) or ring closures to give heterocyclic compounds (e.g. pyrazolones, indoles,
triazoles, pyrimidines, thiazoles).

Chemical reaction

A common feature of condensation reactions is the release of a molecule such as H,O or NH;
while the reactants are coupled, e.q:

R-COOH + R -NH, > R-CO-NH-R + H_O

The removal of H,0 is the key to shifting the equilibrium of the reaction to favour the target
product.

Operations
Because condensation reactions are diverse in nature, there is no universal method of carrying

them out. The production of each compound needs to be considered individually, taking into
account the chemical, engineering, and economic factors.
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2.5.4 Diazotisation and azo coupling

[6, Ullmann, 2001, 19, Booth, 1988, 46, Ministerio de Medio Ambiente, 2003, 51, UBA, 2004]

See dso Section 4.3.2.4 for environmental issues and treatment of waste streams from
diazotisation and azo coupling.

Diazotisation and coupling processes are important for the manufacture of APIs and represent
the essence of azo dye manufacture. Azo dyes are the predominant colourant family, accounting
for over 50 % of all commercial organic dyes. Diazotisation can also be followed by processes
such as hydrazine formation, Sandmeyer reactions and azo double bond reduction.

Diazo and coupling components can be halogenated and can contribute to an AOX load in waste
water streams. Often, azo coupling includes an immediate metallisation step involving heavy
metals to give metal complex dyes.

Chemical reaction

Diazotisation is the reaction of primary arylamines with nitrites, preferably with sodium nitrite,
in a usually aqueous mineral acid solution at around 0 °C, whereby the amine is converted into
the corresponding diazonium compound.

Weakly basic arylamines require a higher acid concentration (NO,™ surplus), since diazoamino
compounds Ar—-N=N-HN-Ar may otherwise form. A further reason for using concentrated
acids (e.g. concentrated sulphuric acid) is the fact that diazonium compounds of weakly basic
arylamines are readily hydrolysable in dilute acids.

NH, N N
+NaNO, + HCI + R-H
R R cr R O
- NaCl - HCl

-H,0

Figure 2.12: Diazotisation and azo coupling

The azo coupling reaction is an electrophilic substitution reaction of the diazonium compound
with a coupling component R'H. In order to maintain an optimal reaction sequence, the pH must
be kept constant by adding alkalis or buffers.

Coupling components. phenals, naphthols and amines

Side reactions: formation of diazo amino compounds
decomposition of diazo salts to phenolic compounds
formation of isomers
processing of isomers contained in the starting material.

Operations

Figure 2.13 shows a typical sequence of operations for diazotisation and azo coupling in
dyestuff manufacturing.

Sodium nitrite is added in excess to a solution or suspension of the arylamine (diazo
component) in a diazotisation tank. The reaction is cooled to 0 °C by adding ice or by cooling
with brine. In a separate tank, the coupling component is dissolved in water and alkali. Both
solutions are clarified by filtering and added to the coupling vessel. The addition sequence
depends on the particular case, and the precise reaction conditions (pH, temperature) are
established by the addition of akali or ice.
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Clarifying may be necessary on completion of the reaction (by filtration over SO,, Al,O; or
charcoal) to remove unreacted amine and saty, resin-like or oily by-products, followed by
precipitation of the product (usually by salting out or pH change), filtration, washing, dissolving
and, e.g. spray drying to yield the standardised dyestuff. Alternatively, the reaction mixture is
immediately passed through a pressure permeation (see also Section 4.2.26), followed by, e.g.
belt, spin flash, spray or oven drying.

Coupling component » Dissolving
Alkali, H,O
Primary amine —| Diazotisation > HCI
NaNO.,, ¥ y
HCI, H;0, Filtration Filtration
Ice
I |
Alkali, buffer > Azo L
Ice l_ Coupling
Salt —| Precipitation
Filtration » Mother liquor
y
Permeation » Permeate
A 4
H,O —»  Washing » Wash-water
H,O0 — Dissolving
l v
Drying Spray drying
Product

Figure 2.13: Typical sequence of operationsfor diazotisation and azo coupling
Possible input materials (on theleft) and the associated waste streams (grey backgr ound)
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2.5.5 Esterification
[6, Ullmann, 2001]

Organic esters are of considerable economic importance. Because of their highly lipophilic and
hydrophobic nature and low polarity, esters are widdy used as solvents, extractants, and
diluents. Ethyl acetate is the most common technical solvent. Large quantities of esters,
especidly phthalates, adipates, and fatty acid esters, are used as plasticisers. Esters with a
pleasant odour are used in fragrances, flavours, cosmetics, and soaps. Esters can be converted
into various derivatives and are useful intermediates in the synthesis, e.g. of vitamins or
pharmaceuticals.

Chemical reaction
A great variety of production methods for carboxylic acid esters are known, but the simplest and

most common method of esterification is the reaction of an alcohol with a carboxylic acid with
the elimination of water:

O + o)

Y " Y

R—C_ + R’—OH =—== R'-—C + H,0
OH \ORZ

Figure 2.14: Common esterification

Esterification is the reverse of hydrolysis and leads to an equilibrium reaction, which is the
reason that quantitative esterification is possible only by continuous removal of one of the
products, i.e. ester or water. In the case of transesterification, an acohol is released instead of
water.

Suitable catalysts are sulphuric acid, hydrogen chloride, arylsulphonic acids such as
p-toluenesul phonic acid, and chlorosulphuric acid. Phosphoric acid, polyphosphoric acids, and
mixtures of acids are aso recommended. If the acids are adsorbed on a solid support,
esterification can be carried out as a continuous process.

Removal of water usualy involves the addition of entrainers, which form azeotropes with
relatively low boiling points and high water contents (usually toluene, xylene, cyclohexane,
seldom also benzene or CCl,).

Operations

The reaction is generally carried out by refluxing the reaction mixture until all the water has
been split off. The water or the ester is removed from the equilibrium by distillation. Water is
usually removed by digtillation of the azeotrope with the alcohol or an entrainer. After
condensation, the azeotrope separates into an agueous phase and an organic phase, and the
entrainer or alcohal is recycled into the reaction mixture. In particular cases, a co-solvent such
as benzene or toluene is added to the condensate to achieve separation of the organic phase.

Many esters are produced continuoudly in pipes, digtillation columns or plate columns. lon-
exchange resins are especialy suitable as catalysts in continuous processes. The reactants pass
through or over the solid catalyst, and no separation or neutralisation of the catalyst is
necessary.
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Co-solvent —»

Acid,
alcohol,
catalyst,
entrainer

Reaction water,
Ph | solvent,
ast_e | alcohol,
separation entrainer
A
» Esterification » VOC
Product

Figure 2.15: Typical sequence of operationsfor esterification
Possible input materials (on theleft) and the associated waste streams (grey background)

Environmental issues

Table 2.12 gives some example data for waste water streams from esterifications. Figure 2.16
shows the applied abatement techniques.

Waste water stream

Properties

Bioeliminability of organic esters

BOD D imination
mgn5 7 (:Ioa)(;s?&alig[egst)aifr:?’z) Reference

Methyl acetate 500 >905
Ethyl acetate 770 >90
Vinyl acetate 810 >90
Butyl acetate 1000 >95
2-Methoxyethy! acetate 450 100
2-Butoxyethyl acetate 260 100
2-(2-Butoxyethoxy)ethyl acetate 380 100
Methylaceto acetate 940 100
Ethylaceto acetate 780 >90
n-Butyl glycolate 570 93

Methyl crotonate 1050 >95 [6, Ullmann, 2001]
Dimethylacetyl succinate 1100 >95
Diethylacetyl succinate 1070 >05
Dimethyl maleate 20 100
Monomethyl maleate 150 >05
Diethyl maleate 200 >90
Dibutyl maleate 630 99
Di(2-ethylhexyl) maleate 1450 100
Methyl-3-amino benzoate 10 95
Methyl-4-hydroxy benzoate 1080 100
Methyl-4-hydroxypheny| acetate 320 98

Table 2.12: Example data for waste water streams from esterification
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Waste gas

Water

Incineration I——>| Scrubber

Re-use [«

Solvent
Alcohol
Entrainer

—>| Solvent recovery |

A 4

Reaction water |—>| Waste water treatment

Figure 2.16: Applied abatement techniquesfor the waste streams from esterification

l

Waste water
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2.5.6 Halogenation
[6, Ullmann, 2001, 15, K&ppke, 2000, 16, Winnacker and Kuechler, 1982, 18, CEFIC, 2003]

See also Section 4.3.2.5 for environmental issues and treatment of waste streams from
hal ogenations.

Halogenation is one of the most important and versatile processes in chemistry. The industria
application is dominated by chlorinations, due to the different reactivity and the higher price for
bromine, iodine and fluorine.

Side chain chlorinated alkyl aromatics, particularly those based on toluene and xylene, as well
as nucleus halogenated aromatics, have an exceptional place in organic fine chemistry, because
of their role as chemical intermediates in the manufacture of chemical products of amost all
kinds, including dyes, plastics, pharmaceuticals, flavours and fragrances, pesticides, catalysts
and inhibitors.

Bromination is akey process in anthraquinone chemistry and the manufacture of organic flame-
retardants.

Heavily halogenated ar omatic hydrocarbons

Especialy as a result of the environmental persistence of the heavily chlorinated benzenes,
toluenes and biphenyls, in recent years drastic measures have been applied to this range of
chemicals, such as prohibitions, and restrictions on their production and use, and legidation
regulating waste disposal. Possible side reactions of the chlorination process can result in the
formation of polychlorinated biphenyls or hexachlorobenzene. The combustion of aromatics
containing chlorine can lead to the formation of polychlorodibenzo dioxing/-furans
(PCDD/PCDF).

Chemical reaction

These chemicals are of major relevance on an industrial scale in substitutions of the aromatic
nucleus and in the substitution of aiphates. In both cases, hydrogen is replaced by halogen (X)
and the related hydrogen halide is created:

R-H + X, > R-X + HX
Ar—H + X, > Ar-X + HX

Both reactions are exothermic but the aliphate substitution follows a radical chain mechanism,
initialised by ultraviolet light (irradiation with mercury vapour lamps), while the hal ogenation
of the aromatic nucleus is based on an electrophilic mechanism supported by Friedel-Crafts
catalysts (i.e. Lewis acids such as FeCl;, AICl; ...).

Generaly, a mixture of isomers and/or compounds with a different degree of halogenation is
obtained and side reactions following alternative mechanisms cannot be completely suppressed.
The product mix depends on the aromatic/halogen ratio, the reaction conditions and the choice
of the catalyst.

A wide range of organic and agqueous solvents are currently in use, and especidly
tetrachloromethane, tetrachl oroethane, dichlorobenzene and trichlorobenzene are recommended
for halogenations [6, Ullmann, 2001].

48 Organic Fine Chemicals




Chapter 2

Bromine is more efficiently used in aromatic substitution reactions if it is generated in situ from
hydrogen bromide using chlorine:

ArH + HBr + Cl, > ArBr + 2HC

Another approach is the use of an acohol as the solvent to co-produce an economically useful
akyl bromide, by the reaction of by-product HBr with the alcohol. Methanal is the solvent of
choice since the resulting methyl bromide can be widely marketed as a fumigant.

Side chain chlorination of toluenes

Side chain chlorination is applied in particular to toluenes, to give the analogue benzyl
chlorides, benzyl dichlorides and benzyl trichlorides. The reaction follows the radical chain
mechanism and leads in every chlorination step to the formation of hydrogen chloride. The
process yields a mixture of all three products, with the product mix depending mainly on the
toluene/chlorine ratio.

CH,CI
) Heat / light
Heat / light
- R CHCI
2
T - HCl - HCI
Heat / light
Cl, R
R CCl,
- HCI
R

Figure 2.17: Side chain chlorination of toluene derivates

Possible side reactions can yield polychlorobiphenyls or hexachlorobenzene as shown in the
following equations:

2Cl,CHsn—CClz; + Cl;, > ClCHsn—CeHsCl, + 2CCly

Cl,CH;—CCl; + 4Cl, > Clg¢ + CCl, + 3HCI

A common following step is the partial hydrolysis of the obtained products to the analogue
benzaldehydes or benzoyl chlorides by alkaline or acidic agents.
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Operations

Figure 2.18 shows atypical sequence of operations for the halogenation to distillable products.
Figure 2.19 shows a typical sequence of operations for the halogenation precipitation of the
product.

Organic feed, :
Xy T Halogenation

AlX

A 4

VOC, HHC, HX, X,

VOC, HHC, HX, X,
Distillation » Distillation residue,
unwanted by-products

A 4

Product(s)

Figure 2.18: Typical sequence of operationsfor the halogenation to distillable products
Possible input materials (on theleft) and the associated waste streams (grey backgr ound)

Aromate, :
X, — Halogenation
21
AlX,,
aqueous or
organic solvent

A 4

VOC, HHC, X,, HX

4
Precipitation

v Mother liquor
Filtration » (aqueous or
organic)
v
Water » Product washing » Wash-water

!

Solid product

Figure 2.19: Typical sequence of operationsfor halogenation with precipitation of the products
Possible input materials (on theleft) and the associated waste streams (grey background)

In a typical batch reaction, the halogen is added to the stirred aromatic or a stirred aromatic
solution. The reactor material depends on the reactants and the chosen reaction mechanism. The
exothermic reaction is controlled by the rate of halogen addition, which is dependent on the
refrigeration capacity of the reactor cooling system. The choice of temperature profile is based
on the reactivity of the aromatic. On completion of the reaction, degassing is carried out with
nitrogen. The product is distilled or precipitated (e.g. by cooling or water addition) and the
resulting slurry isfiltered, washed and dried.

Most side chain chlorinations are carried out continuously or discontinuously in bubble column
reactors of enamel or glass, e.g. of the loop type. The reactor is filled with the starting material,
heated to at least 80 °C and chlorine is introduced until the desired degree of chlorination is
reached. The reaction is stopped by the introduction of N,. Products of different degrees of
chlorination are separated by distillation to be directly marketed, hydrolised to give the related
benzal dehydes or benzoic acids/benzoyl chlorides, or are used for further chlorination.
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2.5.7 Nitration

[6, Ullmann, 2001, 15, Kdppke, 2000, 16, Winnacker and Kuechler, 1982, 18, CEFIC, 2003, 46,
Ministerio de Medio Ambiente, 2003]

For environmental issues and treatment of waste streams, see Section 4.3.2.6.

Liquid phase nitration is a dominant step in the manufacture of common high explosives and
important for the production of a wide range of aromatic intermediates for dyes, agrochemicals,
pharmaceuticals or other fine chemicals. A typica nitration reaction is higly exothermic,
therefore, for a safe mode of reaction, a dosage controlled process with precautions securing no
accumulation of reactants is necessary. Typical nitroaromatic production is based on high yield
processes, with more than 80 % of the total cost being the cost of the raw materials. Integral
requirements of al efficient nitration processes are sulphuric acid regeneration and isomer
control and separation. Nitration of the important naphthalene mono- and disulphonic acids is
usually performed with the formed sulphonated mass. Among the typical raw materials are
hal ogenated aromatics, which can contribute to the AOX load of waste water streams.

Chemical reaction

Nitration is the irreversible introduction of one or more nitro groups into an aromatic system by
electrophilic substitution of a hydrogen atom. O-nitration to give nitrates and N-nitration to give
nitramines are far less important for aromatic compounds but relevant for the manufacture of
explosives.

HNO, / H,SO,

-H,0

Figure 2.20: Nitration of an aromatic compound

Nitration is normally carried out in aliquid phase reaction with a mixture of nitric and sulphuric
acids (mixed acid) and occasionally with nitric acid. A typical mixed acid, for example for
mononitration, consists of 20 % nitric acid, 60 % sulphuric acid and 20 % water (thisis referred
to as 20/60/20 mixed acid). The strength of the mixed acid and the temperature can be varied to
maximise the formation of the required isomer. Stronger mixed acid and higher temperature
lead to oxidative side reactions. An important side reaction leads to phenalic by-products.

Operations

Figure 2.21 shows a typical sequence of operations for the nitration of aromatic compounds,
possible input materials and associated waste streams. The reaction is carried out in cast iron,
stainless steedd or ename-lined mild sted reactors. Temperatures vary normally
between 25 and 100 °C. The substrate is dissolved in the sulphuric acid phase and the mixed
acid is subsequently added. On completion of the reaction, the batch is transferred into water to
give atwo phase mixture of diluted acid and an organic product phase.

After phase separation, liquid products are purified by distillation. The remaining acid phase can
be extracted with the feed materia in order to recover organic compounds. Solid products are
crystalised (where necessary, by the addition of cold water). The crude nitroaromatic is washed
with water and diluted NaOH to remove the acids and phenolic by-products. Depending on the
quality requirements, a recrystallisation from water or organic solvent may be necessary. |somer
separation is carried out within the crystallisation, washing or distillation steps.
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Organic feed,

H,S0,, HNO, > Nitration ‘rl NO,, SO,, VOC

l l Mother liquor
Water —>|icipitation Phase N

: (agqueous
separation phase)

A 4

Filtration » Mother liquor

A 4

Water, NaOH Product washing » Wash-water

Water or

- - | ;{:I
organic solvent —>| Dissolving and filtration | > VOC

y

v I:Disti;IE—' Distillation residue,
Recrystallisation unwanted isomers

y

y
Filtration » Second filtrate

A

| Solid product | | Liquid product |

Figure 2.21: Typical sequence of operationsfor a nitration
Possible input materials (on theleft) and the associated waste streams (grey backgr ound)
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2.5.8 Manufacture of nitrated alcohols

[46, Ministerio de Medio Ambiente, 2003], * 026E*

Figure 2.22 shows a typical setup for the manufacture of nitrated alcohols, e.g. nitroglycol or

nitrocellulose.

Nitration

* continuous process
using acid mixtures

« tight temperature
control

« cooling below 0 °C
with non-CFC
refrigerant gas

—>

A

Re-use

Purification

* separation of waste
acids by centrifugal
methods without
addition of auxiliary
chemicals

* product washing with
alkaline solutions

« re-crystallisation from
non-halogenated
solvents

Solvent recovery

Solvent recovery by
distillation including heat
exchange between feed
and bottom lines

Waste gas treatment

Scrubbing with water or
alkaline solutions or
diluted HNO4

)

Waste water treatment

* decantation of
explosive traces

* evaporation or on-site
biological treatment or

« co-treatment with
municipal waste water

Market

Nitric acid 55 %
w/w or liquid
fertiliser

Market

Concentrate
after evaporation
(fertiliser)

Waste acid treatment

Continuous distillation
with addition of H,SO,

HNO, >98 % for
nitration

Market
H,SO, at about 70 % w/w

Figure 2.22: Typical setup for the manufacture of nitrated alcohols

Waste explosives

Waste explosives are obtained in the decanters and in the cleaning of installations. Some waste
explosives may aso be produced during the malfunction of production equipment. Other
explosive waste comes from obsolete products, i.e. those not useful for customers. All kinds of
waste explosives are packaged in suitable containers and then carefully destroyed by open air
combustion or by open detonation in authorised installations. Combustion of waste explosivesis
carried out in treatment zones with secondary containment, in order to collect the ashes and
alow disposal of them by a waste treatment contractor.
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2.5.9 Oxidation with inorganic agents
[6, Ullmann, 2001, 16, Winnacker and Kuechler, 1982, 43, Chimia, 2000, 44, Horsch, 2003]

Chemical oxidation with inorganic agents is still industrially important, due to the fact that
reactions with molecular oxygen are usualy considerably less selective and generally require
much higher investment, thereby only becoming economically worthwhile for capacities above
about 10000 tonnes per year, depending on the product.

Overview
Table 2.13 gives an overview of the main aspects important in the selection of a suitable

oxidation agent, the related by-products and some other characteristics. In the case of CrO;z and
MnO,, the agent by-products are often regenerated [99, D2 comments, 2005].

Typical solvents/
A T lecul A -
gent ar get molecules gent by-product other aspects
CrO; L Acetic acid, acetic
“Chromic acid” Benzoic acids, benzaldehydes | Cr,Os anhydrides
KMnO, Benzoic acids, benzaldehydes | MnO,
MnO, Benzaldehydes Mn?* Aqueous H,SO,
L In situ regeneration of NO
HNO; Benzoic acids NOyx to HNO; with oxygen
NaOCl Stilbenes NaCl
cl, Sul phor_1es, sulphochlorides, HCl
chloranil

Table 2.13: Overview of oxidations with inor ganic agents

Environmental issues

Table 2.14 gives some example data for the waste streams from oxidations. The main
environmental issues are:

» exhaust gases, possibly containing VOCs, NOy or HCI

e solid agent by-product, containing heavy metals

» mother liquors, possibly containing high loads of organic by-products and heavy metals,
and high AOX loads when Cl, or NaOCl are used.

Waste stream | Properties

Oxidation of 3-picoline with chromic acid [43, Chimia, 2000]

Inorganic solid residues | 1.7 to 2.0 tonnes Cr,O3 per tonne product

Oxidation of 3-picoline with KMnQ, [43, Chimia, 2000]

Inorganic solid residues | 4.0 tonnes MnO, per tonne product

Manufacture of 4,4’ dinitrostilbene — 2,2' disulphonic acid [44, Horsch, 2003]

COD: 28400 mg/l
Mother liquors AOX: 230 mg/l
BOD,/COD:  0.04

Table 2.14: Example data for the waste streams from oxidations
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2.5.10 Phosgenation
[45, Senet, 1997]
About 300000 tonnes of phosgene is used each year in the manufacture of agrochemicals,

pharmaceutical s, dyestuffs and polymerisation initiators. Phosgene is usually used as a building
block to introduce a carbonyl function or as an agent, e.g. for chlorination or dehydrogenations.

Chemical reaction

Phosgenation follows a nucleophilic or Friedel-Crafts related mechanism, depending on the
conditions:
R-H + COCl, - R-COCI + HC

Its use as a chlorination or dehydrogenation agent additionally involves the formation of

stoi chiometric amounts of CO,.

Operations

Because phosgenation reactions are diverse in nature, there is no universal method of carrying
them out. The production of each compound is thus considered individually, assessing the
chemical, engineering, and economic factors.

Safety issues

The main safety aspect of the phosgenation reaction is related to the high toxicity of phosgene.
Table 2.15 compares phosgene to some other toxic gases.

Gas Odour identification L(CT) 0—30min
exposure
ppm
Phosgene 15 10
Chlorine 1 873
Carbon monoxide No 4000
Ammonia 5 30000

Table 2.15: Comparison of sometoxic gases

Due to these high toxicity properties, the handling and storage of phosgene on an industria
scale on a site must be strictly treated as a major hazard and such sites may fall — depending on
the amount of phosgene handled — under the regime of the Council Directive 96/82/EC (last
modification by Directive 2003/105/EC) on the control of major accident hazards involving
dangerous substances. Therefore, custom synthesis in specialised companies is a common
practicein thisfield.

For measures to limit the risks arising from the handling of phosgene, see Section 4.2.30.

Organic Fine Chemicals 55



Chapter 2

2.5.11 Reduction of aromatic nitro compounds
[6, Ullmann, 2001, 16, Winnacker and Kuechler, 1982, 19, Booth, 1988]
For environmental issues and treatment of waste streams, see Section 4.3.2.7.

One of the most industrially important reduction processes in industrial use is the conversion of
an aromatic nitro or dinitro compound into an arylamine or arylene diamine. Aromatic amines
are widely used as dye intermediates, especially for azo dyes, pigments, and optical brighteners;
as intermediates for photographic chemicals, pharmaceuticals, and agricultural chemicals; in
polymers via isocyanates for polyurethanes; and as antioxidants. Among reduction methods,
there are three of major relevance in organic fine chemistry:

» cataytic hydrogenation, which is extremely important industrially because of its universal
applicability; most processes can be carried out successfully by catalytic hydrogenation

»  Béchamp and Brinmeyr reduction with iron, which is the classical method

» akali sulphide reduction, which is the selective method in specific cases, such as in the
manufacture of nitroamines from dinitro compounds, the reduction of nitrophenols, the
reduction of nitroanthraguinones and the manufacture of aminoazo compounds from the
corresponding nitroazo derivative.

All three methods are also applied to halogenated nitro compounds, and can thus contribute to
AOX loadsin waste water streams.

2.5.11.1 Catalytic reduction with hydrogen

Chemical reaction

The catalytic reduction of the nitro compounds is very exothermic. To reduce these hazards, the

concentration of nitro compound, the amount and partial pressure of the hydrogen, the
temperature, and the activity of the catalyst, are controlled.

R R
NO, | 3 H, NH,
Catalyst

Figure 2.23: Catalytic reduction of aromatic nitro compounds

Most aromatic nitro compounds are hydrogenated in the liquid phase. In this case, the pressure
and temperature can be changed independently. The temperature is limited by the hydrogenation
reaction of the aromatic ring which occurs above 170 — 200 °C.

Normally, the reduction is carried out at 100 — 170 °C. Sensitive compounds are hydrogenated
a lower temperatures (20—70°C) or at lower pressures (1—50 bar). 1-50 bar are used
normally.
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Process hazar ds

The catalytic reduction of nitro compounds is very exothermic. Unless this heat is dissipated
properly, decomposition and even explosions can result, especially if the thermal decomposition
of the nitro compound occurs or if condensation reactions are initiated as may be the case with
chloro-nitro compounds. The industrial hydrogenation of aromatic polynitro compounds in the
liquid phase without solvents especially requires precautions. To reduce these hazards, the
concentration of the nitro compound, the amount and partial pressure of the hydrogen, the
temperature, and the activity of the catalyst are controlled. The nitro compound is continuously
added in small quantities, thus keeping its concentration below 2 %. De-ionised water is added
to remove the heat of the reaction by continuous evaporation and to dow down the activity of
the catalyst.

The preferred solvents are methanol and 2-propanol; and also dioxane, tetrahydrofuran, and
N-methylpyrrolidone are used. In the hydrogenation with a water immiscible solvent, such as
toluene, the water must be removed, as in solvent-free hydrogenation, in order to maintain the
activity of the catalyst. If the amine has a good water solubility, water is used as the solvent.
Water aso can be used in cases where the nitro compound forms water-soluble salts with
akalis, such as with nitrocarbonic or sulphonic acids. In practice, only Raney nickel, Raney
nickel-iron, Raney cobalt, and Raney copper are used as pure metal catalysts because of their
relatively low cost. Precious metal catalysts, such as Pt and Pd, are generally used at
concentrations of 0.5—5 wt-% on support material with large surfaces, such as charcoal, silica,
aluminium oxide, or alkaline-earth carbonates.

Operations

The vast mgjority of aromatic amines have small annua volumes (<500 tonnes) and are
produced by batch hydrogenation with catalyst durries. The reaction is carried out in stirred,
steedl or stainless steel autoclaves or in loop reactors. Loop reactors show increased heat and
mass transfers and improved reaction selectivity, shorter batch cycle times and higher product
yields. In addition, catayst usage is often lower. The addition sequence depends on the
particular reactants. On completion the reaction mass is cooled and the catalyst is removed by
filtration.

2.5.11.2 Reduction with iron
Chemical reaction

The reduction of nitroaromatics is carried out in the presence of small amounts of acid (HCl,
H,S0,, HCOOH, CH;COOH) as shown in the following equation:

4Ar—-NO, + 9Fe + 4HO > 4Ar—-NH, + 3Fe0,

The acid is used for the activation of the iron. Only 2 — 3 % of the hydrogen is derived from the
acid but 97 — 98 % comes from the water.

Operations

Normally the nitroaromatic is added to the mixture of iron/water/acid (excess of iron
about 15 - 50 %) often in the presence of an organic solvent (toluene, xylol, alcohols) and the
mixture is heated to reflux. Depending on the reactivity of the aromatic, other addition
sequences may be required. In some cases the acid is omitted (neutral iron reduction). The
build-up of unreduced excess nitro compound must be avoided and the final mixture should be
tested for its total absence. After basification with soda ash (anhydrous sodium carbonate) to
precipitate soluble iron, the iron compounds are removed by filtration.
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2.5.11.3 Alkali sulphide reduction
Chemical reaction

The akali sulphide reduction is a mild and selective reaction according to the following
equation, without strict stoichiometry:

Ar—-NO, + N&S, + HO = Ar—NH, + NaS0;

Other reducing agents in use are Na,S or NaSH, which also form Na,S,0s. Sulphur may be
added to reduce the required amount of sulphide.

Operations

Dilute agueous sulphide is added to the solution or emulsion of the nitro compound.
Temperatures (in the range of 80 — 100 °C) and concentrations depend on the reactivity of the
nitroaromatic. An excess of sulphide is avoided in the case of the selective reduction of
polynitro compounds.

2.5.11.4 Product work-up

Figure 2.24 shows a typica sequence of operations for the reduction of aromatic nitro
compounds, possible input materials and associated waste streams. The work-up depends on the
properties of the amine obtained. Common methods are;

* separation asaliquid

» cooling and salting out

o steamdigtillation

e extraction with organic solvent, and
* pH adjustment if necessary.

Filtration

H,, catalyst VOC, sulphur compounds |
Fe
Sulphide/sulphur

H,0, acid, solvent

Catalyst, iron oxides |

Soda ash
H,0 —¥ Steam =I Aqueous mother liquor |
distillation
[
v
Phase — =I Aqueous/organic mother liquor |
separation
A 4
Solvent —@@— —>| Aqueous mother liquor |

A 4

Salt —P@Q out

A

A

| Filtration |—>| Aqueous mother liquor

v
Product

Figure 2.24: Typical sequence of operationsfor the reduction of an aromatic nitro compound
Possible input materials (on theleft) and the associated waste streams (grey background)
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2.5.12 Sulphonation

[6, Ullmann, 2001, 15, Koppke, 2000, 16, Winnacker and Kuechler, 1982, 46, Ministerio de
Medio Ambiente, 2003]

For environmental issues and treatment of waste streams, see Section 4.3.2.8.

The direct introduction of the sulphonic acid group to an aromatic system is one of the most
important reactions in industrial organic chemistry. It gives high yields under relatively mild
conditions and usually results in well defined derivatives. Arylsulphonic acids are used chiefly
as intermediates in the manufacture of dyes, insecticides, pharmaceuticals, plasticisers, optica
brighteners, etc. Among the typical raw materials are aso halogenated compounds, thus
contributing to the AOX load of waste water streams.

Chemical reaction

Sulphonation is usualy carried out with concentrated sulphuric acid in excess of
about 50t0 100 % or using oleum. Due to the fundamenta rules of electrophilic aromatic
substitution, the product is a mixture of the target molecule and isomers. The reaction is
reversible, with the yield and isomer distribution depending on the reaction conditions (e.g.
temperature, removal of reaction water by azeotrope distillation or addition of thionyl chloride).

R R
H,SO,
H SO;H

= Hzo

(Oleum)

Figure 2.25: Sulphonation of an aromatic system

Increased temperature and reaction water removal aso favour the formation of sulphones as by-
products. Depending on the reactants (aromatic, H,SO,, oleum) and temperature, the oxidative
effects of sulphuric acid or sulphur trioxide can lead to unwanted oxidation reactions.

Operations

Figure 2.26 shows a typical sequence of operations for sulphonation, possible input materias
and associated waste streams. The reaction is carried out at temperatures of about 60 to 90°C in
cast sted or enamelled stedl vessdls. The sulphonating agent is fed into the vessel, the aromatic
compound is then added, and the reaction is controlled by means of temperature profiles or
metering.

On completion of the reaction, the batch is transferred into water, which causes unconverted
aromatic compounds to be released. The dilute sulphonation mass is cooled, and the free acid is
separated by filtration. For further purification, recrystallisation may be necessary.

If the free acid is too soluble and isolation is not possible in this way, other techniques are
carried out, such as;

e salting out with sodium sulphate or sodium chloride
e temperature controlled crystallisation, or
e reactive extraction.
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Aromate, H,SO
or oleum, SOCI, ——*| Sulphonation ——»{ SO,, SO, VOC, HCl

Salt, water
’ i initati Gypsum/Na,SO, ,
Precipitation 220,
NaOH,N (;heéllé or lime, —’| p |—> Sy
2 3

\ 4

Filtration Mother liquor
A 4
Water —>| Product washing |—>| Wash-water |

A 4
Water, filter auxiliaries —>| Dissolving and filtration |—>| Filter auxiliaries |

Salt —>| Recrystallisation |

A 4

Filtration Second filtrate

A 4

Product

Figure 2.26: Typical sequence of operationsfor a sulphonation
Possible input materials (on theleft) and the associated waste streams (grey background)

In the reactive extraction process, the unconverted sulphuric acid is recovered by converting the
arylsulphonic acid into its ammonium salt with a long-chain aliphatic amine. This sat is
separated from the sulphuric acid as a liquid phase and then converted with sodium hydroxide
solution into sodium sulphonate solution and the amine; the latter can be separated as a liquid
phase and can be re-used. Sulphonates practically free from inorganic salts are obtained in this

way.

Other isolation methods are based on the neutralisation of the excess sulphuric acid by adding
calcium carbonate or sodium hydroxide. This leads to a large amount of gypsum (“liming” or
“chalking”) or sodium sulphate, which is removed in the hot state. In liming, the dissolved
calcium arylsulphonate is then treated with soda and the precipitated calcium carbonate is
removed by filtration. The filtrate contains the sodium arylsul phonate.
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2.5.13 Sulphonation with SO3

[15, K6ppke, 2000]

For environmental issues and the trestment of waste streams, see Section 4.3.2.9.

Sulphonation with SO; is applied in the manufacture of a smaller number of aromatic sulphonic
acids produced in higher volumes.

Chemical reaction

Sulphonation with SOz isillustrated in Figure 2.27. The reaction does not lead to the formation
of reaction water and shows higher selectivity if carried out at |ower temperatures.

H SO,H
R R

Figure 2.27: Sulphonation with SOz

Side reactions;

« formation of sulphones
« formation of isomers
« formation of oxidation by-products.

If carried out as a liquid phase reaction, halogenated compounds serve as solvents (e.g.
methylene chloride or dichloroethane).
Operations

Figure 2.28 and Figure 2.29 show typical sequences of operations, possible input and related
waste streams from the reaction in liquid phase and the gas-liquid reaction.

