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Preface

At the time of writing this book, 50 years have passed since I commenced
undergraduate studies in chemical engineering. The practice and evaluation
of process engineering has changed radically since then, underpinned by
technological change. There has always been emphasis on technical rigour
and scientific foundation. Economics has always been a dominant criterion
for project approval. Health and safety, both occupational and public,
have always been key issues for plants and products. A marked change,
however, has been the growing awareness of the environmental impacts of
process plants and products, and approaches to assess and minimise these
impacts. We have slowly learned that we cannot consume resources or emit
wastes without risking damage to the quality of air, water, land, and living
species, including humans. This awareness has progressed through various
experiences and perceptions of environmental damage forms such as toxicity,
acidification, photochemical smog, stratospheric ozone depletion, and global
warming.

The process industries have a major environmental impact arising from
their large scale of operation. Large quantities of raw materials and energy
are consumed in the processing and transport of materials. A wide range
of chemicals are emitted to the environment through process streams and
indirectly from generation of utilities used in process plants. Each of the
distinct stages in a product’s life cycle, from extraction of raw materials to
product use and disposal, contributes to the environmental impact of the
product.

The term ‘green process engineering’ has been adopted to express the
transformation in design and operating practices in the process industries
needed to minimise environmental impact from a product’s life cycle. The
term ‘sustainable process engineering’ has been adopted to widen this
concept to include economic and social impacts. A major characteristic of
this transformation has been the widening of system boundaries beyond a
process plant to incorporate the entire product life cycle, support systems
providing utilities and treating effluents, and systems exchanging materials
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and energy streams. The terms ‘meso scale’ (plants integrated on a site) and
‘macro scale’ (plants integrated across different industries and sites) have
been used to express the expanded horizon beyond the ‘micro scale’ or single
plant.

A further characteristic of sustainable process engineering has been the
broadening of evaluation criteria to include technical, economic, environ-
mental, safety, social, and sustainability assessments, and the integration of
these assessments. Such assessments are made progressively in a project’s
development, approval, and execution, but also in process engineering
decisions.

Sustainable process engineering is directed towards existing processes,
plants, and products through new technology development, design for
change, and improved operations. Technology innovations are essential for
progress to more sustainable products and processes, but must be supported
by enabling skills in project participation and management, design, and
operation.

Sustainable process engineering is presented in this book as four parts:

e fundamental concepts of sustainability, cleaner production, and
industrial ecology with their characteristics and implications

e strategies for identifying and minimising waste in process plants,
particularly reaction, separation, and utility systems and through
energy conservation and materials recycling

e assessment methods for environmental, safety, economic, and
sustainability criteria, and integration of these assessments

e procedures needed to implement change through planning, design,
project development, and operations.

It is assumed that the reader of this book has fundamental knowledge
in science and engineering, including mass and energy balances, thermo-
dynamics, fluid mechanics, and heat transfer. It is further assumed that
the reader will be acquiring knowledge and skills in chemical engineering
beyond this book and will integrate the thinking and techniques in this book
with that learning. This book is not intended to replace existing texts in
fundamentals or design, but to supplement them. Hopefully the book will also
encourage the reader to develop interests beyond chemical engineering in
environmental science, environmental economics, and regulatory practices,
which play a complementary role in achieving more sustainable processes.

Some cases and problems are provided to assist skills development in
problem and systems definition, process development and flow-sheeting,
systems documentation, and evaluation. There is opportunity to build on the
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principles, cases, and problems provided in the book to make more rigorous
or detailed analysis, if desired. References have been provided to encourage
supplementary reading.

Although process engineering is distinguishable by its quantitative
approach, sustainable process engineering also involves qualitative concepts.
It is important for professional engineers to have skills in arguing the case
for sustainable options. This should be reflected in process engineering
education and opportunity provided in student project work to develop this
facility.

David Brennan
August 2012
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Introduction to Part A

In the first part of this book, we explore three key concepts of sustainable
process engineering, those of sustainability, cleaner production, and indus-
trial ecology. These are by no means the only concepts related to sustainable
process engineering. Indeed an extensive suite of concepts and associated
terms have evolved, many of which are related to environmental science and
engineering, as well as to process engineering. This evolution of concepts
has been strongly influenced by a growing awareness of environmental
problems, their anthropogenic causes, and remedial actions. Some of these
environmental problems include

e poor air quality and its impact on human health, especially in cities
with large concentrations of people, transport, and industries

e acidification of forests and water ways, often related to movement of
acid gas emissions prior to acid rain precipitation

e depletion of stratospheric ozone due to emission of ozone depleting
substances, leading to increased UV radiation damage to humans,
plant life, and materials

e global warming with its threats of extreme weather patterns, rising
sea levels, and damage to diverse biological species

e perceived shortages of resources such as fossil fuels, minerals, water,
and fertile land.

Responses to environmental damage and its causes have come through
professions, including science and engineering, both from individuals and
institutions, through environmental bodies and through legislation by
government at national and world levels. Some examples of these responses
are listed below, and enable us to gain an appreciation of the evolution of
human awareness of environmental problems.

In the early 1960s, Rachel Carson published a book titled Silent Spring
drawing attention to carelessness in the use of chemicals (particularly
insecticides) in the environment (Carson, 1962). In 1972, use of DDT as an
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insecticide was essentially banned from agricultural practice in the United
States of America.

In 1972, the Club of Rome published their report ‘The Limits to Growth’
on the effects of population and economic growth on resource consumption
and waste emissions, and the inability of the planet to support such growth
(Meadows 1972).

In 1976, a working party of the Institution of Chemical Engineers
published a report exploring likely areas of material and energy resource
shortages, especially those impacting on the United Kingdom, and their eco-
nomic, social, and political implications (Institution of Chemical Engineers,
1976).

Notable milestones for environmental legislation in the United States of
America include:

1955 Clean Air act was initially passed, followed by amendments in 1963,
1966, 1970, 1977, 1990. A major achievement over this period has
been establishment of ambient air quality standards for CO, Pb, SO,
NO,, O3, and particulates.

1970 Occupational Safety and Health Act was established to limit
worker exposure to harmful or toxic substances, and to establish
communication of hazards to users of chemicals including use of
Material Safety Data Sheets.

1971 United States Environmental Protection Agency (USEPA) was
established.

1972 Clean Water Act was passed with legislative authority for water
quality in rivers, lakes, estuaries and wetlands.

1976 Toxic Substances Control Act was enacted to allow government
assessment of the risk from introduction of new chemicals into com-
merce. Key aspects included inventory establishment for existing
chemicals and notification procedure for new chemicals.

1976 Resource Conservation and Recovery Act was introduced to regulate
facilities which treat, store, or dispose of hazardous waste.

1980 Comprehensive Environmental Response Compensation and Liabil-
ity Act (also termed ‘Superfund’) was set up to deal with closed and
abandoned sites for hazardous waste. This act was amended in 1986
to ensure consideration of state standards in site clean-ups and to
increase funding.

1986 Emergency Planning and Community Right to Know Act was
passed, stipulating annual reporting requirements by owners or
operators of facilities. Arising from this, a toxic release inventory was
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established for each toxic chemical and each facility. The inventory
stipulated quantities stored on site, released to the environment, or
transferred offsite for treatment or disposal, and the treatment and
disposal methods used.

