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Abstract

Waste minimisation, also known as pollution prevention, includes all activities to avoid,
eliminate or lessen waste generation and release of pollutants to the environment. It
encompasses not only safe onsite treatment practices but also addresses the root causes
of waste generation, which include inefficient use of raw materials, energy and process
solvents, and inefficient or inadequate recycling. The lack of emphasis on systematic
elimination, reduction and recycling of waste during the design stage has motivated us
to: (1) develop new tools for waste minimisation that can be integrated in a process
design and synthesis environment, and (2) create a design and synthesis methodology
that is conducive to opportunistic recycling between the reaction and separation sec-
tions. In this context, the main emphasis of this thesis is the development of a procedure
for synthesis of cleaﬁer and cost effective distillation sequences for azeotropic miztures.
This procedure is primarily based on reasoning over the geometric features of azeotropic
mixtures ternary diagram known as residue curve map (RCM). This thesis offers sig-
nificant contributions in two different but related areas. The major developments and

new insights associated with each area are:

1. Reaction-separation interactions.
A waste minimisation approach to process design that promotes opportunistic recycling
and includes a systematic technique for designing a recycle network in the context of

an overall process.

2. Azeotropic separation systems.
a. A novel geometric approach for synthesis of cleaner and cost effective distillation
sequences for homogeneous azeotropic mixtures with and without boundary crossing.

Important insights include:

e a geometric approach for synthesizing and screening the alternative separation
sequences which results in a catalogue pairing the RCMs of the ternary systems

with their most promising separation sequences.

e a novel procedure for entrainer minimisation for azeotropic distillation sequences.



e new evidences linking the type of separation sequence, the azeotropic column feed-
stage location and the volatility of an entrainer with the separability of homogen-
eous azeotropic mixtures. These findings conclusively explain the peculiar de-
pendencies of the separability of homogeneous azeotropic mixtures on the reflux

ratio and the number of stages.

b. A geometric approach for synthesis of cost effective distillation sequences for het-
erogeneous azeotropic mixtures which enables the graphical prediction of the absolute
minimum number of units, the region and the point of desirable entrainer flowrate,
the optimum decanter tie line position, and the distillate composition for the entrainer

recovery column.

c. Guidelines for exploiting feed composition flexibility to improve azeotropic separation

based on a novel geometric approach. Important insights include:

e the significance of the binary, ternary and desirable ternary feed compositions,

and a procedure to achieve the desirable ternary feed composition.

e the development of a selection catalogue for feed preconcentration based on a

novel geometric approach.

e the use of mixing and recycling for grassroot design and retrofit.

The achievement of minimum-waste designs often also results in cheaper azeotropic
distillation sequences as a consequence of reduced capacity and lower effluent treatment
costs. As the technique is primarily based on geometric reasoning and heuristics, these
results can be achieved at the expense of minimum computations, thus making the

approach particularly appropriate during the early stages of design.
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Chapter 1

Introduction

Efforts to improve the design and operation of chemical plants have intensified in the
recent years with increased pressure on process industries to reduce pollution. Until the
beginning of this decade, most chemical process industries (CPI) have relied on end-
of-pipe treatment to reduce their wastes. However, the focus has now shifted towards
waste minimisation. Waste minimisation, also known as pollution prevention, includes
all activities to avoid, eliminate or lessen waste generation and release of polutants
to the environment. It encompasses not only safe onsite treatment practices but also
addresses the root causes of wastes which include inefficient use of raw materials, energy

and process solvents, and ineflicient or inadequate recycling.

Waste minimisation can often provide waste reductions comparable to (and sometimes
greater than) those obtainable with end-of-pipe treatment. Even if waste minimisa-
tion cannot reduce wastes as much as end-of-pipe treatment, it can usually achieve
a significant portion of the benefit at a much lower cost, and then even if further
waste reductions are required, these can be achieved using conventional control with
the advantage that they are applied to a smaller waste stream (see Figure 1.1). Thus,

apart from helping the environment, waste minimisation can also yield numerous other

benefits from

e increased production efficiency and reduced capital and operating costs
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(b) PROCESS AFTER WASTE MINIMISATION

Figure 1.1: Waste minimisation can help achieve the dual benefit of lower efluent
treatment costs and lower raw material costs. Process (a) before and (b) after waste
minimisation ().

e decreased liability
e decreased regulatory burden
e improved public attitude towards company

e improved health and safety for employees

Total elimination of waste is the ultimate goal of cleaner process designs. Unfortunately
it is not always possible to eliminate waste completely. So, it is necessary to try to
reduce its generation by making changes in process operations. After reduction, the
remaining wastes can either be reused or treated in order to prevent or control their
release to the environment. Figure 1.2 shows the hierarchy of waste management
practices (3,4). Waste minimisation is concerned with the first, second and third level
of the hierarchy (4). The significance of each level of the hierarchy will be described in
detailed in Chapter 3 of this thesis.
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Level 1 -~ Source Elimination

Level 2 ~ Source Reduction

Level 3 - Recycling

Ayolid 1somo  Aloud 15ayb(y =——————t-

Level 4 - Treatment

y

Level 5 — Disposal

Figure 1.2: Hierarchy of waste management practices.