Liquid phase reaction Gas-liquid reaction

Both, the organic feed and SO; are Depending on the local conditions, SO; gas
dissolved in organic solvents (e.g. is derived directly from a sulphuric acid
methylene chloride or dichloroethane) facility or generated by combustion of
and continuously added to the reactor. sulphur. The reaction is usually carried out
On completion, the reaction mixture is in falling film reactors. In many cases, it is

transferred into water and cooled. The not necessary to perform further work-up
organic phase is segregated and the steps.

product is precipitated from the aqueous

phase by cooling and addition of

sulphuric  acid  with  subsequent

filtration.
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Organic feed —»,

Sulphonation with SO,

solvent
SO,

y

Water —

S0,, SO,, VOC

Phase separation

y

H,S0, —»

Precipitation

y

Filtration

Organic phase

y

Water ——»

Mother liquor

Figure 2.28: Sulphonation with SO3

Organic feed —» Su

SO,

Water ———»

Product washing Wash-water
y
Product
in liquid phase
Iphonation with SO, » SO, SO,, VOC
A
Product washing » Wash-water

A 4

Product

Figure 2.29: Sulphonation with SOz in gas-liquid reaction
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2.5.14 Sulphochlorination with chlorosulphonic acid
[15, K6ppke, 2000]

Sulphochlorination leads to organic sulphochlorides, which act as intermediates for a variety of
fine chemicals, e.g. sulphonamides, sulphono hydrazides, sulphonic esters, sulphinic acids,
sulphones, and thiophenals.

Chemical reaction
Sulphochlorination takes place in atwo step reaction as shown:

SO,CI

SO,H
HSO,CI HSO,LCI
-H so4

(22)

Figure 2.30: Sulphochlorination with chlorosulphonic acid

Step (1) represents a sulphonation similar to that described in Section 2.5.13. The reversible
second step is a chlorination and is usually carried out with excess chlorosulphonic acid.
Alternatively, thionyl chloride may be used for the second step as shown in the following
equation:

(2b) R-SOH + SOCl, > R-SO.Cl + SO, + HCl

Side reactions:

» formation of sulphones (e.g. 35 % in the case of chloro benzene)
o formation of isomers
« formation of other halogenation products.

Operations
Figure 2.31 shows a typica sequence of operationsin sulphochlorination.

The chlorosulphonic acid is introduced into a cast-steel or enamelled-stedl vessel and
10 - 25 mal % of the aromatic compound is stirred in a 25 — 30 °C, whereupon sul phonation of
the aromatic compound and HCl formation occur. The exothermic formation of sulphonyl
chloride isinitiated by heating the reactants to 50 — 80 °C.

In the case of aromatic compounds that easily take up two sulphochloride groups, e.g. anisole,
monaochlorosulphonation is carried out with only a little more than the calculated amount of
chlorosulphonic acid at a low temperature (0 °C) and in the presence of a diluent such as
dichloromethane.

The temperature has to be controlled accurately to ensure the uniform release of HCl gas.
Restarting the agitator after an interruption of the electricity supply is hazardous and may cause
the contents of the vessel to foam over.
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The product is isolated by draining the reaction mass onto water and by simultaneous cooling.
The sulphonyl chloride either precipitates or separates as an organic liquid phase.

Organic feed
chlorosulphonic acid
SOCl,, CH,Cl,

Sulphochlorination |

>

Salt, water —>| Precipitation

A

| Filtration

L

| HCl, Cl,, SO,, voC |

Phase separation Mother liquor

A

Water —» Product

washing

>
P>

A

»
P

Wash-water

Mother liquor

| Distillation |—>| Distillation residue |

| Solid product |

| Liquid product |

Figure 2.31: Typical sequence of operationsfor sulphochlorination
Possible input materials (on the left) and associated waste streams (grey background)
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2.5.15 Wittig reaction

[6, Ullmann, 2001, 9, Christ, 1999], * 003F*

The Wittig reaction is widely used in the production of vitamins, carotenoids, pharmaceuticals
and antibiotics. *003F* used Wittig reactions for the manufacture of fragrances but can no
longer due to the difficult handling of the waste streams.

Chemical reaction

The Wittig reaction leads to the formation of a double bond in three steps:

() R=CH,—Cl + P(CeHs)s > R —CH,—P"(CeHs)sCl

(2) R —CH,—-P'(CgHs)sCIT > R —CH=P(CsHs)3

(3) R—-CH=P(CgHsy); + R'—-CHO > R -CH=CH-R' + O=P(CsHs)s

The deprotonation step (2) requires bases, e.g. alkali metal carbonate or amines. The reaction is
carried out in organic solvents such as alcohols or DMF or in agueous sol utions.

High yields are achieved under mild reaction conditions. However, equimolar amounts of
triphenylphosphine (TPP) must be used, and the inactive triphenylphosphine oxide (TPPO) is
formed.

Operations
Because Wittig reactions are diverse in nature, there is no universal method of carrying them

out. The production of each compound is thus considered individually, assessing the chemical,
engineering, and economic factors.
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2.5.16 Processes involving heavy metals

[1, Hunger, 2003, 6, Ullmann, 2001, 16, Winnacker and Kuechler, 1982, 51, UBA, 2004],
*018A,1*, *015D,1,0,B*

Heavy metals are involved in chemical synthesis:

» if thefeedstock or product contains heavy metals
» if the heavy metals are used as auxiliaries (e.g. catalysts, redox partners).

Table 2.16 gives an impression of the type of processes involving heavy metals.

| M etal | Solvents | Agent
M etallisation to form chelated metals
Cr,04
CrCl 3*6H,0
. Water K,Cr,0O7* 2H,0/glucose

l:lorl:2 ﬁ?&g&n' um Dilute NaOH Cr formate

complexesto form Cobalt Formic acid NaK Cr sdlicylate

azo dyes Conper Formamide CoS0O,* 7TH,O/NaNO,

PP CuSO,*5H,0

CucCl,

Unit processes

Oxidations Manganese MnO,
Chromium CrOs
Molybdenum
Reductions Zinc Metal, metal chlorides
Copper
Mercury
Tin
Hydrogenation Nickel Raney nickel
Catalysts

Nickel
Copper
Cobalt
Manganese
Palladium
Platinum
Ruthenium
Bismuth
Titanium
Zirconium

Metals, metal oxides,
chlorides or acetates,
carbonyls

Table 2.16: Typical processesinvolving heavy metals

Environmental issues

Table 2.17 gives some example data of the waste streams from processes involving heavy
metals.

Heavy metals are not degradable but are adsorbed to the sludge or passed through the WWTP.
Heavy metal loadings in sewage sludge cause problems for disposal and, therefore, the
increased costs of disposal or treatment have to be taken into account.

Catalysts containing precious metal s are to be sent advantageously to recycling companies.
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The usual measure applied to prevent dilution and sludge contamination/emission is the
pretreatment of the concentrated waste water streams by means such as:

e jon-exchange
e precipitation/filtration
e reactive extraction.

Catalytic reduction with Raney Ni *018A,1*

Mother liquor after

filtration Nickel 1.84 kg per batch 0.92 mg/l

"Calculated concentration after dilution to a total effluent of 2000 m® without
pretreatment

Table 2.17: Example data for a waste stream from processes involving heavy metals
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2.6 Fermentation
[2, Onken, 1996, 15, K 6ppke, 2000, 18, CEFIC, 2003, 25, Kruse, 2001]

The term “fermentation” means process operations that utilise a chemical change induced by a
living organism or enzyme, specifically, bacteria, or the micro-organisms occurring in yeast,
moulds, or fungi to produce a specified product. Most industrial microbiological processes are
enhancements or modifications of metabolic reactions that micro-organisms already carry out.

Some applications of fermentation are the production or modification of the p-lactam
antibiatics, penicillins and cephal osporins, tetracyclines, and also alkaloids and amino acids.

The industrial production of antibiotics begins with screening for antibiotic producers. A new
antibiotic producer may be geneticaly modified to increase yields to levels acceptable for
commercial development. These “Genetically Modified Organisms’ (GMOs) require specific
measures under Directive 90/219/EEC and Directive 90/220/EEC and are excluded from the
substance definition of the IPPC Directive. They (with exceptions) have to be inactivated before
they are disposed of. In practice, the manufacturing process after the fermentation stage causes
the destruction of the production organism so that it is incapable of survival in the environment.
If thisis not achieved, then a separate deactivation step may be necessary, for example by steam
sterilisation or chemical inactivation.

Fermentation technology sometimes uses pathogenic micro-organisms.

2.6.1 Operations

Figure 2.32 shows the typical sequences of operations for fermentations, some possible input
materials and their associated waste streams.

Raw materials and seed stage

In the large scale fermentation of antibiotics, there are a number of stages, termed “ seed stages”,
leading to the fina production stage. The objective of the seed stages is smply to develop an
ever larger and more vigorous population of micro-organisms, with no attempt being made at
this stage to produce any antibiotic. Each seed stage is used to innoculate the next, with process
times for the individual seed stages usually being less than the final production stage.

The early seed stages are carried out on alaboratory scale and involve the preparation of starter
cultures, which are then used to innoculate larger fermenter vessels (from some m® to 50 m® or
more) containing a sterile medium.

The raw materials used as the growth medium in the fermentation process are primarily liquids
stored in bulk, for example corn steep liquor, rapeseed oil and starch hydrolysate. These types
of raw materials are non-volatile and there are no special precautions required for the transfer
and batching into fermenter vessels. Bulk storage tanks for these materials are usually provided
with secondary containment and high level alarms to prevent overfilling. Other batched solid
raw materials are dispensed from bags and are dosed into the fermenter medium at low levels.
The batching area is provided with an air extraction system for the protection of the operators,
with the extracted air passing to a dust scrubber before being released to the air. Alternatively,
the batching area is designed with closed systems, which are dust free and therefore not
hazardous to the operators. Equipment and growth medium are sterilised above 120 °C for 20
minutes.
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Fermentation stage

The fermentation stage is carried out in a large stirred fermenter (from some m® to 200 m® or
more) and is an aerated, batch-fed process. The batched medium is designed to support only a
limited amount of further growth and is steam-sterilised within the fermenter. After sterilisation,
it is inoculated with the final seed stage broth. Further sterilised nutrients are added
continuously (“fed”) during the fermentation in such a way that the growth of the micro-
organism is precisely controlled and the conditions made favourable for antibiotic production.
The process lasts up to eight days.

Stoclg culturefs J@i
filtered air
growth medium
H,O A

v

Auxiliaries == Filtration or
centrifugation

Biomass or
broth, auxiliaries

\ 4

o] Biomass
or broth, VOC

A
Salt, alkali, acid lon-exchanger —
H,O and broth
v

Purification and :I Solvent, VOC
concentration Y

| Spray drying

Solvent ——— Extraction

«

Auxiliaries Precipitation

o/ Solvent or broth,
auxiliaries, VOC

Filtration

v
Product Product

Figure 2.32: Typical sequences of operationsfor fer mentations and downstream work-up
Possible input materials (on the left) and the associated waste streams (gr ey background)

Product work-up

The following work-up steps depend on the properties and location of the product. The products
are obtained by separation of the biomass from the brath by:

« filtration (conventional or ultrafiltration) and extraction of the filtered broth with an organic
solvent and pH adjustment (e.g. penicillin G) or extraction of the biomass with organic
solvents (e.g. steroids)

» filtration (conventional or ultrafiltration) and product precipitation from the filtered broth by
adjusting the pH and/or by the addition of auxiliaries (e.g. tetracyclines)

e pH adjustment and processing of the unfiltered broth over an ion-exchanger (alkaloids,
amino acids)

» direct spray drying of the unfiltered broth (e.g. for feed industry purposes).

Intracellular products need an additional mechanical step of cell destruction before extraction.
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Further steps can also be carried out in order to optimise the purity or concentration. The choice
of methods are:

e evaporation

o ultrafiltration

e chromatography and/or ion-exchange
*  reverse 0OSMosis.

After purification, the product is obtained by conventional crystallisation and drying.

2.6.2 Environmental issues

Table 2.18 gives example data for waste streams from fermentations, for examples for waste
waters streams from fermentations see Section 4.3.2.11. Figure 2.33 shows the applied
abatement techniques. The main waste streams from fermentation processes are:

» biomass, possibly containing active pharmaceutica ingredients and possibly filtration
auxiliaries

» filtered broth, possibly containing active pharmaceutical ingredients and precipitation
auxiliaries

» exhaust gas from seed and fermentation stages, containing broth aerosol, possibly being
mal odorous

* VOC from solvent use

» large volumes of waste water streams.

If the biomass is classified as hazardous, it must be treated to reduce its activity to alevel lower
than 99.99 %. Inactivation is carried out, for example, by treatment with heat, with chemicals or
by application of vacuum evaporators at temperatures of 851090 °C. Alternatively, the
hazardous biomass is incinerated, in which case the combustion device must be operated at
temperatures above 1100°C and dwell times of at least two seconds in order to achieve
acceptable destruction efficiency. If the biomass is classified as non-hazardous, deactivation is
generally not required, unless demanded by national regulations.

Thefiltered broth is usually treated in a biological WWTP.

Exhaust gases from the seed and fermentation stages contain between 1.5 and 2.5 % v/v carbon
dioxide and — where no filters are used — traces of broth in an aerosol form. Often an in-vessel
detector is used to automatically close the exhaust valve or to control the addition of an
antifoaming agent if there is arisk of the broth splashing or foaming the outlet. Each fermenter
exhaust may be backed-up by a downstream cyclone. Where appropriate, thermal oxidation is

applied.

Waste stream Properties

[15, Koppke, 2000]

Exhaust gas 0.5to 1 m® per m® liquid phase and per minute

Table 2.18: Example data for the waste streams from fer mentation
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Stack gas scrubbing, with hypochlorite or by using carbon adsorption or biological filters may
be necessary for fermenter emissions that are malodorous. In these techniques the use of
chemical scrubbers will require the blowdown of unused chemicas, which will require
treatment before disposal. These systems typically have high maintenance costs. Carbon
adsorption is suitable for low contaminant loads only in order to ensure acceptable carbon life,
and also the high humidity of the fermenter exhaust, particularly during the sterilisation cycle
can interfere with the adsorption process on the carbon. Carbon adsorbers are mechanically
simple and can achieve a consistently high performance for odour removal. Biofilters are smple
with relatively low capital costs, but hot fermenter exhaust arising during the sterilisation cycle
will require cooling to between 25 and 35 °C.

Equipment used for crystallisation, filtration, drying and blending is vented via a chilled water
scrubber to the air, with the solvent removed from the scrubber liquor by distillation. Used
solvents can be recovered and re-used.

l Waste gas

A

\ 4

VOC Scrubber

v

Solvent recovery

*

A

Re-use

Solvent

\ 4

Sterilisation filter

Biomass and auxiliaries

Broth and auxiliaries

Exhaust gas

Inactivation

» Disposal

A 4

Biological treatment

l

Waste water

Figure 2.33: Applied abatement techniquesfor the waste str eams from fer mentation
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2.7 Associated activities

2.7.1 Formulation

Many products from the chemica synthesis like, eg. dyes/pigments, biocides/plant health
products or explosives are given in formulations, mixtures, or standardised suspensions.

Such manufacturing facilities can be technically linked to the synthesis unit and are possibly
linked to the same rhythm of production campaigng/batch operations and may cause emissions,
such as:

* VOCsfromresidua solvent

» particulates from handling

» wash-water from rinsing/cleaning

» waste water streams from additional separation operations.

Table 2.19 gives some examples of waste streams from formulation activities.

Waste stream Properties
Exhaust gas from propellant VOCs *063E*
manufacture *0B64E*
Exhaust gas from the formulation of a | Dust containing active *058B*
plant health product ingredient
Waste water streams fromrinsing and | 0.1 % product loss *060D,1*
CIP from standardisation of dyestuffs

Table 2.19: Typical examples of waste streams from formulation activities
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2.7.2 Extraction from natural materials
[62, D1 comments, 2004], *065A,I*

See also Section 4.1.5.1 “Extraction from natural products with liquid CO2” and Section 4.1.5.2
“Countercurrent band extraction”.

Extraction is an important process for obtaining raw materials from natural resources. In a
typical setup, the target substance (e.g. tannic acids, alcaloids, quinine salts, food additives,
APlsor intermediates for APIs, additives for cosmetics) is extracted from natural materids (e.g.
leaves, bark, animal organs) with a solvent and prepared for further processing by distilling off
the solvent.

Extraction yields from the extraction of plant materials can vary from 10 to 0.1 % or even
lower, depending on process technique, plant material quality and targeted compounds. This
means that the amount of waste streams compared to the amount of end-product is considerable.
To reduce the amount of waste streams, it is important to maximise the extraction yield, e.g. by
using countercurrent band extraction.

To maximise re-use of waste plant materias, e.g. by composting and subsequent use as a soil
conditioner, it is important to research and use extractions with non-chlorinated biodegradable
solvents. Re-use of extracted fermentation broth or plant waste materials in feed industry is
often not possible due to residues of harmful plant material, or residual API.

Solvent is re-used by treating plant waste materials by indirect steam heating and/or steam
injection, condensation of the solvent and subsequent purification of the solvent by distillation.
Waste water originating from downstream purification, e.g. with liquid-liquid extraction and
phase transfer, can cause dark coloured waste water with a high load of non-biodegradable
COD, due to soluble macromolecular plant materials (lignins, tannins).

Table 2.20 gives some examples of waste streams from extraction.

Waste stream Properties
Waste water from : iani -
liquicHiquid extraction High load of non-degradable COD (lignins, tannins) FOBBA I*

Extracted fermentation broth

*065A,1*

Waste plant materials *00BA |*

Table 2.20: Typical examplesfor waste streams from extractions
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3 CURRENT EMISSION AND CONSUMPTION LEVELS

The given data are based on the information provided and are derived from many different
origins. A grouping according to the production spectrum was avoided by intention to prevent
any assumptionsin this stage.

Due to widely spread confidentiaity concerns, al reference plants are named with an dias
(example: *199D,0,X*) where the number can be used to identify the reference plant
throughout this document and the letters indicate the production spectrum. A list of all reference
plantsisgivenin Table 9.1.

3.1 Emissions to air

Concentration values and mass flows given in this section are derived from reference plants or
other references where the individual plant was not named. The key to the comparison of
concentrations and mass flows from one source is the number of the reference plant (or, in some
cases, the reference to literature).

Where reference plants are named as the source, the data are usually derived from monitoring
reports including background information on sampling/averaging times and & so information if
the sampling is representative (production situation). For interpretation of the given values,
please note:

e average times vary usualy from 30 to 180 minutes, in some cases the sampling time is not
available

» where peaks or big variations occur within the average time, or within different samples,
ranges are given in the tables.

3.1.1 VOC emissions: overview
Figure 3.1 indicates the main VOC compound families and their relative share in atmospheric

emissions from the Organic Fine Chemicals sector in Spain [46, Ministerio de Medio Ambiente,
2003].

Others
Esters
Halogenated solvent
Olefinic hydrocarbons C1 - C14
Aldehydes/ketones
Alcohols

Aromatic hydrocarbons

Aliphatic hydrocarbons C1 - C14

T T T T T T

0 5 10 15 20 25 30 35
Share in %

Figure 3.1: Composition of VOC emissions from the OFC sector in Spain
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3.1.2 Concentration values and DeNOy efficiencies

Table 3.1 shows concentration data for the emissionsto air given in contributions or reported for reference plants.

3
= o,
Reference ) =9 |30 Point source
T T o - @ z z Y é =2 (2%
o | @ | 2| F|9|9|F| g o 23 |89
mg/m® mgC/m®* | ngm® | %
[15, Koppke, 2000] | 2.9 0.6 12 5 6 0.09 Oxidiser, two scrubbers
[15, Koppke, 2000] | 0.8 3.3 39 Scrubber (replaced by thermal oxidiser)
[15, Koppke, 2000] 0.16 175 Electrofilter, scrubber
0071 Al 32-58 Two scrubbers
0071 A2 1.1 12-41 Two scrubbers
0071 A3 6.1 74.1 Two scrubbers
001A,l (1) 2.4 0.2 82 100 Scrubber (now replaced by thermal oxidiser)
Three scrubbers; HCI, HCI, NaOH/NaHSOs,
001A,1(2) 2 01 | 01 05 | 164 13 16 oxidiser, DeNOy, (urea)
008A,1(1) 29 0.00 Incinerator (1200 °C), DeNOy (NHs), scrubber
008A,1(2) 3.1 0.00 Incinerator (860 °C), DeNOy (NH5), scrubber
008A,1(3) 0.4 3.8 5.9 1.7 0.3 0.00 Incinerator, DeNOy (NHs), scrubber
008A,1(4) 10 Scrubber (NaOH/NaHSO,), acetic acid
Two scrubbers, condenser (-14 °C),
008A,1(5) 4 cryogenic condenser (-130 to -145 °C, 200 m/h)
toluene, CH,Cl,, benzenemethylamine
010A,B,D,I,X 38 1.1 0.00 Thermal oxidiser
015D,1,0,B (1) 1 0.3 0.24 1.3 1 Two scrubbers
015D,1,0,B (2) 0.6 16 | 14 Scrubber, catalytic treatment
015D,1,0,B (3) 0.3 16 | 74 | 51 2 Scrubber, three stages
015D,1,0,B (4/1) 2.6 Scrubber
015D,1,0,B (4/2) 1.1 Scrubber
015D,1,0,B (5) 4.1 Cyclone, scrubber
016A,1 (1) 108 - 184 Activated carbon adsorption
016A,1 (2) 1.6-185 Activated carbon adsorption
019A,1 (1) 0.37 008 | 25 | 071 1.37 0.6 9 Incinerator, DeNOx (NHs), scrubber
nitrogenous solvent loading
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-
= g,
Reference =) =Y g0 Point source
Iz o |o|lyg|2|2|2 5 =2 |92
ORI F S|P F B o aa |29
mg/m? mgC/m®* | ngm® | %
019A,1 (2) 0.35 0.09| 26 | 0.77 | 1.19 0.8 0.00 Incinerator, DeNOy (NHs), scrubber, dioxin test
020A,| 0.66 | 0.11 504 | 124 31 0.7 0.03 Ox'd'sﬁ.r » DeNO, (ureg) scrubber
igh solvent loading
024A,1 (1) 1 1 1 Two scrubbers
024A.1 (2) 1 1 1 Scrubber
024A,1 (3) 0.5 1 0.5 Four parallel scrubbers
024A,1 VOC1 1688
024A,1 VOC2 602 Two scrubbers (THF, toluene, CH,Cl,, methanol,
024A,1 VOC3 159 i-propanol, heptane)
024A.,1 VOC4 195
037A,l 1 5 126 1 2 2 0.01 Incinerator, DeNOy (urea), scrubber
038F 35 I ncinerator
044E 615 Nitrocellulose, recovery of HNO;
045E 307 Scrubber
048A,1 (1) 279 Scrubber, ethanol, methanol
048A,1 (2) 4 Scrubber
048A,1 (2a) 3 Filter (from storage)
048A,1 (3) 960 Three scrubbers: HNO3, H,O, NaOH (from nitration)
049A,1 (1) 25 10.8—-44.6 Three scrubbers
049A,1 (1) 0.05 Filter (from milling)
053D, X (1) 14 | 25.6 0.2 1 Oxidiser, electric filter, bag filter
053D, X (2) 1 Bag filter, from formulation
053D, X (3) 1 Bag filter, from formulation
053D, X (4) 0.7 Bag filter, from formulation
055A,1 (1) 13-20 Catalytic oxidation, only toluene and methanol
055A,1 (2) 5.6 No abatement/recovery
055A,1 (4) 175 Thermal oxidiser
055A,1 (5) 3 0.04 Catalytic oxidation (natural gas only)
055A, | (6) 42-57 Scrubber: NaOH or H,S0s,
cryogenic condenser, smoothing filter
Three scrubbers; H,0, H,SO,, NaOH,
056X 0.2 0.09 1-12 activated carbon adsorber 2 x 2875 kg
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-
= e
Reference o =0 |gU Point source
Iz o |o|lyg|2|2|2 5 S (82
Q2| F | S|P F| 8 o aa |2F°
mg/m? mgC/m®* | ngm® | %
057F(1) 0.23 | 0.23 0.1 37-177 Scrubber: NaOH (replaced by TO)
057F(2) 124 - 228 Scrubber: NaOH (replaced by TO)
057F(3) 38-53 Scrubber: NaOH (replaced by TO)
058B(1) 0.3 Fabric filter (from formulation)
058B(2) 04 Fabric filter (from formulation)
059B,1(1) 13 5.4 Oxidiser without DeNOy
062E 480 No abatement/recovery
063E 482356_ Nitrocellulose, recovery of HNO; in a scrubber cascade
082A,1(1) 3 g 13 Oxidiser, scrubber
098E o Scrubber cascade: H,0 and H,0;
101D,1,X (1) 12 13 9 Four central scrubbers, decentralised scrubbers
101D,1,X(2) 3 Cyclones, tube filters (from spray drying)
103A,1,X 15 Two scrubbers; NaOH and H,SO,
Thermal oxidiser, 980 °C, 4000 m*/h, 0.7 s dwell time,
106A,1(2) 37 0.04 430 3 0.005 no DeNOy system, scrubber with H,O, NaOH and
Na&a,S,0s, heat recovery (steam production)
1071, o Thermal oxidiser, 1200 mh, SCR (NHz)
Thermal oxidiser 900 — 1000 °C, heat recovery,
114A,1 10.4 <55 300 22.5 45000 méh, scrubber with H,0

Table 3.1: Concentrations and DeNOy efficiencies for emissionsto air for selected parameters
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3.1.3 Mass flows

Table 3.2 shows mass flow data for the emissionsto air, reported in contributions or for reference plants.

5
Reference =) < = g- Point sour ce
kg C/ /
kg/hour h%ur h%%r
0071 Al 0.021-0.2 Two scrubbers
0071 A2 0.006 0.003 -0.008 Two scrubbers
0071 A3 0.001 0.35 Two scrubbers
001A,l (1) 0.024 0.002 0.82 1 Scrubber (now replaced by thermal oxidiser)
001A,1(2) 0.026 0.007 | 221 0177 | 0021 Three scrubbers: HCI, HC, NaOH/NaHSO;,
oxidiser, DeNOy (urea)
008A,1(1) 0.021 0.014 Incinerator (1200 °C), DeNOy (NHs), scrubber
008A,1(2) 0.022 0.006 Incinerator (860 °C), DeNOy (NH5), scrubber
008A,1(3) 0.019 0.001 0.004 Incinerator, DeNOy (NHS,), scrubber
008A,1(4) 0.005 Scrubber (NaOH/NaHSO5), acetic acid
Two Scrubbers, condenser (-14 °C),
008A,1(5) 0.0001 cryogenic condenser (-130 to -145 °C, 200 m*/h)
toluene, CH,Cl,, benzenemethylamine
010A,B,D,X 0.018 0.001 0.002 Thermal oxidiser
015D,1,0,B (1) 0.000 | 0.006 0.005 0.002 | 0.025 0.019 Two scrubbers
015D,1,0,B (2) 0.013 0.034 | 0.03 | 0.064 Scrubber, catalytic treatment
015D,1,0,B (3) 0.006 0.033 | 0.154 | 0.106 | 0.042 0.021 Scrubber, three stages
015D,1,0,B (4/1) 0.036 Scrubber
015D,1,0,B (4/2) 0.01 Scrubber
015D,1,0,B (5) 0.146 Cyclone, scrubber
016A,1 (1) 0.09-0.15 Activated carbon adsorption
016A,1 (2) 0.001-0.03 Activated carbon adsorption
019A,1 (1) 0.007 0.002 | 050 | 0.014 | 0.027 0.012 Incinerator, DeNOx (NHs) scrubber
nitrogenous solvent loading
019A,1 (2) 0.007 0.002 | 0.52 | 0.015 | 0.024 0.016 0.023 Incinerator, DeNOy (NH3), scrubber, dioxin test
020A,| 0.008 | 0.001 0.062 | 1.525 0.038 0.009 Ox'd'sﬁf' DeNOy (ures) scrubber
igh solvent loading
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o
g
Reference =) < = >—CD<,- Point source
5|5 o |2 | 8|5 F|5| 8 |2z
kg C/ /
kg/nour hor | hour
026E 0.002 Scrubber
037A,l 0.008 0.04 | 1.008 | 0.008 | 0.016 0.016 0.08 Incinerator, DeNOy (urea), scrubber
038F 0.30 Incinerator
044E 3.38 Nitrocellulose, recovery of HNO;
045E 0.018 Scrubber
048A,1 (1) 0.016 Scrubber, ethanol, methanol
048A,1 (2) 0.009 Scrubber
048A,1 (2a) 0.01 Filter (from storage)
048A,1 (3) 0.458 Three scrubbers: I—!NO;;, H,0, NaOH
(from nitration)
049A,1 (1) 0.032 0.25-0.56 Three scrubbers
049A,1 (1a) 0.2 Filter (from milling)
053D, X (1) 0.001 | 0.01 0.000 0.000 Oxidiser, electric filter, bag filter
053D, X (2) 0.002 Bag filter, from formulation
053D, X (3) 0.001 Bag filter, from formulation
053D, X (4) 0.003 Bag filter, from formulation
055A,1 (1) 0.04 Catalytic oxidation, only toluene and methanol
055A,1 (2) 0.84 No recovery/abatement
055A,1 (4) 0.043 Thermal oxidiser
055A,1 (5) 0.008 0.000 Catalytic oxidation (natural gas only)
055A,1 (6) 0.176 Scrubber: NaOH or HzSOs,
cryogenic condenser, smoothing filter
Three scrubbers; H,0, H,SO,, NaOH,
056X 0.001 0.001 0.003 —0.040 activated carbon adsorber 2 x 2875 kg
057F(1) 0.001 | 0.001 0.001 | 0.195-0.945 Scrubber: NaOH (replaced by thermal oxidiser)
057F(2) 0.668 — 1.229 Scrubber: NaOH (replaced by thermal oxidiser)
057F(3) 0.194 — 0.266 Scrubber: NaOH (replaced by thermal oxidiser)
058B(1) 0.004 Fabric filter (from formulation)
058B(2) 0.002 Fabric filter (from formulation)
059B,1(1) 0.045 0.018 Oxidiser without DeNOy
062E 0.069 No abatement/recovery
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-
2
Reference =) < = ED,- Point source
T T w Z Z o ) o =
o | ® |2 | 2| 8|8 | X5 o 3 @
kg C/ ng/
kg/hour hour hour
063E 0.7- Nitrocellulose, recovery of HNOs ina
14 scrubber cascade
082A,1(1) 008 0.014 Thermal oxicliser, scrubber
098E 2%79 Scrubber cascade: H,O and H,0,
101D,1,X (1) 0.36 | 0.50 0.34 Four central scrubbers, decentralised scrubbers
101D,1,X(2) 0.16 Cyclones, tube filters (from spray drying)
103A,1,X 0.013 Two scrubbers; NaOH and H,SO,
Thermal oxidiser, 980 °C, 4000 m*/h, 0.7 s dwell
106A,1(2) 0.015 0.000 172 0.012 time, no DeNOy system, scrubber with H,O, NaOH
and Na,S,03, heat recovery (steam production)
1071,X 0613_ Thermal oxidiser, 1200 m*h, SCR (NH5)
Thermal oxidiser 900 — 1000 °C, heat recovery,
LAl 0.46 <25 134 ! 45000 m/h, scrubber with H,0

Table 3.2: Mass flows valuesfor the emissions from point sour ces
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3.2 Waste water

The levels given in the following data collection are usually based on daily average values and data sets of a few months up to one year. Elimination rates are
obtained from input and output levelsto and from the biological WWTP. Where data were not provided, table fields were left empty.

3.2.1 Reported COD and BODs emissions and elimination efficiencies

Table 3.3 shows the reported COD and BODs emissions and the related elimination efficiencies. Most data refer to the treatment of the total effluent biological
WWTP, but in individual cases the overall COD elimination may be higher due to pretreatment steps. Such or similar situations are described under “ Additional

treatments, remarks”.

Cob coD BOD, BODs | Volume
Before After . Before After :
elim. elim. flow -
Plant treatment | treatment treatment | treatment Additional treatments, remarks
mg/| % mg/| % m°/d

002A 25000 1500 94 250 Subsequent treatment in municipa plant

003F 3500 130 96 300 Direct discharge to river
Nano-filtration for certain optical brighteners, wet

004D.0 5000 250 9 150 oxidation plant, additional municipal plant in planning

350 . -
0071 4740 Treatment in municipal WWTP
(pesk) P

008A,! (2000) 1600 100 94 1100 7 99.4 3800

008A,! (2003) 2500 89 97 1900 5 99.8 3700

009A,B,D (2000) 160 12 93 1 11000 Central agt|vated carbon facility with on-sf[e.thermal
regeneration for waste water streams containing
chlorinated nitroaromatics. Overall COD elimination:

009A.B,D (2002) 292 12 9% 1 4500 | 95 94, overall AOX elimination 99 %
Stripping of waste water streams from production of

010A,B,D,I,X (2000) 2580 190 93 1350 6 99.6 41000 | C1-CHC, solvent recovery from waste water streams by
distillation, Hg removal from waste water streams,
precipitation of heavy metals, distillation of waste water
streams for solvent recovery, Ni catalyst recycling, since

010A,B,D,I,X (2003) 2892 184 94 1521 12 99 47500 | 2001 2-stage WWTP with basins and tower biology.
The volume flow includes groundwater treatment.
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cob COD BOD, BODs | Volume
Before After . Before After :
elim. elim. flow .
Plant treatment | treatment treatment | treatment Additional treatments, remarks
mg/l % mg/l % m°/d

011X (2000) 4750 220 95 2430 18 99.3 1300 Distillation of waste water streams, e.g. from production
of light stabilisers, removal of tin-organic compounds

011X (2003) 360 8 1300 | from waste water streams
Wet oxidation with H,O, of waste water streams from

012X (2000) 1750 68 % 820 9 989 4300 fungicide production, oxidation of waste water streams
containing NaS, concentration of waste water streams

012X (2002) 600 4l 93 3.4 8260 containing sulphuric acid, precipitation of Ni

013A,V,X (2000) 1740 98 94 890 5 99.4 5750 Stripping of waste water streams with high
concentrations of purgeable AOX and solvents, removal

013A,V X (2003) 1084 51 % | 612 8 987 | 5180 |orniendta T

9

Pretreatment of waste water streams from vitamin

014V,| (2000) 3300 167 95 1400 7 99.5 8000 production in alow pressure wet oxidation plant with
96 % elimination for COD (AOX: 95 %). Concentration
by evaporation and incineration of the residues.
Removal and recycling of solvents (especially dioxane),

014V, (2003) 2660 133 95 1130 7 99.7 8000 | Extraction from waste water sireams, pretrestment by
hydrolysis, removal of Zn from exhaust gas (electro
filter) before scrubbing
Municipal waste water 50 %, central high pressure wet
oxidation for waste water streams containing refractory
TOC loads (10 % of the volume, 50 % of the total TOC

015D,1,0,B (2000) 1000 250 75 370 6 98.4 11000 load) with overall TOC elimination of 89 %.
Adsorption/extraction of waste water streams from the
production of antimicrobica.
Central nanofiltration for waste water stream from the
production of dyes, optical brighteners and
intermediates.