1990 Pollution Prevention Act was passed establishing pollution preven-
tion as the primary pollution management strategy for the United
States. The act provided for a hierarchy of approaches in waste
management: source reduction, recycling, safe treatment, secure
disposal.

Useful detail of many aspects of environmental legislation in the United
States are provided in Appendix A of Allen and Shonnard (2002).

There are similar threads through legislation in other countries. Within
the United Kingdom approximately 3000 people died in the great London
smog in 1952, when extensive domestic coal burning accompanied by
unusual weather patterns caused a major increase in concentrations of
smoke and acid gases in the atmosphere. Subsequent clean air legislation
in 1956 and 1968 in the United Kingdom made the use of smokeless fuel
obligatory (Darton, 2003).

An important development in environmental legislation in the United
Kingdom was the UK Environment Protection Act 1990. Part 1 of the Act
established two regimes:

e Integrated Pollution Control for most potentially polluting or
technologically complex processes
e Local Authority Air Pollution Control for other cases.

Integrated pollution control (IPC) emphasised the importance on minimising
waste emitted to all media incorporating air, water, and land. When a process
was likely to involve release to more than one medium, the BPEO (best
practicable environmental option) was required through the use of best
available techniques not entailing excessive cost (BATNEEC). Previous UK
regulatory approaches had involved separate acts for air, water, and land
pollution, and separate government authorities enforcing those acts.

Integrated pollution prevention and control (IPCC) has also been an
important part of European legislation, initially incorporated in the Directive
on IPCC in 1996, and subsequently modified in 2008 (Directive 2008/1/EC).
European legislation committed to sustainable development has continued
to evolve since the early 1970s (Europa, 2010).

Important milestones in Australia include the initiation of environmental
legislation and regulatory authorities within state governments in the early

5
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1970s and establishment of the National Pollutant Inventory (NPI) in 1997.
The NPI was established by the Australian Government as a public internet
database, providing information on industrial emissions and transfers of
nominated substances.

At an international level, there have been important milestones reflecting
global concern about environmental problems, and the need for action on a
unified and world scale. These include:

1987 Brundtland Report (WCED, 1987) expressed consensus by members
of the World Commission (21 countries) on issues of environment
and development. Much emphasis was on ecologically sustainable
development and preserving biodiversity.

1987 Montreal Protocol on Substances that deplete the Ozone Layer
where 23 nations agreed to cut usage of key chlorofluorocarbons
(CFCs) by 50% by 1999. This was followed by London Amendment
(1990) where 93 nations agreed to phase out production of CFCs and
most halons by 2000.

1994 United Nations Framework Convention on Climate Change which
provided the groundwork for Kyoto Protocol.

1997 Kyoto Protocol drafted a legally binding document on greenhouse
gas abatement.

2002 Johannesburg Summit reaffirmed sustainable development as cen-
tral to the international agenda and agreed to fight poverty and pro-
tect the environment. Linkages between poverty, the environment,
and use of natural resources were emphasised. Specific targets,
many with time frameworks were agreed.

2009 United Nations Climate Change Conference, Copenhagen, Denmark
while generally failing to fulfil global aspirations, agreed to limit
further warming to two degrees Celsius, linked developed and
developing countries in agreement to cut emissions, and agreed to
develop an international monitor of emissions.

Professional societies of scientists and engineers have responded to environ-
mental challenges in various ways including the enunciation of key principles
of green chemistry and green engineering. In 1998, the Royal Society of Chem-
istry launched the Green Chemistry Network to promote the practice and
progress of green chemistry (http://www.greenchemistrynetwork.org/).
The Institution of Chemical Engineers has long had a commitment to
safety and environmental protection, as well as more recent commitment to
sustainability (http://www.icheme.org/sustainability/). Sustainability was a
central theme of the Melbourne Communique (2001), and ‘The Sustainability
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Metrics’ (2002) were published for use in the process industries. In the
[ChemE roadmap for 21st century (2007), key policy themes were identified
including sustainability, safety, environment, energy, food and water.

In 2003, engineers and scientists convened at Sandestin Resort in USA
for the first conference on ‘Green Engineering: Defining the Principles’
(Abraham, 2006). A set of nine principles (often referred to as the Sandestin
Principles) was agreed to

1. engineer processes and products holistically use systems analysis and
integrate environmental impact assessment tools

2. conserve and improve natural ecosystems while protecting human
health and well-being

3. use life cycle thinking in all engineering activities

4. ensure all material and energy inputs and outputs are as inherently safe
and benign as possible

5. minimise depletion of natural resources

6. strive to prevent waste

7. develop and apply engineering solutions while cognizant of local
geography, aspirations and cultures

8. create engineering solutions beyond current or dominant technologies;
improve, innovate, and invent (technologies) to improve sustainability

9. actively engage communities and stakeholders in development of
engineering solutions.

Mindful of these historic developments and initiatives, we now examine more
closely the concepts of sustainability, cleaner production, and industrial
ecology.

Chapter 1 deals with sustainability concepts in a global context, including
the importance of equity, the ‘triple bottom line’, and extended time horizons.
The relevance of sustainability to the process industries and challenges in
achieving sustainable outcomes are also addressed.

Chapter 2 deals with the concept of cleaner production, focussing on
waste minimisation in process plants, the hierarchy of waste management,
product life cycles, system boundary definition, and the sources of process
and utility waste.

Chapter 3 addresses industrial ecology and the potential for waste
minimisation through industrial planning, integrated site complexes, and
integrated processing of surplus material and energy streams across
industry boundaries.

7
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Chapter 1

Sustainability Concepts

1.1 The Concept of Sustainable Development

The concept of sustainable development emerged in the 1980’s within
the environmental movement. In 1980, three globally based environmental
organisations (United Nations Environment Programme [UNEP], World Wide
Fund for Nature [WWF], and International Union for Conservation of Nature
and Natural Resources [[TUCNNR]) jointly published ‘The World Conservation
Strategy’ aimed at

(a) maintaining essential ecological processes and life support systems
(b) preserving genetic diversity
(c) ensuring the sustainable utilisation of species and ecosystems.

The publication (UNEP/WWEF/IUCCNE, 1980) reported that ‘for development
to be sustainable, it must take account of social and ecological factors, as well
as economic ones; of the living and non-living resource base; and of the long-
term as well as the short-term advantages and disadvantages of alternative
actions’.

In 1983, the United Nations General Assembly convened The World
Commission on Environment and Development to address growing concern
‘about the accelerating deterioration of the human environment and natural
resources and the consequences of that deterioration for economic and social
development’ It was not until the World Commission’s report, commonly
referred to as the Brundtland Report (after the commission’s chairman)
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was published in 1987, that the concept of sustainable development
became generally recognised. The Brundtland Report defined sustainable
development as ‘meeting the needs of the present without compromising
the ability of future generations to meet their own needs’. Most appraisals of
sustainability refer back to this definition. Enshrined within this definition is
the concept of intergenerational equity.

The Brundtland Report (WCED, 1987) also emphasised the importance
of intra-generational equity: ‘The Earth is one but the world is not. We all
depend on one biosphere for sustaining our lives. Yet each community, each
country strives for survival and prosperity with little regard for its impacts
on others. Some consume the Earth’s resources at a rate that would leave
little for future generations. Others, many more in number, consume far too
little and live with the prospects of hunger, squalor, disease and early deaths.