In line with the CPI progress on pollution prevention, and in the pursuit of cleaner pro-
cesses, the majority of researches have focused on the development of end-of-pipe waste
treatment technologies and on the use of environmental assessment as well as good
housekeeping techniques to reduce process wastes(®=9), corresponding to the fourth
and fifth levels of the hierarchy in Figure 1.2. Life cycle analysis (LCA) is a powerful
and widely used assessment technique which consists of three components: a compil-
ation of a waste inventory, an impact assessment, and an improvement analysis (10),
LCA can help designers assess the impacts of waste reduction options but they are time
consuming, costly and typically require large amounts of detailed data which are sel-
dom available during the early stages of design. Good housekeeping technigues involve
operational improvements or administrative changes that can often be implemented
relatively quickly but usually result in relatively smaller waste reductions as compared

to technological changes.

In general, it is better to avoid waste generation during the design stages than to
modify a process once it has been installed. To date, a number of proposals related
to waste minimisation during the design stage have been developed, with the majority

being focused on improving the raw materials effictency and minimising the selectivity
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losses in the reaction systems (refer to work by Glasser®D), Conti('?), Omtveit et
al.(13:14) 404 Flower et al.(19). Douglas extended his hierarchical design procedure
to accomodate pollution considerations during the design stage(18), Insights on the
pollution prevention measures are, however, being left for designers to explore. El-
Halwagi et ol. developed the Mass Exchange Network (MEN) procedure that enables
solvent usage in mass exchange operations to be minimised(*7-19)_ As far as improving
the environmental performance of existing plants through retrofit, it has been found
that many waste reduction measures proposed involve various forms of recycling(zo“za),
suggesting that recycling may well have received much less attention during the design
stage than other waste reduction options from the other levels of the waste minimisation

hierarchy of Figure 1.2.

Many designers regard stream recycling as a routine design exercise. It is easy to con-
fuse recycle optimisation with creative recycling. The former involves a search for the
best design parameter(s) for a given reactor-separator-recycle structure and is a rel-
atively well established concept as mentioned in the previous studies made on reactor
optimisation(1~18), The latter, which is concerned with finding alternative ways to
recycle has so far received very little attention during process design. The term op-
portunistic recycling will henceforth be used to reflect the creative aspect of recycling.
It essentially refers to recycle exploration and exploitation and may result in waste
elimination in addition to its traditional role of reducing the amount of waste being

released to the environment.

The lack of emphasis on recycle exploration during process design is one of the prime
reasons for its popularity during retrofit to minimise waste. Moreover, recycling in-
volves relatively minor modifications i.e. small capital investments, hence it is easier
to implement. Better opportunities and greater benefits for recycle exploration and
exploitation can be anticipated during grassroots design as compared to retrofit since

at an early stage, a process is not constrained to any particular design structure.

There are two motivations for this research:
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1. to develop new tools for waste minimisation that can be applied within a process

synthesis environment, and

2. to identify the issues for the creation of a synthesis environment that is conducive

to opportunistic recycling, in addition to source elimination and reduction.

Both elements have been missing from Douglas’ hierarchical design procedure(2%), In
this context, the main emphasis of this thesis is the development of a procedure for
synthesis of cleaner and cost effective distillation sequences for azeotropic mixtures.
These procedures are based on geometric reasoning (an analysis of the azeotropic mix-
ture thermodynamic properties that is built in the geometry of its ternary diagram
known as residue curve map (RCM)) and heuristics derived from process simulation.
The development of a process synthesis model that promotes opportunistic recycling,

discussed in Chapter 3 of this thesis, plays a relatively minor role in this research.

With the work on waste minimisation covering the reaction-separation interactions and
azeotropic separation systems, this thesis offers significant contributions in two different

but related areas. Many new insights accompany the following major developments:

1. Reaction-separation interactions.

e a process design procedure that promotes waste minimisation through op-

portunistic recycling.
2. Azeotropic separation systems.

e a geometric and heuristic approach for synthesis of cleaner and cost effective
distillation sequences for homogeneous azeotropic mixtures with and without
boundary crossing.

e a geometric approach for synthesis of cost effective distillation sequences for
heterogeneous azeotropic mixtures.

e guidelines for exploiting feed composition flexibility to improve separation
and to reduce waste in the separation of azeotropic mixtures, which are

applicable for grassroot design and retrofit.
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The dissertation begins with a review of the literature on waste minimisation in general
and an analysis of the work related to opportunistic recycling and waste minimisation
for agent-based separation systems. A significant part of the review covers the work
on synthesis of distillation sequences for azeotropic mixtures. Chapter 3 discusses
the positions of the different classes of recycling techniques in the waste minimisation
hierarchy and proposes some modifications and extensions to the Douglas hierarchical
design procedure to promote opportunistic recycling. The final section of chapter 3
presents a case study which implements the opportunistic recycling procedure, resulting

in the dual benefits of reduced waste and improved separation.