015D,1,0,8 (2003) 930 220 77 8 11000 Central extraction of waste water streams containing
aromatic sulphonates.
Stripping of NHa, precipitation of Cul.
Data from 1998/99, before plant extension and

016A,1 (1998/1999) 2025 105 95 1500 additional pretreatment

Organic Fine Chemicals
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cob COD BOD, BODs | Volume
Before After . Before After :
elim. elim. flow .
Plant treatment | treatment treatment | treatment Additional treatments, remarks
mg/| % mg/| % m°/d

Pretreatment of low degradable streams by adsorption:
97.2 % TOC elimination in 2001, treatment including

016A,1 (2001) 97 1500 two biological steps, chemical precipitation and active
carbon adsorption

016A,1 (3) 1340 40 97 1500 Values 2003
Average Jan — Sep 2003

017A,l 9000 390 96 99.6 500 Segregation and incineration of particular waste water
streams
Average Jan — Sep 2003

018A,l 3039 141 95 350 Segregation and incineration of particular waste water
streams
Incineration of waste water streams with

023A,1 5115 260 95 3491 16 99.8 1000 biodliminability <80 %

024A,1 100 100 Incineration of all waste waters

026E 2600 182 23 5 20 Recycling of all spent acids, re-use of wash-water, very
low volume flow

043A,1 2290 189 92 2400 Stripping of CHCs
Recycling of all spent acids, co-treatment of waste

0448 200 1100 waters in municipal WWTP

O45E 100 100 100 60 Recycli ng of all spent aci QS, evaporation of waste water
streamsin solar ponds (without energy consumption)

055A, | (2002) 799 o4 2000 gglp %pgg, activated carbon adsorption, segregation and

086A,I 5734 192 96.5 3071 8.3 99.8 975 Average Jan — Jun 2004
Segragation and disposal of mother liquors with

089A I 18 96 bioeliminability <90 %, activated carbon adsorption
after biological WWTP for AOX peaks

090A,1,X 79 95

103A,1,X 1310 83 765 60 Two days buffer before discharge to municipal sewer

Table 3.3: COD and BODs emissions, volume flows and elimination efficiencies
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3.2.2 Reported emissions for inorganic parameters and related elimination efficiencies

Table 3.4 shows the reported emissions for inorganic parameters and the related elimination efficiencies.

NH,-N Total N Inorganic N Total P
Before After NH 4N Before After Total N Before After Inorg. N Before After Total P
Plant treatment treatment | elimination | treatment | treatment | €limination | treatment | treatment | elimination | treatment | treatment | elimination
mg/l % mg/| % mg/l % mg/| %
006A |
008A,! (2000) 30 2 93.3 40 25 375 20 4.2 0.5 88
008A,l (2003) 47 0.1 99.8 80 22 75.3 16 45 0.3 96.4
009A,B,.D
(2000) 42 0.9 78.6 50 28 44 0.13
009A,B,.D
(2002) 0.7 14 0.2
010A,B,D,I,X
(2000) 100 9 91 48 0.8 98.3
010A,B,D,I,X
(2003) 51 34 33 44 0.9 98
011X (2000) 88 14.7 83.3 16 15 90.6
011X (2003) 17 0.55
012X (2000) 35 37 89.4 5 0.7 86
012X (2002) 15 11.2 7 375 35 0.6 83
013A,V X
(2000) 45 2.7 94 7 0.9 87
013A,V X
(2003) 22 12 94.5 43 2.7 93.7 6.7 0.8 88
014V,I (2000) 100 95 155 23 85.2 100 7 93 5 0.9 82
014V,I (2003) 80 96 130 17 87 110 93 0.6 85
015D,1,0,B
(2000) 152 13 91.5 153 18 88.2 7 11 84.3
015D,1,0,B 12 19 3.6 1.1 70
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NH4-N Total N Inorganic N Total P
Before After NH4-N Before After Total N Before After Inorg. N Before After Total P
Plant treatment | treatment | elimination | treatment | treatment | elimination | treatment | treatment | elimination | treatment | treatment | elimination
mg/l % mg/l % mg/l % mg/l %
(2003)
016A,11 29 9.5 67 28 12 96
016A,12 80 98
017A|l 85
018A,| 75
023A,| 148 48 68
026E" 0.8 5458 465 91 0.23
043A,| 42
0478 20 12
055A,| 6.4 6.8
081A,| 25 22
086A,| 135.8 7.8 93.3 254 113 95.5 16.9 10.8 35.2
089A,| 0.05 10 0.6
090A,| 0.08 28.7 0.7
096A | 1 2 0.3
097X 35 23 0.8
100A,I 33.8 50.4
103A,1,X 3.9 10.7 14.2
1Volume flow of 20 m*¥d

Table 3.4: Emission data for inorganic parametersand elimination efficiencies
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3.2.3 Reported emission values for AOX and toxicities

Table 3.5 shows the reported AOX emissions and the related elimination efficiencies, and

toxicities.
AOX Toxicity
Before After AOX
Plant treatment | treatment | elim. After treatment
mg/| % LIDg LIDp LID,4 LID. LIDgy
008A,I
(2000) 0.95 0.81 2 1 1-8 1-8 15
008A, |
(2003) 0.57 0.18 2 2 2 2-12 15
009A,B,D
(2000) 1.1 0.16 85.5 1 2 1 2
009A,B,D
(2002) 1.8 0.15 91.6 2
010A,B,D,I,X
(2000) 14 0.9 93.6 2 1 3 8
010A,B,D,I,X
(2003) 38 0.68 82 2 1 2
011X (2000) 15 0.25 83.3 3 5 12 8
011X (2003) 0.14 3 4 16 8
012X (2000) 0.3 2
012X (2003) 0.34 2 4 1 4
013A,V,X 0.4
014V,
(2000) 11 0.13 88 2 1-2 1 1 15
014V,
(2003) 0.9 0.11 87
015D,1,0,B
(2000) 8.5 1.7 80 2 1-4 1-32 | 4-32 15
015D,1,0,B
(2003) 6.3 15 77
023A,1 5
040A B,
(1996) ' 1.0 2.0 1.0 29
055A,1 1.53 76
089A,1 0.06 1 1 2 2 15
090A,1,X 0.08 1 2 2-3 2 15
ECsor | ECsop | ECso,a | ECso,L | ECsoeu
Expressed as vol-%
037Al 100 | 100 | 100 Ofs‘
038F 100 100 16 -25 45
115A,1 100 45
016A,1(1) 38
' For the development of the levelsin *040A,B,1* over some years, see Section 4.3.8.18.
Table 3.5: Emission valuesfor AOX and toxicities
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3.3 Waste

[46, Ministerio de Medio Ambiente, 2003]

Table 3.6 shows the waste generated by 20 companies in Catalonia, Spain, producing organic
fine chemicalsin 2001. The 120000 metric tonnes had the following destinies:

utilisation (80.9 %)

incineration (9.4 %)

controlled deposition (6.0 %)
physico-chemical treatment (3.5 %).

Generated waste Sharein %
Non hal ogenated solvents 42.5
Non halogenated organic liquids 39.4
Sludge from effluent treatment 7.6
Salt solutions 3.9
Halogenated solvents 2.0
Specia wastes 19
Wash-water 15
“Banal” waste 1.3

Table 3.6: Waste generated by 20 OFC companiesin Catalonia, Spain
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4 TECHNIQUES TO CONSIDER IN THE DETERMINATION OF BAT

This chapter sets out techniques considered generally to have potential for achieving a high
level of environmental protection in the industries within the scope of the document.
Management systems, process-integrated techniques and end-of -pipe measures are included, but
acertain amount of overlap exists between these three when seeking the optimum results.

Prevention, control, minimisation and re-cycling procedures are considered as well as the re-use
of materials and energy

Techniques may be presented singly or as combinations to achieve the objectives of IPPC.
Annex IV of the Directive lists a number of general considerations to be taken into account
when determining BAT and techniques within this chapter will address one or more of these
considerations. As far as possible, a standard structure is used to outline each technique, to
enable comparison of techniques and an objective assessment against the definition of BAT
given in the Directive.

The content of this chapter is not an exhaustive list of techniques and others may exist or be
devel oped which may be equally valid within the framework of BAT.

Generaly a standard structure is used to outline each technique, as shown in Table 4.1.

Type of information considered Type of infor mation included

Description Technical description of the technique

Main environmental impact(s) to be addressed by the technique
(process or abatement), including emission values achieved and
efficiency performance. Environmental benefits of the techniquein
comparison with others

Achieved environmental benefits

Performance data on emissions/wastes and consumption (raw
materials, water and energy). Any other useful information on how
to operate, maintain and control the technique, including safety
aspects, operability constraints of the technique, output quality, etc.

Operational data

Any side effects and disadvantages caused by implementation of
Cross-media effects the technique. Details on the environmental problems of the
technique in comparison with others

Consideration of the factorsinvolved in applying and retrofitting
the technique (e.g. space availability, process specific). Where no
information about restrictionsis provided, the technique is
described as “Generally applicable”

Applicability

Information on costs (investment and operation) and any possible
Economics savings (e.g. reduced raw material consumption, waste charges)
also asrelated to the capacity of the technique

Reasons for implementation of the technique (e.g. other legislation,

Driving force for implementation improvement in production quality)

Referencesto literature and Literature for more detailed information on the technique and
example plants reference to plants where the technique is reported to be used

Table4.1: Information breakdown for each technique described in this chapter
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4.1 Prevention of environmental impact
4.1.1 Green chemistry
Description

Concerning the production of chemicals, the principle of green chemistry is to promote the use
of aternative synthetic routes and aternative reaction conditions to existing less
environmentally friendly processes; i.e. by:

* improving process designs to maximise the incorporation of al the input materials used into
the final product

e usage of substances that possess little or no toxicity to human health and the environment.
Substances should be chosen in order to minimise the potential for accidents, releases,
explosions and fires

e avoiding the use of auxiliary substances (e.g. solvents, separation agents, etc.) wherever
possible

e minimising energy requirements, in recognition of the associated environmental and
economic impacts. Reactions at ambient temperatures and pressures should be preferred

e using renewable feedstock rather than depleting, wherever technically and economically
practicable

» avoiding unnecessary derivatisation (e.g. blocking or protection groups) wherever possible

» applying catalytic reagents, which are typically superior to stoichiometric reagents.

Achieved environmental benefits

Minimisation of the environmental impact of a process, at an early design stage.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Mostly applicable to new processes, but often a compromise has to be found or one of the
aspects has to be favoured more than another. As an example: phosgene can be a very efficient
reactant in organic chemistry but on the other hand, it is quite toxic.

Where APl manufacture on a site requires the observance of the rules of current Good
Manufacturing Practice (cGMP) or approval by the Federa Drug Administration (FDA),
process modifications can be only carried out fulfilling the required variation procedure. This
represents a serious obstacle for the redesign of existing processes. Similar restrictions exist, for
example, for the manufacture of explosives.

Another option for the prevention of environmental impacts is the use of input materials of
higher purity [99, D2 comments, 2005].
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Economics

Prevention of problems is expected to be more cost effective than later process reviews or end-
of -pipe techniques.
Driving forcefor implementation

Optimised process design, improved safety and working conditions.

Referencesto literature and example plants

[10, Anastas, 1996, 46, Ministerio de Medio Ambiente, 2003]

See also, ACS Green Chemistry Institute (http://www.chemistry.org) and EPA Green Chemistry
(http://www.epa.gov/greenchemistry/index.html)
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4.1.2 Integration of EHS considerations into process development

Description

The likelihood of successful prevention and minimisation of the environmental impact of a
process increases if Environment, Hedth and Safety (EHS) are considered early in the
development chain. The assessment process is based on prevention, minimisation and making
harmless and aims to design out environmental issues and to provide an auditable trail for
environmental issues. Table 4.2 gives an overview to the tools of such an assessment.

Initial assessment
and prioritisation

Paper assessment of EHS issues

Listed materials

Problem materials

Problem technologies

Nomination of the target compound

Attempt to remove al major EHS issues

Prevent
Design for environment inherent EHS
Synthesis freeze
Minimise Focus on efficiency

Pr ocess freeze

Make harmless

Manage residual EHS issues, define treatment processes

Site restrictions

Legal requirements

Available disposal options

Technology transfer on-site

Transfer
information from
development

Ensure knowledge of EHS issues associated with the
processis transferred to manufacture

Table 4.2: Integration of environmental, health and safety aspectsin process development

Achieved environmental benefits

Possibility to prevent, minimise and make harmless environmental issues.

Cross-media effects

None believed likely.
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Operational data

No information provided.

Applicability

Generdly applicable.

Economics

Consumes time and manpower but minimises costs for managing residual environmental issues.

Driving forcefor implementation

Prevention of environmental, health and safety issues at an early stage.

Referencesto literature and example plants

[91, Serr, 2004], *016A,I*
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4.1.3 Example for a solvent selection guide
Description

Solvent selection is a key part of process development. Because of the volumes used, solvents
can often result in the biggest environmental, health and safety impact of a process. There are a
number of methodologies to aid in the search for environmentally benign solvent systems. Table
4.3 shows an example for a solvent selection guide. The table assigns a score from 1 to 10 for
each solvent under the respective categories with 10 being of concern and 1 suggesting few
issues. The tableis further simplified by using colour coding with scores between 1 and 3 being
green, 4to 7 yellow and 8 to 10 red. Categories are further explained in Table 4.4.

Achieved environmental benefits

Prevention of big environmental issues at an early development stage.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

The applicability depends on the particular case. The solvent has to fulfil a certain task, which
often restricts the choice.

More information about classification and selection of solvents can be found in [99, D2
comments, 2005]:

* http://ecb.jrc.it/existing-chemicals/

* Curzons, A.D., Constable, D.C., Cunningham, V.L. (1999). Solvent selection guide: a guide
to the integration of environmental, heath and safety criteria into the selection of solvents.
Clean Products and Processes. 82-90.

e Sherman, J, Chin, B., Huibers, P.D.T., GarciaValls, R., Hutton, T.A. (1998). Solvent
replacement for green processing. Environmental Health Perspectives, Vol 106, Supplement
1. February 1998.

» Joback, K.G. (1994) Solvent Substitution for Pollution Prevention. AIChE Symposium
Series. Vol 303, Pt 90, pp 98-104.

Economics

The possibility to prevent an environmental issue early in the process development can reduce
costs for recovery/abatement.

Driving forcefor implementation

Prevention of environmental issues.

Referencesto literature and example plants

*016A,I*
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Substance Safety Health Environment
2 T *8' =
= c = e =
Name CASNo g c % 3| 5 s g o B
5 | 8 | 8 | & |8E|EE|EsE 5| 5
T ) T E S8 | Ez |[8538| <
Methane sulphonic acid * 75-75-2 1 1 1 1 1 7 4 6 8
Acids Propionic acid 79-09-4 3 1 4 7 1 1 5 6 6
' Acetic acid (glacial) 64-19-7 3 1 8 6 3 1 5 6 6
Formic acid 64-18-6 3 1 10 4 5 1 5 6 7
Isoamyl alcohol 123-51-3 3 1 2 1 1 2 4 5 3
1-Pentanol 71-41-0 7 1 1 2 1 1 4 5 3
| sobutanol 78-83-1 7 1 3 2 2 1 5 7 3
n-Butanol 71-36-3 7 1 4 3 2 1 5 6 3
Alcohols: | sopropanol 67-63-0 7 1 3 1 5 1 6 5 5
IM S/Ethanol 64-17-5 7 1 2 2 5 1 7 5 5
Methanol 67-56-1 7 1 5 3 6 1 7 4 5
t-Butanol 75-65-0 7 1 6 2 4 3 7 5 5
2-Methoxy ethanol 109-86-4 3 1 10 8 2 2 5 6 5
| sopar G 90622-57-4 3 10 1 1 1 10 3 10 1
n-Heptane 142-82-5 7 10 3 1 5 8 5 2 1
I sooctane 540-84-1 7 10 3 1 5 10 5 2 1
Alkanes:
Cyclohexane 110-82-7 7 10 6 1 6 9 5 2 1
Solvent 30 (assumed benzene free) 64742-49-0 7 10 2 1 4 10 4 10 1
| sohexane 107-83-5 7 10 6 1 8 10 6 1 1
. Xylene 1330-20-7 7 10 2 4 2 7 3 4 1
Aromatics:
Toluene 108-88-3 7 10 5 2 4 7 4 4 1
Basics Triethylamine 121-44-8 7 1 10 6 6 5 6 5 4
' Pyridine 110-86-1 7 1 9 10 3 4 7 6 6
Chlorinated: Chlorobenzene _ 108-90-7 7 1 6 4 2 9 2 4 5
Methylene chloride 75-09-2 1 1 9 9 10 6 5 2 8
Esters | n-Butyl acetate 123-86-4 7 | 1 2 2 3 | 3 | 4 3
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Substance Safety Health Environment
2 s 5 5
Name CASNo 8 . - % = .z i % k: o B
& IS g S | 88| 28255 § 5
T & T E S8 | Ez |[8538| <
| sopropyl acetate 108-21-4 7 1 4 2 5 2 5 4 3
Ethyl acetate 141-78-6 7 1 5 2 6 2 5 5 4
Dipheny! ether 101-84-8 1 1 1 4 1 8 3 4 2
Anisole 100-66-3 3 10 2 1 1 4 3 6 2
Tetrahydrofuran 109-99-9 7 1 8 1 7 3 7 6 5
Ethers Diglyme 111-96-6 3 1 10 7 1 5 5 10 5
1,2 Dimethoxyethane 110-71-4 3 1 10 3 6 5 7 8 5
MTBE 1634-04-4 7 1 9 2 8 7 7 5 3
1,4-Dioxane 123-91-1 7 10 9 3 4 4 6 9 5
Diethyl ether 60-29-7 10 10 7 3 10 4 7 6 3
Fluorinated: | Trifluorotoluene 98-08-8 7 10 4 6 5 8 3 4 6
MIBK 108-10-1 7 1 6 1 3 2 4 7 3
Ketones: Methylethyl ketone 78-93-3 7 1 7 4 6 1 6 7 4
Acetone 67-64-1 7 1 6 3 8 1 8 4 5
DMSO* 67-66-5 1 1 1 1 1 3 5 6 6
N-Methyl pyrrolidone 872-50-4 1 1 1 1 1 1 6 6 6
Sulfolane 126-33-0 1 1 1 3 1 4 5 6 7
app:)cl)ﬁrc: Dimethyl acetamide 127-19-5 3 1 4 7 1 2 6 6 6
DMF 68-12-2 3 1 9 7 1 1 5 6 6
Acetonitrile 75-05-8 7 1 8 2 6 4 8 5 6
1 The “impact in water” score for methane sulphonic acid has been based on limited data.
2 2-methoxy ethanol is on the Swedish Restricted Chemicals List. The comment is that “the god is to phase out this substance’. Therefore, use in Sweden will need careful
g?rqsngmegelr?,n hethyl ene chloride is essentially banned for use in processes.
4 DM SO can decompose to form dimethyl sulphide. This an extremely malodorous substance and requires high levels of abatement to prevent odour being an issue. Also under the
UK regulations, organic sul phides have benchmark release levels of 2 mg/m®. Care should be taken to assess emission levels of dimethyl sulphide when using DM SO.

Table 4.3: Solvent selection guide from *016A,I
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Assessed according to the UK National Fire Protection

Flammability Association’s (NFPA) scoring system.

A score of either 1 or 10, depending on whether the material can
Safety’ accumulate an electrostatic charge. (It is important to note that

] electrical resistivity will depend on the source, purity, potential
Static contaminants and any other material dissolved in the solvent. Care
is needed when applying such data. If there is any doubt, a sample
should be tested.)

Rating is primarily based on the exposure potential. This is
estimated by calculating the vapour hazard rating: saturated
concentration at 20°C divided by the Occupational Exposure
Limit (OEL).

Health

The category is made up of five separate elements. These are the
UK Long Term Environmental Assessment Level (EAL), VOC
Directive impact, rate of photolysis, Photochemical Ozone
Creation Potential (POCP) and odour potential.

Impact in air

Assesses the magnitude of likely emissions based on the vapour

VOC potentia pressure of the solvent at 20 °C.

Judged on the criteria of toxicity, biodegradability and the
likelihood of biocaccumulation (as estimated from octanol/water
partition coefficient).

Impact in
water If the process is unlikely to contain any streams suitable for
ultimate release to water, this category could be ignored.
However, the category is still relevant for accidental releases from
the processes.

Estimates the effect of a solvent on the operation of a biological
treatment facility. It assesses impact due to load (both carbon and
nitrogen loading), the effects of air stripping from the plant and,
in the instances of processes where water is present, the increased
effect of solvents due to their water solubility.

Environment?
Potential
biotreatment
plant load

If the process is unlikely to contain any streams suitable for
biotreatment, this category could be ignored.

Assesses the potential ease of recovery of the solvent. The
elements that are used to assess this are the number of other
Recycle solvents in the guide with a boiling point within 10 °C, the boiling
point, the risk of peroxide formation on distillation and the water
solubility (affecting potential loss in aqueous streams).

Key properties of solvents for incineration are heat of
combustion, agueous solubility, and halogen, nitrogen and
sulphur content. Some of these problems can be minimised by
blending with other waste solvents by the incinerator operator.
However, this has not been taken into account in the scoring
system.

Incineration

1 The safety considerationsin the guide are limited to operational hazards, i.e. fire and explosion hazards.
2 Many of the subcategories in this section assume that the solvents are used in an agueous process. It is
important to use judgement when applying the scores to solvent only processes.

Table 4.4: Propertiesthat were considered and scored in the solvent selection guide from *016A,1*
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4.1.4 Examples for alternative synthesis and reaction conditions

4.1.4.1 Sulphonation with SOz in gas-liquid reaction

Description

Sulphonation of fatty alcoholates and ethoxylates can be carried out with SOs in a gas-liquid
reaction. For adescription of this please see Section 2.5.13.

Achieved environmental benefits

e  no agueous mother liquors

e no wash-waters from product washing

* waste waters only arise from the akaline scrubbing of exhaust gas, and >95% of the
scrubbing liquid is recycled.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

The applicability depends on the particular case. The production of each compound is thus
considered individually, ng the chemical, engineering, and economic factors.

Economics

No data provided, but it can be presumed that economic advantages were the driving force for
implementation.

Driving forcefor implementation

Process optimisation, economics.

Referencesto literature and example plants

[51, UBA, 2004], * 061X *
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4.1.4.2 Dry acetylation of a naphthylamine sulphonic acid

Description

Instead of acetylation in an aqueous medium and salting out the product with ammonium
sulphate, 2-naphthylamine-8-sulphonic acid can be acetylated in acetic anhydride without the
generation of waste water streams. The generated acetic acid can be recovered easily and
recycled into other processes.

Achieved environmental benefits

* waste water streams: - 100 %
» st for salting out: - 100 %
» recovery of 270 kg acetic acid per 1000 kg product.

Cross-media effects

Shift from waste water to waste gas.

Operational data

Flat bottomed vessel with stirring equipment and steam heating is required.

Applicability

Generally not restricted to acetylations, but the applicability depends on the particular case. The
production of each compound is thus considered individually, assessing the chemical,
engineering, and economic factors.

Economics

No comparison of the conventiona and the new process was possible due to the lack of data,
but economic advantages are presumed to be the driving force.

Driving force for implementation

Process optimisation, economics.

Referencesto literature and example plants

[9, Christ, 1999], *010A,B,D,I,X*

Organic Fine Chemicals 99



Chapter 4

4.1.4.3 Recycling instead of treatment/disposal of TPPO
Description

TPPO is a residue created in Wittig processes in stoichiometric amounts (for an example see
Table 4.5). TPPO is not easily degradable and phosphorus may be a critical parameter for a
WWTP. The described treatment steps for the disposal of TPPO 4till lead to the formation of
solid residues, and the created P,Os may have poisoning effects on DeNOy catalysts and cause
clogging of filters.

Processing of a Cy5 unit for retinoid synthesis[6, Ullmann, 2001]
300 kg starting material
Solidresidue | TPPO | 380kg |

Table 4.5: Examplefor the creation of TPPO from a Wittig process

Instead of treatment and disposal (Figure 4.1), TPPO can be recycled by conversion to TPP
according to the scheme given in Figure 4.2 and re-used for further processing.

Waste gas

NaOH

. . PZOS l

y

Precipitation/ , Disposal of
filtration Cay(PO,),

Ca(OH), —

2

y
. . v Biological WWTP
Triphenylphosphine 4—@ 7

for re-use l

Waste water

Figure4.1: Treatment stepsfor the disposal of TPPO

Achieved environmental benefits

Figure 4.3 compares the overall balances for Wittig reactions with and without the recycling of
TPPO (note: other starting or output materials of the Wittig reaction itself do not appear in the
balance). The emissions are reduced as follows:

e phosphorus compounds. - 100 %
» chloridein waste water: - 66 %
e COy - 95 %.

The abtained Al(OH); can be used in the on-site WWTP as a floccul ation agent.
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Cross-media effects

Waste water streams from the second extraction of the TTPO conversion.

Operational data

* phosgene is generated and immediately fed to the reactor; phosgene and chlorine are
handled in a gas tight chamber, and

» treatment steps are carried out in stirred tank reactors.

Applicability

Applicableif the amount of TPPO generated justifies investment for recycling. Additionally off-
siterecycling is possible.

On-site TPPO recycling is possibly not economicaly feasible in custom manufacturing

synthesis where limited amounts of TPPO are used [62, D1 comments, 2004].

Economics

e no comparison of conventional treatment/disposal costs and the recycling process obtained,
but economic advantages can be presumed to be the driving force

» higher costs if phosgene technology has to be established on site.

Driving forcefor implementation

Process optimisation, economics.

Referencesto literature and example plants

*036L*, [9, Christ, 1999]
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Collected R o P
TPPO » Distillation <
A
CsHsCl » Dissolving [«
Ph ,
o _, osgene » Chlorination
Cl, production
A
Al powder » Dehalogenation
A 4

Hydrolysis/ .| Second

extraction extraction
A

A

CgHsCl WWTP
distillation

A 4

Purification
(distillation)

!

TPP for re-use

Figure 4.2: Stepsin the conversion of TPPO to TPP

3 CgHsCl —» — 6 NaCl

6 Na — TPP synthesis — 18 CO,
Wittig reaction
Incineration
0, —>» WW treatment — H,O

PCl; — — Ca phosphates

Ca(OH), —

— >
co TPP synthesis CO,

Cl, —» Wittig reaction — CaCl,

23 Al ——»f WWIreatment L 5 a0H),

Ca(OH), —

Figure 4.3: Overall balancesfor a Wittig reaction with and without recycling of TPPO
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4.1.4.4 Enzymatic processes versus chemical processes
Description

Using enzymatic processes instead of chemica processes is advantageous from an
environmental point of view. Less synthesis steps (no additional modification or protection of
functional groups) and low solvent use are the major beneficial effects. Energy savings, fewer
safety and disposal issues, and improved product quality also lead to cost benefits. The enzyme
can be used in solution or fixed on a substrate, or as part of a polyfunctional enzymatic system,
e.g.inliving cells, free in areaction medium or fixed on a substrate.

Achieved environmental benefits

An example from the manufacture of 6-aminopenicillanic acid is presented in Table 4.6:

Chemical method Enzymatic method

Consumption of reactants
1000 t Penicillin G, potassum salt | 1000 t Penicillin G, potassium salt
800 t N,N-dimethyl aniline

600 t phosphorus pentachloride
300 t dimethyl dichlorosilane

45t ammonia
0.5 -1t biocatalyst

Consumption of solvents (recoverable, partly for disposal)
10000 m® water

4200 m® dichloro methane
4200 m® butanol

Table 4.6: Comparison of enzymatic and chemical processes
Consumption levelsfor the conversion of 1000t Penicillin G

Cross-media effects

Higher water consumption.

Operational data

No information provided.

Applicability

The technical feasibility has to be considered individually.

Other examples with environmental advantages are [46, Ministerio de Medio Ambiente, 2003]:
* Aspartame

e 7-amino cefaosporanic acid
e anticonvulsive LY 300164.
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Where APl manufacture on a site requires the observance of the rules of current Good
Manufacturing Practice (cGMP) or approva by the Federa Drug Administration (FDA),
process modifications can be only carried out fulfilling the required variation procedure. This
represents a serious obstacle for the redesign of existing processes.

Economics

Cost benefits.

Driving forcefor implementation

Cost benefits.

Referencesto literature and example plants

[9, Chrigt, 1999, 46, Ministerio de Medio Ambiente, 2003]
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4.1.45 Catalytic reduction

Description

Most of the reduction processes carried out on an industria scale can be performed by catalytic
hydrogenation. This avoids the utilisation of stoichiometric amounts of other reduction agents
which lead to the formation of large amounts of waste streams as, e.g. in the case of reduction
with iron.

Achieved environmental benefits

Avoidance of waste stream formation, see also Table 4.32.

Cross-media effects

Hydrogenation may require the use of heavy metal compounds such as catalysts, which have to
be recovered/recycled.

Operational data

No information provided.

Applicability

Applicable to most reduction processes on an industrial scae [6, Ullmann, 2001], but still in
Organic Fine Chemistry other reducing agents may have decisive specific advantages [62, D1
comments, 2004]. Selective catalytic processes are generally superior to stoichiometric reactions
[10, Anastas, 1996, 46, Ministerio de Medio Ambiente, 2003].

Find an example for the step from reduction with Fe to catalytic reductionin: [9, Christ, 1999]

There are cases where the iron oxide resulting from reduction processes are used as pigments
[62, D1 comments, 2004].

Economics

» higher investment costs for hydrogenation equipment in comparison to a conventional
reactor

» reduced disposal costsfor residues

e cost of recovery of the catalyst

» increased safety requirements[99, D2 comments, 2005].

Driving force for implementation

» selectivity of thereaction
» higher efficiency for products with larger production volume
e disposal costsfor residues.

Referencesto literature and example plants

[6, Ullmann, 2001, 10, Anastas, 1996, 16, Winnacker and Kuechler, 1982, 46, Ministerio de
Medio Ambiente, 2003], *067D,1*
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4.1.4.6 Microstructured reactor systems
Description

Microreaction technology in chemical reaction engineering has experienced spectacular
development in recent years, and is now aso carried out on an industrial scale.

Microreactors are characterised by three-dimensional structuresin the submillimetre range, with
the following characteristics:

» mainly multi-channel reactors

o diametersfrom 10 to severa 100 micrometers

«  specific surface of 10000 to 50000 m?/m?

» high heat transfer performance

» short diffusion times, low influence of mass transfer on the rate of reaction
» isothermal conditions possible.

Figure 4.4 shows a five plate microreactor for the synthesis of a vitamin precursor in a stainless
steel system with simultaneous mixing, reaction and heat transfer [6, Ullmann, 2001]. To obtain
a product in a required amount, a certain number of microreactors have to be operated in
pardlel in arrays.

Figure 4.4: Five plate microreactor for the synthesis of a vitamin precur sor

Achieved environmental benefits

* lesswaste streams, through the higher efficiency (process intensification) possible
* inherent reactor safety
* higher yields and less by-products.

Cross-media effects

None believed likely.

Operational data

» typicd cdl dimensions of 2 ml
» continuous flowrate of 1 — 10 ml/minute
» throughput of up to 140 g/hour.
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Applicability

[6, Ullmann, 2001]: A number of reactions have been successfully tested in microreactors,
including high temperature reactions, catalysed reactions, and photochemical reactions.

Examples of production [69, Wuthe, 2004]:

e production capacity of 80 tonnes/year for speciality chemicals
e production of an organic pigment (20 tonnes/year).

Other examples:

*  *094I*: replacement of batch processes with exotic or difficult classical chemistry
e *(095A,1*: contract devel opment and manufacture of intermediates and APIs.

Economics

Table 4.7 gives a comparison of costs for a pilot production in a batch vessel and in the
microreactor. Most important is the effect on the costs for bringing a product from laboratory to
production scale, since the usual scale-up isreplaced by a numbering up.

50 litre batch vessel Micro-reactor array
I nvestment EUR 96632 EUR 430782
Scale-up effort 10 man days 0 man days
Mean yield 90 % 93 %
Specific solvent consumption 10.0 I/kg 8.3 1/kg
Required personnel per facility 2 men 1 man
Production rate 427 kglyear 536 kg/year
Specific production cost EUR 7227/kg EUR 2917/kg
Cost advantage of micro-reactor array EUR 2308529/year
Return on investment 0.14 year

Table 4.7: Comparison of costsfor a pilot production in a batch vessel and in the micro-reactor

Driving force for implementation

Higher yields, processintensification.

Referencesto literature and example plants

*0941*, *095A,1*, [6, Ullmann, 2001, 40, Schwalbe, 2002, SW, 2002 #70, 69, Wuthe, 2004],
[78, Boswdll, 2004], [94, O'Driscoll, 2004], [70, SW, 2002] and references within
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4.1.4.7 Reactions inionic liquids
Description

Reactions can be carried out in ionic liquids, non miscible with organic solvents and showing no
measurable vapour pressure. Therefore, the levels of VOCs are strongly reduced. The Biphasic
Acid Scavenging utilising lonic Liquids (BASIL) is now used on an industria scale.
Advantages are: no release of gaseous HCI, improved heat transfer, easy liquid-liquid
separation, higher sdlectivity, can be used in existing plants, easy recycling of the IL (98 %) by
simple treatment with caustic soda.

What areionic liquids (IL)?

lonic liquids are organic salts with melting points under 100 °C, often even lower than room
temperature. Recently they have been used more and more as a substitute for the traditiona
organic solvents used in chemical reactions. The most common ones are imidazolium and
pyridinium derivatives, but aso phosphonium or tetralkylammonium compounds can be used
for this purpose. Lately, environmentaly friendly halogen-free ionic liquids have been
introduced.

Achieved environmental benefits

* reaction rate enhancement, higher selectivities as well as higher yields, both result in a
smaller amount of waste streams
» replacement of VOCs.

Cross-media effects

None believed likely.