The first chapter (Perdan, 2004) of ‘Sustainable Development in Practice’
(Azapagic, Perdan, and Clift, 2004) is an excellent introduction to the origins
of the sustainability concept. In this chapter, there are stark examples of
drivers towards sustainability. Some of these examples are from a Global
Environment Outlook Report by UNEP (2002):

e Around 2 billion ha of soil was classed as degraded by human
activities. About 1/6th of this was either ‘strongly or extremely
degraded’ beyond restoration.

e Around half of the world’s rivers were seriously depleted and
polluted.

e Around 24% of mammals and 12% of bird species were regarded as
globally threatened.

e Depletion of the ozone layer which protects life from UV light had
reached record levels.

e Concentrations of carbon dioxide were 367 ppm or 25% higher than
in 1850.

Other examples of drivers towards sustainability in the same chapter are
taken from a UNEP report in 2002 on Human Development:

e Some 80 countries, amounting to 40% of the world’s population were
suffering from serious water shortages by 1995

e Around 1 billion people still lack access to safe drinking water and
2.4 billion to good sanitation (mainly in Africa and Asia)

e 2.8 billion people live on less than $2/day

e Every year, 11 million children die of preventable causes derived
from poor nutrition, sanitation, material health and education.
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These and many other indicators and trends imply that development on the
global scale is unsustainable.

Since the Brundtland Report, some key world events shaping sustainabil-
ity thinking include

e Earth Summit held in 1992
e Johannesburg Summit held in 2002.

The Earth Summit in Rio de Janeiro agreed to a global plan of action, Agenda
21, for achieving more sustainable development and agreed to some 27
supporting principles. Two of these principles, Principles 15 and 16 are
commonly cited.

e The Precautionary Principle (15)

Where there are threats of serious or irreversible environmental damage, lack
of full scientific certainty shall not be used as reason for postponing cost-
effective measures to prevent environmental degradation.

e The Polluter Pays Principle (16)

National authorities should endeavour to promote the internalization of
environmental costs and the use of economic instruments, taking into account
the approach that the polluter should, in principle, bear the cost of pollution,
with due regard to the public interest and without distorting international
trade and investment.

Other widely cited principles (Hammond, 2000) include

e The Subsidiarity Principle (or Participative Principle)

Widespread and informal public participation is an essential prerequisite for
effective decision making. Political decisions should be taken at the lowest
possible level, that is, as closely as possible to the citizen.

e The Integration Principle
Environmental requirements must be integrated into defining and implement-
ing all aspects of policy making in government.

At the Johannesburg Summit (2002) some tens of thousands of people
participated, including heads of government and delegates from non-
government organisations, businesses, scientific groups, trade unions, and
youth, reflecting the ideals of broad participation and inclusiveness. Linkages
between poverty, the environment, and use of natural resources were
emphasised. Specific targets, many with time frameworks were agreed

11
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Figure 1.1 Environmental, economic, and social systems and their interactions.
Brennan (2007): Reproduced with permission of John Wiley and Sons, Inc.

regarding poverty eradication, water and sanitation, supply and use of
energy, use of chemicals, and management of natural resources.

While there is lack of unanimity about the exact meaning of sustainable
development and its implications, most agree that it implies satisfying social,
environmental, and economic goals. The term triple bottom line has been
widely adopted by government and business in the context of meeting
these goals. The characteristics of triple bottom line (Suggett and Goodsir,
2002) include the targeting, monitoring, and measurement of economic,
environmental, and social performance, acceptance of accountability and
transparency, and engagement of stakeholders.

Figure 1.1 shows a simplified view of social, environmental, and economic
systems. These three systems are interconnected and interdependent.
The economic system draws on materials and energy resources from
the environment and on labour and intellectual capital from society. The
economic system generates a diversity of goods and services for society’s
benefit, but at the expense of impacts on the environment, through both
resource consumption and waste emissions. The environment provides clean
air, water, and land, as well as the diversity of flora and fauna, to society; these
provisions are essential to the development of the social system.
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1.2 Sustainability in the Context of the Process Industries

In the context of the process industries, sustainability applies to whole
industry sectors, products, process technologies, and individual process
plants. In assessing performance achievement in sustainability, there is a
need (Azapagic and Perdan, 2000) for suitable sustainability indicators to
quantify performance and monitor progress in each of

e environmental
e economic
e social performances.

Work is proceeding to develop suitable scenarios and indicators for assessing
sustainability. Many of the environmental indicators proposed are based on
life cycle assessment methodology. They include, for example, indicators of

resource depletion
global warming potential
ozone layer depletion
photochemical smog

e human and eco toxicity.

Economic indicators proposed include

value added

contribution to gross domestic product

capital expenditure, including that on environmental protection
environmental liabilities

ethical investments.

Social indicators proposed relate to ethics and human welfare, for example,

e stakeholder inclusion and participation

e international standards of conduct regarding business dealings, child
labour

e income distribution

e satisfaction of social needs including work.

Stakeholder participation is consistent with the subsidiarity principle,
and extends to a wide range of people encompassing product users,
company shareholders, communities residing near plants, and other groups.
Indicators of safety performance such as number of fatalities and lost time
accidents should also be included under social indicators.

13
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1.3 Some Temporal Characteristics of Sustainability

Sustainable development implies both spatial and temporal properties,
because the criteria of sustainability must be met locally and globally, and
for both present and future generations.

Sustainability implies a time horizon, which differs for a product, a
process plant, a technology, or a whole industry. Technological transitions
over time, in achieving improved products, processes, and plants, are
necessary to ensure the sustainability of an industry. Some key aspects of
time horizons and their implications are identified below.

1.3.1 Time Horizons in Project Evaluation

Since sustainability is concerned with intergenerational equity, time spans
for evaluation of technologies, products, and processes should be extended
beyond those which have traditionally been used within the process
industries for project evaluation. Time spans for evaluating process plants
have traditionally been 10-15 years, reflecting uncertainties in future
trends of product and feedstock prices, feedstock availability, markets, and
competing technology. Longer term projections involve exploring a wider
range of possible scenarios for future developments.

1.3.2 Time Horizons for Technology Development

The development phase of a process technology from early research to
commercial implementation is often lengthy, costly, and uncertain regarding
technology definition, costs, market potential, scale development, and
competing technology. This has important implications for implementing
change where the current technology is environmentally deficient and
requires major change.

1.3.3 Time Dependence of Technology Improvement

Learning, scale improvement, and cost reduction over time normally occur
after a technology has been commercially adopted. The rate and extent
of progress reflect the level of investment and competence in research,
development and operational practice.
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1.3.4 Robustness to Technological, Economic, and Regulatory
Change

Since changes in markets, costs, prices, technologies, and company and
government policies are inevitable over time, a desirable characteristic of a
sustainable venture is robustness to change in these aspects over time. The
extent of robustness can be explored by analysing sensitivity to a range of
scenarios.

1.3.5 Appraisal of Uncertainties (Technical, Business, and
Environmental)

Appraisal of uncertainties and their consequences (or risk assessment) is an
essential component of sustainability assessment. This increases the time
and cost of evaluation.

These temporal considerations run contrary to commercial opportunism
of being able to capitalise promptly on perceived market opportunities.
However, these are key aspects of sustainable development.