Chapters 4 and 5 focus on the development of a novel geometric approach for synthesis
of cleaner and cost effective distillation sequences for homogeneous azeotropic mixtures
with and without boundary crossing. The new insights which have emerged from the

studies can be summarized as follows:

e a geometric approach for synthesizing and screening the alternative separation
sequences. This approach exploits valuable information extractable from the
RCM which include the boiling points of pure components and azeotropes, the
binary feed composition, the alternative separation structures and the relative

quantity of entrainer for the purpose of synthesis and screening.

e a novel procedure for entrainer minimisation in the distillation sequences for
separating the azeotropic mixtures mentioned. The procedure is also expected
to be extendable to heterogeneous azeotropic systems. The minimum entrainer
flowrate is used together with the most promising sequence in order to generate

cleaner and cost effective distillation sequences for azeotropic mixtures.

o new evidences linking the type of separation sequence, the azeotropic column
feedstage location and the volatility of an entrainer with the separability of ho-
mogeneous azeotropic mixtures. These findings conclusively explain the peculiar
dependencies the separability of homogeneous azeotropic mixtures on the reflux

ratio and the number of stages.

e generation of a catalogue pairing the RCMs of the ternary systems with the most
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promising separation sequences. This catalogue, which covers a wide range of ho-
mogeneous mixtures enables a designer to identify the most promising separation

sequence ahead of design.

Chapter 6 decribes a geometric approach for the synthesis of cleaner and cost effective
distillation sequences for heterogeneous azeotropic mixtures. In addition to the proper-
ties relevant for homogeneous mixtures, this approach also exploits the essential RCM
properties for heterogeneous mixtures! for synthesizing and screening the alternative
separation sequences. These properties enable us to graphically predict the absolute
minimum number of unils, the region and the point of desirable entrainer flowrate,
the optimum decanter tie line position, and the distillate composition for the entrainer

recovery column.

The questions of when and how to exploit the feed composition flexibility to further
improve the separation of azeotropic mixtures are addressed in Chapter 7. The develop-
ment of a selection catalogue for feed preconcentration has been the major breakthrough
in this chapter. This catalogue is developed based on a novel geometric approach that
considers the effect of entrainer reduction and typical binary feed compositions. Other

important new insights in Chapter 7 include:

e the significance of the binary, ternary and desirable ternary feed compositions,
and a procedure to achieve the desirable ternary feed composition based on geo-

metric reasoning.

e the use of mixing and recycling in grassroot design and retrofit of distillation

sequences for azeotropic mixtures.

Figure 1.3 illustrates the conceptual links which exist between the chapters in the thesis.

In the bid to achieve favourable economics and environmental friendliness, it must be

emphasized that no claim will be made for the final solution to represent the global

1these RCM properties include the nature of the binary and ternary azeotropes, distillation bound-
aries, liquid-liquid heterogeneous envelopes and the orientation and length of the heterogeneous tie

lines.
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economic optimum. However, the achievement of minimum-waste designs often also
results in cheaper azeotropic distillation sequences as a consequence of reduced capacity
and lower effluent treatment costs. As the technique is primarily based on geometric
reasoning and heuristics, these results can be achieved at the expense of minimum
computations, thus making the approach particularly appropriate during the early

stages of design.

THESIS INTRODUCTION

Y

CHAPTER 2:

Background on Waste Minimisation

A review and an analysis of work on

- waste minimisation

- opportunistic recycling

~ synthesis of azeotropic distillation sequences

CHAPTER 3: Reaction and Separation Systems
- Waste Minimisation through Opportunistic

Recycling __‘

—
CHAPTERS 4 & 5: A Geometric and Heuristic
Approach for Minimum Waste Design of Distil-
Iation Sequences for Homogeneous Azeotropic
Systems With and Without Boundary Crossing
L

y

CHAPTER 6: A Geometric Approach for Design
—»| of a Cleaner and Cost Effective Distillation
Sequences for Heterogeneous Azeotropic Systems

CHAPTER 7: Exploiting the Feed Composition
Flexibility of the Distillation Sequences for
Azeotropic Mixtures for Improved Separation
and Further Waste Reduction

CONCLUSIONS & FUTURE WORK  {e-

—e———p» Denotes the conceptual link between the chapters

Figure 1.3: A flow diagram illustrating the conceptual links between the thesis chapters.
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While it is hoped that these procedures can be of immediate use to those working
towards cleaner as well as economical reaction-separation and azeotropic separation
systems design, it also represents a step towards the development of more compre-
hensive waste minimisation approach covering the vast area of reaction and separation
systems. With these in mind, the thesis concludes by pointing out possible directions of
future work aimed at creating tools for waste minimisation in the reaction and hetero-
geneous azeotropic separation systems in particular, and other agent based separation

systems in general.