Operational data

Depends on theindividual case.

Applicability

*036L* uses an ionic liquid in the manufacture of akoxyphenylphosphines, the first
commercia use of the versatile materials in an organic process. The manufacture is carried out
on a multi-tonne scale in a batch reactor at elevated temperatures. During the process, the ionic
liquid separates as a clear liquid phase from the pure product and is recycled [65, Freemantle,
2003].

Possible applications are 66, Rieddl, 2004]:

* as a solvent for synthetic and catalytic purposes, for example Diels-Alder cycloaddition
reactions, Friedel-Craft acylation and alkylation, hydrogenation and oxidation reactions and
Heck reactions

e as a biphasic system in combination with an organic solvent or water in extraction and
separation technologies

* as catalyst immobilisation without the need of special functionalisation for the easy
recycling of homogeneous catalysts

» asdectrolytesin electrochemistry.

108 Organic Fine Chemicals




Chapter 4

Economics

No information provided

Driving forcefor implementation

No information provided

Referencesto literature and example plants

[62, D1 comments, 2004], [65, Freemantle, 2003], * 036L*
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4.1.4.8 Cryogenic reactions

Description

Reactions can be carried out in cryogenic batch reactors that work at very low temperatures:
from -50 to -100 °C. The low temperature is generated by indirect cooling of the batch reactor
with asuitable liquid, that in turn is cooled with liquid nitrogen.

Achieved environmental benefits

Under extreme cold, the reaction yield of some isomeric or sterecisomeric reactions can be
considerably increased from 50 to more than 90%. This gives a considerable saving in
expensive intermediates and in reduction of waste streams, which has its effect on al previous
reaction steps. This also prevents further waste streams and efforts from other workup steps that
otherwise would be required to separate the impurities from the API or the intermediate.

Cross-media effects

Higher energy demand through the use of liquid nitrogen.

Operational data

Temperatures from -50 to -100 °C are required.

Applicability

Depends on the individual synthesis task.

Economics

No information provided.

Driving forcefor implementation

Selectivity and high reaction yield.

Referencesto literature and example plants

[62, D1 comments, 2004], * 065A,1*, 083A,1*, *084A,1*
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4.1.4.9 Reactions in supercritical CO,
Description

Reactions can be carried out in supercritical CO, (supercritical point at 73.8 bar/31 °C) using a
supercritical reactor system, as illustrated in Figure 4.5 for hydrogenations. Supercritical CO,
replaces the solvent and shows similar properties to n-hexane. The reaction is no longer mass
transfer controlled and hydrogen shows infinite solubility. Reaction conditions such as pressure,
temperature, residence time and hydrogen concentration can be manipulated independently. On
completion, the CO, is evaporated by reducing the pressure.

A\

Preheating 0
. =
=
2
=
(9]

| Compressor |

Vent or
recycle CO,
(ICOH

Figure4.5: A supercritical reactor system

Achieved environmental benefits

low/no VOCs

* |lesswaste streams
» higher selectivity
higher yields.

Cross-media effects

None believed likely.
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Operational data

Above 73.8 bar/31 °C.

Applicability

Some reaction types under devel opment besides hydrogenation include:

» akylation

» acid catalysed reactiong/etherifications

e hydroformylation.

Economics

Reactions in supercritical CO, represent cost-intensive processes, but the costs are justified by
selectivity, reduction of energy use, saving of costs for product workup and solvent disposal.
Driving forcefor implementation

Sdlectivity through an inherently “tunable” system.

Referencesto literature and example plants

*021B,1*
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4.1.4.10 Substitution of butyllithium

Description

Butyllithium is used in organic synthesis as a strong base for the deprotonation of hydrocarbons
or metallation in aromatic chemistry. The reaction can create large amounts of highly volatile
butane (boiling point: -0.5 °C) which can usually only be controlled by means of thermal
oxidation.

Butyllithium can be replaced with other aklyllithium compounds with lower volatilities, e.g.
hexyllithium generating hexane with a boiling point of 68.7 °C.

Achieved environmental benefits

* reduction of VOC emissions

e inparticular cases, avoidance of advanced end-of-pipe techniques.

Cross-media effects

None believed likely.

Operational data

Possible generation of less volatile by-products, eg. dodecane (as a result of a radica
dimerisation process) which may require further cleaning operations and, therefore, additional
resource consumptions.

Applicability

In one example, the reactivity of hexyllithium resembles that of butyllithium and it can thus
principally be used for the same applications [6, Ullmann, 2001].

Economics

e possibly higher purchase costs for substitute alkyllithium
» limited availability of substitute alkyllithium on the market
e reduced costs as | ess abatement techniques are needed.

Driving forcefor implementation

Reduction of VOC emissions, economics.

Referencesto literature and example plants

*025A,1*
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4.1.5 Extraction from natural products

4.1.5.1 Extraction from natural products with liquid CO,

See also Section 4.1.4.9.

Description

Supercritical CO, (supercritical point at 73.8 bar/31 °C) can replace the solvent in an extraction
process, showing properties similar to hexane. Extracts of high quality and purity can be
obtained without the typical problem of removal of the extraction solvent, since CO; is easily
recycled by the application of suitable pressures.

Achieved environmental benefits

*  noVOC emissions, no VOC recovery/abatement necessary

» highefficiency

» lesseffort for purification of the extract.

Cross-media effects

None believed likely.

Operational data

Pressures above 73.8 bar are required.

Applicability

Applicable where the solvent properties of supercritical CO, enable efficient extraction of a
given extract. Preferred method for isolating heat sensitive material.

An example from [46, Ministerio de Medio Ambiente, 2003]: extraction of low volatile
fragrances from spices or other dry raw material.

Economics

Capital intensive process. Detailed information not provided, but economic advantages can be
assumed as the driving force for implementation.

Driving forcefor implementation

Information not provided, but economic advantages can be assumed as the driving force for
implementation.

Referencesto literature and example plants

[46, Ministerio de Medio Ambiente, 2003]
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4.1.5.2 Countercurrent band extraction

Description

Extraction yield in the extraction of plant materials can vary from 10 to 0.1 % or even lower,
depending on the process technique, plant materia quality and the targeted compounds. This
means that the amount of waste streams compared to amount of end-product is considerable. To
reduce the amount of waste streams, it is important to maximise the extraction yield, e.g. by
using countercurrent band extraction.

Achieved environmental benefits

Higher extraction yields.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Generdly applicable.

Economics

Cost benefits through higher yields, and lower costs for disposal of residual material.

Driving force for implementation

Efficiency improvement.

Referencesto literature and example plants

[62, D1 comments, 2004], *065A ,I*
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4.1.5.3 Enabling the re-use of residual plant material from extraction

Description

An“ideal” extraction solvent satisfies the following requirements:

» high, sdlective dissolving capacity: only the required extract and no other constituents of
the feed material are dissolved

» low specific heat, relative density, and heat of vaporisation

* non-flammable, no formation of explosive mixtures with air

* nontoxic

*  non-corrosive action on the extraction equipment

» good ahility to penetrate the feed materia, easy and complete removal from the extract and
extraction residue without affecting their odour or taste

» chemically defined, homogeneous, stable; it has a constant boiling point which is not too
high.

No solvent fulfills all of these conditions, and the optimum solvent must be found for each
extraction process.

The use of easily degradable solvents enables the simple disposal and potential re-use of the
extraction residue.

Achieved environmental benefits

Enabling the re-use of residual plant material from extraction.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Generally applicable.

Economics

Lower costsfor the disposal of residual material.

Driving forcefor implementation

Efficiency improvement.

Referencesto literature and example plants

[62, D1 comments, 2004], * 065A,1*
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4.1.6 Safety assessment

Safety assessment is introduced in this document as it can help to prevent accidents with
potentially significant environmental impacts. However, this subject could not be entirely dealt
within this document. The field of process safety is much wider than presented here and this
section should be treated as an initial overview. Section 4.1.6.3 contains alist of references for
additional information.

4.1.6.1 Physico-chemical safety assessment of chemical reactions
Description

A structured safety assessment for a reaction in a certain process in a given plant can be
performed according to the scheme given in Figure 4.6. The assessment is carried out for
normal operation (see Figure 4.7) and takes into account effects due to deviations of the
chemical process and deviations in the operation of the plant (see Table 4.8).

All the relevant physico-chemical safety data of substances and reactions should be evaluated in
respect with the necessary equipment aong with technical and organisational safety precautions.
Important physico-chemical parameters to be taken into account are, e.g:

» reaction enthalpies (AHR) both for the reaction concerned and for potential secondary
reactions (e.g. decomposition)

e possible gas evolution (M) and the rate of gas evolution (dM/dt) or corresponding derived
parameters from the reaction or the possible decomposition

» rate of heat production (dQg/dt), where appropriate as a function of temperature

» total heat removal capacity of the system (dQy/dt)

e limit temperature (Teo) for the thermal stability of the substances concerned and the
reaction mixtures under process conditions

« formation of new unwanted products or by-products (An subst.), which lead to an increase
in the reaction enthalpy or gas formation or areduction of the limit temperature (Tey).

M easures to ensure that a process can be controlled adequately include (without ranking):

Preventive measures Design measures
(preferred) - pressure resistant construction
- organisational measures - pressure relief including sufficient catch
- concepts involving control engineering volume
techniques

- reaction stoppers
- emergency cooling

Achieved environmental benefits

Prevention of major accidents and substance rel eases.

Cross-media effects

None believed likely.
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Operational data

No information provided.

Applicability

Similar to chemical reactions and also applicable to other operations, e.g. drying or distillation.
Important safety examples are the handling of organic dusts or solvent vapours.

Economics

» additional costsfor safety measures

* high costsin the case of pressure resistant construction.

Driving forcefor implementation

Process safety.

Referencesto literature and example plants

[42, TAA, 1994], [100, TAA, 2000] and literature within.
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Figure 4.6: Safety assessment procedure
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Assessment of the
substances under
process conditions
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Figure 4.7: Iterative assessment strategy for normal operations
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Failure caused by AHg | dMdt | (‘("(%’K ‘730 Teo | i
Effectsdueto deviations of chemical processes
Starting materials (specification, nature, property), e.g.
» contamination with catalytic effect
» increased/decreased of concentration
» residues from previous use
» decomposition of activators/inhibitors (e.g. asa
result of extended storage)
Presence of starting materialS/auxiliary materias, e.g.
* solvent used
»  solution promoter
» activator/inhibitor
Metering, e.g.
» wrong substance, wrong quantities/ratios
» changed metering sequence
* wrong metering rate
Reaction conditions, e.g.
» changeinpH value
e temperature increase/decrease
» reaction/residence time, delayed reaction start
» increase of by-products/residues
Mixing, e.g.
* inadequate agitation
»  separation of solidg/catalysts
Effectsdueto deviationsin the operation of the plant
Availability of auxiliary energy, e.g.
* compressed air, nitrogen
» éectric current
*  heating medium, cooling medium
» ventilation
Heating/cooling medium (temperature), e.g.
» temperature exceeds/falls below the temperature
defined for safe process operation
Process equipment, e.g.
o failure
Material flows, e.g.
» failure of pumps/valves
* incorrect operation of valves
»  blocking of lines/valved/fittings (in particular
venting pipes)
»  backflow from other parts of the plant
Filling level, e.g.
» ovefilling
» leakage from adump valve
» flooding of condensers (heat-exchangers)
Agitation, e.g.
o failure
* increased viscosity
» mechanical introduction of heat
Integrity of components
e corrosion (in particular with resulting material
overflow from/to heat transfer systems)
» mechanical damage
Table 4.8: Effects dueto deviations of chemical processes or the operation of the plant
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4.1.6.2 About the prevention of runaway reactions
Description
The consequences of a runaway reaction can be severe. Therefore, facilities must focus on
prevention of conditions favourable for a reaction excursion through process design control,
instrumentation, and interlocks to prevent the recurrence of similar events. Facilities should take
the following steps to prevent runaway reactions:
» modify processesto improve inherent safety. Consider inherently safer processes to reduce
reliance on administrative controls
* minimise the potential for human error
e understand events that may lead to an overpressure and eventually to vessel rupture
» uselessonslearned. Go beyond the issues of quality control and operator error and identify
true root causes
» evaluate Standard Operating Procedures (SOPs)
» evaluate employee training and oversight
» evaluate measures to inhibit a runaway reaction (e.g. neutralisation, quenching)
» evaluate the effectiveness of the emergency relief system.
Achieved environmental benefits

Prevention of runaway reactions and related consequences.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Generaly applicable, especialy in the case of exothermic reactions. Also relevant for stored
goods with potential for autoreaction (e.g. warm storage experiments for acrylnitrile).

Economics

No information provided.

Driving forcefor implementation

Prevention of accidents and consequent emissions to the environment.

Referencesto literature and example plants

[72, EPA, 1999]
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4.1.6.3 Useful links and further information

» Barton, J., R. Rogers (Eds)) (1993). “Chemical Reaction Hazards — a Guide”’, |CgemE,
Rugby, GB

e Bretherick, L. (1990). “Handbook of Reactive Chemical Hazards’, 4. ed., Butterworths,
London

*  Grewer, T. (1994). “Thermal Hazards of Chemical Reactions’, Elsevier, Amsterdam

»  Process Safety Progress (journal), accessible in
http://wwwa3.interscience.wiley.com/cgi-bin/jhome/107615864

e Steinbach, J. (1995). “ Chemische Sicherheitstechnik”, VCH Weinheim

e Technische Regel fir Anlagensicherheit - TRAS 410 Erkennen und Beherrschen
exothermer chemischer Reaktionen, Reihe 400 Sicherheitstechnische Konzepte und
Vorgehensweisen, Fassung April 2000, (Bundesanzeiger Nr. 166a vom 05.09.2001);
Technischer Ausschuss fur Anlagensicherheit - Sicherheitstechnische Regel des TAA.
Accessible in http://www.sfk-taa.de/Berichte_reportsTRAS/tras_neu.htm.
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4.2 Minimisation of environmental impacts

4.2.1 A “state of the art” multipurpose plant
Description

The new production site *037A,1* manufactures pharmaceuticals and performs reactions such
as chiral synthesis, biocatalysis, Grignard reactions, Friedel-Crafts reactions, bromination,
chlorination, aromatic substitutions, metal hydride reductions.

Major aspects have been considered as follows:

» severa techniques were considered to control VOC emissions, including: extra condensors,
cryogenic condensation, scrubbing, thermal oxidation. The choice was made for thermal
oxidation because all possible emissions on the site can be treated at once. Furthermore, the
thermal oxidiser can be used as an energy provider for the plant

» the characteristic value for residue production is about 15 tonnes residue per tonne product.
Products are made in quantities of up to 100 tonnes/year/product. Recycle loops are, in
many cases, not possible due to quality and purity requirements. Only the solvents that are
contaminated with, for example halogenated compounds or salts, are disposed of to a waste
treatment plant

* asurvey is being carried out to make processes more selective and, therefore, produce less
sludge at the WWTP, as the sludge has to be processed abroad

e other measures to prevent residues include: using enzymes in the processes, performing
reactions at lower temperatures, racemise after the reaction is completed

» there is one process with runaway hazard. The temperature is measured in the reactor
during start off to check if the reaction is running according to the instructions. The
reaction is quenched if the temperature rises above the alarm setpoint.

The plant is designed in such a way that diffuse emissions are minimised and that the energy
efficiency is optimised:

On the top floor (5th floor), starting materials can be weighed and loaded in closed rooms.
Products fall into the reactors that hang on the 3rd floor, using gravity instead of pumps and/or
vacuum. This prevents uncontrolled emissions to a large extent, since pumps are an
important source of uncontrolled emissions, and can save energy. On the 4th floor (thus
between weighing and reactors) hang (double) condensors using thermal cil as the cooling
medium. Solvents can either be returned to the reactors or run to a reception vessel. All systems
are closed to prevent uncontrolled emissions. On the lower floors, products fal from the
reactors into vessels where reception and drying functions are combined. Here again gravity
does the work instead of pumps/vacuum. On each floor, pipes gather to a manifold. Apparatus
can be connected to each other in different configurations using flexible pipes, depending on the
process steps needed, thus preventing the use of building materials. Packings are replaced when
a production campaign is finished (i.e. when a switch is made to the synthesis of a different
product) to make sure the system remains safe and no uncontrolled emissions occur. When the
configuration of the equipment is adapted to the new process, the packings are changed and the
equipment is set under pressure in order to detect potential leaks. Inside the reactor during
production, a light overpressure of nitrogen slightly decreases the evaporation of VOCs
(blanketing). The building is closed and ventilated mechanically. The pressure insde the
building is 10 % higher than outside. The building is divided into fireproof compartments which
are individually ventilated. All emitted gases from these compartments are either recycled, or
after waste heat recovery, released to the air. All condensors and vents from sewage are
connected to the thermal oxidiser to make sure al point emissions are treated. Waste water
vents are also connected to the thermal oxidiser.

124 Organic Fine Chemicals



Chapter 4

Achieved environmental benefits

* high energy efficiency

e consequent minimisation of diffuse/fugitive emissions
» extended recovery and abatement of VOC emissions.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Generally applicable for new installations (including buildings). Technical restrictions may lead
to individual solutions. For example the use of gravity flow is not applicable for high viscosity

liquids [99, D2 comments, 2005].

Alternatively to the use of gravity flow, canned pumps can be used to prevent fugitive emissions

[99, D2 comments, 2005].

Economics

Cost benefits can be presumed through higher efficiency.

Driving force for implementation

Cost and environmental benefits, and efficiency.

Referencesto literature and example plants

*037A,1*
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4.2.2 Site assessment before process launch
Description

Site assessment before process launch is one part of the decision process. At the latest after the
required processes and operations to manufacture a new product are finally selected (“process
freeze”), the decision has to be made where this product will be launched. Basically, a new
product can be launched on existing (own or someone else's) sites or the product launch is
redised by edsablishing a new ste. Many factors influence this decision such as
investment/operating costs, the availability of resources like scientific/technical staff or
feedstock and product logistics.

From an environmental point of view, major issues after “process freeze’ are, e.g. the
management of waste streams (consideration of recovery, re-use, abatement and disposal
options) and transportation of feedstocks and productswastes. Figure 4.8 illustrates the
assessment of two sites concerning transportation and Figure 4.9 illustrates the assessment of
two sites concerning the management of waste streams arising from processes/operations to be
launched.

Costs including retrofitting or disposal

Waste water pretreatment for high

Abatement for exhaust gases 4 / loaded wash waters

Re-use option for recovered
solvents ‘

0 : ) i Re-use options for recovered acid

Acid recovery/ T \Solvent recovery

Buffer and biological WWTP

Figure 4.8: Assessment of two sites concer ning transportation
Each criterion is given an evaluation value of between 0 = positive and 5 = negative

— Sijte 1
Site 2

Costs including retrofitting or disposal

6
Waste water pretreatment for high
Abatement for exhaust gases 4 / loaded wash waters
21

Re-use option for recovered
solvents ‘

D

| ) | Re-use options for recovered acid

Acid recovery/ T \Solvent recovery

Buffer and biological WWTP

Figure 4.9: Assessment of two sites concer ning the waste streams from a new production
Each criterion isgiven an evaluation value of between 0 = positive and 5 = negative
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Achieved environmental benefits
» early assessment creates the basis for finding the environmentally advantageous site

» identification of the site with the highest potential for enabling recycling/re-use of recovered
material.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Generdly applicable.

Economics

No issues.

Driving forcefor implementation

The need to create a basis for decisions.

Referencesto literature and example plants

[62, D1 comments, 2004], * 0661*
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4.2.3 Precautions in the production of herbicides
Description

On the *085B* dte, the production of herbicides requires the handling of toxic starting
materials and products. The precautions taken are described in Table 4.9.

Starting materials are delivered in closed containers, alowing safe

Raw material supply and low emission unloading.

Unloading in a concreted secured area with an underground tank to
collect the toxic liquid in case of spillage or accident; unloading is
carried out with a gas balancing system to minimise diffuse
emissions.

Unloading

Handling of raw materials, All handling is carried out in closed systems without any manual
intermediates and products operations.

The whole plant is operated with a process control system which
Automation enables smooth and stable operation of the plant as well as constant
product quality.

The plant is completely sealed and held under slight overpressure of
25 mbar (N, blanket) in order to identify even small leakages at
once. Overpressure is maintained by special valves and control
systemsto avoid sucking effects and to inject N, when required.

Sealing of the plant

The solid products are pelletised (no flakes!) to minimise dust

Make-up of thefinal product generation,

Water from cleaning operationsistreated in a special activated
carbon moving bed adsorber before biologica treatment.

Storm-water and water from
rinsing/cleaning All storm-water is collected viaring drainage (all around the
production unit) in four covered collection tanks and is analysed for
herbicide and AOX. If AOX isbelow 1 mg/l and herbicide is below
5 ug/l, it can be discharged, otherwise it is treated by active carbon
adsorption.

Table 4.9: Precautionstaken on thereferenced herbicide production site

Achieved environmental benefits

Minimisation of environmental issues.

Cross-media effects

None believed likely.

Operational data

No information provided.
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Applicability

Generally applicable.

Economics

Higher costs for equipment and maintenance. Improved efficiency through automation.

Driving force for implementation

Minimisation of environmental issues, efficiency through automation.

Referencesto literature and example plants

[68, Anonymous, 2004], *085B*
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4.2.4 Improvement of “letter acid” production

Description

Naphthalene sulphonic acids (also called “letter acids’) are widely used as intermediates in
dye/pigment manufacture. Sulphonic groups give the molecule the required water solubility for
the application in agueous solution. Different applications are enabled by a variety of
substitution patterns which are most commonly synthetically achieved by sulphonations,
nitrations, reductions and alkali fusion. The environmenta issue is the creation of a considerable
amount of waste streams, including alarge amount of by-products. Table 4.10 illustrates this for
the production of J acid (1-hydroxy-6-aminonaphthalene-3-sulfonic acid) according to the

conventional process.

Starting materials

Waste streams and product (tonnes)

(tonnes)
7.0 | Inorganic salts 68 m° waste
1.0 | Organic by-products, non degradable | Water streams
13.3 4.0 | Solid residues

0.3 | SOy, NOx

| Waste gas

1.0 | Product

Table 4.10: Mass balance for the manufacture of J acid (conventional process)

For this reason the conventional production process, as well as the treatment of the remaining
waste streams, have been revised. Table 4.11 shows the example of the revision of the
production of H acid. The improved process was realised on the *067D,I* site.

Task I mprovement Environmental benefit
Modern process control system, less . ] )
. variation of process parameters -20 % starting materials
Improveyield consumption (naphthalene,

Replacement of several intermediate
steps by a continuous system

H»SO,, CaCO3, HN 03)

Avoid or re-use

Re-use for iron oxide pigment

; Not realised
Fe;O, sludge from | production
reduction Catalytic reduction with H, -100 % Fe;0, sludge
Omission of intermediate isolation
steps
Minimise the - .
volume of waste gep!sagergecfgn?ifnﬁlial |Srt1;er:]med|ate -70 % waste water streams
water streams epSby 4

Introduction of an intermediate
evaporation stage

Organic loadingsin
waste water streams

Application of high pressure wet
oxidation

COD €elimination 98 %

Salt content of the

Avoidance of a salting out process by
water volume minimisation

waste water streams

Omission of intermediate isolation
steps

-100 % NaCl consumption

Safe abatement of
VOC, NOy (and H,)

Apply thermal oxidation

Lower emission levels

Table 4.11: Revision of the H acid process
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Due to the omission of several isolation stepsin the revised process, the resulting mother liquor

from H acid separation shows the following properties:

« COD: 45 kg/m®
« COD: 1.17 tonnes/tonne H acid
e volume: 26 m°/tonne H acid

* biodiminability:  non-bioeliminable.

The wet oxidation is operated at 120 — 150 bar and 240 — 300 °C.

Achieved environmental benefits

See Table4.11.

Cross-media effects

None believed likely.

Operational data
See description.
e basically anew plant was built

» effects of the added recovery/abatement techniques.

Applicability

The example from *067D,I* represents basically the building of a new plant. The starting point
was a process that was 100 years old and operational in an old plant with poor infrastructure.

Economics

No detailed information was provided, but since basicaly a new plant including new
infrastructure, thermal oxidiser and a wet oxidation facility was built, a major investment can be

presumed.

Driving force for implementation

Amongst other factors: age and poor infrastructure of the old plant, along with its emission

levels.

Referencesto literature and example plants

[6, Ullmann, 2001, 9, Christ, 1999, 16, Winnacker and Kuechler, 1982, 68, Anonymous, 2004,

76, Rathi, 1995], [86, Oza, 1998], *067D,I*, *091D,I*
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4.2.5 Water-free vacuum generation
Description

Water-free vacuum generation is achieved by using mechanica pumping systems in a closed
circuit procedure or by means of dry running pumps.

For example dliding rotary vacuum pumps (with or without lubrication oil) can be used in order
to avoid the contamination of water with pumped substances (Figure 4.10). With these, the
vapours are drawn under reduced pressure through a pre-condenser to a Roots vacuum pump
and are forwarded by two diding vane rotary pumps arranged in parallel to more condensers to
the waste gas treatment system (thermal oxidiser). The pumps require water cooling.

Waste gas
treatment

Sliding
vane

Exhaust gas
from process

Figure 4.10: Example for vacuum generation without a resulting contamination of water

Achieved environmental benefits

Avoidance of water contamination in vacuum generation.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability
Widely applicable.
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It is a precondition that the gases can be prevented from condensing in the pump, e.g. by means
of a high gas outlet temperature. Dry running pumps cannot be used especially if condensable
substances (e.g. water vapour) or dust- or coating-forming or polymerising substances are
present in the gas stream in relatively large amounts [62, D1 comments, 2004].

The use of dry running pumps is restricted in case the gas stream contains corrosive substances
[99, D2 comments, 2005].

Where lubrication oil is used, the pumped vapours can decrease the lubricity of the ail of rotary
dliding vane vacuum pumps [62, D1 comments, 2004].

Dry running pumps are usualy restricted to temperature classes Ex T3 and cannot be used
where an application requires Ex T4 conditions (*010A,B,D,I,X*)

In comparison, water-jet and vapour-jet vacuum pumps, owing to their highly viable operation,
lower maintenance requirements and favourable costs, can be used universally [62, D1
comments, 2004].

Re-use of solvents may be redtricted in the manufacture of APIs due to concerns about
impurities/cross-contamination [62, D1 comments, 2004]. Recovery of any organic solvent may
be restricted in the manufacture of explosives due to concerns about safety risks [99, D2
comments, 2005].

Economics

A dry vacuum pump investment is much higher than a water ring vacuum pump but on a long
term basis, the total cost can be balanced because of the cost to treat the liquid ring water.

*1131,X* provides an example of an installation where three water ring pumps were replaced by
two new dry running vacuum pumps. In Table 4.12, the operating costs of the old and the new
installation are compared. The investments in the new vacuum generation technique including
safety equipment and ingtallion were net EUR 89500 (175000 DEM) (in 1999). The payback
time isthus one year.

\ | Amount/year | Costs EUR/year
Old installation with water ring pumps:
Energy requirement 27 kW x 8000 h 216000 kWh 13250
Water requirement 2.8 m*h x 8000 h 22400 m® 25100
(EUR 1.12/m?)
Created waste water 2.8 m*h x 8000 h 22400 m’ 68770
(EUR 3.07/m’) (COD: 1200 mg/l)
Total 107120
New installation with dry running vacuum pumps (no effluents):
Energy requirement |  35kw x8000h | 280000 kWh | 17180
Total 17180
Operating cost savings 89940

Table 4.12: Comparison of operating costs of two vacuum gener ation techniques
Currency was converted from DEM to EUR using conversion factor 1 EUR = 1.95583 DEM

Driving forcefor implementation

Reduction of waste water loads, and economics.

Referencesto literature and example plants

[9, Christ, 1999], [106, K oppke, 2000], *010A,B,D, 1, X*
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4.2.6 Liquid ring vacuum pumps using solvents as the ring medium
Description

If a single (and not highly volatile) solvent is pumped, a liquid ring pump using the same
solvent as the medium can be applied in combination with a solvent recovery system, as shown
in Figure 4.11. Besides the avoidance of potential water contamination, the usage of solvents as
the ring medium shows other advantages:

» the vacuum is maintained by cooling, which is restricted in the case of water to values
above 0 °C but more flexible if a solvent with lower melting point is chosen
» better vacuum can be achieved by using solvents with alower vapour pressure than water.

3 Waste gas »

treatment

Exhaust gas 1 ————

Exhaust gas 2

Condenser

Joreredas |

Condenser

(9]
—
=
i
=k
>
(o]
(@]
el
c
S
=

» WWTP

Figure4.11: Layout for aliquid ring pump using i-propanol asthering liquid

Achieved environmental benefits

Avoidance of water contamination in vacuum generation.

Cross-media effects

None believed likely.

Operational data
Example from *010A,B,D,I,X*:

» useof toluene asthering liquid
» exhaust gases from condensers are treated by thermal oxidation.
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Energy use for cooling and steam generation. In comparison to a plain dry running vacuum
pump, additional treatment of the exhaust gas may be required.

Applicability

Generally applicable.

The re-use of recovered solvents may be restricted in the manufacture of APIs [62, D1
comments, 2004] and of explosives[99, D2 comments, 2005].

In the given example, the water from the stripping column is forwarded to the WWTP. In other
cases the characterisation of such water may lead to other options.

Asarule of thumb, the stripping processis economically feasible only for more than 1000 kg of
solvent per day [62, D1 comments, 2004].

Economics

No comparison of costs was possible for the conventional ring pump compared to the solvent
ring pump due to data not being provided, but economic advantages are assumed to be the main
driving force.

Where solvents cannot be re-used, the economic benefit will be limited [62, D1 comments,
2004].

Driving forcefor implementation

Reduction of waste water |loads, and economics.

Referencesto literature and example plants

[9, Christ, 1999], *010A,B,D, |, X*
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4.2.7 Closed cycle liquid ring vacuum pumps

Description

Liquid ring vacuum pumps can be designed for total recirculation of the sealing liquid. The
system normally includes a pump suction condenser with condensate recovery tank and a post
condenser for the condensation of residual gas. The construction materials are normally
CrNiMo stainless steel and all process side related seals are made of PTFE.

Achieved environmental benefits

e amuch reduced amount of sealing liquid (e.g. water) is contaminated
» completely closed system, no contact between cooling and sealing liquid
» handled gases/vapours (e.g. solvents) are recovered.

Cross-media effects

None believed likely.

Operational data

Therecirculated sealing liquid has to be considered for disposal after acertain time.

Applicability

Widely applicable.

The re-use of recovered solvents may be restricted in the manufacture of APIs [62, D1
comments, 2004]. Not applicable for the manufacture of explosives due to safety concerns [99,
D2 comments, 2005].

Economics

No information provided.

Driving forcefor implementation

Reduction of waste water loads, and economics.

Referencesto literature and example plants

*042A,1*, *010A,B,D, I, X*
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4.2.8 Pigging systems

Description

Pigging technology is a subdivision of materials transport and cleaning technology. In pigging,
the contents of a pipe are pushed by a close fitting plug (pig), with the aim being to push the
product amost completely out of the pipe. The pig is most frequently driven by a gaseous
propellant (e.g. compressed air). The main components of an industrial pigging unit are:

pIg

piggable pipe with piggable valves
pig loading and unloading station
propellant supply

control system.

Figure 4.12 shows the typical characteristics of a pig used for industrial purposes. Pigging can
be applied in various locations, e.g:

between vessalsin a production plant
process plant —tank farm
tank farm —filling facilities.

Waist allows travelling
through pipe bends

Sealing lips, pig stays
tight in T-branches

pig signaler

Elastic front area,
(magnet)

important in bends
and when stopping

Figure 4.12: Typical characteristics of a pigin a pipe for industrial applications

Achieved environmental benefits

no rinsing procedures or substantially reduced amounts of cleaning agents required
lower load in rinsing waters
reduced loss of valuable product.

Cross-media effects

None believed likely.

Operational data

Depends on particular task.
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Applicability

There are a wide range of applications. Especialy attractive for long pipelines, multiproduct
plants and for batch operation.

Also applicable in sterile plant areas under GMP conditions [41, Hiltscher, 2003]. However,
restricted applicability under cGMP conditionsis presumed [99, D2 comments, 2005].

Retrofitting may cause higher obstacles due to the requirements for piggable pipes [62, D1
comments, 2004].

Table 4.13 gives some examples for the application of pigging systems.

015D,1,0,B | Dyes

042A 1 Emptying pipes after batches, viscous and unstable intermediates, non cGMP
070X Speciality surfactants

036L Dyes, glycals, others

0711,X Surfactants, products and intermediates in solutions
072Xl Additives

073F Flavours, fragrances

074F Flavours, fragrances

075X,1 Solvents

076X Speciality surfactants

077X Speciality surfactants, 80 raw materials and products
078Xl Amines

Table 4.13: Examplesfor the application of pigging systems

Economics

Table 4.14 shows an example for the comparison of the costs of a conventional and a pigging
pipeline system. The given dataindicate a return of investment of 3.7 years.

100 m pipeling, 3inch

Conventional ‘ EUR ‘ ‘ Pigging system EUR

Investment costs (10 years service life)

Pipe material Pipe material
Construction Construction
Valves, flanges Valves, flanges, pressure relief vessel
Total 65000 Total | 105000

Y early operating costs

Cleaning agent

Rinsing once 3 pigs, EUR 250 each
Loss of product mai ntenance

Disposal of lost product and (no rinsing)

cleaning agent

Total 14000 3250

Table 4.14: Comparison of costsfor a conventional and pigging pipeline system
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Driving forcefor implementation

» possible automation, time saving in comparison to manual emptying
* |lower costs.

Referencesto literature and example plants

[41, Hiltscher, 2003], for reference plants see information under Applicability
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4.2.9 Indirect cooling

Description

Cooling can be carried out directly or indirectly. Instead of cooling the vapour phases by the
injection (spraying in) of water, cooling can be achieved efficiently by surface heat-exchangers,
where the cooling medium (e.g. water, brines, oil) is pumped in a separate circle.

Achieved environmental benefits

» volume reduction of waste waters

» avoidance of additional waste water streams.

Cross-media effects

None believed likely.

Operational data

Depends on the particular case.

Applicability

Widely applicable.

Where processes require the addition of water or ice to enable safe temperature control,
temperature jumps or temperature shock, indirect cooling is not possible. An example is the
addition of ice in the standard process for the diazotisation of amines (*004D,0*). Direct
cooling may be also required to control “run away” situations [62, D1 comments, 2004].