1.4 The Sustainable Project or Industry

To achieve a sustainable process industry project, the following aspects of
the project are important and must be sustainable in their own right:

e products — function, cost, safety, environmental impact over life
cycle

e feedstocks — availability, quality, cost, environmental impacts in
extraction/refinement and impact on resource depletion

e energy sources — availability, quality, cost, environmental impact,
impact on resource depletion

e labour, technical, and management personnel, adequately skilled

e technology — to enable design, construction, and operation of plant,
and continuous improvement over project life

e capital availability and adequate return on investment.

Graedl (2002) identified four key items for sustainability in the chemical
industry:

e chemical feedstocks

e energy for feedstock processing

e water for feedstock processing

e environment resilient to residual wastes emitted.

15
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Water is identified because of the diverse demands for its uses (residential,
commercial, agriculture), its variability in quality and availability, and its
non-viability (in most cases) as a traded commodity.

Graedl recommended a strategy for a sustainable chemical industry:

1. Begin and maintain a transition from petrochemical to biochemical
feedstocks.

2. Develop a strategy for limiting water use to a reasonable allocation of the
locally available supply.

3. Begin and maintain a transition from fossil fuel and/or biomass energy
to more sustainable energy.

4. Establish a program designed to achieve near zero discharges to the
environment.

Graedl suggested a target time for sustainability of two generations
(approximately 50 years), based on a report by the Board of Sustainable
Development of the US National Research Council. He proposed time
frameworks for transitions necessary to achieve sustainability. Target dates
included

e 2035 for 50% contribution from petrochemical and 50% from
biotechnological feedstocks for organic chemicals production

e 2040 for 50% contribution from fossil fuel and 50% from non-fossil
fuel or essentially sustainable energy sources

e 2050 for close approach to zero discharges from processes to the
environment.

1.5 Conflicts in Achieving Sustainability Objectives

We have seen that sustainability involves achieving standards in economic,
environmental, and social criteria, and in intergenerational and intragen-
erational equity. We have focussed on the arguments and needs for more
sustainable processes, plants, and industries. But we must acknowledge con-
flicting goals in the diverse spectrum of businesses, industries, and national
and international economies which make progress towards sustainability
difficult.

In the arguments for a carbon emissions trading scheme in Australia,
we have seen the vested interests in lobbying from low carbon and carbon-
intensive industries, from differing political ideologies and interest groups,
as well as from professed climate change science ‘acceptors’ and ‘sceptics’ in
government.
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Atthe 2009 United Nations Climate Change Conference in Copenhagen we
saw the different positions adopted by richer developed countries typified
by Europe and United States of America, emerging economic powers such as
China and India, countries with poorer economies, and countries vulnerable
to sea level rise and effects of severe climate. These different interests and
needs made the achievement of policy agreement on climate change difficult.

In an editorial for a special topic issue on Sustainable Development and
Technology, in the journal ‘Process Safety and Environmental Protection),
Sharratt (2003) identified a number of obstacles to achieving sustainable
development in practice. The editor further commented, ‘The chemical
engineering community has not transformed en bloc to address or even
embrace sustainability’. In 2004, as part of its third Assembly, the IChemE
debated the motion ‘the commitment of the chemical engineering profession
to sustainability pays no more than lip service to an ideal and has little impact
on industry and society’. The motion was narrowly carried after arguments
for and against it were conducted (IChemE Assembly, 2004).

It is clear that a high level of expertise, resolve, and cooperation
between different groups of people in nations, governments, industries,
and professions is needed to overcome the challenges and obstacles in
achieving sustainable outcomes. There is need for an ideological shift
towards individuals and groups owning the commitment to explore and
implement sustainable practices. This extends to chemical engineering in
terms of technologies, processes, plants, products, and related industries as
well as professional practices. Chemical engineers also have a responsibility
in engaging and educating the wider community in terms of sustainable
lifestyle, product, and technology choices.
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Chapter 2

Cleaner Production

2.1 Introduction

Achieving higher levels of sustainability in industry demands focus across
a range of activities. These include developing new technologies, improving
existing technologies, designing new plants, revamping existing plants, and
improved operation of existing plants. Cleaner production is an important
concept for achieving more sustainable products and processes in these
contexts. Cleaner production emerged as a concept in the late 1980s and
has been incorporated into both environmental legislation and industrial
planning as a key pathway towards more sustainable performance.

2.2 The Concept of ‘Cleaner Production’

A definition proposed by United Nations Environment Program (1992) at its
first Asia Pacific Conference on Cleaner Production identified the following
characteristics of cleaner production:

e application of an integrated preventive environmental strategy to
processes and products to increase efficiency and reduce risks to
humans and the environment

e for processes, reduction in consumption of raw materials and in the
quantity and toxicity of wastes before they leave a process

e for products, reduction in impacts along the entire product life cycle,
from raw material extraction to product disposal
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e application of know-how, improvement in technology, and change in
both management attitudes and operating practices.

This definition included several key points.
Integration — Cleaner production initiatives must be integrated

e with business objectives, duly recognising the needs of industry
employees and the wider community

e with technical, safety, and operational considerations of processes
and plants

e over the complete spectrum of industry activity from planning,
design, construction, through to operation and management.

Prevention — Cleaner production emphasises elimination or reduction of
waste at source. The term pollution prevention is also widely used in this
context, particularly in the United States of America. This approach is vastly
preferred to end-of pipe treatment of a terminal waste stream from a process,
because it avoids the environmental impacts and costs associated with
separating the waste and subsequent treatment of the waste. The concept of
integrated pollution prevention and control, widely used in Europe, implies
minimisation of damage from waste emission to the entire environment,
through air, water, and land media.

Product Life Cycle — Cleaner production is applied to the entire life
cycle of a product from extraction of basic raw materials, through material
processing stages, product assembly, packaging and distribution, use, and
final disposal.

Global Applicability — Although there are differences in priorities and
approaches, there is international acceptance of the need for cleaner
production, and implementation of programs by government and industry
to achieve cleaner production outcomes.

The principles of cleaner production apply to

e processes and products of industry including, but not limited to
process industries

e all industrial, commercial and domestic activity including, for
example, hospitals, building and construction, transport.

2.3 The Product Life Cycle

Figure 2.1 shows a simplified representation of the key steps for a
generalised product life cycle. Additional steps may occur in materials
transportation and in materials recycling.
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Raw Material Acquisition

Materials Manufacture
Product Manufacture
Product Distribution

Product Use

Product Disposal

Figure 2.1 Key steps and sequence of the life cycle of a product. Brennan (2007):
Reproduced with permission of John Wiley and Sons, Inc.

Various terms are often used for segments of the product life cycle. Thus

e cradle to grave encompasses the entire life cycle

e cradle to gate encompasses raw materials extraction through a
processing chain to a product leaving the factory gate

e gate to gate encompasses a manufacturing process at a particular
site.

Figure 2.2 shows a simplified diagram of the specific example of the life
cycle of an aluminium beverage can. The scope of the life cycle depicted in Fig.
2.2 is ‘cradle to grave’. The scope of the life cycle from mining bauxite ore to
production of aluminium metal at a smelter is ‘cradle to gate’. The scope of the
life cycle within an alumina refinery where bauxite is converted to alumina is
termed ‘gate to gate’.