Chapter 2

Background on Waste Minimisation

The majority of researches on pollution prevention have focused on the development
of waste treatment technologies, environmental assessment and auditing methodologies
(5-9) Relatively little work is concerned with the systematic elimination, reduction
and recycling of waste during the design stage. The development of systematic design
technigues for pollution prevention covers four main areas - reactor design, overall
synthesis procedure, separation synthesis and general retrofit of existing processes. The
literature review in this chapter focuses on the development of systematic techniques
for pollution prevention with specific highlights on the research emphasis for reactor
waste prevention (Section 2.1), process synthesis for waste minimisation (Section 2.2),
the techniques for retrofit to minimise waste (Section 2.3) and waste minimisation
for agent-based separation processes (Section 2.4). Section 2.5 highlights the main

contributions of this thesis.

2.1 Waste minimisation in the reaction systems

Research on reactor waste prevention is focused on improving materials efficiency and
minimising selectivity losses. Efficient raw material usage can save capital and oper-
ating costs and reduce wastes generated from unwanted side reactions. The keys to
improving raw material efficiency are improved conversion and selectivity. Both para-

meters are influenced by the type of reaction (kinetic or equilibrium controlled), choice

10
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of reactor, operating conditions and reactor inlet and outlet concentrations. Hopper
et al.(?5) investigated the effects of choosing different reactor types and operating con-
ditions on the selectivity of acrylonitrile production by means of process simulations.
In other earlier studies, Conti 1?) suggested that the optimum economic conversion
for a process is typically bounded by conversion values giving maximum yield and
maximum selectivity. Omtveit et al.(13:14:26) extended the idea of attainable region
in concentration space(*l) to search for optimum economic reactor-separator-recycle
systems. This earlier work provided the basis for 2 modular mass-balance targeting
approach for reactor and separator subsystems subject to environmental constraints
(e.g. purge concentration limits and waste treatment costs) proposed by Flower et
al.(13) The modular approach employs the powerful graphical attainable region tech-
nique to search for optimal reactor outlet composition for systems with a maximum of
four components. Optimisation for the modular approach is based on a fixed reactor-

separator-recycle structure and sharp separations producing virtually pure products.

2.2 Process synthesis for waste minimisation

In preventing waste for overall process design, Douglas extended his hierarchical design
procedure to include pollution considerations during the process synthesis stage (16,24)
A design is developed by proceeding through different levels of design abstractions while
additional details are added at each level. To achieve the goal of waste minimisation,
the idea is to identify potential pollution problems as design is developed, and make
decisions not to introduce materials, chemistry, process conditions or techniques that
could cause adverse environmental impact at each level of the design hierarchy. The dif-
ferent waste prevention alternatives are however left for designers to explore. Note that

some alternatives related to material, chemistry and technological changes as proposed

by Douglas may not be readily available hence are not always easy to implement.
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2.3 Retrofit to minimise waste in existing processes

Retrofit guidelines and applications related to waste minimisation have been more
widely reported (2°-23), Fonyo et al. V) implemented the Douglas hierarchical ap-
proach to improve the environmental performance for a total of 26 existing sites. Res-
ults from the retrofit applications consistently point towards recycling as a popular
means of reducing waste on existing plants, many of which are modern sites. As far
as it could be identified, the only study that compares different recycle alternatives
within a continuous process is found in Wahnschafft et al.3") who study three cases of
recycling to improve the performances of complex separation systems. Primary recyc-
ling improves separation through reduction in the number of required separation steps,
secondary recycling eliminates redundant splits once the desired products are obtained,
while range eztending recycling enables operation at the absolute minimum number of

units.

As will be shown in Chapters 3 and 7, the full benefits of the separation-enhancing
recycles, however, cannot be realised when they are confined to the separation system.
We also expect better opportunities and greater benefits for recycle exploration and
exploitation (opportunistic recycling) during grassroots design as compared to retrofit
since, at an early stage, a process is not constrained to any particular design struc-
ture. Moreover, recycling involves relatively minor modifications i.e. smaller capital
investment, and hence is easier to implement. In bringing waste minimisation to the
front end of the design process, it is also important to create an enviroment for process
design that not only encourages source elimination or reduction but also is conducive
to opportunistic recycling. In order to achieve this goal, we have proposed in Chapter 3
some modifications and extensions to the well established hierarchical design procedure

developed by Douglas.
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2.4 Waste minimisation for agent-based separation pro-
cesses