Also not applicable where there are concerns about heat-exchangers being blocked [62, D1
comments, 2004].

Economics

No information provided.

Driving forcefor implementation

Avoidance of additional waste water streams, and legidation.

Referencesto literature and example plants

[49, Anhang 22, 2002], *001A,I*, *014V ,I*, *015D,I,0,B*
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4.2.10 Pinch methodology
Description

All processes consist of hot and cold streams. A hot stream is defined as one that requires
cooling, and a cold stream as one that requires heating. For any process, a single line can be
drawn on a temperature-enthalpy plot which represents either all the hot streams or al the cold
streams of the process. A single line either representing al the hot streams or al the cold
streams is called the hot composite curve or the cold composite curve, respectively. The
construction of a composite curve isillustrated in Figure 4.13. Two hot streams are shown on a
temperature-entha py diagram.

Stream 1 is cooled from 200 to 100 °C. It 200 -
has a CP (i.e. mass flowrate x specific heat
capacity) of 1; therefore, it loses 100 kKW of

CpP=1

heat. Stream 2 is cooled from 150 to 50 °C.
It has a CP of 2; therefore, it loses 200 kW
of heat.

150 /
100 *-

cP=2

Temperature in °C

The hot composite curve is produced by the 50

simple addition of heat contents over 100 200
temperature ranges.

Between 200 and 150 °C, only one stream _
exists and it has a CP of 1. Therefore, the Figure4.13: Two hot streams
heat |0ss across that temperature range is 50

kW. Between 150 and 100 °C, two hot

Heat content in kW

300

streams exigt, with atotal CP of 3. The total 200 =
heat loss from 150 to 100 °C is 150 kW.
Since the total CP from 150 to 100 °C is

CP=1

150 f-- +

greater than the CP from 200 to 150 °C,
that portion of the hot composite curve

100 r-- ! -

becomes flatter in the second temperature cP=2
range from 150 to 100 °C.

Between 100 and 50 °C, only one stream 50

Temperature in °C

exists, with a CP of 2. Therefore, the total 100 200
heat lossis 100 kKW. Heat content in kW

Figure 4.14 shows the hot composite curve. Figure 4.14: Hot composite curve

The cold composite curve is constructed in &m,

the same way. In practical applications, the
number of streams is generally much
greater, but these streams are constructed in
exactly the same way.

Figure 4.15 shows the hot and cold
composite curves plotted on the same
temperature-enthalpy diagram. The diagram
represents the total heating and cooling
requirements of the process.

Temperature

!
QC,min

Enthalpy

Figure 4.15: Composite curves showing the
pinch and energy targets
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Along the enthalpy axis, the curves overlap. Quimin
The hot composite curve can be used to .
heat up the cold composite curve by
process-to-process heat-exchange.
However, at either end an overhang exists
such that the top of the cold composite
curve needs an external heat source (Qu min)
and the bottom of the hot composite curve
needs external cooling (Qcmin). These are
known as the hot and cold utility targets.

Heat sink

Temperature

The point at which the curves come closest Heat source

to touching is known as the pinch. At the
pinch, the curves are separated by the
minimum approach temperature AT . For
that value of AT, the region of overlap
shows the maximum possible amount of Figure 4.16: Schematic represgntation of the
Process-to-process heat-exchange. systems above and below the pinch
Furthermore, Qumn and Qcmn ae the

minimum utility requirements.

Enthalpy

QH,min+ a

Once the pinch and utility targets of a
process have been identified, the three
“golden rules’ of pinch methodology can
be applied. The process can be considered
as two separate systems (see Figure 4.16), a
system above the pinch and a system below
the pinch. The system above the pinch
requires only residual heat and is, therefore,
a heat sink, whereas the system below the
pinch has heat to rgect and is, therefore, a
heat source.

Temperature

Heat source

Enthalpy
QC,min+ a

Figure 4.17: Heat transfer across the pinch
from heat sink to heat source

Thethreerules are as follows:

» heat must not be transferred across the pinch
e there must be no outside cooling above the pinch
» there must be no outside heating bel ow the pinch.

If the amount of heat travelling across the pinch is o, then an extra amount (o) of hot utility
must be supplied and an extra amount of cold utility o is required (see Figure 4.17). Similarly,
any outside cooling of the heat sink and any outside heating of the heat source increases the
energy requirements.
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Thus:

where T =target energy consumption
A = actual energy consumption
o = cross-pinch heat flow.

To achieve the energy targets, cross-pinch heat flows must be eliminated.

Achieved environmental benefits

Optimisation of the energy balance on a production site.

Cross-media effects

None believed likely.

Operational data

The key to applying Pinch methodology in non-continuous processes is the data extraction.
There are no shortcuts, detailed measurements and timings of al the process streams are

essential if cost saving (= energy saving) opportunities are to be found.

Applicability

Generally applicable. [6, Ullmann, 2001] reports an example where Pinch methodology was
applied to an OFC site operating batch processes with 30 reactors which produces

over 300 products.

Economics

Cost benefits. For the example from [6, Ullmann, 2001] savings of EUR 502500 (USD 450000)

with payback times of 3 monthsto 3 years are reported.

Driving force for implementation

Cost benefits.

Referencesto literature and example plants

[6, Ullmann, 2001], [79, Linnhoff, 1987]
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4.2.11 Energetically coupled distillation
Description

If distillation is carried out in two steps (two columns), energy flows in both columns can be
coupled. In this example (purification of DMF, see Figure 4.18), the steam from the top of the
first column is fed to a heat-exchanger at the base of the second column. Steam usage was
reduced by about 50 %. This reduction led to cost savings. As a disadvantage, the energy
coupling between the two columns means that variations in the first column affect the processin
the second column, which can only be handled by improved process control.

Cooling
water

DMF/H,0

Jabueyoxa-1eaH

Jabueyoxa-1eaH

DMF storage

Figure 4.18: Energetically coupled distillation of DM F

Achieved environmental benefits

Steam consumption reduced by about 50 %.

Cross-media effects

None believed likely.

Operational data

Depends on the individual case.

Applicability

Generally applicable.
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Economics

Cost benefits.

Driving forcefor implementation

Cost benefits.

Referencesto literature and example plants

[9, Christ, 1099]
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4.2.12 Optimised equipment cleaning (1)

Description

Production plant cleaning procedures can be optimised to reduce the resulting waste water
loads. In particular the introduction of an additional cleaning step (pre-rinsing) enables the
separation of large portions of solvents from wash-waters. The high loaded pre-rinsing stream
can be treated subsequently by means of stripping or incineration.

Achieved environmental benefits

The avoidance of dilution enables individual and effective recovery/disposal (incineration).

Cross-media effects

None believed likely.

Operational data

Depends on the individual case.

Applicability

Generally applicable. Other options for optimised cleaning include [99, D2 comments, 2005]:
e optimised sequence of production

» use of the same cleaning agents/solvents in order to enable recovery

e production of high volume productsin dedicated equipment

» re-use of solvent and cleaning liquids.

Economics

» higher efficiencies for recovery or disposal

* lower costsfor waste water treatment.

Driving forcefor implementation

Cost optimisation.

Referencesto literature and example plants

[43, Chimia, 2000]
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4.2.13 Optimised equipment cleaning (2)

Description

Often the cleaning of equipment (e.g. reactors) is finished with a final rinse with solvent. After
addition of the solvent (see Section 4.2.18 “Liquid addition into vessels’) the vessdl is cleaned
by stirring and/or heating. Residual solvent is removed by applying vacuum and/or dightly
heating after the emptying of the vessdl.

Achieved environmental benefits

Prevention of direct VOC releases via openings.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Generaly applicable.

Economics

No information provided.

Driving force for implementation

No information provided.

Referencesto literature and example plants

[54, Verfahrens u. Umwelttechnik Kirchner, 2004] *059B,1*
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4.2.14 Minimisation of VOC emissions (1)

Description

» containment and enclosure of sources

» elimination of openings

» useof vapour balancing

» reduction of the use of volatile compounds

e useof products with lower volatilities

* reduction of the operating temperature

* use of closed circuits under a nitrogen amosphere for drying operations, including
condensers for solvent recovery

e useof closed equipment for cleaning

» implementation of a monitoring and maintenance programme.

Achieved environmental benefits

» reduction of diffuse/fugitive emissions
» reduction at the source is more effective than recovery or abatement.
Cross-media effects

None believed likely.

Operational data

Negative effects on yields or energy efficiency are possible.

Applicability
Generally applicable, effects on yield or energy efficiency have to be considered.

For the production of pharmaceuticals, reduced use of volatile compounds (as mentioned under
Description) depends on process validation and qualification [62, D1 comments, 2004]. Some
practices in the US leak detection and repair programme of the TITLE V clean Air Act would
be applicable (e.g, welded flanges rather than screwed flanges) [62, D1 comments, 2004].
Results from leak detection analysis can often not be reproduced [99, D2 comments, 2005].

Economics

* investment and maintenance costs, depending heavily on thelocal situation
» additional purchase costs for fresh solvents and abatement equipment
* beneficia effect on the reliability of the plant.

Driving forcefor implementation

Reduction of diffuse/fugitive emissions, and economics.

Referencesto literature and example plants

[37, ESIG, 2003]
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4.2.15 Minimisation of VOC emissions (2)

Description

use of pumps that are designed to be tight, such as canned motor pumps, magnetic drive
pumps, pumps with double action mechanical seals and a sealing or locking medium,
pumps fitted with double action mechanical seals and seals dry to atmosphere, diaphragm
pumps or bellow pumps

use of multiple sealing systems, if gases or vapours of VOC are compressed. If wet sealing
systems are used, the sealing liquid applied on the compressor may not be de-aerated. If dry
sealing systems are used, e.g. when feeding inert gas or exhausting the amount of materials
to be conveyed leak out, waste gases let out shall be collected and fed to a gas collecting
system

flanged joints shall only be used where they are necessary for reasons regarding process
technology, safety or maintenance. In this event, technicaly tight-flanged joints shall be
used (maximum specific leakage ratio amounting to 10 — 5 kPa*l/(s* m))

in order to seal spindle guides of blockage and control devices such as valves or gates, metal
bellows with a high grade seal and a downstream safety packing gland or sealing systems of
similar effect shall be used (maximum specific leakage ratio amounting to 10 — 4
mbar*1/(s*m) at temperatures of <250 °C; at temperatures > 250 °C: 10 — 2 mbar*l/(s*m)).
(The specific leakage ratio is detected according to [102, VDI, 2000].)

application of bottom loading or below surface filling for liquid addition

waste gases occurring during inspection or while the storage tanks are cleaned shall be fed
to a post-combustion system or similar measures shall be applied to reduce emissions
insofar as storage tanks are set up and operated above ground, the outer wall and the roof
shall be covered with suitable paint whose total heat reflection ratio permanently amounts to
aminimum of 70 %

use of technica tight dtirring sealing systems like double action mechanical seals and a
sealing or locking medium.

Achieved environmental benefits

reduction of diffuse/fugitive emissions
reduction at the source is more effective than recovery or abatement.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Generaly applicable.

Economics

investment and maintenance costs, depending heavily on the local situation
beneficial effect on the reliability of the plant.
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Driving forcefor implementation

Reduction of diffuse/fugitive emissions.

Referencesto literature and example plants

[99, D2 comments, 2005], [48, TA Luft, 2002]
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4.2.16 Airtightness of vessels
Description

The airtightness of vessels is an important prerequisite for the prevention of fugitive emissions
and the reduction of exhaust gas volume flows to recovery or abatement facilities.

To ensure the airtightness of a vessel, al openings are checked (and where necessary seal ed)
until the vessel keeps an applied pressure or vacuum (e.g. about 100 mbar for at least
30 minutes).

The pressuretest is carried out regularly.

Achieved environmental benefits

» reduction of fugitive emissions

» reduction of exhaust gas volume flows to recovery or abatement techniques
* enables shock inertisation.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Generally applicable, also for other types of equipment, e.g. pipes. Also applicablein the case of
vacuum distillation.

Economics

Low costs for implementation. Positive effect on costs for inertisation and recovery or
abatement.

Driving forcefor implementation

Reduction of fugitive emissions, and reduction of exhaust gas volume flows.

Referencesto literature and example plants

[54, Verfahrens u. Umwelttechnik Kirchner, 2004] *042A,1*, *059B, 1*
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4.2.17 Shock inertisation of vessels
Description

Inertisation of vesselsis carried out in order to keep oxygen levels safely below certain limits.
Oxygen (normally air) enters vessels:

» viathe additions of liquids, solids, etc.

» viathe openings when vacuum is applied

» where contained in the liquids

» orsmply if the vessel is opened for cleaning or maintenance.

Inertisation creates an exhaust gas volume flow and the inert gas (nitrogen) can act as a carrier
for organic pollutants.

For shock inertisation, the following two steps are carried out until the required oxygen content
is achieved:

(1) application of avacuum
(2) flooding with nitrogen.

Shock inertisation is only possible where the airtightness of the equipment can be ensured.
Table 4.15 illustrates the different resulting exhaust gas volumes comparing continuous and
shock inertisation.

Shock Continuous
inertisation | inertisation

Vessel volume 5m®
Batch duration 30 hours

Exchangerate
for continuous 5 m*/hour
inertisation

Number of
cyclesfor shock 3
inertisation

Exhaust gas
volume from 15m 150 m®
inertisation

Table4.15: Illustrative example for exhaust gas volumes from inertisation

Achieved environmental benefits

» reduction of exhaust gas volume flows to recovery or abatement techniques
» lower consumption of inert gas.

Cross-media effects

None believed likely.

Operational data

No information provided.
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Applicability

Generally applicable, but only if airtightness of equipment can be ensured. Safety requirements
may prevent the application of continuous inertisation, e.g. where processes generate O,.
Economics

Positive effect on costs for inertisation and recovery or abatement.

Driving force for implementation

Reduction of exhaust gas volume flows.

Referencesto literature and example plants

[54, Verfahrens u. Umwelttechnik Kirchner, 2004] *059B,1*
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4.2.18 Liquid addition into vessels

Description

The addition of a liquid into a vessel leads to the displacement of gases and, therefore,
contributes to the exhaust gas volume flow to recovery or abatement techniques. Liquid addition
is possible via top feed or via bottom feed or with dip-leg. In the case of an organic liquid the
organic load in the displaced gasis about 10 to 100 times higher if added viatop feed.

If both solids and an organic liquids are added to the vessdl, the solids can be used as a dynamic
lid in case of bottom feeding of the liquid, which has also a positive effect on the organic load
of the displaced gas.

Achieved environmental benefits

Lower loads of pollutant in displaced gases arising from the addition of liquids.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Widely applicable, but restrictions occur due to safety or quality concerns. Alternatively, but
with similar restrictions, gas-balancing can be used [99, D2 comments, 2005].

Economics

Low costs for implementation. Positive effect on costs for recovery or abatement.

Driving forcefor implementation

Costsfor recovery and abatement.

Referencesto literature and example plants

54, Verfahrens u. Umwelttechnik Kirchner, 2004] *059B,1*
[
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4.2.19 Solid-liquid separation in closed systems
Description

A very frequent task on an OFC site is the separation of a solid product or intermediate from a
liquid (usually the solvent) by filtration. Diffuse VOC emissions occur when the equipment is
opened to discharge the wet filter cake for further processing or drying. This can be avoided by
applying, e.g. one of the following options:

Nutsche type pressure filter Nutsche type filter dryer

e removal of the wet cake from the e drying the cake (vacuum and heated
filter with a hydraulic system as far equipment)
as possible - remova of the dry product with a

e recycling of the remaining product hydraulic system
with the next batch by dissolving it

. . A . » Dblowing out the remaining product with
again or simply leaving it in thefilter

N, and recovery of the product with a
e the equipment remains closed. cyclone

e the equipment remains closed.

Achieved environmental benefits

Minimisation of diffuse emissions.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Generally applicable. Pressure Nutsche filters are successfully utilised in the petrochemical,
inorganic and organic chemical, fine chemical and especially the pharmaceutical industries
including operation under cGMP conditions. Suitable equipment is available for amost any
solid-liquid separation problem, for continuous, semi-continuous or discontinuous operation,
each available with awide variety of suitable designs.

Solid-liquid separation is also carried out with centrifuges, keeping the system closed for
subsequent operations [99, D2 comments, 2005].
Economics

Costsfor retrofitting.

Driving forcefor implementation

Minimisation of diffuse emissions.

Referencesto literature and example plants

[89, 3V Green Eagle, 2004], [91, Serr, 2004], *088],X*
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4.2.20 Minimisation of exhaust gas volume flows from distillation
Description

Exhaust gas volume flows from distillation can be minimised to practically zero if the layout of
the condenser allows sufficient heat removal. Figure 4.19 shows an example for the separation
of a mixture of ethanol/diethylether/water. The first column separates the diethylether from
water and ethanol, the second column leads to a top product containing about 94 % ethanol and
about 6 % water and water as bottom product. Condensation is carried out with water cooled
condensers (10 — 12 °C).

Energy consumption is optimised by heat-exchange between bottom output and feed.

Diethylether, 18 °C
for further processing

Ethanol/

Diethylether/

Water
Ethanol, 20 °C
for further
processing

Steam
Steam

Ethanol/

Heat-exchanger

Figure 4.19: Examplefor a closed distillation system

Achieved environmental benefits

e prevention of VOC emissions from distillations
e relief of abatement systems.

Cross-media effects

None believed likely.

Operational data
Example from * 062E*

* hesating: steam
» feed: 460 kg/hour
» equipment for emergency pressure relief.
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Applicability
Generally applicable.

If non-condensable gases are dissolved in the input to the distillation (e.g. inert gases), measures
have to be taken to cope with the added volume in the start-up phase of the distillation.

Similarly applicable to the recrystalisation from organic solvents (* 064E*).

Economics

No significant additional costsin comparison to vented systems.

Driving forcefor implementation

Costs benefits.

Referencesto literature and example plants

[54, Verfahrens u. Umwelttechnik Kirchner, 2004], * 062E*
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4.2.21 Segregation of waste water streams
Description

Strategies for the management of waste water streams on a multipurpose site are ineffective if it
cannot be ensured that segregation of waste water streams to different destinations can be
carried out in reality. Within the manufacture of a single product and even more taking into
account different production campaigns, the destination of the created waste water stream may
change frequently, e.g:

Product 1 Mother liquor Wet oxidation
1. Wash-water Biological WWTP
2. Wash-water Biological WWTP
End of campaign Rinsing water Biological WWTP
Product 2 Mother liquor 1 Extraction
Mother liquor 2 Wet oxidation
Wash-water Biological WWTP

On the *015D,1,0,B* site, the typical origins of waste water streams are the components for
liquid-solid separation (filter presses, other filters). All such equipment is connected to the four
main destinations for waste water streams: biological WWTP and pretreatment facilities (Figure
4.20).

5 filter 6 filter
presses presses

2. floor

15 filter
presses

13 filter
presses

1. floor

Pressure stirring
Ground floor filter nutch

To biological WW TP

To reverse osmosis - -

To extraction

To wet oxidation

Figure 4.20: Segregation of waste water streamsfrom a production building
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Achieved environmental benefits

Enables operators to realise management of waste water streams.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability
Generdly applicable.

Similar example: *068B,D,I*

Economics

Cost for pipes, instrumentation, controls, automated valves, etc.

Driving force for implementation

Realisation of a management strategy.

Referencesto literature and example plants

[31, European Commission, 2003], *015D,1,0,B*
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4.2.22 Countercurrent product washing
Description

As a polishing step, organic products are often washed with an agueous phase in order to
remove impurities. High efficiencies in combination with low water consumption (and low
waste water generation) can be achieved with countercurrent washing, which may be also
combined with other purification steps. Figure 4.21 shows countercurrent product washing in
the manufacture of trinitro toluene (TNT). The additional purification step removes non-
symmetrical TNTs by adding sodium sulphite and removal of the so-called “red water”.

—> “Red water” to incineration

— TNT from nitration

Recycle
to nitration

Water

TNT for further
processing

Figure 4.21: Countercurrent product washing in the manufacture of TNT

Achieved environmental benefits

* lower water consumption
* lesswaste water is created
» alowsrecycling or individual treatment of portions of particular contents or concentrations.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability
Widely applicable.

The degree of optimisation of the washing process depends on the production level and
regularity. Therefore, countercurrent washing is especially economic in larger scale plants, since
it can be tailored specifically to a production process. With small amounts, experimental
production runs, short or rare production campaigns, these processes cannot be used [62, D1
comments, 2004].
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Economics

Cost benefits.

Driving forcefor implementation

Cost benefits, and water consumption.

Referencesto literature and example plants

[91, Serr, 2004], *062E*, * 064E*
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4.2.23 Example for reaction control: azo coupling

Description

An azo coupling batch may be completed immediately after the components are mixed or after
several hours. In order to check whether excess diazonium compound is still present, a drop of
reaction solution is spotted onto filter paper together with a component that couples easily (e.g.
weakly akaline H acid solution). If no colouration appears, the coupling is completed. The
presence of unconsumed coupling component can be determined by spotting with a diazonium
salt solution.

Achieved environmental benefits

» reduction of the COD load of the resulting mother liquor

» more effective use of starting materials.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Analogously applicable to a wide range of processes, especialy in cases when quantitative
conversion is possible (e.g. coupling or addition reactions).

Economics

* higher yields

* lower waste water treatment costs.

Driving forcefor implementation

Economics.

Referencesto literature and example plants

*004D,0*
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4.2.24 Avoidance of mother liquors with high salt contents
Description

Product separation by salting out or bulk neutralisation (e.g. addition of akali or “liming” or
“chaking”) should be avoided, since the work-up of the resulting mother liquors (often
containing high organic loadings) is often limited by the salt content. Examples are spent acids
from sulphonations or nitrations, which could be recycled in a sulphuric acid plant, if the salt
content was not too high.

Alternative techniquesinclude, e.g:

* membrane processes (see Section 4.2.26)

e solvent based processes

»  reactive extraction (see Section 4.2.25)

e omission of intermediate isolation (see Section 4.2.4).

An example for the change to a solvent-based process is given in [9, Christ, 1999] and
illustrated in Table 4.16.

) Former process New process
[9, Christ, 1999]
Reaction in H,SO, Solvent based
S . pH adjustment and
Precipitation induced by Salting out vacuum cooling
Recovery of the H,SO, possible? No Yes
Yes
Mother liquor to biological
WWTP? COD 3000 t/yr No
Poorly degradable

Table 4.16: Process modification to avoid salting out

Achieved environmental benefits

« enablesthe work-up of mother liquors and especially recovery of spent H,SO,

e reduced organic load in the waste water.

Cross-media effects

VOC emissions and additional energy/chemicals consumption for recovery/abatement in case of
change to a solvent-based process.

Operational data

Depends on the alternative separation technique/alternative process.

Applicability

Depends on the options to alter the causing process.

Organic Fine Chemicals 163



Chapter 4

Economics

Depends on the particular alternatives, e.q:

» high costs if complete processes have to be replaced or new recovery/abatement techniques
have to be established because of the change to a solvent-based process

» economic benefits if alternative separation techniques increase the yield and optimise the
disposa costs.

Driving forcefor implementation

» high organic waste water |oads

e additional disposal costs.

Referencesto literature and example plants

[15, Koppke, 2000], [9, Christ, 1999]
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4.2.25 Reactive extraction

Description

Organic acids can be selectively extracted from aqueous solutions after pH adjustment with a
suitable organic base dissolved in hydrocarbons. The base is usualy a tertiary amine (e.g.
®Hostarex A327). The acid and base form a stable complex compound in the organic phase.
After phase separation, the complex is split by the addition of agueous NaOH and the acid can
be obtained as a sodium salt. The base and hydrocarbons are used in a closed cycle.

Achieved environmental benefits

* recovery of valuable raw materia or product

e reduction of organic waste water |oad.

Cross-media effects

None believed likely.

Operational data

Depends on the separation target.

Applicability

General procedure possible for organic bases.

Other applications [6, Ullmann, 2001]:

»  phenols and bisphenols with 5 % trioctyl aminein Shellsol AB
* mercapto benzo thiazol with 20 % trioctyl aminein Shellsol AB
» metal cations with classical complexing/chelating agents.
Economics

e lucrativeif the recovered raw material or product is pure enough for further processing
» reduced waste water treatment costs.

Driving force for implementation

e recovery of raw material or product

» reduction of waste water treatment costs

e reduction of waste water charges[62, D1 comments, 2004].

Referencesto literature and example plants

[6, Ullmann, 2001, 9, Christ, 1999, 33, DECHEMA, 1995] and references within
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4.2.26 Use of pressure permeation in dye manufacture

Description

In the production of water soluble dyes, separation of the product is usually carried out by
salting out, filtering, re-dissolving or re-suspending and re-filtering and drying. In this process,
mother liquors with high COD and salt loads are produced. Pressure permeation (see Figure
4.22) can replace these steps and leads to higher yields and reduced waste streams.

Pressure permeation plants use semi-permeable membranes that are permeable to water,
inorganic sats and small organic molecules, but quantitatively retain dyes in solution. The
synthesis solution containing salt passes from the reaction vessel into a holding tank and
subsequently through the membranes under pressure. There, it is separated into a salt-containing
and almost dye-free permeate and the dye concentrate. The dye concentrate is recycled to the
holding tank.

— Dye solution from synthesis plant (mother liquor)

— Pure water

Dye-free permeate

| |

Holding
Tank

Membrane
station

Standardisation and
drying of the dye solution

Figure 4.22: Product separation using pressur e per meation

Achieved environmental benefits

Table 4.17 shows the main environmental benefits in comparison to the conventional product
work-up.

Conventional | With pressure
process per meation
Produced dye 1tonne 1 tonne
Quantity 7.0 tonnes -90 %
We;srtgavr\:]a;er Salt load 1.5 tonnes -90 %
COD 50 kg -80 %

Table 4.17: Environmental benefits of product separation by pressure per meation
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Cross-media effects

No shifts to other environmental media are reported. Due to the replacement of a conventional
process with several stepsto aone step process, energy consumption is not expected to increase.
Operational data

According to the separation requirements, microfiltration, ultrafiltration, nanofiltration or
reverse osmosis setups are used. The membrane surfaces are in the shape of spirally wound,
plate-shaped or tubular modules. The operating pressure and throughput depend on the
membrane characteristics and the separation task.

Applicability

Pressure permeation is not restricted to the manufacture of water soluble dyes but, in principle,
applicable for awide range of separation tasks. Important pre-conditions in particular cases are:

» both suitable and reliable membranes need to be available
e satisfactory product quality can be reached.

Other examples:
e separation of a tertiary amine (product) from waste water streams by reverse osmosis.

Recovered product and reduced waste water costs lead to very fast paybacks (* 0071*)
e separation of fermentation products by ultrafiltration [46, Ministerio de Medio Ambiente,

2003].
Economics
The economic advantages are:

* reduced waste water costs

e equal or sometimes enhanced product quality

e upto5% higher yields

» costsfor standardisation auxiliaries can be saved.

Driving force for implementation

Reduction of waste water loads, yield optimisation, and cost benefits.

Referencesto literature and example plants

[9, Chrigt, 1999], [61, Martin, 2002], *060D,I*, *004D,0*, *0071* and references within.
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4.2.27 Ground protection
Description

Facilities, where substances (usualy liquids) which represent a potential risk of contamination
of ground and groundwater are handled, have to be built, operated and maintained in such away
that spill potential is minimised. They have to be sealed, stable and sufficiently resistant against
possible mechanical, thermal or chemical stress. Leakages have to be quickly and reliably
recognisable. Leaking substances have to be safely retained and treated/disposed of. This is
realised by applying an impervious and stable retention area according to the amount of
substance that could be spilled before other measures take effect. Alternatively double walled
equipment with leak detection can be used.

Achieved environmental benefits

Prevention of ground, surface and groundwater contamination.

Cross-media effects

None believed likely.

Operational data

Measures for ground protection depend on the hazard arising from a handled substance in the
case of contamination of ground, surfacewater or groundwater.

Measures include:

» providing sufficient retention volumes based on the largest tank or drum, or the capacity of
multiple tanks if they are interconnected by piping at the bottom

» testing and demonstration of the integrity and tightness of all bunding structures and their
resistance to penetration by water or other substances

» loading and unloading of materials only on designated areas protected against |eakage run-
of f

e storage and collection of materials awaiting disposal on designated areas protected against
|eakage run-off

» designing facilities so that they can be visually inspected

» fitting al pump sumps or other treatment plant chambers from which spillage might occur
with high liquid level alarms or, aternatively, regularly supervise pump sumps by personnel

*  equipping tanks with overflow controllers

» programmes of testing and inspecting of tanks and pipelines

* inspecting for leaks on flanges and valves on pipes used to transport materials other than
water (e.g. visua inspection or testing with water). Maintaining alog of these inspections

e catchment systems to collect leaks from flanges and valves on pipes used to transport
meaterials other than water

» supplying of containment booms and suitabl e absorbent material.

Applicability
Generally applicable.

Formal inspections are unnecessary where pipework iswithin a bunded area and release will not
result in a hazard [62, D1 comments, 2004].

For ground protection in the case of storage facilities, see [64, European Commission, 2005].
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Economics

No information provided.

Driving forcefor implementation

Prevention of ground, surface and groundwater contamination.

Referencesto literature and example plants

*019A,I*, *020A,1*, *001A,I*, *014V ,I*, *015D,1,0,B*
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4.2.28 Retention of fire fighting and contaminated surface water
Description

Fire fighting water or contaminated surface water is collected from the surface water system and
stored in a pond designed to contain the maximum fire water discharge on site plus a certain
guantity of rainwater at the same time. The contained liquid may be pumped to the WWTP at a
controlled rate, as required.

Achieved environmental benefits

Prevention of ground, surface and groundwater contamination.

Cross-media effects

None believed likely.

Operational data

The retention volume depends on the quantity and properties of the stored/handled materias,
and takes into account, for example a 24 hours 50 mm rainfall.

Usually with online monitoring including automatic valve action at TOC = 20 mg/l.

Applicability
Generally applicable.
Spatial restrictions on existing sites can represent a serious obstacle [99, D2 comments, 2005].

The waste water pipe system can also be used as retention volume [99, D2 comments, 2005].

Economics

No information provided.

Driving forcefor implementation

Prevention of ground, surface and groundwater contamination.

Referencesto literature and example plants

*017A,1*, *018A,1*, *019A,1*, *020A ,I*
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4.2.29 Example: training of phosgenation operators
Description

The handling of toxic substances demands sufficient and adequate knowledge from an operator
to work safely in normal operation and to react adequately when deviations from normal
operations occur. Therefore training of an operator who is working with phosgene includes:

Theoretical background

e information on phosgene (e.g. toxicology, physical and chemical properties)
e information on the phosgenation process

e storage and piping

« working knowledge of the detection and emergency systems

» abatement in scrubbers

e transfer and neutralisation of solvents containing phosgene

» sampletaking

* intoxication with phosgene

e emergency plan

e persona protection equipment.

Practical training

e operation and control of the scrubbers

» checking, activation and shutdown of safety devices

» checking, activation and shutdown, filling and emptying of the condensers
« ingallation and removal of the phosgene cylinders, activation of the heating
« balancing of phosgene consumption

e sampletaking

« control of the phosgenation

e degassing and neutralisation

e cooling system

e phosgene testing

« fittings for phosgene handling

e connecting pipes

* intervention and actionsin case of deviations.

Achieved environmental benefits

Limitation of risks from the storage and handling of phosgene.

Cross-media effects

None believed likely.

Operational data

No information provided.
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Applicability

Generaly applicable for the handling of hazardous substances or other hazardous operations
[62, D1 comments, 2004]. Individual substance properties and conditions may require modified
training contents.

Economics

Additional costsrelated to training, i.e. time, materials.

Driving forcefor implementation

Limitation of risks from the storage and handling of phosgene.

Referencesto literature and example plants

*024A1*
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4.2.30 Example: Handling of phosgene

Description

Due to the high toxicity of phosgene precautions need to be taken to limit the risks arising from
storage and handling. These include the measures given in Table 4.18 (next page).

Achieved environmental benefits

Limitation of risks from the storage and handling of phosgene.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Generaly applicable for the handling and storage of toxic substances (e.g. Cl,, gaseous
ammonia, EtO, etc.). Individua substance properties and conditions may require modified
measures.

Economics

Higher costsin comparison to a conventional setup/conventional operation.

Driving force for implementation

Limitation of risks from the storage and handling of phosgene.

Referencesto literature and example plants

[116, Phosgene Panel, 2005], * 024A,,1*
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M easure

Remarks[99, D2 comments, 2005]

Applying separate areas for
phosgene storage, the phosgenation
process and for abatement

The optimum depends on the size: the bigger the unit, the longer
the ways between the sections and the more it may be
appropriate to combine and concentrate sections

Minimisation of the stored amount

Absolutely correct; however it may be the case — especialy
while recovering phosgene from the process — that phosgene
storage has to be increased in order to minimise the phosgene
inventory of the whole system

Applying divisionsin the storage
units (i.e. five gas cylinders for 48
kg phosgene)

Depending on size of the cylinders (the given example does not
necessarily describe standard cylinders) and the total amount of
phosgene compartments/divisions might have disadvantages
(e.g. itismore difficult to search leakages)

Ensuring each storage unit is
weighable for balancing

Applicable if phosgene is supplied by cylinders

Applying double walled pipesto
the reactors equipped with
phosgene detection

Degspite increased and more difficult mai ntenance efforts,
double walled constructions can be the method of choice to
protect critical areasin phosgenation units

Using glove box setup for the
storage

Another method to avoid phosgene contact in the case of
leakage would be to use fresh air mask equipment

Placing the reactorsin a separate
cabin, and then making access open
only with full protective clothing
and equipment

Opening equipment containing phosgene has to be avoided.
Separate cabins can be part of a general policy of structura
enclosures. The layout depends on the amount of phosgene
and/or the overall phosgene safety system and strategy

Just using closed equipment

Making valves redundant, including
automatic action based on phosgene
detection

Other companies have had bad experiences with redundancies
which seem to fail in case of emergencies: they tend to carry out
more tests and inspections to guarantee proper function. Similar
problems have to be considered for automatic action

Applying a pressure check with
nitrogen before starting the process

Applying redundant and
independent detection networks

Thisis dependent on the size and complexity of the unit: too
many redundancies may cause problems (automatic or human)
in judging on contradicting information. Some companies do
not like redundancies in the meaning of different detection
systems, they prefer to stay with the one that is best known and
most reliable. Some companies have good experience with
detection networks, bigger plants often do not like increased
retention times and prefer (critical) spot detection

Exhausting the process, e.g. via
condensers (+5, -30 and -60 °C)
and two scrubbers

The temperatures to be applied are dependent on the pressure
under which the system is operated

Exhausting the room air viaa
scrubber

Not applicable for open structure plants. If (depending, e.g. on
the use of personal safety equipment) the total safety system
allows considerable amounts of phosgene to be emitted into the
room air (see, e.g. opening of reactors) then the possibility of
exhausting the room air should be considered. In other cases,
the need has to be assessed case by case

Having an ammonia gas supply for
emergency situations

Ammoniaisavery effective neutralising agent for phosgene;
however, its application requires careful consideration of the
situation (e.g. in structural enclosures)

Applying special training for the
operators

Enforcing stringent work
procedures

Table 4.18: Measuresto limit therisksarising from storage and handling of phosgene
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4.3 Management and treatment of waste streams
Theinterfaceto the BREF on CWW [31, European Commission, 2003]

The BREF on “Common waste gas and waste water treatment/management systems in the
chemical sector” describes techniques which are commonly applicable in the whole spectrum of
the chemical industry. As aresult, only generic conclusions were derived, which de facto could
not take into account the specific characteristics of the manufacture of Organic Fine Chemicals.