Mined bauxite contains impurities which must be separated from alumina
in an alumina refinery. Bauxite from Weipa in Queensland Australia, for
example, contains approximately 55% Al,03, 12% Fe;03, 5% SiO;, 3% TiO2,
and 25% H;0. Mineral impurities are separated from alumina in the refinery
using a caustic soda digestion process followed by separation of insoluble
impurities, and precipitation and drying of alumina. The process involves
significant consumption of energy and emission of gaseous, liquid and solid
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Figure 2.2 Product life cycle for an aluminium beverage can. Brennan (2007):
Reproduced with permission of John Wiley and Sons, Inc.

wastes; a major waste is alkaline ‘red mud’ comprising the insoluble residues
from ore digestion.

Dried alumina product from the alumina refinery is then converted to
aluminium metal in a separate smelting process according to the equation

Al,03 + 1.5 C + electricity — 2Al + 1.5 CO,

Aluminium smelters consume approximately 13 MWh of electricity per
tonne of aluminium produced. If the electricity is generated from fossil fuel,
major carbon dioxide emissions result in addition to the carbon dioxide
emissions resulting from oxidation of the carbon anodes.

Note the materials recycling step in Fig. 2.2. Aluminium metal has the
benefit of ease of recyclability, and its high strength to weight ratio has
benefits in building, construction, and transport applications. The aluminium
beverage can has environmental advantages in terms of light weight and
ease of recycling after use, but some disadvantages in upstream impacts



Hierarchy of Waste Management | 23

incurred through the mining of bauxite and its conversion through alumina
to aluminium.

2.4 Hierarchy of Waste Management

A further key aspect of the cleaner production concept is the hierarchy of
waste management illustrated in Fig. 2.3. This hierarchy may be designated as

Original Process 3) Waste Treatment

product
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Figure 2.3 Waste management hierarchy in chemical processes. Adapted from
Allen and Rosselot (1997): Reproduced by permission of John Wiley and sons Inc.
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follows with strategy 1 preferred to strategy 2, preferred in turn to strategy
3, and so on:

source reduction (eliminating or reducing waste at source)
recycling and reuse

waste treatment to render the waste less hazardous
secure disposal.

W e

2.5 Concepts and Sources of Waste

2.5.1 Concepts of Waste

For chemical engineers, a major challenge is the minimisation of waste in the
process industries. A necessary first step before waste minimisation is the
identification of waste, including where and how it is formed. But what do
we mean by waste? Some common concepts of waste, all of which are valid,
include

emission (or loss) to air, water, or land
mass of material lost

rubbish — lack of usefulness — scrap
product for which no market exists
energy wastage.

2.5.2 Process and Utility Waste

Waste occurs in both process and utility systems. The process typically
comprises reaction, separation, heat exchange, and materials transport steps.
Waste may be generated as a result of the process, equipment, and piping
within the physical plant, or in product packaging and distribution. Process
waste sources include

feedstock impurities

waste generated in reactors

wastes generated in separation equipment

energy required for the process

extraneous materials such as catalysts, solvents, filter-aids, adsor-
bents

e packaging for raw materials and products.

Process waste streams may be emitted to the environment continuously or
intermittently as
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purges

vents and drains

leaks and spillages

accumulated deposits

spent extraneous materials such as catalysts or adsorbents.

An important aspect of waste minimisation is to avoid merely transferring
pollutant from one medium to another. For example, in treating an effluent
gas stream containing sulphur dioxide, we might use a strategy of scrubbing
with NaOH to produce Na,SOs3, or with lime to produce CaSO4, leading
to aqueous or solid wastes but must address any resulting water or land
pollution. Likewise, we might remove traces of mercury from natural gas
using an adsorbent, but must also address the problem of regenerating or
treating the loaded adsorbent, without causing damage through mercury
emissions to the environment.

Waste may be generated during

e normal operation of plant

e abnormal operation, start up or shut down
e maintenance and cleaning of equipment

e transport and storage of process materials.

Waste is also generated in the utility systems which support the process
systems, mainly through energy provision.

2.5.3 Utility Waste and System Boundary Definition

An important consideration in accounting for waste generation is the
definition of system boundaries. Figure 2.4 shows some system boundary
considerations in the supply of utilities to a process plant.

Even though utilities may be generated remotely from the process plant
site, the environmental burdens from utility generation may be justifiably
attributed to the utility user. Examples of remote generation of utilities
depicted in Fig. 2.4 where waste is formed include

e electricity generation from coal fired power stations and transmis-
sion to the plant

e natural gas extraction, purification, compression, and pipeline supply
to the plant

e mining, cleaning, and transport of coal to a power station.
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Figure 2.4 System boundary considerations for waste from utility systems
supplying process plants. Brennan (2007): Reproduced with permission of John
Wiley and Sons, Inc.

Utility wastes on process plants are derived from provision of energy needs
in the process. Main utility needs arise from

e heating duties including steam, hot oil, other heat transfer fluids, hot
gases (usually produced from fuel combustion)

e cooling duties including cooling water, refrigeration

e electricity for drives on materials transport equipment (pumps,
compressors, solids conveyors) and agitators, and in special cases for
direct current supply in electrochemical processes.

Other utility needs include

e nitrogen for purging
e compressed air
e water for cleaning, fire fighting.

Utility waste can be minimised both by

e reducing consumption of utilities on process plants and
e improving the design of the utility systems themselves.

Utility wastes make a major contribution to wastes attributable to a given
process. When aggregated over the whole life cycle of a product, utility
wastes make a major contribution to the environmental impact of the
product.
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2.5.4 Packaging

System boundary definition is also important in relation to product
packaging. A chemical plant may use packaging for its product, but in so
doing contributes to any wastes emitted in the production, use, recycling or
disposal of the packaging.

2.6 Impacts of Waste

Wastes differ in chemical composition, in phase (solid, liquid, or gas), and
in terms of the medium to which they are released (air, water, or land). The
impacts associated with release of wastes to the environment may be felt
globally, regionally, or locally, for example:

e global — global warming, ozone layer depletion
e regional — acid rain, nutrification
e local — human toxicity.

Apart from this, different countries and regions may have distinct

e damage levels resulting from emissions, due to local differences in
climate or topography

e environmental priorities, based on environmental, economic, or
political considerations

e legislation dealing with waste emissions and cleaner production
incentives.

Impacts of waste may be of short-term or long-term duration. An example
of short-term duration is human toxicity effects from short-term release
to atmosphere of a toxic gas. An example of long-term duration is land
contaminated from solid waste disposal, affecting future generations.

2.7 Classification of Waste

Various approaches to waste classification have been adopted by different
countries. In the United Kingdom, for example, waste has been classified as

e controlled waste (household, industrial, commercial)

e industrial waste ( from transport, utilities, telecommunications)

e special waste (process industry, hazardous wastes) including toxic,
flammable, carcinogenic, corrosive, oxidising substances.

In the United States, some important classifications and related databases
include
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e criteria air pollutants (SO,, NO,, CO, O3, Pb, particulate matter)
where national ambient air quality standards (NAAQ) have been
established. NAAQs are time-averaged concentrations which should
not be exceeded in ambient air more than a specified number of times

per year
e toxic chemicals reported under the toxic chemicals release inventory
e hazardous wastes — wastes defined as hazardous under the

Resource Conservation and Recovery Act (RCRA)
e non-hazardous wastes — covered under Subtitle D of RCRA.