Efforts to minimise efluent waste from separation processes have so far focused on
processes which employ only mass separating agent (MSA)! to facilitate separation.
For examples, El-Halwagi et al.(!7=19) developed the Mass Exchange Network (MEN)
procedure for systematic design of solvent recycle and reuse networks. Their aim is
to minimise the solvent usage and capital investment for mass exchange operations
such as liquid-liquid extraction, absorption, adsorption and ion-exchange. The same
concept is later used by Wang and Smith on a more specific class of MEN problem
involving only one lean stream, namely water(?®). As far as it could be found, this is
the first study on waste minimisation for azeotropic distillation, a separation process
which simultaneously employs mass and energy separating agents (ESA). One of our
aims is towards the cost-effective minimisation of the entrainer flowrate for azeotropic
distillation sequences. As a result, we have made a number of important findings in
the areas of synthesis and optimisation of distillation sequences for azeotropic mixtures

as well.

To date, research related to the optimisation of distillation sequences for azeotropic mix-
tures is very limited when compared to the extensive work done for zeotropic mixtures.
Knight and Doherty(29), Ryan and Doherty(3®, Pham and Doherty(31-3%), Stichlmair
et al.(34:35) Laroche et al.(36-38) 314 Wahnschafft et al.(2”) provide the most recent

contributions in the area of synthesis of separation sequences for azeotropic mixtures.

Knight and Doherty formulate a systematic procedure involving the numerical optim-
isation of entrainer to feed ratio for a homogeneous azeotropic mixture. They gen-
eralized that the procedure is applicable to nonideal and azeotropic separations even
though it was applied only for the extractive distillation of the ethanol-water-ethylene
glycol (high boiling entrainer) mixture. The procedure is later used with slight modific-
ations by Knapp and Doherty (2) Quring the heat integration of the distillation columns

for separating homogeneous azeotropic mixtures. However, their case studies are also

%j e., an added stream, e.g. a solvent.
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restricted to extractive distillation processes. Laroche ef al., who use the optimuin
entrainer to feed ratio as one of the criteris for entrainer selection, extend the use of
the entrainer optimisation procedure to other homogeneous azeotropic mixtures which
do not introduce new azeotropes(3®). Ryan and Doherty(3?) propose a useful technique
involving numerical optimisation of the design and operating parameters for several
alternative separation sequences for the ethanol-water-benzene (high boiling entrainer)

heterogeneous azeotropic mixture.

Stichlmair and Herguijuela®? focus their discussions on the basic concepts concerning
the separation regions, entrainer selection and the resulting separation sequences for
azeotropic mixtures without residue curve boundary crossing. Laroche et al.(36-38)
provide some useful guidelines for selecting the entrainers for the separation of homo-
geneous azeotropic mixtures which do not introduce new azeotropes, and report how
some unusual behaviours shown by these mixtures may affect entrainer selection. In
another study, they also state the necessary conditions for separability of homogeneous
azeotropic mixtures that use one, two, or three columns and discuss the synthesis of
separation sequences for these mixtures. Their studies discuss separation synthesis in
the context of entrainer selection but do not provide guidelines for screening between
the alternative separation sequences. Among others, Wahnschafft et al.(2%) assume that
azeotropic mixtures generally result in a large number of separation sequences. The
latter propose an automated approach for the synthesis of complex separation processes

including heterogeneous azeotropic distillation.

From the abovementioned studies associated with the synthesis of distillation sequences

for azeotropic mixtures, a number of issues remain unresolved:

1. Our analysis reveals that the procedures for optimisation of distillation sequences
for azeotropic mixtures have so far been applied to homogeneous systems which do
not introduce new azeotropes and only to the class of heterogeneous mixtures that
is similar to the ethanol-water-benzene system. In Chapter 4, we explain under
which conditions an entrainer minimisation procedure can be applied to more

complex homogeneous systems. A geometric approach for the synthesis of cost
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effective distillation sequences for heterogeneous systems is described in Chapter
6. From our literature survey we have found no evidence to support or disclaim
that results from the optimisation studies performed by Knight and Doherty(2)
as well as by Ryan and Doherty(3?) are applicable to other types of homogeneous
and heterogeneous mixtures. In view of the peculiarities of azeotropic mixtures,
it is felt as important to show if these procedures can indeed be extended to more

complex homogeneous and other heterogeneous systems.

2. We also question the need to automate the synthesis of the some complex sep-
aration processes as proposed by Wahnschafft et al.2"). In Chapters 4 and 5,
we show that it could be expensive and inefficient to search for the entire solu-
tion space to automate the synthesis of sequences for homogeneous azeotropic
systems for which only a fixed and limited number of alternative sequences exist.
We also show that, by geometric reasoning, it is possible to generate every de-
sirable separation sequence for some common classes of homogeneous azeotropic
mixture and to produce a catalogue of classes of homogeneous mixtures with their

corresponding most promising separation sequences.