Using the results from the BREF on CWW as a source of information, the BREF on OFC
provides a further assessment of such techniques in the OFC context. The main aspect is the
effect of the operationa mode (batch manufacture, production campaigns, frequent product
change) on the selection and the applicability of treatment techniques, as well as the implicit
challenges of managing a multipurpose site. Furthermore the performance is assessed and
conclusions are drawn based on OFC specific information and data.

Recovery and abatement techniques are not described in detail in the following sections again.
Where more information is needed, please refer to the BREF on CWW [31, European
Commission, 2003].
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4.3.1 Balances and monitoring

4.3.1.1 Process waste stream analysis

Description

On a multipurpose site (see Section 2.2), pollution prevention and control is possible only if the
waste streams from each process are first identified and characterised. Process waste stream
analysis is based on flow charts, illustrating the operations, inputs and waste streams. A second

supporting chart would give the relevant data for each waste stream.

Table 4.19 and Table 4.20 illustrate one possible method (the exampl e has been modified due to
confidentiality reasons).

Process waste stream analysis. |

Flow chart

Batch bromination of example acid

Br
SO;H SOzH
8 Br, :
R -_— R

I nput

Operations

Waste stream
Stream ID
Destination
Sample D

180 kg example acid
200 kgice

300 kg NaCl

65.5 kg Br,

300 litre HCI

2100 litre water

6300 litre salt water

Exhaust from Sc-01
Sc-0la

Vent to
Scrubber Sc-01

v

To main scrubber

Bromine in water
Sc-01b

Reactor

Filter
F-01

-

v

To recovery
129

5| Mother liquor

F-Ola

To low pressure wet
oxidation

181

Wash-water
F-01b

To WWTP
198

Table 4.19: Process waste stream analysis, flow chart
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Table 4.20: Processwaste stream analysis, properties of the waste water streams
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Achieved environmental benefits

Process waste stream analysis provides:

e clear identification and characterisation of the individual waste stream
e abasisfor decisions on the waste stream’ s further destination

» key information for improvement strategies.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Generally applicable.

Economics

No information provided.

Driving forcefor implementation

Central part of process design or process review, and also part of the emission inventory.

Referencesto literature and example plants

*006A,1*, *017A,1*, *0O18A,1*
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4.3.1.2

Description

Analysis of waste water streams

On an OFC site, a wide variety of different waste water streams are created. Knowledge of a
basic set of parameters of such waste water streams is created once (presuming that all batches
of the same production step continually create the same waste water stream) and represents the
basis for segregation and pretreatment strategies. Table 4.21 shows an example of such a basic

data set.
Waste water stream
Batchesper day | 1 Volume per batch | 3100 litres
Batchesin 1999 | 47 Volumein 1999 | 145700 litres
Parameter Level Load per day L oad per year
COD | 20000 mg/l 62.0 kg 2.9 tonnes
BODs | 4400 mg/l 13.6 kg 641 kg
TOC | 1600 mg/l 5.0 kg 234 kg
AOX | 217 myg/l 673¢g 31 kg
Total N | 300 mg/l 0.8 kg 39 kg
Total P | None
Cr | None
Heavy metals Ni | Mone
Cu | None
Zn | None
Chloride | 27200 mg/l 84.3 kg 4.0 tonnes
Bromide | 103000 mg/I 319kg 15 tonnes
S0,% | None
pH | 1.0 COD/BODs = 4.5
Toxicity | None |
Bioeliminability 75 % elimination (Zahn-Wellens), see attachment
Inhibition of nitrification | No influence on nitrification
Result Readily biodegrz_adable and does not inhibit nitrification. AOX
pretreatment required.

Table4.21: Examplefor an analysis of a waste water stream from a multipur pose plant

Achieved environmental benefits

Creating the basic data set to enable segregation and pretreatment.

Cross-media effects

None believed likely.

Operational data

No information provided.

Organic Fine Chemicals
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Applicability

Generally applicable.

Economics

Costsfor testing.

Driving forcefor implementation

Basic requirement for waste water management.

Referencesto literature and example plants

[84, Meyer, 2004]
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4.3.1.3 Refractory organic loading: Zahn-Wellens test
Description

The purpose of this test method is the evaluation of the elimination of organic substances when
exposed to relatively high concentrations of micro-organisms (activated dudge) in a static test.
The test may be conducted using activated sludge that has previously been exposed to the test
substance (especialy from the onsite biological WWTP), which frequently results in adaptation
leading to a significantly more extensive degradation of the organic substance. DOC (or COD)
values are measured and compared to a blank test setup. The observed DOC (or COD)
eimination gives a proven measure of the biodiminability. If the oxygen uptake is aso
measured, the test can allow aso a differentiation between true degradation, adsorption and
stripping effects and aso gives information on the inhibiting or adaptation effects of the test
substance.

Achieved environmental benefits
The Zahn-Wellens test:

» providesinformation about bioeliminability and biodegradability

« provides highly meaningful information on the behaviour of a substance under biological
treatment conditions

* provides more useful information than is possible from just determining the BOD/TOC
ratio. Figure 4.23 shows that the BOD/TOC ratio may lead to different, even incorrect
conclusions when indicating low biodegradability

e isanimportant information source for informed decisions on the further treatment of waste
water streams.

3.5

3.0
2.5
2.0 .

*
*®
15 ® oo
10 ] ’

BOLO / TOC ratio

L 4
0.5 o % °

4 2 4
000X @ » S ®
0 20 40 60 80 100

DOC removal in % after 13 d
(Zahn-Wellens)

Figure 4.23: Comparison of BOD/TOC ratio and Zahn-Wellenstests on mother liquors

Cross-media effects

None believed likely.
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Operational data

No information provided.

Applicability
Test substances should:

* besoluble in water under the test conditions

» have negligible vapour pressure under the test conditions
» benon-inhibitory to bacteria at test concentrations

» be adsorbed within the test system only to alimited extent
* benot lost by foaming from the test solution.

Generaly applicable. The Zahn-Wellens test is generaly applicable and is a common and
proven method to determine the refractory organic carbon (ROC) of waste water streams such
as mother liguors or wash-waters.

Other test methods for inherent biodegradability as well as screening test methods (“readily
biodegradability”) arelisted in Table 2.11.

The results from biodegradability testing have to be interpreted on the basis of test conditions
and duration. Where screening methods (or even the BOD/TOC ratio) indicate high
biodegradability, advanced testing is not necessary.

Economics

No information provided.

Driving forcefor implementation

Central part of process design or process review, and also part of the emission inventory.

Referencesto literature and example plants

[27, OECD, 2003], [17, Schonberger, 1991], *001A,1*, *014V ,I*, *015D,1,0,B*, *023A ,I*
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4.3.1.4 Mass balances for solvents (VOC), highly hazardous substances and
heavy metals

Description

Mass baances are one basis for understanding the processes on a site and the development of
improvement strategies. For a completed mass balance, the inputs must equal the outputs. Table
4.22 shows the elements of a mass balance on a chemical site. Not every output path is relevant
in every case (e.g. heavy metals cannot be destroyed).

I nput Output
Taking into account

Emissions from point sources
Lossesto air Fugitive emissions
Output from thermal oxidiser

Lossto fina effluent from
WWTP

Influent to WWTP

Fugitive loss from WWTP
Degraded portion in WWTP
Loss to waste activated sludge
Loss to surface water

Losses to water

+ opening stock Loss to product

Intermediate storage

Amount consumed

— closing stock

Input to thermal oxidiser
Output from thermal oxidiser

+ amount generated Thermal destruction on-site

+ amount purchased

Thermal destruction off-site

+ amount recycled
on-site

Non-thermal destruction on-

) Other treatment
Site

Non-thermal destruction off-
site

Recycle/re-use on-site

Recycle/re-use off-site

Land disposal on-site

Land disposal off-site

Unknown
100 % 100 %

Table4.22: Mass balance for a chemical site
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Achieved environmental benefits

Mass balances are essential for understanding on-site processes and the development of
improvement strategies.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Generally applicable.

A tool for the mass balance of solvents is the solvent management plan according to Annex i1
of the VOC Directive 1999/13/EC [99, D2 comments, 2005].

Economics

Additional measurements required (hence costs) and, therefore, additional staff are needed.

Driving forcefor implementation

Conditions on permit, report requirements, and as mass balances can be used as a basisfor the
devel opment of improvement strategies.

Referencesto literature and example plants

*006A,1*, *017A,1*, *018A,1*, *019A,1*, *020A,1*, *0071*, *024A,I*
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4.3.1.5 TOC balance for waste water streams

Description

The TOC mass balance for waste water streams is the basis for understanding the processes on
site and the development of improvement strategies. Figure 4.24 shows an example from
*015D,1,0,B* for the year 2000. The mass balance is based on a process waste stream analysis
(seedso Section 4.3.1.1).

Municipal waste water

Waste
water
streams

2683t

v

123t

v

1242 t

o1t

A\ 4

Biological
WWTP

93t

Extraction
» 883 t > 792t
Incineration Wet
oxidation
» 128t
External » 308 t
» 100 t
Reverse » 195t
0SmMosis
» 330t

\4

135t

\4

Figure 4.24: Examplefor a TOC balance for waste water streams

Achieved environmental benefits

Emission
324 t

Mass balances are essential for understanding on-site processes and the development of
improvement strategies.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Generdly applicable.
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Economics

Additional measurements required (and hence costs) and, therefore, additional staff are needed.

Driving forcefor implementation

Conditions on permit, report requirements, and as mass balances can be used as a basis for the
devel opment of improvement strategies.

Referencesto literature and example plants

*015D,1,0,B*
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4.3.1.6 AOXbalance for waste water streams

Description

The AOX mass balance for waste water streams is the basis for tracking halogenated
compounds on the production site and the establishment of priorities for further improvement.
Figure 4.25 shows an example from *009A,B,D* for the year 2003. The mass balance is based
on a process waste stream analysis (see aso Section 4.3.1.1).

Aqueous residues

Production 1

Activated carbon
adsorption

Biological
WWTP

170 m3/d / 58 mgl/l

Production 2

> 9.8 kg/d

v

v

0.49 kg/d

43 m3/d / 68 mg/l

Production 3

2.9 kg/d

v

v

0.15 kg/d

150 m3/d / 3 mg/l

Production 4

0.4 kg/d

v

0.02 kg/d

26 m3/d / 8 mg/l

Production 5
149 m3/d / 329 mgl/l

Production 6

0.2 kg/d

v

v

0.01 kg/d

v

— 49 kg/d

2.45 kg/d

v

82 m3/d / 159 mg/l

13 kg/d

v

0.65 kg/d

Production X
xx m3/d / xxx mg/l

Production y

>

Total in: 145 kg AOX/d

Total out: 9.5 kg AOX/d

84 m3d / 1 mgll

Groundwater

> 0.1 kg/d

4804 m3/d / 2.3 mg/l

> 9 kg/d

Total in: 19 kg AOX/d

Figure 4.25: Example of an AOX balance for waste water streams

Achieved environmental benefits

Emission
1.3 kg AOX/d

Mass balances are essential for understanding on-site processes and the development of

improvement strategies.

Cross-media effects

None believed likely.

Operational data

No information provided.
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Applicability

Generally applicable.

Economics

Additional measurements required (hence costs) and, therefore, additional staff are needed.

Driving forcefor implementation

Conditions on permit, report requirements, and as mass balances can be used as a basis for the
devel opment of improvement strategies.

Referencesto literature and example plants

*009A,B,D*
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4.3.1.7 Monitoring of exhaust gas volume flows from processes

Description

The reduction of exhaust gas volume flows at source leads to a desirable intensified use of

recovery and abatement systems. Regular monitoring of exhaust gas volume flows from

processes, therefore provides the operator with valuable information, such as:

» Situations with peak flows can represent candidates with a high potential for optimisation

e identification of volume flows arising from leaks

» obtained volume flow profiles which enable an optimised planning of production campaigns
and batches.

The required flow-meters can be equipped with bypasses in order to enable maintenance or to

minimise the rate of wear.

Achieved environmental benefits

» providesimportant information for optimisation and operation of a plant

» enablesintensified use of recovery and abatement systems through optimised planning.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Generally applicable.

Economics

Low costs for implementation. Positive effect on costs for recovery or abatement.

Driving force for implementation

Reduction of exhaust gas volume flows. Costs for recovery and abatement.

Referencesto literature and example plants

[54, Verfahrens u. Umwelttechnik Kirchner, 2004] *059B,1*
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43.1.8

Description

Monitoring of waste gas emissions

The batch mode production on an OFC site can cause significant variations of the emission

levels. This effect depends on the actual situation, such as:

* lessvariation if the exhaust gas from many processes/operations is connected to one main
recovery/abatement system
e more variation
recovery/abatement systems
e more variations if dominant peak volume flows occur and are not buffered in the gas
collection system or cut by the connected recovery/abatement systems.

if

only single production

lines are connected to

individual

Where variations can be expected, monitoring should reflect this and, therefore, should provide
emission profiles rather than single sample points.

Figure 4.26 shows an example from *056X*. In this example, two batch mode production lines
share a recovery/abatement system. The diagram is based on 30 minute average values and
besides the “ling”, the monitoring report also provides maximum, minimum and average values.
Additionally, the obtained profile can be compared to the causing operations/processes carried
out in the same time frame.

Where substances with ecotoxicological potential are involved, emissions of such substances
are additionally monitored individually. An exampleisgiven in Table 4.23.

50

45 -
40 -
35 -

30
25

20

15

10

Total carbon mg/m 2

Time

Figure 4.26: Total organic C profile from two production lines sharing one abatement system

Substance 08:00 h —14:00 h
Total organic C 370 | 404 | 288 | 180 | 108 | 34 3.6 3.6 3.6 35 70 | 6.0
Propylene oxide - - <11 - <11 | - <11 | - <11 | <11 | <11 -
Epichlorohydrin <1.1 <1.1 <1.1 <11 | <11 | <11
Benzyl chloride - <11 - <11 | - <11 <11 | <11 | <11
Formaldehyde - <0.03 | 0.14 | <0.03 | 0.07 | 0.07 | 0.18
HCl <0.7 | 1.35 | <0.7 | <0.7 | <0.7 | <0.7 - - - - - -
NH; - - - - - - 064 | 061 | 0.25 | 0.14 | 0.10 | 0.07

Table 4.23: Monitoring profile for individual substances (mg/m?, 30 min values)
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Achieved environmental benefits

Enabl es monitoring data with indepth information.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Generdly applicable.

For plants with numerous different processes fed to an exhaust abatement, the installation of a
continuous monitoring system of the VOC emission, e.g. using a flame ionisation detector (FID)
can be necessary for emission controlling. For information regarding “Stationary source
emission quality assurance of automatic measuring systems” see EN 14181 [99, D2 comments,
2005].

Economics

Added costs for longer sampling times and analysis/evaluation. Higher cost in the case of
continuous monitoring.

Driving forcefor implementation

Need to reflect the real emission situation.

Referencesto literature and example plants

*056X*
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4.3.2 Waste streams from unit processes
4.3.2.1 Waste streams from N-acylation
Description

The main waste streams from N-acylations are:

» exhaust gases containing low molecular compounds such as acetic acids or ethanol and
possibly solvents such as xylene

e mother liguors containing high loads of low molecular compounds and, depending on the
particular process, lost product and by-products, aluminium, and also AOX loads if acetic
chlorideis used.

VOCs/solvents can be recovered from the exhaust gas by condensation and can be re-used
internally or commercialy, where necessary, after purification.

If the process is carried out in agueous solution, the mother liquors are highly loaded with
ethanol or acetic acid. This is adso the case, if the reaction mass after the reaction is extracted
with an organic solvent. If not contaminated with low degradable product losses or by-products,
these waste water streams are expected to be readily biodegradable but may challenge the
capacity of an exising WWTP.

If the conditions allow this, and similar yields can be achieved, acetylation with acetic
anhydride can also be carried out in a dry process (see Section 4.1.4.2).

Re-use <

H,O
CH,COOH
C,H.OH
Solvent

» Recovery

Pretreatment

Mother liquor |

A 4

WWTP

v

Waste water

Figure 4.27: Recovery/abatement techniques for waste streams from N-acylations

Waste stream | Properties
Acetylation of 2-naphtylamine-8-sulphonic
acid in agueous solution [9, Christ, 1999]

For each 1000 kg product:
e 1200 kg ammonium
sulphate

Mother liquors biological WWTP

+ 1000 kg COD
e 2000 kg sewage sludge
after WWTP

Table 4.24: Examplefor the treatment of waste streamsfrom N-acetylation
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Achieved environmental benefits

Lower emission levels and improved efficiency in the case of recovery.

Cross-media effects

Effects of the recovery/abatement techniques.

Operational data

No information provided.

Applicability

Generdly applicable.

Economics

No information provided.

Driving forcefor implementation

Lower emission levels, and improved efficiency in the case of recovery.

Referencesto literature and example plants

[9, Christ, 1999]
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4.3.2.2 Waste streams from alkylations with alkyl halides

Description
The expected waste streams from alkylation with akyl halides are:

» exhaust gases, containing VOCs from organic feed and side reactions
* waste water streams, containing high organic loadings from lost organic feed and side
reactions.

The formation of lower molecular compounds leads to organic loadings both in gaseous and
waste water streams. Table 4.25 gives some examples for waste streams from alkylations with
alkyl halides and Figure 4.28 shows the treatment of waste streams from alkylations with alkyl
halides.

Exhaust gases are treated by thermal oxidation or, in the cases of high water solubility, by
absorption in water scrubbers. The organic load from absorption is further treated in a biological
WWTP.

The expected high loads in waste water streams are usualy readily biodegradable but may
challenge the capacity of a WWTP. Alternatively lower molecular compound loadings can be
shifted to the waste gas pathway by stripping the waste water stream with steam. As a

consequence it may be possible to operate athermal oxidiser autothermally.

Waste stream

‘ Properties

Recovery/abatement

M ethylation with methyl chloride [15, Kdppke, 2000]

Volume 20 —30 m¥h

Waste water stream COD 20000 mg/I
BODs 14000 mg/l
2000 m*h
Exhaust gas

e.g. dimethyl ether, methyl chloride

Stripping/biological WWTP
and thermal oxidation

See also Section 4.3.5.9

Production of theobromine with methyl chloride and a phasetransfer catalyst [9, Christ, 1999]

Mother liquor from
purification 1

Recycled to process

Mother liquor from
purification 1

60 kg COD per tonne product

Biological WWTP

Spent catalyst and filtration
residue

50 kg waste per tonne product

Incineration

Production of an API by alkylation in a non-aqueous solution [67,

UBA, 2004]

Waste water stream from

COD 390 g/l, 150 t/year

two stage extraction with BOD 270 g/l Biological WWTP
NaOH Degradability 96 %

COD 3349/l
Waste water stream frqm BOD 12 g/l _ _
two stage extraction with . Biological WWTP
H,SO,/water Degradability 96 %

Ty 129/

Table 4.25: Examplesfor treatment of waste streams from alkylation with alkyl halides
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Waste gas

A

A

Thermal oxidation

VOC Absorption

Steam stripper

f

Waste water | Steam

A 4

WWTP

l

Waste gas

Figure 4.28: Recovery/abatement techniquesfor waste streams from alkylation with alkyl halides

Achieved environmental benefits

Lower emission levels, improved efficiency in the case of recovery.

Cross-media effects

Effects of the recovery/abatement techniques.

Operational data

No information provided.

Applicability

Generdly applicable.

Economics

No information provided.

Driving forcefor implementation

Lower emission levels, improved efficiency in the case of recovery.

Referencesto literature and example plants

See Table 4.25.
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4.3.2.3 \Waste streams from condensations
Description
The main waste streams from condensations are:

» exhaust gases containing VOCs from the use of solvents or volatile reactants
e agueous or organic mother liquors
* waste water streams from extractions and product washing containing organic loadings.

Figure 4.29 shows the treatment techniques for waste streams from condensations and shows
some examples for treatment of such waste streams.

Waste gas
A

Thermal oxidation |—

VOC
H,O
Re-use < » Absorption I—

Organic mother liquors |—>| Distillation

Incineration

Aqueous residues:
» mother liquors

« from extractions
» wash waters

Waste water

Figure 4.29: Recovery/abatement techniquesfor waste streams from condensations

Waste stream | Properties | Recovery/abatement
Production of an intermediate for a plant health product [62, D1 comments, 2004]
Volume 17700 m®/yr
, o TOC 2.8 g/l, 50 kg/day, 49 t/yr .
Mother liquor after filtration o biological WWTP
Degradability 73 %
AOX 300 mg/l, 5.4 t/yr
Production of an API [62, D1 comments, 2004]
Volume 10 m¥yr
Aqueous phases from COD 80 g/l, 800 kg/yr
extractions and product BOD 64 g/l Disposal (incineration)
washing Degradability 47 %
Ty 439

Table 4.26: Examplesfor thetreatment of waste streams from condensations

196 Organic Fine Chemicals



Chapter 4

Exhaust gases are treated by thermal oxidation or, in the cases of high water solubility, by
absorption in water scrubbers. The organic load from absorption is further treated in a biological
WWTP.

Waste water streams are considered for pretreatment, disposal (incineration) or direct
treatment in the biological WWTP, mainly depending on load and bioeliminability of the
organic content.

Organic residues are considered for digtillation and re-use on-site or off-site. Residues from
digtillations are disposed of (incineration).

Achieved environmental benefits

Lower emission levels, improved efficiency in the case of recovery.

Cross-media effects

Effects of the recovery/abatement techniques.

Operational data

No information provided.

Applicability

Generally applicable.

Economics

No information provided.

Driving force for implementation

Lower emission levels, improved efficiency in the case of recovery.

Referencesto literature and example plants

[6, Ullmann, 2001, Winnacker, 1982 #16]
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4.3.2.4 Waste streams from diazotisation and azo coupling
Description
The main waste streams from diazotisation and azo coupling are:

» exhaust gas containing HCI from the diazotisation stage

« mother liquor, often containing high loads of refractory COD and possibly AOX (if
halogenated starting materials are used), high salt loads from salting out, and possibly heavy
metals from the formation of metal complex dyes

» wash-water containing lower loads of refractory COD and possibly AOX (if halogenated
starting materials are used), and possibly heavy metals from the formation of metal complex
dyes

e permeate from pressure permeation, containing a low COD load, possibly alow AOX load
(if halogenated starting materials are used) and alower salt |oad.

Figure 4.30 shows the treatment techniques for waste streams from diazotation and azo
coupling. Table 4.27 gives some example data for waste streams from diazotisation and azo
coupling. Table 4.28 gives examples from azo dye manufacturing where heavy metas are
involved. Table 4.29 shows detailed examples for the treatment of mother liquors.

Where loads and results from Zahn-Wellens testing are available, arefractory COD according to
the result of bioeliminability testing and dilution to 2000 m? effluent was calculated to illustrate
the effect on COD concentrations in the discharged waste water.

Waste gas
H,O

HCI »  Scrubber

Chemical oxidation
Wet oxidation
Low pressure wet oxidation
Disposal (incineration)

Mother liquor

y

Permeate =I Waste water treatment

Waste water

Figure 4.30: Applied abatement techniques for waste streams from diazotation and azo coupling

Exhaust gases are absorbed in water scrubbers.

Mother liguors and also wash-waters from the manufacture of water soluble azo dyes often
contain high COD loads, often with a low bioeliminability. This is especially the case if
unreacted starting material remains. Therefore, it is crucial to check if diazo or coupling
components are still present in the reaction mixture.
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In cases where halogenated starting materials are used, a high AOX load can be expected.
Mother liquors and wash-waters and with low bioeliminability are pretreated upstream to the
biological treatment of the total effluent. Methods of choice are e.g. chemical oxidation, wet
oxidation, low pressure wet oxidation or disposa (incineration). Permeates from pressure
permeation usually show lower loads and are treated together with the total effluent.

Achieved environmental benefits

Lower emission levels, and improved efficiency in the case of recovery.

Cross-media effects

Effects of the recovery/abatement techniques.

Waste stream Properties Reference
M anufacture of water soluble azo dyes
Manufacture of 1 tonne dye
Mother liquor, Waste water stream: 7 tonnes
wash-water Salt load: 1.5 tonnes [9, Christ, 1999]
COD load: 50 kg
Mother liquors
roc | 2% | 23ye (zam Wetens
TOC test)
mg/|
Diazo dye 0.2 16 %
Azo disperse dye 04 35 %
Azo disperse dye 1170 0.9 41 %
Azo disperse dye 1330 0.5 48 %
Azo disperse dye 1970 0.8 49 %
Azo disperse dye 953 04 51 %
Azo disperse dye 1170 0.6 54 % [17, Schénberger, 1991]
Nitrated monoazo dye 10200 0.3 72 %
Nitrated monoazo dye 8490 0.2 72 %
Nitrated monoazo dye 15 75 %
Nitrated monoazo dye 1140 12 75 %
Nitrated monoazo dye 1560 17 76 %
Azo dye for wool 0.5 95 %

* Dissolved organic carbon

Table 4.27: Example data for waste streams from diazotisation and azo coupling
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Diluted to 2000 m*
(' see note)

Formation of a 1.2 co-ordinated Cr azo dye mixture with Cr acetate *015D,|,0,B*

TOC 47000 mg/|
COoD 76000 mg/I
Mother liquor BOD/TOC 0.12
3 Degradability o
15 m/batch (Zahn-Wellens) 100 %
NH4-N 56000 mg/I
Chromium 32 mg/l 0.24 mgl/l
TOC 40000 mg/l
COD 9000 mg/I
Wash-water Degradability o
12 m¥/batch (zahn-Wellens) | 100 %
NH4,-N 4000 mg/I
Chromium 3 mg/l 0.018 mg/I
Formation of a 1:2 co-ordinated Cr azo dye *015D,|,0,B*
TOC 5000 mg/l
. AOX 410 mg/|
Mother liquor —
3 Degradability o
20 m*/batch (Zahn-Wellens) 90 %
Chromium 47 mg/| 0.47 mg/l
Formation of a Cr azo dyewith Cr acetate *015D,1,0,B*
TOC 40000 mg/|
Mother liquor Degradability 100 %
20 m*/batch Chromium 130 mg/| 1.30 mg/l
NH4-N 50000 mg/l
TOC 2000 mg/l
Wash-water Degradability 95 %
60 m*/batch Chromium 8 mg/l 0.24 mg/l
NH4-N 1400 mg/|
Formation of an Cr azo dyein one-pot synthesis*015D,1,0,B*
Mother liquor Chromium 165 mg/l
Wash-water 1 Chromium 200 mg/l
Wash-water 2 Chromium 50 mg/I

' Calculated concentration after dilution to atotal effluent of 2000 m® without pretreatment

Table 4.28: Examplesfor waste str eams from azo dye manufactur e involving heavy metals
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[51, UBA, 2004]

COD after degradation

Destination and dilution
to 2000 m® (* see note)
Mother liquor
Volume per batch 10 m°
COD 709/l Biological
BOD/TOC 0.01 treatment 35mg/
Degradability 90 %
Example 1 SO, 59/
Wash-water
Volume per batch 15 m’ Biological
COD 30 g/l o eam%em 45 mgl
BOD/TOC 0.02
Degradability 80 %
Mother liquor
Volume per batch 18 m° Pretreatment by
high pressure wet 63 mg/l
coD — 209/ oxidation
Degradability 65 %
Example 2
Wash-water
Volume per batch 16m° Biological
coD 13 treatment 21 mg/
Degradability 80 %
Mother liguor Pretreatment by
Volume per batch 10m° | high pressure wet
Example3  eop 50 g/ oxidation or 163 mg/
Degradability 35 % incineration
Mother liquor
Volume per batch 95m’ Biological
Example4  -=5p 324 treatment 106 mg/
Degradability 30 %
Mother liguor
Volume per batch 16 m’ Biological
Example5 | COD 169/ ontimort 6 mg/!
Degradability 95 %
30, 2000 kg
Mother liguor
Volume per batch 19 m’ Pretreatment by
COD 370 kg high pressure wet 92.5 myg/l
BODs 60 kg oxidation
— =
Example 6 Degradability 50 %
Wash-water
COD 110 kg Biological
BOD; 20 kg treatment 30 mg/
Degradability 45 %

* Refractory COD according to the result of bioeliminability testing and dilution to 2000 m*

Table 4.29: Examplesfor mother liquorsand wash-water s from diazotisation/azo coupling

Operational data

No information provided.
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Applicability

Generally applicable.

Activated carbon adsoption is another dternative for pretreatment prior to biological waste

water treatment [99, D2 comments, 2005].

Economics

No information provided.

Driving forcefor implementation

Lower emission levels, and improved efficiency in the case of recovery.

Referencesto literature and example plants

[9, Christ, 1999, 17, Schonberger, 1991, 51, UBA, 2004],
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4.3.2.5 Waste streams from halogenation
Description
The main waste streams from halogenation are:

» exhaust gas containing halogens, the related hydrohal ogenic acid and VOC/HHC. The loads
depend on reactants and reaction conditions

e agueous mother liquor containing high loads of COD/AOX arising from the by-products
and lost product

e wash-waters containing lower loads of COD/AOX due to by products and lost product

e organic mother liquor containing solvent, by-products and lost product

o didillation residues and unwanted by-products containing a mixture of halogenated
compounds.

Figure 4.31 shows the treatment of the waste streams from hal ogenation.

H,0 Waste gas
VOC, HHC, Thermal NaOH,
Xy, HX oxidation Na,HSO,4

I }

HX Absorber |—>| Scrubber

HX for re-use
(AOX free)

Re-use «

X, Stripping

Mother liquor Disposal /
(organic) Solvent Recovery Incineration

Mother liquor ‘&

(aqueous)

2 >

Wash water =\/ » Pretreatment

Waste water

Figure 4.31: Recovery/abatement techniquesfor waste streams from halogenations

Table 4.30 gives some examples for waste streams from halogenations. The exhaust gases
contain HX, X,, N, and VOC/HHC. A high percentage of the halogen (80 % in the case of
chlorine) can be removed in a scrubbing tower (e.g. a bubble column) containing an easily
hal ogenatable compound, preferably a raw material used in the halogenation process, and a
catalyst (see aso Section 4.3.5.5). The waste gas is then burned at temperatures of
about 1100 °C and dwell times of 1 — 2 seconds in order to remove HHCs. If the waste gas does
not contain HHCs, oxidisers are operated at lower temperatures in order to reduce the formation
of NOx (about 800 °C with a dwell time of 0.75 second). The hydrogen halide is then absorbed
in water in a scrubber. After stripping, an AOX free hydrohalogenic acid of marketable quality
can be obtained (see also Section 4.3.5.2). Afterwards, the gas stream is treated in another
scrubber to remove the remaining halogen. Alternatively, organic constituents of the reaction
gas are washed out with a high boiling solvent in another scrubbing tower. If the exhaust gas
does not contain the required portions of organic compounds, the treatment is restricted to the
scrubbing stages.

Organic Fine Chemicals 203



Chapter 4

Waste stream ‘ Properties ‘ Recover /abatement
Side chain chlorination [15, Koppke, 2000]
Flowrate: 500 m*h o
Thermal oxidation
HCI 720 kg/h
HCI, Cl,, Chlorotoluene (and ql 31kgh HCI recovery
N2) 2 Cl, destruction
Chlorotoluene 14 kg/h
N> 45 kg/h

Distillation residue and
unwanted by-products 40.9 tonnes, containing p-

(From production of 100t chlorobenzalchloride and p-

i i Incineration
p-chlorobenzylchloride, 454.7 t chlorobenzotrichloride, polymers
p-chlorobenzaldehyde and 141t | calorific value: 25000 kJ/kg
p-chlorobenzoyl chloride)

Bromination of a carbonic acid with co-production of CH3Br *0071*

Flowrate (max.) 250 m¥h

HBr 11350 kg = HB

ecovery o r

HBr, Bry, N,, CH30OH, CH3Br Br, 750 kg y
Discharge per batch to HBr Scrubbers

N2 1000 kg .
absorber (see al'so Section 4.3.5.4)

CH30H 350 kg

CH3Br 100 kg
Manufacture of bromamine acid [16, Winnacker and Kuechler, 1982]

Per batch,

starting with 180 kg
Mother liquor 1-aminoanthraquinone-2-

sulphonic acid
Loss of 26 kg starting material

Manufacture of an intermediate by chlorination (and partial oxidation) [67, UBA, 2004]

Mother liquor from

crystallisation/filtration Disposalfincineration

Volume 400 m3/yr
i TOC 105 g/l (40 kg/d, 41 t/yr
Waste water from scrubbing and g/l (40 kg/ yr) Biological WWTP
product washing AOX 16 g/l (6 kg/d)

Degradability 94 %

Manufacture of 4-chlor o-3-methylphenol by chlorination [26, GDCh, 2003]

Exhaust gases ‘ ‘ Thermal oxidation/scrubbers
Manufacture of Trichloroacetic acid/Na trichlor cacetate [26, GDCh, 2003]

Exhaust gases ‘ ‘ Thermal oxidation/scrubbers
Manufacture of p-dichlorobenzene [26, GDCh, 2003]

Exhaust gases ‘ ‘ Thermal oxidation/scrubbers
Manufacture of benzyl chloride by side chain chlorination [26, GDCh, 2003]

Exhaust gases Thermal oxidation/scrubbers
Waste water from scrubbing Biological WWTP

Table 4.30: Examplesfor treatment of waste streams from halogenation
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Distillation residues, unwanted by-products. Aromatics containing more than 1 % organically
bound chlorine are burned in furnaces that provide sufficient reaction temperatures and dwell
times in order to reduce emissions of polychlorodibenzodioxing/-furans. In an excess of oxygen,
the halogenated compounds are converted into hydrogen halide, carbon dioxide and water. The
hydrogen halide is removed from the flue-gas by water scrubbers. For more information see the
BREF on Waste Incineration [103, European Commission, 2005].