2.8 Driving Forces for Cleaner Production

Apart from achieving improved environmental quality, a number of driving
forces encourage industry to adopt cleaner production practices. These
include the following:

e regulatory through

» international agreements

» government at commonwealth, state, local levels

» license to operate

» need for environmental accreditation

customer perception

company perception and policy

employee perception

community perception

economic, including

» potential savings through reduced raw materials and energy use

» reduced costs in generating and treating wastes

» avoidance of future cost of remediation or waste treatment

» minimization of potential liability arising from environmental
damage.

2.9 Resistances to Introducing Cleaner Production

There are, however, potential obstacles to achieving cleaner production. Such
obstacles can include

e resistance to change
e lack of skilled personnel to identify opportunities and develop
solutions
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Figure 2.5 Some driving forces and obstacles in cleaner production initiatives.

lack of appropriate technology

time and cost of developing appropriate technology

capital costs associated with implementing technical change
insufficient return on capital investment from making technical
change

technical or business risks inherent in implementing change in
technology, processes, plants, or operating procedures.

Figure 2.5 highlights the balance between driving forces for cleaner
production and the obstacles to success, with some examples of contributing
factors. Process engineering has a key role in creating a more favourable
balance through providing improved technology and engineering practices.

2.10 Concluding Remarks

The characteristic objectives of cleaner production can be summarised as
follows:

e Achieve reduction in the quantity of waste produced.

e Achieve reduction in the toxicity (or other damage property) of waste
produced.

e Achieve reduction in consumption of raw materials, energy, and
utilities.
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Address all stages of project life including research and development,
design, and operation.

Benefit the health and safety of workers.

Apply to products (including their whole life cycle) as well as to
processes.

Extend to all industrial and commercial scale activities.

In order to achieve these objectives there are some key challenges:

Develop improved means of assessing or measuring ‘cleanliness’ of
processes or products.

Develop inherently cleaner processes, for example, by changes in
design, by using different or purer raw materials, or by substituting
non-toxic materials for toxic materials.

Integrate technical, safety, environmental, and economic objectives
in process and product design; ensure that the benefits of cleaner
production are identified and justified.

Specify appropriate system boundaries for analysis, especially in
relation to inclusions and exclusions.

Manage existing plants and systems for cleaner performance and
ensure continuous improvement.

Use better techniques for design and revamping process plants.

Many of these objectives and challenges will be explored in later chapters
and case studies.
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Chapter 3

Industrial Ecology

3.1 The Basic Concept of Industrial Ecology

Ecology deals with living organisms — their habits, modes of life, and
relations to their surroundings. Industrial ecology addresses the potential for
better use of materials and energy in industrial systems. There is potential
to improve efficiencies of industrial systems to approach those of natural
ecosystems.

At present, industrial ecology is characterised predominantly by linear
flows of materials and energy through inter-related production-consumption
processes. There is need for a transition from an industry structure with
predominantly linear flow of materials and energy to a structure with greater
recycle of materials and energy, such as occurs with living organisms and
natural cycles, such as those for carbon, oxygen, or nitrogen.

In industrial ecology, energy and material flows are part of individual
production processes which interact with other industries and with
consumption systems. Industrial systems have local, regional, and global
dimensions and interact with natural ecosystems on these scales.

Scales (or scopes) of influence may be classified as microscale, mesoscale,
or macroscale (Friedlander, 1994). An example of microscale activity is
an individual process plant or section of a process plant. An example
of mesoscale activity is a petrochemical complex or a petroleum refinery
operating on a large site. An example of macroscale activity is the flow
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Figure 3.1 Example of microscale activity. Simplified flow sheet of formaldehyde
manufacture.

of industrial materials between diverse industry sectors such as power
generation, chemicals manufacture, minerals processing, paper manufacture.

Recovery and recycling of waste are important elements of reducing both
consumption of materials and energy, and emissions of waste. This applies
not only within a single plant but also across plant, site, and industry
boundaries.

Figure 3.1 shows an example of microscale activity. Formaldehyde is
manufactured by the catalytic oxidation of methanol. The reaction occurs at
elevated temperature; hot gases leaving the reactor are cooled in a waste
heat boiler generating steam; formaldehyde is then absorbed in water in
an absorber. Unreacted methanol is recycled to the reactor feed. Steam
generated in the waste heat boiler can be used for driving pumps and
compressors in the formaldehyde plant. Steam could also be exported to
another industrial plant if this was feasible.

Figure 3.2 shows an example of mesoscale activity. Basic raw materials
such as salt and naphtha are processed into intermediate chemicals such as
ethylene and chlorine. These intermediate chemicals are then used as feed-
stocks for processing into a range of chemical products. All process plants are
located on the same site. Surplus steam from some plants can be exported to
other plants on the site which require steam for processing. Potential also ex-
ists for waste from one plant to be used as a raw material in a separate plant.

Figure 3.2 indicates the structure of the complex as it was in earlier
years. Since then, changes have occurred in the structure of the complex
and the size and technology of some individual plants due to changes in
feedstock availability, product markets, and process technology. It is a feature
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Figure 3.2 Example of mesoscale activity. Schematic outline of earlier operations at
a petrochemical complex of ICI (Australia) at Botany, NSW.

of chemical processing complexes that they must adapt to such changes over
time.

Figure 3.3 shows a generalised example of macroscale activities. Surplus
material and energy streams from individual plants can be used on other
plants but across multiple sites and industry sectors. This results in a net
reduction of resources consumed for both process feedstocks and utilities
and a net reduction in wastes emitted.

BASIC RAW PRODUCTS
MATERIALS PETROLEUM POWER e.0. Conper
e.g. Crude oil, REFINERIES STATIONS Aﬁw.monl?gmy
Miner'al phosphate,
sulphide ore, Urea,
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FERTILISER
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MINIMUM TOTAL WASTE

Figure 3.3 Example of macroscale activity. Materials and energy flows between
plants in distinct industry sectors. Brennan (2007): Reproduced with permission of
John Wiley and Sons, Inc.
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3.2 Energy and Materials Recovery from Waste Streams

Opportunities for recovering energy and materials from waste streams
provide the dual benefits of reducing demand on virgin sources of materials
and energy, and reducing waste emissions to the environment. Some
examples related to industrial wastes are provided by Allen (2004) while
appraisals of domestic waste treatment are given by Azapagic, Duff, and Clift
(2004) for the case of sewage water, and Kirkby and Azapagic (2004) for the
case of municipal solid waste.

3.3 Resource Flow through the Economy

The flow of a particular resource through the industrial economy is key
information for improving its industrial ecology. The flow of sulphur, for
example, is a case of predominantly linear flow. This is partly related to its
perceived low value in the economy, and relatively benign nature as a waste
(as sulphur or sulphate, though not as sulphur dioxide). A much greater
proportion of lead (70%) is recycled, due to its higher value and hazardous
nature as a waste. Similarly a high proportion of platinum is recycled, due to
its high economic value (Allen and Rosselot, 1997).

3.3.1 Sulphur Flow in Australia

The sulphur balance for Australia for the year ending June 1992 is shown
as an example (Fig. 3.4). The balance indicates considerable sulphur loss
to atmosphere as SO;. Such balances can change markedly with time. The
1992 balance shows only minor imports of sulphur. This contrasts with large
sulphur imports in 1980 and 2000. Much of the SO, released in 1992 is now
captured to make sulphuric acid.