3. Other than conducting rigorous economics assessments, no guideline is available
for eliminating inferior column sequences from alternative separation trains of
homogeneous and heterogeneous azeotropic mixtures. As a result, designers often
have to evaluate the economics of every conceivable sequence in order to find the
rhost promising one. Such a task may prove very time consuming, for instance,
when a number of different entrainers are being evaluated and a few separation

options exist for each type of entrainer.

2.5 Contributions

With the work on waste minimisation covering the reaction-separation interactions and
azeotropic separation systems, this thesis offers significant contributions in two different
but related areas. The important developments and new insights associated with each

area are summarized as follows:
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Reaction-separation interactions.

1. A waste minimisation approach to process design (Chapter 3).

This approach provides an environment for process synthesis design that not only
encourages source elimination and reduction, but is also conducive to opportunistic
recycling. The approach includes a procedure for designing a recycle network in the

context of an overall process.

Azeotropic separation systems.

1. A novel geometric approach for synthesis of cleaner and cost effective distillation
sequences for homogeneous azeotropic miztures with and without boundary crossing

(Chapters 4 and 5). Important insights include:

e a geometric approach for synthesizing and screening the alternative separation
sequences. This approach exploits valuable information that can be extracted
from the RCM which includes the boiling points of pure components and azeo-
tropes, the binary feed composition, the alternative separation structures and the

relative quantity of entrainer for the purpose of synthesis and screening.

e generation of a catalogue pairing the RCMs of the ternary systems with the most

promising separation sequences.

e a novel procedure for entrainer minimisation in the distillation sequences for
separating the azeotropic mixtures mentioned. The procedure is also expected
to be extendable to heterogeneous azeotropic systems. The minimum entrainer
flowrate is used together with the most promising sequence in order to generate

cleaner and cost effective distillation sequences for azeotropic mixtures.

e new evidences linking the type of separation sequence, the azeotropic column
feedstage location and the volatility of an entrainer with the separability of ho-
mogeneous azeotropic mixtures. These findings conclusively explain the peculiar

dependencies of the separability of homogeneous ageotropic mixtures on the reflux
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ratio and the number of stages.

2. A geometric approach for synthesis of cost effective distillation sequences for hetero-

geneous azeotropic miztures (Chapter 6).

A geometric approach for synthesizing and screening the alternative separation se-
quences. In addition to the properties relevant for homogeneous mixtures, this approach
also exploits the essential RCM properties for heterogeneous azeotropic mixtures which
include the nature of the binary and ternary azeotropes, distillation boundaries, liqﬁid-
liquid heterogeneous envelopes and the orientation and length of the heterogeneous tie
lines. These properties enable us to graphically predict the absolute minimum number
of units, the region and the point of desirable entrainer flowrate, the optimum decanter

tie line position, and the distillate composition for the entrainer recovery column.

3. Guidelines for ezploiting feed composition flexibility to improve azeotropic separation

(Chapter 7). Important insights include:

e the significance of the binary, ternary and desirable ternary feed compositions,
and a procedure to achieve the desirable ternary feed composition based on geo-

metric reasoning.

e the development of a novel geometric approach for screening feed preconcentrat-
ors. This approach considers the effect of entrainer reduction and typical binary
feed composition and leads to a selection catalogue for feed preconcentration (see

Appendix E).

e the use of mixing and recycling for grassroot design and retrofit of distillation

sequences for azeotropic mixtures.

The next chapter is concerned with the development of a design procedure that is
geared towards waste minimisation through opportunistic recycling within the context

of an overall chemical process.



Chapter 3

Waste Minimisation through
Opportunistic Recycling

This chapter describes the conception and application of a design procedure for waste
minimisation that promotes opportunistic recycling. The chapter begins with a review
of the waste minimisation hierarchy, paying particular attention to the role of opportun-
istic recycling in eliminating, reducing and controlling waste, and to the appropriate
position of each recycle technique in the waste minimisation hierarchy. Section 3.2
describes how the approach emerged from Douglas hierarchical design procedure, high-
lighting the proposed extension, modifications and the advantages of the approach over
Douglas’ procedure. The chapter ends with an application of the waste minimisation
approach on a methyl acetate process, which also involves a procedure for designing a

recycle network in the context of an overall process (Section 3.3).

3.1 The waste minimisation hierarchy

The waste minimisation hierarchy is a general guideline for pollution prevention. The
US Environmental Protection Agency (49) describes the hierarchy as consisting of five
levels, namely (1) source elimination, (2) source reduction, (3) recycling, (4) treatment
and (5) disposal, each representing various waste management options. They are ar-
ranged in order of preference, from the most preferred option at the top of the hierarchy

to the least preferred at the bottom. Figure 3.1 shows the hierarchy of waste manage-
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ment practices (3:4). Waste minimisation is concerned with the first, second and third

level of the hierarchy (4.