Aqueous mother liquors contain high loads of COD/AOX with refractory or toxic properties
and specia pretreatment is carried out upstream to the treatment of the total effluent.
Alternatively, such waste water streams are considered for disposal (incineration).

Wash-waters also have to be considered for pretreatment, depending on refractory loads or
toxic properties, or aretreated in the biological WWTP.

Achieved environmental benefits

Lower emission levels, improved efficiency in the case of recovery.

Cross-media effects

Effects of the recovery/abatement techniques.

Operational data

No information provided.

Applicability

Generdly applicable.

Economics, Driving force for implementation

No information provided.

Referencesto literature and example plants

See Table 4.30.
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4.3.2.6

Description

Waste streams from nitrations

The main waste streams from nitration processes are:

» exhaust gas, containing SOy and NOy from oxidative side reactions, and VOCs. The loads
depend on the temperature and the strength of the mixed acid

» mother liquor from the phase separation or filtration, containing high loads of organic by-
products (and lost product) and diluted mixed acid

e wash-water from product washing containing possible unwanted isomers and organic by-
products, especially phenolic compoundsin the case of aromatic nitration

» exhaust gas from recrystallisation of the product with organic solvent, containing VOCs

» digtillation residues and possibly unwanted isomers

» second filtrate from the recrystallisation, an agueous or organic phase containing lower
concentrations of organic by-products, and unwanted isomers.

Table 4.31 gives some example data for the waste streams from nitration and Figure 4.32 shows
the applied abatement techniques.

Waste stream from

Properties

Destination

Mononitration of toluene

Spent acid

Regeneration

Alkali wash-water, pH 10
up to 2 m¥h, COD 20000 mg/|
nitro toluene isomers 4750 mg/l

Wet oxidation with

*0871* . ;
nitro cresoles 11200 mg/l ar
non degradable
Tn: 5400 my/l
Spent acid Regeneration
Manufacture of TNT “Red water” from selliting (see also Section 4.2.22)
*062E* unsymmetric nitrotoluenes (6 — 7 % of the TNTS) Incineration
non degradable
Manufacture of .
nitroglycol *45E* NOx, SOx Scrubbing
NOy, SOy, VOC
. The loads depend on the temperature and the
[15, KOppke, 20001 | g eoth of the mixed acid
NOx  upto400g/m®
Manufacture of an . . .
intermediate for an API Mother liquor: 2810 I?tre _ |
(346 kg product) 1. wash-water: 4500 I?tre Incineration
*025A. | * 2. wash-water/methanol: 2300 litre
Recovered by
M anufacture scrubbing, recycling
nitrocellulose NOx 10.2 g/m® of nitric acid or
*Q44E* market to fertiliser
industry
Manufacture of H acid o
(sequence of Exhaust gases Thermal oxidation
sulphonation, nitration, -
alkaline fusion) Mother liquor High pressure wet

[9, Christ, 1999]

oxidation

Table 4.31: Example data for the waste streams from nitration
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The mother liquors are diluted sulphuric acids and can be regenerated (for example, spend acid
from the acid washing after nitration of nitrocellulose contains 40 % H,SO,, 25 % nitric acid
and 35 % H,0). Whereas most nitroaromatics have low solubilities, derivatives with one or
more sulphonic acid groups are moderately soluble in water, and nitrophenols can be washed
out with diluted NaOH. Because of the possible toxicity and/or low biodegradability of
nitroaromatics or nitrophenols, a specia pretreatment is necessary for the wash-water, such as
adsorption on activated carbon or ion-exchanger resins. Alternatively, oxidative pretreatment is
applied. Wash-waters and filtrates from the recrystallisation can sometimes be re-used in the
processinstead of fresh water.

Waste gas
NaOH A
NO,, SO,, VOC > VOC load ? »  Scrubber I—
NH,
l Water

oxidation

Mother liquor

from phase  ———{ Extaction |

separation

Mother liquor

from filtration _’| H,SO, Regeneration |

D|st|||at|on_ residue, » Incineration
unwanted isomers

Re-use

Pretreatment, such as

Re-use 4——| Wash-water » adsorption, wet oxidation

incineration

Re-use <«

VOC Solvent recovery |

A A A

Biological WWTP

|

Waste water

Organic
solvent ?

Second filtrate

Figure 4.32: Applied abatement techniquesfor the waste streams from nitration

Achieved environmental benefits

Lower emission levels, improved efficiency in the case of recovery.

Cross-media effects

Effects of the recovery/abatement techniques.

Operational data

No information provided.
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Applicability

Generally applicable.

Economics

No information provided.

Driving forcefor implementation

Lower emission levels, and improved efficiency in the case of recovery.

Referencesto literature and example plants

[9, Christ, 1999, 15, K &ppke, 2000], *025A,1*, *0871*
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4.3.2.7 Waste streams from the reduction of aromatic nitro compounds
Description
The main waste streams from nitration processes are:

» exhaust gas from the reduction stage containing VOCs and possibly traces of sulphur
compounds

« solid residues from iron reduction containing iron oxides and organic compounds

e cataysts

* agueous mother liquors obtained after steam distillation, extraction, phase separation or
salting out and filtering containing high COD and/or AOX loads, depending on the
solubility and the degree of halogenation of the input materias, possibly sulphur
compounds and possibly residual catalysts (e.g. Nickel)

e organic mother liquors.

Table 4.32 gives some examples for properties and treatment of waste streams from the
reduction of aromatic nitro compounds, and Figure 4.33 shows the treatment techniques.

NaOH  waste gas

|VOC, sulphur compoundsl > VOC load ? »  Scrubber

Water

l Waste gas
Re—usel|< Incineration l——>| Scrubber l— 41

| Aqueous mother liquor I

| Aqueous mother liquor, sulphides |—>| Sulphide treatment l—

Re-use < | A
Pretreatment
| Solvent |—>| Solvent recovery

| Organic mother liquor li

Waste water
Iron oxides » Solid waste — treatment

Waste water

Figure 4.33: Treatment of waste streams from the reduction of nitroaromatics

The exhaust gases are treated by incineration in combination with scrubbing of the flue-gas or
by scrubbing only, depending on the VOC |oad.

Iron reduction leads to large amounts of residual iron oxides contaminated with organic
compounds which have to be disposed of. Despite the additional costs of disposal, iron
reduction is till in use for low volume products (<100 tonnes per year), because of the high
investment costs for the catal ytic process equipment.
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Waste stream | Properties | Treatment
Catalytic reduction of p-nitro-toluene with H, [16, Winnacker and Kuechler, 1982]
(Manufacture of 1000 kg toluidine)

Solid residues 2kg
Waste water stream 0.4 m® saturated with base
Catalytic reduction of an intermediate *018A,1*

1.84 kg nickel/batch, after Precipitation/filtration,
filtration biological WWTP

Reduction of p-nitro-toluene with iron [16, Winnacker and Kuechler, 1982]
(Manufacture of 1000 kg toluidine)
2200 kg (2170 kg iron oxide,

Mother liquor

Solid residues 30 kg organics)

Waste water stream 20 m® saturated with base

M anufacture of 4-aminodiphenylamine by catalytic reduction [26, GDCh, 2003]
Waste water stream Biological WWTP
Exhaust gas Thermal oxidation

Manufacture of 2,4-dichlor oaniline by catalytic reduction [26, GDCh, 2003]
Activated carbon absorption,
stripping, biological WWTP
Exhaust gas Thermal oxidation/scrubber
Manufacture of 2,5-dichlor oaniline by catalytic reduction [26, GDCh, 2003]
Activated carbon absorption,
stripping, biological WWTP
Exhaust gas Thermal oxidation/scrubber
Manufacture of 3,4-dichloroaniline by catalytic reduction [26, GDCh, 2003]
Activated carbon absorption,

Waste water stream

Waste water stream

Waste water stream stripping, biological WWTP
Exhaust gas Thermal oxidation/scrubber
Manufacture of p-chloroaniline by catalytic reduction [26, GDCh, 2003]

Waste gas | Thermal oxidation/scrubber

Manufacture of 2,4,5-trichloroaniline by catalytic reduction [26, GDCh, 2003]

Activated carbon absorption,
Waste water stream o . .

stripping, biological WWTP
Exhaust gas Scrubber (closed system)

Table 4.32: Treatment of waste streams from reduction of nitr oar omatics

The catalyst is recovered and re-used.

Depending on the solubility of the aromatic amine produced, the agueous mother liquors
contain high COD and — if the starting compound is halogenated —also high AOX loads. High
solubility is expected especialy in the presence of additional hydrophilic substituents (e.g. such
as -Cl, -NO,, -SOs;H). The biodegradability also depends on the particular starting
material/product. In the cases of low biodegradability or toxic properties, a specia pretreatment
is carried out upstream of the biological treatment of the tota effluent. Mother liquors from the
alkali sulphide reduction require a specia pretreatment in order to remove sulphur compounds,
usually involving precipitation as metal sulphides.
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Achieved environmental benefits

Lower emission levels, and improved efficiency in the case of recovery.

Cross-media effects

Effects of the recovery/abatement techniques.

Operational data

No information provided.

Applicability

Generdly applicable.

Economics

No information provided.

Driving forcefor implementation

Lower emission levels, and improved efficiency in the case of recovery.

Referencesto literature and example plants

[16, Winnacker and Kuechler, 1982, 26, GDCh, 2003].
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4.3.2.8 Waste streams from sulphonation
Description
The main waste streams from sul phonation processes are:

* exhaust gas, containing SO, from oxidation reactions, SO; from oleum use, HCI from
SOClI; use, and VOCs. The loads depend on the reactants (aromatic, H,SO,, oleum) and the
temperature

» contaminated gypsum and CaCOj; from liming/chalking or N&SO, from neutralisation

» mother liquor from the primary product isolation step containing high loads of organic by-
products (and lost product), unconverted sulphuric acid, and possibly salt (from salting out
or neutralisation)

e wash-water from product washing containing lower concentrations of organic by-product,
sulphuric acid and salts

» second filtrate from recrystallisation containing lower concentrations of organic by-product,
sulphuric acid and salts

» filter auxiliaries. charcoal, diatomaceous earth, kieselguhr or similar containing organic
impurities.

Table 4.33 gives some example data for waste streams from sulphonation and Table 4.34 shows
examples for the treatment of waste water streams. Where the loads and the results from Zahn-
Weéllens testing were available, a refractory COD according to the result of biogliminability
testing and dilution to 2000 m® effluent was calculated to illustrate the effect on COD
concentrations in the discharged waste water.

Figure 4.34 shows the treatment techniques.

Waste stream | Properties
[15, Kdppke, 2000]

SO,. SO HC Theloads depend on the reactants (aromatics, H,SO,, oleum, SOCI,) and temperature
VOZC 3770 | When oleum i's used:

SO, up to 35 g/m® + SO,
Gypsum, .
NafSO4, CaCO, Contaminated

COD >20000 mg/l

BODs 2500 — 4000 mg/l
Mother liquor Bioeliminability 30-60 %

AOX up to 200 mg/l

The AOX load depends on the raw materials

COD <1000 myg/l

BODs 40 - 100 myg/l
Wash-water Bioeliminability 30-60 %

AOX up to 20 mg/l

The AOX load depends on the raw materials
Second filtrate
Filter Charcoal, diatomaceous earth, kieselguhr or similar
auxiliaries

Table 4.33: Example data for waste streams from sulphonation

The environmental key issue is related to the mother liquor from the primary product isolation
step. The mother liquor is adiluted sulphuric acid and contains a high COD load (arylsulphonic
acids) and a possibly high AOX load (from hal ogenated raw materias or SOCI, addition).
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[51, UBA, 2004]
Mother liquor
Volume per batch 23m° . . .
Examplel [COD perbaich | Bs0kg | o°esWas modified o continuous mode, cid
AOX per batch 5 kg
BODs/TOC 0.06
COD after
degradation and
Treatment dilution to 2000 m*
(* seenote)
Mother liquor 1
Volume per batch 60 m°
TOC 12 g/l 979 my/l
Degradability o
(Zahn-Wellens) 15%
Pretreatment by high
Example 2 Mother liquor 2 pressure wet oxidation
Volume per batch 6m
COD 45 g/l
BOD: 0.4l 128 mg/l
Degradability 5%
SO~ 14 g/l
Waste acid (mother liquor 1)
Mass in tonnes 21 Recovery in external
H,SO, 75 % sulphuric acid plant
TOC 560 kg
Mother liquor 2
Example3 < iime per batch 50 m*
COD 2.7 g/l
BODg 0.28 g/l Biological treatment 20.5 mg/l
Degradability 70 %
AOX 26 mg/|
SO, 70 g/l
Mother liquor
Volume per day 6m° o
After process optimisation
Example 4 TOC 3.64dl ; 30.8 mg/l
20 kgt by extraction and re-use
Degradability 11 %
Cleaning water
Examole5 Volumeper tonne | 4+9m° V\S?Srﬁevx?tgre;??
P TOC per tonne 3+6kg € ptwo steps 9
Degradability 45 %
* Refractory COD according to the result of bioeliminability testing and dilution to 2000 m°
Table 4.34: Examplesfor waste water streams obtained from sulphonations
Organic Fine Chemicals 213




Chapter 4

Majority of the arylsulphonic acids are poorly biodegradable and therefore need specia
pretreatment. The further destiny of the mother liquor depends on the method used for product
isolation:

* if the arylsulphonic acid can be precipitated from sulphuric acid solution without
neutralisation or salt being added, the spent acid can be recovered in a sulphuric acid plant

e if the mother liquor contains salts (from salting out or neutralisation), advanced wet
oxidation processes (e.g. low pressure or high pressure wet oxidation) are possible methods
of treatment, which subsequently enable an effective degradation in biological waste water
treatment works

* example 3 in Table 4.34 shows a case where waste water stream contains relatively low
TOC load, which prevents efficient wet oxidation or incineration and, hence, is only treated
in the biological waste water treatment plant (bioeliminability 70 %).

Wash-waters and filtrates from recrystallisation can be re-used for the primary crystallisation
step instead of fresh water.

Waste gas
H,SO, NaOH
SO,, SO;, VOC, HCI » Scrubber » Scrubber
Re-use for ¥ :
sulphonation H,SO, regeneration
Mother liquor @
Chemical oxidation
Wet oxidation
Low pressure wet oxidation
Disposal (incineration)
Wash-water _ )
Second filtrate :
Re-use for y
crystallisation Biological WWTP
Filter auxiliaries » Incineration l

Waste water

Gypsum, Na,SO,, CaCOg4 » Solid waste

Figure 4.34: Applied abatement techniquesfor the waste streams from sulphonation

Achieved environmental benefits

Lower emission levels, and improved efficiency in the case of recovery.

Cross-media effects

Effects of the recovery/abatement techniques.

214 Organic Fine Chemicals



Chapter 4

Operational data

No information provided

Applicability

Generdly applicable.

Economics

No information provided.

Driving forcefor implementation

Lower emission levels, and improved efficiency in the case of recovery.

Referencesto literature and example plants

[16, Winnacker and Kuechler, 1982, 26, GDCh, 2003].
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4.3.2.9 Waste streams from sulphonation with SO;

Description

The main waste streams from sul phonation with SO; are:

» exhaust gases containing SO,, SO; and V OCs depending on the individual case
» mother liguor containing H,SO, and high COD loads (lost product, by-products)
e wash-water containing lower COD loads (lost product, by-products).

Figure 4.35 shows the applied abatement techniques.

Waste gas
Solvent NaOH
recovery «—— Condensation —» Thermal H.O
oxidation 22
and re-use
H,O » Scrubber
SO, SO,, VOC l
Scrubber
'
Wash-water » Biological WWTP [«

'

Mother liquor Waste water

A 4

Re-use «—— H,SO, regeneration

Figure 4.35: Applied abatement techniquesfor sulphonation with SO

Exhaust gas. If halogenated solvents are used, the VOC load of the exhaust gas is passed
through a condenser for recovery and subsequently destroyed by thermal oxidation
(temperatures of about 1100 °C and dwell times of 1—2 s) followed by treatment of the flue-
gas.

If the VOCs are highly water soluble, thermal oxidation is replaced by absorption in a water
scrubber.

SOy is washed out in a reactive absorber with NaOH/H,0O, and converted to Na,SO,, which
may lead to ahigh SO,* load in the total effluent.

Mother liquor. Sulphonation with SO; has the advantage that the salt content of the mother
liquor islow enough to alow its processing in a sulphuric acid regeneration facility.

Wash-water istreated in the biologica WWTP.

Achieved environmental benefits

Lower emission levels, and improved efficiency in the case of recovery.
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Cross-media effects

Effects of the recovery/abatement techniques.

Operational data

No information provided.

Applicability

Generally applicable.

Economics

No information provided.

Driving force for implementation

Lower emission levels, and improved efficiency in the case of recovery.

Referencesto literature and example plants

[15, K6ppke, 2000]
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4.3.2.10 Waste streams from sulphochlorination
Description
The main waste streams from sul phochlorination are:

e exhaust gas containing mainly HCI, but also Cl,, SO, from the use of thionyl chloride or
CH,CI, from the use as a diluent, and possibly other VOCs, depending on the organic feed

» mother liquors from product filtration or phase separation, containing high COD loads (lost
product, by-products) and AOX loads due to unwanted chlorination

» wash-water containing lower loads of COD/AOX dueto lost product and the by-products

» didtillation residue from the work-up of liquid products.

Table 4.35 gives some example data for the waste streams from sulphochlorination, Figure 4.36
shows the applied abatement techniques.

NaOH

H.O NaHSO, Waste
2 gas

A
A

HCI, ClI,, SO,, VOC HCI absorber J Scrubber —T

Cl, stripper

\ 4

HCl for re-use
or further work-up

Incineration

Distillation residue

A

Wet oxidation
Low pressure wet

Mother liquor > .
< oxidation
Disposal (incineration)
A
Wash-water 7 > WWTP

!

Waste water

Figure 4.36: Treatment of waste streams from sulphochlorination

Exhaust gases. HCl is created in large quantities and recovered, but may be potentially loaded
with organic compounds and/or Cl, (for more information see Section 4.3.5.2). The
contaminants require further work-up steps (e.g. stripping of the chlorine) and use may be
restricted in order to prevent the cross-contamination of other processes. The gas stream is
finally treated in areactive scrubber.

The mother liquors usualy have low biogliminability in combination with high COD/AOX
loadings and are treated by wet oxidation, low pressure wet oxidation or incineration.

Wash-water swith low refractory loadings are treated in a biological treatment plant.
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Digtillation residues contain various by-products (possibly with higher halogenation degrees)

and are incinerated.

Wastestream | Properties
[15, KGppke, 2000]
Mother liquor COD 5000 — 10000 mg/I
BODs 500 — 2000 mg/l
Degradability 30— 60 %
AOX up to 40 mg/l

Table 4.35: Examplefor a waste stream from sulphochlorination

Achieved environmental benefits

Lower emission levels, and improved efficiency in the case of recovery.

Cross-media effects

Effects of the recovery/abatement techniques.

Operational data

No information provided.

Applicability

Generally applicable.

Economics

No information provided.

Driving force for implementation

Lower emission levels, and improved efficiency in the case of recovery.

Referencesto literature and example plants

[15, K6ppke, 2000]
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4.3.2.11 Waste water streams from fermentation

Description

Fermentation processes create various high loaded waste water streams (see also Section 2.6).
Table 4.36 shows the example from plant *009A,B,D*. All waste water streams show a high
degradability of the organic load and are finally treated in a biological WWTP. The critica
parameter is the N load, which represents a major challenge for a central biological WWTP.
Hence, strategies, such as decentralised anaerobic treatment and removal of compounds
containing N, are applied. In the case of *009A,B,D* an additional nitrification stage prior to

centralised biological treatment is under construction.

Achieved environmental benefits

Lower emission levels, and improved efficiency in the case of recovery.

Cross-media effects

Effects of the recovery/abatement techniques.

Operational data

See also Table 4.36.

Applicability

Generaly applicable.

Economics

No information provided.

Driving forcefor implementation

Lower emission levels, and improved efficiency in the case of recovery.

Referencesto literature and example plants

[91, Serr, 2004, 99, D2 comments, 2005], * 009A,B,D*
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z\
8
k=
= E
3 E
Waste water stream Downstream treatment S COoD om BODs NH4-N | NaOH | Urea | PO,
m/day | ol | t/day | % g/l | t/day t/day t/day t/day | t/day
g | Didillation residue from %2 | 11| 4 |9 | 6 | 23| 021
propanol separation
e anaerobic pretreatment and
b Solutions from regeneration of subsequent aeration prior to central 15 23 98 2.5 0.55
c the chromatography biological waste water treatment 11 33 99 14 0.40
. ¢ decentralised nitrification in
g | Central scrubbing of exhaust construction %5 | 23| 22 | 98| 19 | 18
gases
. e deactivation of GMOs with cresol
Fermentation broth after T )
e removal of the cell mass (b|0C|de),§he resultmg cresol 26 58 17 929 29 0.8 0.17 0.10
concentrations do not influence the
biological treatment stage
| cell destruction and g ag 70 1.1 | 98 0.8 0.03 0.00
g | centrifugation 64 03 | 9% 02 | o001 0.00
Permeate after Separation of urea with an evaporator,
h chromatography biological waste water treatment 145 16 23 9 4.4

Table 4.36: Examplesfor the waste water streams from a fer mentation unit
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4.3.3 Recovery of aromatic solvents and lower alcohols
Description

Aromatic solvents such as toluene and lower acohols such as methanol represent by far the
majority of the bulk solvents used in the OFC sectors and the value of toluene especialy
justifies the efforts for recovery. Most frequently the following tasks occur:

» the product is present in toluene solution. Toluene is recovered and purified in a packed
column followed by the separation of atoluene/water mixture (see Figure 4.37)

e after product separation, a mixture of toluene and methanol is obtained. Toluene and
methanol are recovered by discontinuous distillation as an azeotrope which is separated by
the addition of water into a toluene and a methanol/H,O phase. The latter is distilled
continuously to give methanol (see Figure 4.38)

» tolueneisrecovered from exhaust gases (see Figure 4.39)

» toluene/methanol mixtures are recovered from exhaust gases (see Figure 4.40).

Achieved environmental benefits
e recovery of valuable material
* lower emissions
« emission levelsfor toluene <100 mg/m®.
Cross-media effects
* energy consumption for distillation, steam creation and cooling
» cooling water consumption, and the activated carbon needs recycling.
Operational data
5and 25 °C cold traps: toluene input of about 500 g/m®
toluene output of about 51 g/m°.
Applicability
Generally applicable in the case of recovery from exhaust gases.

Recovery is not viable on sites, where aready a high quantity of waste solventsis available [99,
D2 comments, 2005].

Purification of spent solvents only makes senseif are-use or amarket option is available.

Purity requirements may restrict the re-use or recycling options for solvents/by-products, e.g. in
the manufacture of APls.
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Economics

The economic viability of the recovery of a solvent depends on:

. the_ _C(_)mparison of operating costs and market price if you aready have the recovery
. Ir?g::;;/fack time for the investment if you have to establish the recovery facilitiesfirst.

Driving forcefor implementation

Cost benefits.

Referencesto literature and example plants

[9, Christ, 1999]
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Toluene
H,O

Product —-

Cooler()—»( Cooler()—>

—{ Cooler(}—

v

Product

Figure 4.37: Toluenerecovery

Mother liquor:
Toluene/
methanol

Steam —¥

biological
WWTP

—v| Toluene storage

H,0

» Cooler
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Figure 4.38: Recovery and separation of a toluene/methanol mixture
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Figure 4.39: Toluenerecovery from exhaust gases
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Figure 4.40: Recovery of a toluene/methanol mixture from exhaust gases
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4.3.4 Re-use and recycling of solvents and by-products

Description

Whenever possible, re-use and recycling of by-products reduces waste treatment loads and the
associated emissions. A common example is to re-use the solvents distilled from a previous
batch into the next batch.

Achieved environmental benefits

Reduction of waste treatment |oad and associated emissions.

Cross-media effects

Energy consumption for distillation.

Operational data

No information provided.

Applicability

Generaly applicable.

Purity requirements may restrict the re-use or recycling options for solvents/by-products in the
manufacture of APIs.

Economics

Cost benefits through lower disposal charges.

Driving forcefor implementation

Cost optimisation and environmental benefits.

Referencesto literature and example plants

[62, D1 comments, 2004]
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4.3.5 Treatment of exhaust gases
4.3.5.1 Recovery of NOx from exhaust gases
Description

On sites for the manufacture of explosives, nitration is the major unit process. The recovery of
spent acidsis very important for the control of the costs.

To concentrate nitric acid, water is removed by countercurrent extraction with 92 —95 %
H,S0,. At the top, 98 — 99 % HNO; is produced. At the bottom, 63 — 68 % H,SO, is obtained,
which can be concentrated to 93 % by stripping with combustion gases, or to 96 —98 % by
vacuum distillation. Nitric acid can also be concentrated by distillation over magnesium nitrate.
Sulphuric acid is freed of nitric acid and nitro compounds by heating or steam injection [6,
Ullmann, 2001].

NOx is recovered from exhaust gases from the reaction, feed tanks, centrifugation and buffers
by scrubbing (see Figure 4.41). The first three absorption towers are operated with water, the
last with H,O,. H,0, is used to oxidise NO:

NO+NO,+2H,0, = 2HNO;+H,O

2NO, +H,O, > 2HNO;

Thisimproves the absorption efficiency drastically and the emitted NOy consists of >98 % NO.,.

Waste gas

Exhaust gases from
reactions, feed tanks, H.O
centrifugation and buffers 2

H,0/
HZOZ

Acid | p— :

| recovery
r' N

H,SO, 96 %
HNO, 98 %

1aqqnios

I 1aqqnias “

1aqqnios

HNO, 55 % <

Figure 4.41: Recovery of NOy from exhaust gases with a scrubber cascade

Achieved environmental benefits

« efficient recovery of NOy from exhaust gases
* |ower emission levels.
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Cross-media effects

Energy and H,O, consumption.

Emitted NOyx
kg/hour mg/m®
0.87-1.69 113-220

Table 4.37: NOy emissions from the recovery of NOy from exhaust gases

Operational data

« volume flow to scrubber cascade: 7700 m*/hour
e scrubbing medium: H>0O, 15 %.
Applicability

Generally applicable.

Economics

Cost benefits.

Driving forcefor implementation

See Achieved environmental benefits.

Referencesto literature and example plants

*098E*, * 099E*
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4.3.5.2 Recovery of HCI from exhaust gases

Description

HCI is recovered from the flue-gas created by the thermal oxidation of exhaust gases from
chlorination processes. The flue-gas still contains chlorine which is separated from the obtained
agueous HCI and treated in a second (final) absorption stage (see Figure 4.42).

Waste gas
H,0 emission
NaOH
NaHSO,
Flue-gas from
thermal oxidation:
(after steam creation)
HClI, Cl,,
CO, N,, O,, H,0
H,0 - -
300 °C =1
2
. > B
Aqueous HCI g =
= S
2 el
o o
Gas phase = S
| |

WWTP

Cl, stripper

Aqueous
HCI 30 %
for sale

Figure 4.42: HCI recovery from flue-gas

Achieved environmental benefits

*  99.95 % recovery of HCI from the exhaust gas stream

e saving of NaOH for neutralisation

e through the thermal oxidation step, the recovered HCI is pure enough for sale

* the benefits from HCI recovery favour the installation of the thermal oxidiser with high
VOC destruction performance

» theachieved emission values are given in Table 4.38.

Paramenter Units [15,2%88]pke,
org.C| mg/m® <3.1-9.0
co| mgm? <5
HCl | mg/m? <24-44
cl, | mgm? <0.1
SOy | mg/m? <0.6
NOx | mg/m? <0.012
Particulates | mg/m° 1.2-38
Dioxins | ng/m? 0.083-0.09

Table 4.38: Achieved waste gas emission levels after recovery of HCI
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Table 4.39: Achieved waste water output levels from the final absor ption stage

Cross-media effects

Parameter Units [15'2}688]%9'
Volume | m¥d 111
NaOH | mg/l 4226
sbsonces| ™! 19
DOC | myll 17
CoD | mgll 17
Cl| mgl 18500
SO, | mgll 11100
NH,-N | mg/l <0.2
NO,-N mg/| <0.2
NOs-N mg/| 1.2
P total mg/l 0.4
AOX | mg/l <0.5
Methanol mg/I <0.3
Acetone | mg/l <0.1
CCly | nol <0.3
o-dichloro benzene | g/l <2.3
o-chlorotoluene | g/l <11
p-chloro toluene | g/l <12
toluene | ugll <1
o-xylene | pg/l <1.1
p-xylene | o/l <1.8

No cross-media effects in comparison with conventional absorption.

Operational data

Input to quench Units [15,2%88]pke,
Volumeflow | m¥%h | About 3000
Oxygen 298
Nitrogen 2458
CO, 321
kg/h
HCl 710
Cl, 57
H,O 253

Table 4.40: Mass flow to the HCI recovery system
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Applicability
Applicable for al HCI rich exhaust gas streams, such as:

* halogenations

» sulphochlorinations

e phosgenations

* esterifications with acid chlorides
e or comparable processes.

Due to the azeotrope at 20.4 % HCI, the production of concentrated hydrochloric acid from a
gas stream with a low hydrogen chloride concentration requires a comparatively higher effort
because either the pressure must be increased, the temperature reduced, or both [62, D1
comments, 2004].

Examples

e *085B*: recovery of HCI from an exhaust gas stream from esterification with SOCI, [68,
Anonymous, 2004]

e *069B*: recovery of HCl from an exhaust gas stream from chlorination with SOCI,, the
recovered HCl isre-used on-site

Economics

e presumed that the exhaust gas would have been treated anyway, only the cost benefit from
sale of the recovered HCI is taken into account (see Table 4.41)
» saving of NaOH for neutralisation.

Operating hours per year 6000
Recovered HCI (30 %), kg per hour 2279
Price per kg HCI (30 %) EUR 0.05
(DEM 0.1)

Cost benefit per year EUR 699000
(DEM 1368000)

Table4.41: Cost benefitsfrom HCI recovery

Driving force for implementation

Cost benefits.

Referencesto literature and example plants

[15, K6ppke, 2000] *085B*
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4.3.5.3 Scrubbing of HCI from exhaust gases and related emission levels
Description

Figure 4.43 and Figure 4.44 show HCI emission values (concentrations and mass flows) from
point sources (vertical bars represent maximum and minimum values). The presented data are
taken from Table 3.2 and Table 3.1. The obtained data show the following characteristics:

* emissions viaone or more scrubbers with different scrubbing media (e.g. H,O, NaOH)

13 of 21 references report emission concentrations for HCI of 1 mg/m® or lower

» chemica processes (especially chlorination) may cause higher concentrations, but can be
operated with low mass flows.

10 u
8 4
A from chlorination
m’\é 6 & replaced by TO with flue-gas treatment
(2]
S W Other
o
= 4 |
2 .
g @ H ®E B
olm. ¢ m m m ® =& 7
Point sources
Figure 4.43: Concentration valuesfor HCI emissions from point sour ces
0.5
|

0.4 A From chlorination
¢ replaced by TO with flue-gas treatment
0.3 Il Other

HCI kg/hour

0.2

0.1

0——.—¢—.—¢—0—¢—‘—4—I—¢—I—4—I—4—-—4—I—4—.—¢—.s.s‘s

Point sources

Figure 4.44: Mass flow valuesfor HCI emissions from point sour ces

Achieved environmental benefits

Removal of HCI from exhaust gases, and lower emission levels.

Cross-media effects

Water and chemical consumption.
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Operational data

No information provided.

Applicability

Generally applicable. Scrubbers are standard equipment.

Economics

No information provided.

Driving forcefor implementation

HCI emission levels.

Referencesto literature and example plants

All reference plants apply scrubbing.
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4.3.5.4 Recovery of bromine and HBr from exhaust gases
Description

Bromination processes generate a number of gaseous effluent streams containing hydrogen
bromide and bromine, which are scrubbed prior to emission to the air. In addition, bromine rich
air streams are displaced during the filling of bromine storage and day tanks, and during the
depressurisation of the storage and isotank delivery vessels which are discharged by a moderate
dry compressed air overpressure. The plant areas within the process building are provided with
both general and local extraction ventilation. The possibility of leakage into those areas of
bromine species requires the extract air to be scrubbed prior to discharge to the air.

A linked series of scrubbing systems are in place to recover/remove hydrogen bromide, bromine
and possible traces of volatile brominated and other organic compounds from the process vents
and extract ventilation streams of the bromination plant. Figure 4.45 illustrates the setup on the
*0071* site.

The final hydrobromic acid solution concentration of 46 % w/w HBr is chosen together with the
combined capacity of the duty and standby base tanks, to allow absorption of all hydrogen
bromide produced during a minimum of one reactor batch.

Waste gas

Discharges from Br,
storage and other
operations

Other

Br, solution for
work-up/re-use

HBr discharges
from several
reaction stages

HBr for work-up/re-use

Figure 4.45:; Scrubbing system for recovery/removal of HBr and Br,
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Achieved environmental benefits

Recovery of valuable material for re-use/sale instead of emission to air or water.

Table 4.42 shows the emissions to air for the example from *0071*.

After main scrubber
*0071* (annual mean for 2002)
mg/m® kg/hour
Br, 1.6 0.007
HBr below detection limit
Organic 20.0 0.1
bromides

Table 4.42: Emissionsfrom a HBr/Br, recovery/removal system

Cross-media effects

No cross-media effects in comparison with conventional absorption.

Operational data

For mass flows to the scrubbers, see Table 4.30.

Applicability

» applicable for al HBr rich exhaust gas streams (in the given example, 11350 kg HBr and

750 kg Br, per batch)

e HBr obtained from a scrubber may also contain an organic load which may need

purification before re-use/sale.