There is little recycling of sulphur-derived products. The bulk of sulphur
is converted to sulphuric acid, which diffuses through the industrial
economy. Much of sulphuric acid is used for making fertilisers. Other
uses are for neutralising, gas drying, and alkylation within chemical and
petroleum industries, and for lead acid batteries. Technology is available to
reconcentrate dilute sulphuric acid (vacuum evaporation) and to regenerate
spent alkylation acid (furnace and sulphuric acid plant). However, waste
sulphuric acid is an unattractive prospect for recycling, because of its low
value and relatively high cost of transport from point of generation to
processing centres. It is also often contaminated.
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Australian sulphur balance for the financial year 1991-92. All values are in kilotonnes of sulphur equivalent.

Figure 3.4 Example of a national commodity balance. Sulphur in Australia for
financial year 1991-1992. All values are in kilotonnes of sulphur equivalent. Golonka
and Brennan (1994): Reprinted with permission of AusIMM.

3.4 Transport and Storage of Raw Materials and Products

A number of environmental burdens and risks derive from the transport
and storage of process industry cargoes. With all transport modes, there are
impacts of fuel combustion and engine wear. For road and rail transport,
there are noise considerations, and wear from friction on roads and rail
supports. A major concern is the risk of spillage from the transport container,
where safety risks also apply in the case of hazardous materials. Ship
inventories are largest and damage potential is considerable. Examples of
previous marine accidents include:

Year Location Vessel Loss

1978 Brittany Amoco Cadiz 230 kt crude oil
1989 Alaska Exxon Valdez 44 kt crude oil
1993 Shetland Braer 87 kt crude oil

1994 Baltic Sea Estonia 910 human lives
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3.4.1 Marine Transport

In the case of marine transport, potential leakage sources include

e leakage from ship of cargo or fuel resulting from storm, collision, or
disrepair

e leakage during filling or emptying operations

e contamination of water (at destination) by ballast water (from port
of origin)

e cargo leakage from storage vessels at despatch and arrival points.

3.4.2 Road and Rail Transport

Inventories of materials in road and rail transport are smaller than for
ships, but many road and rail cargoes are potentially hazardous, for example,
liquefied petroleum gas (LPG), liquid ammonia, vinyl chloride monomer.
Transportation requires storage facilities at both despatch and arrival points
with risks of containment loss associated with

e transfer of material into and out of storage
e loss of containment from storage vessels.

The magnitude of the potential hazard resulting from containment loss is
related to the quantity stored. The magnitude of storage inventory in turn
reflects transport frequency, and the associated supply/demand pattern
for the material stored. Investigation of Australian chemical manufacturing
sites indicated product storages of 15% annual production for stand-alone
manufacture, and 2% annual production for site-integrated manufacture
(Brennan, 1998). Safety and environmental risks of transport and storage,
as well as economic benefits, are major driving forces for integrated
manufacture on the one site.

3.5 Integrated Site Manufacture

Integrated site manufacture occurs where the product from plant A becomes
raw material for plant B, and where plants A and B are located on the one
site. Integrated site manufacture is to be distinguished from the case where
plant A and plant B are on different sites requiring transportation of the
intermediate chemical from plant A to plant B. As the number of integrated
plants on a site is increased, potential benefits may also be expected to
increase.
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At the mesoscale and even more so at the macroscale, it is important
to understand potential markets for surplus materials and energy streams.
This requires a broad knowledge of process industries beyond the plant
generating those surplus streams. It also implies an understanding of
markets and end uses for intermediate products.

Economic benefits of integrated site manufacture arise from

savings in fixed capital and working capital arising from reduced
storage of intermediate products processed on site

cheaper utility costs resulting from larger scale of utilities genera-
tion

elimination of transport costs for intermediate products

potential for surplus utility and process streams from one plant to
be used on adjacent plants

increased flexibility through use of shared buildings and personnel
across the site.

Safety and environmental benefits of integrated site manufacture arise from

transport of intermediates being confined within the site by pipeline
avoiding risks to the public derived from off-site transport
minimising risks in filling and emptying transport containers
minimising risks derived from reduced storage of hazardous
materials.

At the same time, there are potential constraints or disadvantages of site
integrated manufacture which must be considered. For example,

key raw materials or utilities may become available at a different
location at lower prices

integrated manufacture imposes high reliability requirements and
operational constraints for individual plants because of their
increased interdependence

economic penalties can result from closure of a member plant on the
site

possible domino effects may occur in disaster propagation from a
single incident

cumulative effects of specific emissions (e.g., hydrocarbons) may
cause an excessive environmental load at a given site.

37



38 | Industrial Ecology

3.6 Some Examples of Industrial Ecology Initiatives

3.6.1 Case 1: Hydrogen Utilisation from Refineries

In petroleum refineries, hydrogen is produced as a by-product from the cat-
alytic reformer unit, used to increase the octane rating of naphtha produced
from crude oil distillation. Hydrogen is consumed in refinery hydrotreaters,
whose primary purpose is to remove sulphur from hydrocarbon streams.

There is often an imbalance between hydrogen supply and demand
in refineries. Where there is surplus hydrogen, a common practice is to
pipe the surplus hydrogen-rich hydrocarbon stream from the refinery to a
nearby gas processing plant (Fig. 3.5). Here, the hydrogen is separated from
hydrocarbons using pressure swing adsorption or cryogenic distillation.
Hydrogen is then compressed, bottled and distributed to hydrogen markets,
while hydrocarbons are piped back to the refinery.

REFINERY

Naphtha CATALYTIC High octane fuel
Ipmmmmmm— REFORMER
UNIT
Hydrogen
rich gas
Hydrocarbons stream
returned (80% H,, 20% C.H,)
to refinery
A
CI; Pipeline
Pipeline 2¢
P 7 PRESSURE Hydrogen for

SWING bottling and
ADSORPTION distribution

GAS PRODUCER

Figure 3.5 Recovery of surplus hydrogen from refineries.
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Figure 3.6 Ammonium phosphate manufacture in Queensland. Brennan (2007):
Reproduced with permission of John Wiley and Sons, Inc.
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3.6.2 Case 2: Fertiliser Complex, Queensland, Australia

Phosphate rock from the North Queensland Duchess deposit is mined,
beneficiated and reacted with sulphuric acid (Fig. 3.6). The sulphuric acid
is produced from metallurgical smelter gases containing sulphur dioxide, at
Mt. Isa. Acidulation of the rock produces phosphoric acid, which is separated
from calcium sulphate by filtration. Key chemical equations are

SO, + 0.50, + H,0 — H,S0,4
Cag(P04)2 + 3H2$04 ad 2H3PO4 + 3CaSO4
Ammonia is produced by steam reforming of natural gas to make hydrogen
which is then reacted with nitrogen. Phosphoric acid is reacted with
ammonia to produce ammonium phosphate fertiliser, which is railed to
Townsville on the Queensland coast. Key chemical equations are
CH4 + 2H20 — 4H2 + COZ
3H; + N, — 2NH;
2 NH3 + H3PO4 — (NH4)2HPO4
The combined facility, with a capacity of 975 kt/yr high analysis ammonium
phosphate fertilisers, commenced operation in 2000.

For many years prior to 2000, large quantities of SO, were emitted at Mt.
Isa via a tall stack. Sulphuric acid was always a potential product, but no
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local market existed. Development of the phosphate rock deposit provided
a sink for sulphuric acid. Imports of ammonium phosphate to Australia had
increased from 50 ktpa in 1982 to 600 ktpa in 1992. Further growth in
Australian demand has created a sizeable import replacement market, while
opportunities also exist for exports. A natural gas pipeline from south-west
Queensland to Mt. Isa created a source of methane for ammonia production.
Arail link from Mt. Isa to Townsville and port facilities at Townsville provided
infrastructure for materials transport to markets.