{1) BElimination Complete elimination of waste

The avoidance, reduction or elimination of waste, generally
@ R:d\lcticn !flithin the confines of the production unit, through changes
at souxce in industrial processes or procedures

(3) Recycling The use, reuse and recycling of wastes for the original or
some other purpose such as input material, materials reco-
very or energy production

(4) Treatment The destruction, detoxification, neutralization, etc. of
wastes inte less harmful substances

: The release of wastes to aiy, wacer or land in properly
(S} Disposal controlled or safe ways to render them harmless: secure
land disposal may involve volume reduction, encapsulation,
lecheate containment and monitoring techmiques

Ap—m———f 3 T IO TI ISOMOT  AJTIOTAA 38oubTH

Figure 3.1: Hierarchy of Waste Management Practices.

In the following subsections, a detailed description of each level of the hierarchy as a

pollution prevention option is focused on:

e the relative significance of each level of the hierarchy as an option for waste

management, and

e the positions of various techniques for creative recycling in the hierachy.

3.1.1 Level 1 - Source elimination

It is always desirable to eliminate wastes rather than to reduce, recycle or treat them
once they have been generated. The possible ways to eliminate the sources of wastes
include changing the reaction chemistry, changing the process materials and finding

“cleaner” separation techniques.
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The reaction and separation sections offer the widest scope for source elimination and
reduction and are closely associated with this level of the hierarchy. It is here that
the reaction chemistry, process conditions, catalysts, inerts and solvents, reaction and
separation structures and technologies are being specified. Therefore, it is here that
wastes are being introduced into the entire process in various forms and quantities. It
follows that the size, complexity and necessity for recycle and waste treatment hinges

upon the decisions made at this level.

Once source elimination opportunities have been exhausted, a designer may proceed
to the next level of the hierarchy. Waste generated at this stage will find exit at one
or various points in the process. Hereafter, waste generation and release can be best

minimised by means of source reduction and creative recycling.

3.1.2 Level 2 - Source reduction

Total elimination of waste is the ultimate goal of cleaner process designs. Because
it is not always possible to eliminate waste completely, one must try the next best
option, i.e. source reduction. Among the most effective means of reducing waste is
to improve reactor raw materials usage, energy efficiency, process solvent usage and
materials recycling. Whenever possible, it is best to improve the raw material usage
by recycling the unconverted raw materials back to the reactor inlet. If this is difficult
or not possible, then, it is necessary to improve the reactor conversion or selectivity
by other means. Depending on the type of reaction (reversible, irreversible, parallel,
consecutive, etc.), actions such as increasing the reactor residence times, changing the
temperature, pressure, and the reactor inlet composition can help achieve the source
reduction goal. A designer must however bear in mind that changes in the reaction

parameters must be subject to equilibrium, kinetic and practical constraints.
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3.1.3 Level 3 - Recycling

Recycling has been widely accepted as a method to control the release of waste which
has already been created or introduced in a process. The idea that recycling can also
prevent or reduce waste generation might be unfamiliar to those already accustomed to
think about recycling at a level below source elimination and source reduction (41:42)1,
Attempts to strictly follow these established hierarchical classifications may steer de-
signers away from using recycling as a viable means of eliminating and reducing wastes
during design. It is thus useful to view recycling from a broader perspective and to em-
phasize its key role in eliminating and reducing waste in addition to its traditional role
in controlling the release of waste. In general, recycling should include the possibilities

of waste elimination, reduction and recovery.

Recycling for source elimination

Whenever possible, recycling to eliminate and reduce the sources of wastes should be
considered before source reduction and recovery. The following set of general rules to

design for recyclability outlined by Henshaw(43) may be implemented:

e when choosing the reaction chemistry, choose a system of easily separable com-

ponents.
e the fewer types of components involved, the better.

e the fewer secondary operations required for a given system, the better.

Then, the possibilities to eliminate waste by recycling include:

e recycling byproducts formed by a secondary reversible reaction.

1other classifications combine source elimination and reduction on the first level and place recycling
as the second level in the waste minimisation hierarchy.
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e utilising a stream as a substitute material. This type of recycling is typically
employed to replace an external solvent or inert. The stream to be recycled can

be a byproduct, an inert or a solvent that is available elsewhere in a process.

Recycling for source reduction

The main techniques for recycling to reduce the sources of waste include:

1. Recycling streams to improve reaction conversion and selectivity. Whenever pos-
sible, unconverted raw materials should be recycled to the reactor. Apart from
the common practice of recycling unconverted raw materials to the reactor to
improve conversion, sometimes one can improve reaction selectivity by recycling
an inert to the reactor to keep the concentration of the limiting reactants low,
or to control the operating conditions. By reusing the inert, one can control the
amount of inert released as waste, while at the same time reduce the formation

of waste byproducts.