Economics

e presumed that the exhaust gas would have been treated anyway: cost benefit from

re-use/sale of the recovered HBr
» saving of NaOH for neutralisation.

Driving forcefor implementation

Cost benefits.

Referencesto literature and example plants

[75, Trenbirth, 2003], *0071*

Organic Fine Chemicals

235



Chapter 4

4.3.5.5 Absorption of excess chlorine from exhaust gases
Description
Chlorine loads in the exhaust gases from chlorinations can be absorbed by reaction with the

organic feedstock in the presence of UV light (see Figure 4.46). The partially halogenated
organic feed is stored for the next batch or fed to the continuous process.

Waste gas for
further treatment

13gJosqe auliojyd

Chlorine == Chrlgggta:)trlon

Figure 4.46: Absor ption of excess chlorine

Achieved environmental benefits

» absorption and re-use of about 80 % of the chlorine load from strong streams
» relief of downstream techniques.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Applicable for the halogenation of aliphatic compounds.
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Economics

No information provided.

Driving forcefor implementation

Effective use of chlorine, and relief of downstream techniques.

Referencesto literature and example plants

[15, K6ppke, 2000]
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4356 Condensation of VOCs from reactors and distillations
Description

The condensation of VOCs from reactors or distillations is carried out by indirect cooling of
highly loaded exhaust gases before downstream exhaust gas treatment, followed by separation
of the gas and liquid phase. Depending on the situation (e.g. reflux process or required
temperature profile of the digtillation column), the condensate is subsequently fed back to the
process or stored for re-use. Figure 4.47 gives an overview. The number of cooling steps and the
applied temperature(s) depend on the particular solvent.

Waste gas to
further treatment

|ui= ]

|
l =

Condenser

Condenser

:
T
eact Condensate
for re-use

Figure 4.47: Two stage condensation from a reactor

Achieved environmental benefits

* reduction and recycling of the VOC load at source before mixing with other exhaust gas
streams

» performance: 70 — 95 % (depending on the particular case)
* reduced downstream abatement capacity required.
Cross-media effects

Shift of pollutants from the waste gas path to the liquid phase.
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Operational data
» usually indirect cooling with ice or different brine types, or using oil as a medium
* required temperatures:

[15, K6ppke, 2000]: solvents such as toluene or i-butanol mostly below -50 °C

[68, Anonymous, 2004]: for toluene two steps a) chilled water 5 °C, b) brine -25 °C

[9, Chrigt, 1999]: for toluene @) 25 °C, b) 5 °C followed by activated carbon adsorption.
Applicability
Applicable for al normal solvents.
Restrictions may occur in high humidity environments due to geographical location or with
exhaust gases containing moisture, especialy in the case of cryogenic condensation [62, D1
comments, 2004], [99, D2 comments, 2005].

Economics

e usualy low capita costs
e usually low operating costs.

Capital/operating costs may be high, depending on the volatility of the solvent and the cooling
medium required.
Driving force for implementation

Temperature adjustment, to save downstream abatement capacity, and ELVs (VOC Directive).

Referencesto literature and example plants

[15, Koppke, 2000], *002A*, *003F*, *00BA,I*, *O17A,1*, *O18A,I*, *019A,1*, *020A,I*,
*022F*, *023A,1*, 037A |
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4.3.5.7 Thermal oxidation of VOCs and co-incineration of liquid waste
Description

The multipurpose production of organic chemicas requires both flexibility concerning the
applied processes and the safe control of waste streams. The waste gas abatement system has to
cope with hydrocarbons and compounds containing nitrogen, chlorine, bromine or sulphur
including frequent changes of loadings. One possible solution is to apply the thermal oxidation
of waste gases in combination with the incineration of liquid waste streams. The thermal
oxidiser/incinerator is able to handle:

» peak VOC gases

e peak organic liquid waste
» peak low caorific values
* natural gas as support fuel.

It is able to handle all these inputs simultaneously. Setting an appropriate combustion
temperature and dwell time alows the input of halogenated compounds. VOC lean, odorous
streams, e.g. from the on-site waste water treatment plant, serve as combustion air. A modular
plant setup is shown in Figure 4.48 [34, Schwarting, 2001].

(1) waste gas collection system with shock fans, static flame filters and dynamic flame barriers
(2) combustion unit with DeNOy function and waste heat boiler for steam production

(3) storage tanks for NH; (DeNOy), scrubbing media (NaOH, NaS,05)

(4) acid gas and halogen removal system

(5) plume suppression system

Figure 4.48: Modular thermal treatment plant for waste gases and liquid wastes
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Achieved environmental benefits

e VOC destruction efficiencies of up to 99.99 %. The achievable emission levels are shown in
Table 4.43.

. *019A,1*
Parameter Unit 34, S;:g(\;vl?rtlng, Nitrogenoussolvent | . . :
loading test Dioxin sampling
org. C mg/m° <1 0.6 0.8
co mg/m° <1 17 19
HCI/Cl, mg/m® <5 0.37 0.51
HBr/Br, mg/m° <5
SOy mg/m° <20 0.08 0.09
NOy mg/m® <80 25 26
NH; mg/m° 0.71 0.77
g?i'\clggcy % up to 97 96.08
Dioxins ng/m® <0.05 <0.001
Guaranteed values Test sampling

Table 4.43: Achievable emission levelsfor thermal waste gastreatment

» reduction of primary energy consumption in the case of a high calorific input

» disposa option for non-recoverable liquid wastes and low calorific value agueous streams
which are unsuitable for biological waste water treatment

*  NO emission peaks.

For more information, see adso Table 3.1, Table 3.2 and Sections 4.3.5.18 and 4.3.5.19.

Cross-media effects

* no shift of organic loadings to the waste water pathway
» higher energy consumption when the calorific input islow
» TDSlevelsand solid residues from incineration have to be considered.

with co-incineration of liquid wastes:

» relief of the biological WWTP of toxic/low degradable loadings
» on-sitedisposal avoids the need to transport of hazardous wastes
e substitution of primary energy.

Operational data

» about 500 kg/hour liquid wastes

*  DeNOy unit: 950 — 1000 °C (SNCR) or SCR.
Applicability

Thermal oxidation is a proven method for destroying VOCs and especially hazardous air
pollutants, operating at the highest efficiencies and suitable for almost all VOC sources,
including process vents, storage tanks, material transfer operations, treatment, storage and
disposa facilities. Table 4.44 gives an overview to the limits/restrictions.
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Depending on the individua situation, additional options may be realised:

e two-stage burner for exhaust gases with low oxygen concentration containing nitrogenous
compounds [99, D2 comments, 2005]

e particulate removal, e.g. awet electrostatic precipitator “WESP’, * 020A,1*

e HCI or HBr recovery (see also Sections 4.3.5.3 and 4.3.5.4)

» systems with an inert header and an automatic interlock to the oxidiser unit can be operated
upto509% LEL.

Limitgrestrictions
Typical gas flows 90 — 86000 m*h
Temperature 750 —-1200 °C
VOC concentration in exhaust gases <25 % LEL
Dwell times 0.5 —2 seconds
Reference [31, European

Commission, 2003]

Table 4.44: Overview to limitsand restrictions of ther mal exhaust gastreatment

Example from *093A,I*:

e insensitiveto variations of pollutants
* low support fuel consumption, autothermal above 2 g/m® organic C
e low operating costs.

Restrictions:

Exhaust gases like hydrogenation vents; streams containing elevated concentrations of silanes;
ethylene oxide sterilisation vents; etc should not be connected to a thermal oxidiser unit, due to
safety concerns or the potential negative effect on the functionality of the process equipment
[99, D2 comments, 2005].

Economics

The economic balance depends on the individual case. Table 4.45 gives an overview.
Incineration of liquid wastes (unrecoverable solvents) and the simultaneous generation of
process steam (substitution of primary energy) can lead to a quick return on investments [34,
Schwarting, 2001]. HCI or HBr, if recovered after combustion, are not contaminated with
organic compounds and can be directly marketed.

Economic cost Economic benefit
Investment | Capital cost

Steam generation

Saved disposal costs

Waste water treatment costs
HX recovery

Operation | Support fuel

Table 4.45: Overview to economic costs and benefits of ther mal waste gas treatment
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Spent solvents are burned in an incinerator to prevent transportion to waste disposal and to
prevent unnecessary consumption of natural gas. Natural gasis, in this case, only used to bring
the incinerator to the required temperature. The capacity for the burning of spent solvents is
based on the fact that the LEL for VOC concentration should not be exceeded. A calculation is
carried out according to Table 4.46 [62, D1 comments, 2004].

On the *038F* sdite, the incinerator is designed to burn about 300 kg spent solvents’hour
(combustion factor = 40 MJ/kg). This saves 400 m® natural gas’hour. In a year, 2500 tonnes
spent solvents are burned in the incinerator, which saves in total 3300000 m® natural gas/year.
Using EUR 0.134/m® as the price of natural gas, savings are above EUR 440000/year. Burning
spent solvent involves lower operational costs and, therefore, alows payback on the investment
pledged. Theincinerator also produces 50 % of the steam needed on the site.

Capacity for spent solvent burning 60 litre/hour
Combustion factor for spent solvents 45 MJ/kg
Density of spent solvents burned 0.8 kg/litre
Combustion factor for natural gas 31 MIm®
Price of natural gas EUR 0.134/m®
Saved natural gas 69 m*/hour

Cost savings using solvent as the fuel EUR 9.25/hour

Table 4.46: Calculation of cost savings from the substitution of natural gas

The price of natural gasis based on statistics. The value chosen is that of the first three months of
2004, from users with a yearly turnover of 25000000 m*/year and an activity of at least 8000
hour slyear

Driving forcefor implementation

Legidlation, and return on investments.

Referencesto literature and example plants

*(019A ,I*, *037A,1*, *039F* [34, Schwarting, 2001], [62, D1 comments, 2004]
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4.35.8 Co-incineration of halogenated waste solvents
Description

Co-incineration of halogenated waste solvents together with exhaust gases from production
processes requires sufficient temperature, residence times and turbulence in the combustion
chamber in order to ensure low emission levels of dioxing/furans. Hence, combustion
temperatures of >1100°C and residence times of >2 seconds are generaly applied.
Additionally, the emission levels are influenced by controlling the temperature profile
(prevention of de novo formation) and by the subsegquent flue-gas treatment. Table 4.47 shows
the example from *008A,I*, where trials were carried out in order to demonstrate that the
incinerator can also be operated at lower temperatures and residence times without a significant
increase in emission levels. As a result, the incinerator is operated with a combustion
temperature of >850 °C and a residence time of >1 second.

*008A,1*

«  quench (30 m¥hour H,0)

Flue-gas treatment «  scrubber (pH 7 — 8 and 30 m¥/hour)

« SCR(280°C)

* 500 kg/hour

*  mixture of isopropanol, methanol, methylene chloride
Waste solvent input e densty of 0.81 —0.85 kg/litre

¢ H,O content 1 —13 % w/w

e Cl content 4.2 — 5.6 % w/w

Temperature control 50 °C

Trial 1 Trial 2
Sampling time 3x 6 hours 3 x 6 hours
Combustion temperature >1200 °C >850 °C
Residence time >2 seconds >1 second
Volume flow (dry) 6500 Nm*/hour 9600 Nm*/hour
Natural gas consumption 46 — 61 m*/hour 75— 79 m*hour
PCDD/F (I-TEQ)* 0.0019 ng/m* 0.0008 ng/m®
PCB (sum)* 0.006 pg/m® 0.007 pg/m®
PAH (sum)* 0.078 pg/m® 0.023 pg/m®

! the levelsrelate to Nm?, dry gas and 11 vol-% O,

Taking into account the accuracy of the analytical methods and the
detection limits for each parameter, the resulting emission levels for
PCDD/F, PCB and PAH do not differ significantly under the given
trial conditions

Result

Table 4.47: Example for the assessment of PCDD/F, PCB and PAH levels from an incinerator
operated at different temperatureswith different residence times
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Achieved environmental benefits

» lower support fud consumption

* |ess maintenance, lower rate of wear.
Cross-media effects

No issues.

Operational data

Seetable Table 4.47.

Applicability

Assessment of each individual case is necessary.

Economics

Cost savings from lower support fuel consumption, lower maintenance and lower rate of wear.

Driving forcefor implementation

See Economics and Achieved environmental benefits.

Referencesto literature and example plants

*008A,1*
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4.3.5.9 Stripping and thermal oxidation of methanol
Description

The recovery and purification of methanol from waste water streams (e.g. from alkylations) and
its subsequent re-use is often not economically viable because of the formation of azeotropes
with other organic contaminants. In most cases, the purchase of fresh methanol is simply much
cheaper. However, highly methanol-loaded waste water streams may be well biodegradable but
may also strain the capacity of existing WWTPs. Alternatively, methanol and other low
molecular compounds can be stripped off with steam and can then be treated together with
process exhaust gases by thermal oxidation. The calorific input from the stripper enables auto-
thermal operation of the thermal oxidiser. Figure 4.49 gives an overview.

Exhaust gas
from process

Waste water
from process

‘ Waste gas
uffe f
‘ H,O

—— Steam
generation

Therm
oxidis

Heat-exchanger

Support
fuel

WWTP

Figure 4.49: Stripping and ther mal oxidation of methanol from waste water streams

Achieved environmental benefits

» effective abatement for both waste water and waste gas
» high energy efficiency when in autothermal operation
o thermal oxidiser may also treat waste gas streams from other sources.
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Cross-media effects
» partia shift from waste water to waste gas

» support fuel necessary for start-up and shut down
e steam injection increases the waste water volume.

Operational data

[15, K6ppke, 2000]
_ Volume flow | 20 m¥hour

‘;‘i‘i"‘;peer""ater streaminputtothe  Feny About 20000 mg/litre

BODs About 14000 mg/litre
e g rom he roces
Waste water to the WWTP COD 3500 mg/litre
Steam consumption 3 tonnes/hour . -

(75 % generated in the thermal oxidiser)

Table 4.48: Operational data for stripping and thermal oxidation

Applicability

Generally applicable in cases with high organic loads which are strippable.

Economics
. Costs per year "
[15, K6ppke, 2000] Conditions
(2000)
COD to stripper: 20000 mg/l
Operating | Stripping and EUR 1760000} 0 o wwTe 3500 mg/!
costs thermal oxidation | (DEM 3450000) '
Condensate: 10-30 % H,O
Operating costs include energy, staff and capital costs

Table 4.49: Operating costsfor the combination of stripping and ther mal oxidation

e input COD loads <14500 mg/l alter the economic situation and favour a single treatment in

abiological WWTP

e stripping to lower concentrations (COD <3500 mg/l) leads to increasingly higher costs

* H,O contents >30 % in the condensate alter the process to non-auto-thermal and require

support fuel
¢ H,0 contents <10 % are ineffective because of the high energy requirements.

Driving forcefor implementation

Cost effective abatement technique, and ELVs.

Referencesto literature and example plants

[15, Kppke, 2000], *020A, I*
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4.3.5.10 Strategy for prevention and abatement of VOC emissions
Description

Exigting installations can reduce their total VOC emissions to <5 % of the solvent input by
following a combined strategy which involves:

a) step-by-step implementation of integrated measures to prevent/reduce diffuse/fugitive
emissions and to minimise the mass flow that requires abatement

b) applying high level recovery/abatement techniques, such as thermal/catalytic oxidation or
activated carbon adsorption

c) applying specific recovery/abatement techniques at source on smaller sites with dedicated
equipment, and by utilising only one or two different bulk solvents.

Achieved environmental benefits

Prevention and reduction of VOC emissions.

Cross-media effects

None believed likely.

Operational data

No information provided.

Applicability

Generally applicable.

Economics

Additional costs for equipment modification and of abatement techniques.

Driving forcefor implementation

A maintenance programme, and ELVs.

Referencesto literature and example plants

*017A,1*%, *018A,1*, *019A,1*, *020A,1*, *023A,1*, *027A,1*, *028A,1*, *029A,1*, *030A,I*,
*031A,1*, *032A,1*
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4.3.5.11 Recovery and abatement of acetylene
Description

Processes involving bulk amounts of highly volatile (and hazardous) compounds such as
acetylene represent an extraordinary challenge concerning the treatment of waste streams. In the
given example, acetylene is used as the reactant and is present in several exhaust gas streams
from different process steps together with ethylene (a by-product from the preparation of Li —C
= C—H) and NHj; (one of the solvents).

Before process optimisation, the acetylene balance was as follows:

e consumption in the reaction 30 %
* lossasethylene 20 %
e lossas acetylene 50 %.

After optimisation, most of the acetylene loss is recovered and recycled to the reaction
according to the principle given in Figure 4.50. Liquid NH; is used to absorb acetylene from
exhaust gases and recycled after desorption back to the reaction cycle. The remaining NHs is
adsorbed in another stage in water and the remaining organic load (mainly ethylene) is used as
the energy source for on-site steam generation. An NHz/H,O mixture (about 15 % NHy) is
obtained and re-used in the process after rectification. The resulting water fraction is treated in
the biological WWTP.

Natural gas > Energy recovery
injection in boiler plant

Acetylene
» ty!

re-use in process

Exhaust gases
from processes:

acetylene
ethylen_e biological
ammonia WWTP

g =
e ACETylENE J/acetyle
desorption buffer

Figure 4.50: Acetylenerecovery system
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Since a wide part of the recovery system is operated below the boiling point of ammonia
(-33 °C) acoaling system for very low temperatures is inevitable. The cooling medium used is
identical to the reaction solvent (in this case, ammonia). Thus, not only can cooling be carried
out without using chlorofluorohydrocarbons, but also any accidental mixing of the cooling
ammonia with the ammonia of the process will not lead to problems, since it is identical with
the solvent used. The pressure difference guarantees that, in case of a leak, the only possible
flow will be of coolant into the reaction solution. Also, the strong smell of ammonia facilitates
leak detection, so that amounts of coolant lost by leakage are very small.

The refrigeration process uses compressors and an expander system. The proximity of the
refrigeration machinery enables the compressed hot ammonia to be used as a source of heat.
Thus, the acetylene desorption column used to drive off dissolved acetylene is heated by waste
heat from the refrigeration machines. Only the excess heat is removed by a cooling tower, and
this requires a minimum amount of cooling water.

Achieved environmental benefits

* lessammonia consumed (-75 %)
* lessacetylene consumed (-50 %).

Cross-media effects

e energy consumption for the recovery system
» waste water stream from NHs rectification.

Operational data

No information provided.

Applicability
Each case has to be assessed individually.

In the example, the new process is mor e complex than the original “ straight-through” process.
The effects are beneficial for both the ecology and the economy. The performance of new
installations is optimised by ensuring that individual process steps harmonise with each other.
This applies, not only within the identical batch plants used for the different stages, but also to
energy utilisation in the boiler plant. Operators of these plants are required to have an increased
level of understanding, and therefore, need improved training and education.

The idea of burning the high energy exhaust gases acetylene and ethylene in a process to
produce steam is certainly attractive. However, serious safety problems must be solved before
such a process can be considered. In this example, particular attention must be paid to the safety
aspects of acetylene, which is explosive over a wide range of concentrations in air (lower
flammability limit 2.3 vol-%, upper flammability limit 82 vol-%), and which can decompose at
amoderately elevated pressure even in the absence of oxygen, generating large amounts of heat
and high pressure. Investigations have shown that self-decomposition can be suppressed by
diluting the acetylene with natural gas, even when the gas mixture is ignited. Since, in this
example, the boiler plant runs on natural gas, this principle has been used for the combustion of
the exhaust gas. Exhaust gases from the production plant are diluted to 40 % by injection of a
stream of natural gas after they have passed through the absorber; they are then compressed to
the pressure required by the boiler plant. Moreover, the production plant itself is separated from
the combustion plant by a system of flame arrestors.
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Economics

Economic benefits from recovery.

Driving forcefor implementation

Higher efficiencies, cost benefits, and environmental benefits.

Referencesto literature and example plants

[9, Christ, 1999], *014V ,I*
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4.3.5.12 Catalytic oxidation of 1,2-dichloroethane
Description

On the *069B* site, a batch/campaign process involves 1,2-dichloroethane as a reaction partner
and a solvent. Exhaust gases arise from the reactor, the liquid-liquid phase separation and
especialy from a distillation stage, and contain 1,2-dichloroethane which is classified with risk
phrase R45: may cause cancer.

Therefore, catalytic oxidation as a high level treatment technique was chosen in order to abate
the 1,2-dichloroethane emission to a low level. Figure 4.51 illustrates the example from
*069B*. The catalytic oxidiser is placed in a container on the roof of the production building
and works autothermally after start-up. The catalytic oxidiser is included in the plant operating
system and does not require additional staff.

Emission to air

Catalytic
oxidation

Condenser

Reactor
Phase separation

Distillation Waste

water

1,2-dichloroethane for re-use

Figure 4.51: Catalytic oxidation of an exhaust gas containing 1,2-dichloroethane

Achieved environmental benefits

Table 4.50 gives the achieved emission levels for the *069B* example.

Emission level
Pollutant mg/m® | g/hour
1,2-dichloroethane not confirmed!

Table 4.50: Achieved emission level for 1,2-dichloroethane

Cross-media effects

None believed likely.
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Operational data

+  volume flow: about 400 m*hour
» autothermal operation after operation temperature is reached.

Applicability

Widely applicable. Other examples are:

e *(042A,1*: Catalytic oxidation

e *043A,1*: Catalytic oxidation of vinyl chloride (R45: may cause cancer)
e *043A,1*: Cataytic oxidation of mercaptans

e *(055A,1*: Catalytic oxidation (production building 1, autothermal)

e *(055A,1*: Catalytic oxidation (production building 2, autothermal).

Economics

Overall investment costs (*069B*, 2004): EUR 1500000

Driving forcefor implementation

Hazardous pollutant.

Referencesto literature and example plants

[91, Serr, 2004], *069B*, *042A ,I*, *043A,1*, *055A,1*
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4.3.5.13 Coupled concentration and catalytic oxidation of VOCs
Description

High volume flows of exhaust air with low/variable VOC concentrations can be treated with a
technique that concentrates the VOCs prior to catalytic oxidation (or condensation).

Figure 4.52 illustrates the technique: The exhaust gas is led through the adsorber (either a
continuously rotating honeycomb structure or a series of packed beds), which can retain the
VOCs in the temperature range of 10 to 120 °C. Around 80 to 95 % of the adsorbents are being
charged at any one time. The remaining approx. 5 to 20 % of the adsorbents are being heated by
hot air to desorb the previously adsorbed compounds, resulting in a gas stream with a high VOC
concentration. The gas stream is then led through a catalyst, where the VOCs are oxidised (or
alternatively the concentrated VVOCs can be recovered by condensation). The air is heated when
it passes through the catalyst (due to the oxidation of the VOCSs); this heat can be recovered by
heat-exchange and used in the heating of the gas stream.

In many applications, the catalyst can be integrated into the adsorber (cataytic coating) so that
adsorbed VOCs are oxidised as soon as they are desorbed.

Emission
; to air
Adsorption N
Exhaust gas
22500 m3/h
250 mg C/m3
Fresh air
Heat'——J 1500 m¥h
Desorption exchange
e.g:
1500 m3/h
3.7gCim3
) /Gotonal
Heat —1— \heater / Catalyst
exchange

Figure 4.52: Coupled concentration and catalytic oxidation of VOCs

Achieved environmental benefits

* removal of VOCsfrom exhaust gas streams

* low energy consumption (5 to 30 times lower than the consumption related to thermal
oxidation, recuperative thermal oxidation or catalytic oxidation). Often continuous
operation is possible without support fuel

* no need for pre- or stand-by heating at night time/weekends

» low pressure loss, hence less energy for ventilation required.

Cross-media effects

None believed likely.
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Operational data

»  VOC concentrations from 10 to 1000 mg/m®

» exhaust gastemperatures of up to 120 °C are acceptable

» adsorbent non-flammable and thermally stable up to 500 °C
* low pressureloss

»  low space requirements for the equipment.

Applicability

Applicable to exhaust gas flows with changing/variable VOC concentrations, since batch wise
concentration peaks are automatically levelled out by the adsorber. Suitable for a wide range of
solvents, eg. toluene, xylene, MIBK, MEK, styrene, and glycol, in concentrations
from 10 to approx. 1000 mg/m>. The adsorber functions up to the exhaust gas temperature of
around 120 °C.

Economics

* low operating costs due to low heating requirements

* intensified use of abatement equipment, hence optimised (smaller) layout.
Driving forcesfor implementation

See Economics.

Referencesto literature and example plants

[95, Up-To-Date Umwelttechnik AG, 2005, 96, Up-To-Date Umwelttechnik AG, 2005],
*104X*, *105X*
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4.3.5.14 Non-thermal exhaust gas treatments

Condensation

Cryogenic condensation

Wet-scrubbing

Adsor ption

Biofiltration

[62, D1 comments, 2004]

5 Elimination of solvent vapours | Elimination of solvent vapours | Masstransfer (absorption) between | Mass transfer between a Degradation in afilter bed by
= (VOCs) from gas streams by (VOCs) from gas streams by asoluble gas and asolvent in adsorbable gas and a solid micro-organisms
E reducing temperature below the | reducing temperature below the | contact with each other surface
a dew point dew point
= « material recovery possible | < material recovery possible | «  material recovery possible,
£ » reduction of massflowto |+ performance up to 99 % depending on pollutants
= downstream abatement VOC reduction (depending | « performance up to 99 % »  performance depends on
5 n on theindividual case) reduction for inorganic the adsorption
22 . S »  performance depends on
S5 compounds and highly water characteristic of the the biodearadability of
o5 soluble VOCs (e.g. alcohols) individual compound, up the arti(e;?llar vV OCy
B° +  the achievable value for HCl is to 95 % reduction for P
8 <1 mg/m®, and 2 — 5 mg/m® VOCs
§ for phosphorus chlorides

Operational
data

Condensation temperatures:

Condensation temperatures:

e downto?2°Cwithice
e downto-60 °C with
different brine types

down to -120 °C with
cryogenic types (liquid
nitrogen)

Usual scrubber media:

e water
e acid
 adkaine

»  polyethylene glycol ethers
(PEG) for non-polar VOCs

Usually two bed setup with
interchange and regeneration
of the off-line bed with steam,
monitoring for breakthrough

Cross-media effects

e energy demand

high energy demand
obtained solvents have to
be recovered/disposed of

e shift of pollutant loadings to
the waste water pathway with
aqueous scrubbing media

e shift of pollutant loadings
to the waste water
pathway if regenerationis
carried out with steam,
additional
treatment/disposal may be
necessary

e down-cycled activated
carbon has to be disposed
of
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Condensation

Cryogenic condensation

Wet-scrubbing

Adsor ption

Biofiltration

Ice or brine type condensers are
standard equipment directly

widely applicable for
inorganic compounds

proven technology with
dry single component air

- B .
= attached to VOC sources, E:ﬁlt(r)lgée:l%;/ohlocavsflowrat% restricted applicability for streams » odour control
o normally with feedback to the o . . polar VOCs restricted applicability » control of readily
3 — restrictions associated with . . . .
= source. water in the gas stream not applicable for non-polar or with multipurpose degradable organic
2- 9 halogenated VOCs operation (moisture, streams
Additional downstream PEG is applied for non-polar higher molecular weight
treatment may be required VOCs compounds)
8
= »  low capital costs
§ e low operating costs
L
8
S *  material recovery * materia recovery, fina . final treatment of exhaust .
2 » relief of downstream treatment of exhaust gas ;?:Iaézgatga?gl ;f f;(cr;?/uesrt gas gas streams, material f|;15al Sttrree:;nn;ent of exhaust
= abatement streams ' y recovery 9
a
8
(&)
8 . . .
g [31, European Commission, 2003, 36, Moretti, 2002], [63, Short, 2004], *020A I *
4
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4.3.5.15 Induction of non-thermal plasma and catalytic oxidation of VOCs
Description

The technique consists of two stages. First the pollutant molecules are excited by a strong
electrical alternating field of several thousand volts inside an excitation chamber. The excited
state of the gas molecules theoretically corresponds to a heating of severa thousand degrees
Celsius, without an actual, significant change in the gas temperature (so-called non-thermal
plasma). At the second stage, the gas is led through a contact catalyst, where the excited
molecules are completely oxidised. Both stages are operated at room temperature or at the
actual temperature of the exhaust gas.

Achieved environmental benefits

* removal of VOCsfrom exhaust gas streams
» high energy efficiency, since no heat energy has to be added/removed
» efficient odour removal.

Cross-media effects

None believed likely.

Operational data

«  volumetric flows from 20 m*hour up to several hundred thousand m® per hour

e operated at room temperature or at the actual temperature of the exhaust gas

« energy consumption for excitation purposes 0.5 — 3 watt hours per m® of treated exhaust
gas; precise energy consumption depends on the pollutant and the concentration.

Applicability

The main applications are for the elimination of odour and smoke, cleaning of supply air,
sterilisation and elimination of solvent loads efficiently up to about 100 mg/m®. This technique
is not sengitive to variations in concentration or changes in the composition of the exhaust gas.

Example from *015D,1,0,B*: elimination of odour from the ventilation of a biological WWTP.

Economics

e economic especialy for small to average concentrations
* low expenditure on maintenance
» low operating costs due to low energy consumption.

Driving forcesfor implementation

See Economics.

Referencesto literature and example plants

*015D,1,0,B*, [97, Up-To-Date Umwelttechnik AG, 2005], [98, Up-To-Date Umwelttechnik
AG, 2005]
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4.3.5.16 Minimising emission concentration peaks

Description

A characteristic aspect of batch processes is the variation of pollutant load and volume flow in
exhaust gases. Such variations represent a challenge for the operation of recovery or abatement
techniques and result frequently in undesirable emission concentrations peaks. Peak
concentrations potentially have a higher environmental impact.

Such effects can be minimised by the application of adsorption smoothing filters as shown in
Figure 4.53.

Waste gas

L Smoothing filter 2:
* clay

Smoothing filter 1:
* zeolite

Modular exhaust gas treatment:
» scrubbing
* particulate filter
* cryogenic condenser

Exhaust gases
from processes

Figure 4.53: Smoothing of emission concentration peaks

Achieved environmental benefits

Minimisation of emission concentration peaks.

Cross-media effects

None believed likely.

Operational data
Example from *055A,I*:

» 1200 kg Zeocat PZ-2400

e 960 kg clay Alumina A

e temperature range -30 to 200 °C.
Applicability

Generally applicable to optimise the ratio between average and peak concentrations.
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Economics

No information provided.

Driving forcefor implementation

* minimisation of environmenta impact from peak emission concentrations

» compliance with concentration limits, safety considerations [99, D2 comments, 2005].
Referencesto literature and example plants

[91, Serr, 2004], *055A,,1*
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4.3.5.17 Management of a modular exhaust gas treatment setup
Description

In individual cases, the application of one main abatement system on a multipurpose site leads
to unsatisfactory situations. Examples are: low performance of a scrubber system in the case of
non-polar VOCs, or low energy efficiency of athermal oxidiser in the case of high support fue
consumption. The main cause is that the exhaust gas streams on a multipurpose site occur
neither continuoudy nor regularly and also vary in terms of pollutants, volume flow,
concentration, and loading.

A modular exhaust gas treatment setup can reflect the operational mode of a multipurpose plant
much better and a management system can ensure a high level of co-ordination between
production and operation of the abatement systems. This includes a continuous optimisation of
the system and the basic parameters. The basic recovery/abatement toolbox includes:

» scrubbing with water or, where appropriate, other media (e.g. NaOH, H,SO,, NaHSO,)
e condensers at appropriate temperatures
e activated carbon adsorption with an appropriate layout.

This optimisation also includes the equalisation of the input to recovery/abatement techniques
by avoiding the accumulation of flow or load peaks which enables a more intensified use of the
available recovery/abatement capacity.

The main components are to:

(1) identify and analyse the emission causing operations and their chronological sequence

(2) take measuresto reduce volume flows and loadings at source

(3) consider the remaining volume flows from relevant operations

(4) consider the physico-chemical properties of the pollutants (e.g. saturation concentrations,
adsorption characteristics)

(5) set an operational “emission limit level” (see Table 4.51)

(6) select one or acombination of suitable abatement modules including the operational options

(7) optimise this procedure for the possible production situations.

Some basic rules are applied to the selection of the abatement modules:

e inorganic compounds are treated by scrubbing

* thetreatment of polar organic compounds includes scrubbing

 at least one condenser stageis applied to al volume flows <50 m*hour

e activated carbon adsorption is the add-on, if the VOC emission mass flows would exceed
thevalues given in Table 4.51.

The continuous optimisation of the system requires regular monitoring.

Achieved environmental benefits

The modular setup provides a day by day individual recovery/abatement solution for the
individual production situation. In many cases, it is possible to avoid costs and energy
consumption for establishing thermal oxidation on site.

Additionally, the modular setup creates motivation to implement all possible process-integrated
measures to reduce volume flows and loadings at source.

* intensified use of abatement capacity, provoking process-integrated measures
« avoidance of inefficient standal one abatement solutions.
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The emission levels used for management and selection of recovery/abatement techniques
correspond with 100 % of the operationa “emission limit level” and are given in Table 4.51.
Experience shows that:

» themean emission level is approximately 40 % of the operationa “emission limit level”
e maximum emission peaks occur up to 200 % of the operationa “emission limit level”.

Parameter Operational mass flow
total organic C <0.25
M ethanol <0.25
Ethanol <0.25
2-propanol <0.25
Acetic acid <0.25
Ethylacetate <0.25
Toluene <0.25
1,1,1Ttr| chloroethane kg/hour <0.25
1,1-dichloroethane <0.25
Tetrachloroethylene <0.050
Methylenechloride <0.050
NOx asNO, <0.5
SOy as SO, <0.1
HCI <0.01
NH; <0.01
Particulates <0.1
Cl, <5
H,S <1
HBr <1
HCN <1
Benzene <1.25
1,2-dichloroethane <1.25
Trichloroethene <125
Bromoethane <125
Acrylnitrile <0.75
Ethylenoxide <0.75 Carcinogenic
Benzo(a)pyrene <0.075
Ni and its compounds ghhour | <075
As and its compounds <0.075
(without AsHy)

Cd and its compounds <0.075

AsH3 <1.25

Cyanides (easily <25

soluble)

Cu — compounds <25

Pb — compounds <1.25 Particul ates
Ni — compounds <1.25

Hg — compounds <0.125

TI — compounds <0.125

Table 4.51: Achievable emission valuesfor a modular abatement setup
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Cross-media ef