2. Direct reuse of material. The stream to be recycled is reused in contaminated
form before purification. For example, depending on the concentration gradient,
contaminated water from a scrubber may be reused in an absorber and then in a
waste treatment facility. The effect is reduced water consumption and less wastes
generation during waste water treatment. When there are many contaminated
streams in the process, the Mass Ezchange Network (MEN) synthesis technique

may be employed to find the optimum recycle destination.

3. Recycling streams to improve separation and to eliminate redundant splits (dis-

cussed in Chapter 7).

Recycling for recovery

Recycling for recovery is classified into two classes based on the composition, properties

and role of the streams to be recycled (the objective stream).
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1. Secondary recycling. Reuse of a material in its original form. When an objective
stream is reused after purification it is said to be reclaimed. A simple composition
match will pinpoint streams that need to be reclaimed. In secondary recycling
the objective stream can consist of reactants, solvents, catalysts, inerts or any

combination of the materials thereof.

2. Tertiary recycling. Also termed as sacrificial recycling. Reuse of a material at
a lower value. A tradeoff exist between reclamation and tertiary recycling. The
main incentive for tertiary recycling is reduced environmental burden at no extra
cost since reclamation is avoided. Common examples include use of an objective
stream as fuel or animal feed. Materials properties, raw material costs and the

treatment costs are needed in order to evaluate the economics.

The term opportunistic recycling will be used to reflect the recycle applications de-
scribed above, i.e., as possible means to eliminate, prevent, reduce and control waste
generation in an efficient manner. In Section 3.3.1, a systematic approach to generate

a recycle network in the context of an overall process is described.

3.1.4 Levels 4 and 5 - Treatment and disposal

Treatment and disposal are the next two levels in the hierarchy to consider after waste
recycling because materials that cannot be reused on-site have to undergo an end of
pipe treatment before disposal to meet the environmental guidelines. Treatment and
disposal are the least desirable options from the waste minimisation point of view
and are to be avoided whenever possible. They are nevertheless necessary for many
processes to control the amount of poliutants released. Using the modified hierarchical
approach for design (described in the next section), the end of pipe treatment may not

be eliminated, but will become an economically viable option.



CHAPTER 3. WASTE MINIMISATION - OPPORTUNISTIC RECYCLING 24

3.2 Process design for waste minimisation - Synthesis with
opportunistic recycling

3.2.1 Douglas Hierarchical Design Procedure

One of the most important considerations during the design of cleaner processes is
to generate alternatives for pollution prevention. In preventing waste during process
design, Douglas included pollution considerations in his hierarchical design proced-
ure (shown in Table 3.1) (16:24) A design is developed by proceeding through different
levels of design abstractions while additional details are added at each level. To achieve
the goal of waste minimisation, the idea is to identify potential pollution problems as
design is developed, and make decisions not to introduce materials, chemistry, process
conditions or techniques that could cause adverse environmental impact at each level
of the design hierarchy. Douglas procedure, however, leaves the waste prevention al-
ternatives for designers to explore. The aim of bringing waste minimisation to the front
end of the design process and the emphasis on opportunistic recycling inspired the de-
velopment of the waste minimisation (WM) approach hereby presented. This approach
is essentially an extension of Douglas hierarchical design procedure. The following

sections describe the proposed modifications and additions to Douglas’ procedure.

Table 3.1: Douglas Hierarchical Decision Procedure
Level 1. Input information
Level 2. Input-output structure
Level 3. Recycle structure
Level 4. Separation system
(a) Vapour recovery system
(b) Liquid recovery system

3.2.2 The Waste Minimisation Approach to design

Note that the sequence of Levels 1 (Input information) and 2 (Input-output structure)
of the design hierarchy shown in Table 3.1 1s logically fixed by the availability of inform-

ation during the early stages of process synthesis. These levels needed to be defined
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before the structure of the recycle and separation systems are tackled, but, a designer
may proceed either by specifying the recycle or the separation structure. Thus the

hierarchical design procedure may branch in two possible direction:

1. Input information — Input-output structure — Recycle structure — Separation

structure (original Douglas approach)

2. Input information — Input-output structure — Reaction system — Separation

structure — Recycle structure (proposed waste minimisation approach, see Table

3.2)

To achieve the goal of waste minimisation, we propose to synthesize and add details to
the separation structure before working on the recycle structure, thus departing from
Douglas’ established approach of fixing the recycle structure from the abstract (black
box) reaction and separation blocks. Note that, assuming a black box separation
when fixing the reactor recycles implies ignoring the “internal” separation recycles
(e.g. separation solvent), and hence, their interactions with the reactor recycles, at
least until the separation structure is decided. In contrast, developing the recycle
structure based on a detailed reaction and separation schemes means that any solvent,
inert and waste streams, both from the reaction and separation systems, may now
be considered as potential recycles. Simultaneous consideration of the reaction and
separation subsystems can promote opportunistic recycling and help achieve our waste
minimisation goal.
Table 3.2: Waste Minimisation Approac