Several factors have combined to make such a project possible. These include

e resource development
» natural gas extraction in south-west Queensland and natural gas
pipeline construction (south-west Queens-land to Mt. Isa)
» development of phosphate rock deposit
e waste treatment
» SO, capture from smelter with greatly reduced emissions to
produce sulphuric acid
e exploitation of market for ammonium phosphate
e opportunity to build on transport infrastructure.

3.6.3 Case 3: Industrial Integration at Kalundborg, Denmark

At Kalundborg in Denmark, four industrial facilities under different
ownership and the local municipality participate in a system where wastes
are profitably exchanged and utilised.

The participants are

e 1500 MW coal fired power station, owned by Asnaevaerket

e Denmark’s largest refinery, owned by Statoil, with a capacity of 3
million tonnes of crude oil per annum

e Gyproc plaster board, producing 14 million m? of board per annum

e Novo Nordisk biotechnology, producing about 45% of world’s
insulin and 50% world’s enzymes markets

e Kalundborg municipality, controlling the distribution of water,
electricity and heating in the city area

Development at Kalundborg has been voluntary, but has occurred in close
cooperation with government. Some key flows of energy and materials in
1995 are depicted in Fig. 3.7. In contrast to the Queensland fertiliser project
which was planned as an integrated facility, integration at Kalundborg has
evolved over time. The evolution has enabled major reductions in water
consumption, in CO; emissions, and in solid wastes of fly ash and gypsum.
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Figure 3.7 Industrial integration at Kalundborg, Denmark. Grann (1997):
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3.6.4 Case 4: Industrial Symbiosis at Kwinana, Western Australia

Substantial and varied process industry development at Kwinana (south of
Perth in Australia) has led to a number of regional synergies. Process plants
at Kwinana (van Beers, Corder, Bossilkov, and van Berkel, 2007) include (as
of 2007) the following:

e mineral processing plants including

» 2000 kt/yr alumina refinery

» 70 kt/yr nickel refinery

» 105 kt/yr titanium dioxide plant

» 800 kt/yr direct reduction iron making plant
e 850 ktlime and cement
e petroleum refinery processing 135,000 barrels/day of crude oil
e chemical processing plants producing

» sodium cyanide

» caustic soda and chlorine

» ammonia and derived fertilisers

As of 2005, some 47 synergy projects were reported as being in place,
including 32 by-product synergies and 15 utility synergies. Examples of by-
product synergies reported include use of phosphogypsum from fertiliser
production by the alumina refinery for assisting plant growth and soil
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stability in its residue areas. Examples of utility synergy include use
electricity from cogeneration and re-use of treated waste water.

3.7 Concluding Remarks

Implications for sustainability and cleaner production extend beyond plant
and site boundaries to industrial production and consumption systems.
The flow of major industrial materials through the economy merits close
scrutiny. Modelling tools are being developed and applied in order to assist
this analysis. The recycling and exchange between industries of materials
and energy demands industry cooperation, and a thorough evaluation of
potential markets.

Transport of process materials incurs environmental impacts and risks of
spillage. Opportunities for site integrated manufacture and for manufacture
at the point of product use should be pursued, and have major implications
for systematic industrial planning.

Industrial culture is evolving to explore and create an improved industrial
ecology. Recent project initiatives provide evidence of this. However, there
are potential economic and operational barriers to improved industrial
ecology which should be recognised and addressed to ensure opportunities
are realized. Some of these barriers derive from safety implications of
transferring process and energy streams between different operating sites,
and the possibility of intermittent stream flows with variations in flow rate
and composition. Other potential derive from cost and profitability concerns.
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Problems

A number of problems are provided in each part of the book to illustrate
the principles discussed in earlier chapters. The development of solutions
to these problems builds on chemical engineering principles and systems,
but in many cases there are a number of possible alternative solutions.
Alternatives require evaluation and judgment, and a preferred solution
requires reasoned argument. Information sources are suggested for some
problems, but additional sources will generally be available. Websites
suggested may change in terms of future access and detail, but will give an
indication of potential useful sources derived from industry companies or
bodies. The problems in Part A are intended to explore the concepts raised in
the first three chapters. Some of the problem contexts reappear later in the
book to explore principles discussed in later chapters.

ProBLEms: Part A

1. Sustainability of PVC Product

(a) Draw a life cycle diagram to show the entire product life cycle for
polyvinyl chloride (PVC) pipe produced from basic raw materials of
salt and ethane. The diagram should be a block diagram with one
block for each distinct step of processing, usage, or disposal. Transport
and distribution activities can be excluded. Identify on the diagram
the main raw materials, intermediate products, co-products, and by-
products from the various processing stages. Where possible, quantify
the relationships between mass flows of raw materials, intermediate
products and final product.

(b) Identify the important criteria by which PVC pipe should be judged in
terms of being a sustainable product. Hence, postulate key advantages
and disadvantages of PVC pipe in terms of being a sustainable product.
Give your reasons.
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(c) From an industrial ecology viewpoint, consider the sustainability merits
of an integrated PVC polymer production facility (cradle to gate) based
on ethane and salt raw materials and located at Karratha in northwest
Australia, or at an alternative site of your choice. Identify the potential
benefits, implications, and risks for such a scheme.

Useful References

Ullmann (2002). Encyclopaedia of Industrial Chemistry, Wiley-VCH, Weinheim,
Germany.
Websites for PVC manufacturers, for example:
European Vinyls Corporation: http://www.vinyl2010.org/ and http://www.
vinylplus.eu/
Australian Vinyls: www.av.com.au
Vinnolit: http://www.vinnolit.de/vinnolit.nsf/id/EN_Home

2. Sustainability of Fuel Ethanol

Fuel ethanol is available in some countries as an alternative to petrol, either
as a blended component (commonly 10% ethanol) or in some cases as a
separate fuel. One source of raw material for fuel ethanol is sugar cane, which
can provide either cane juice, a more concentrated syrup, or molasses by-
product from sugar production.

(a) Draw a complete life cycle diagram for each of the following products:

e petrol derived from crude oil
e fuel ethanol derived from a sugar-based feedstock.

Life cycle diagrams should be simple block diagrams with one block
for each distinct step of processing, transportation, usage, or disposal.
Main inputs and outputs including co-products and by-products should
be shown at each block.

For petrol, show major steps

e upstream of the refinery
e within the refinery
e downstream of the refinery, including use of petrol.

For fuel ethanol, show major steps upstream of sugar cane production,
downstream of sugar cane production, within the ethanol ‘distillery’, and
including use of fuel ethanol.
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(b) Postulate qualitatively the major environmental impacts you would
expect at each stage of the two product life cycles.

Useful References

Institute of Petroleum (2002) Modern Petroleum Technology, Vol. 2: Downstream
(A. G. Lucas, ed.), Wiley, Chichester, UK, Ch. 1, pp. 1-4, Ch. 9, pp. 83-85.

Moulin, J. A, Makkee, M., and Van Diepen, A. (2001) Chemical Process Technology,
Wiley, Chichester, UK.

Ullmann (2002) Encyclopaedia of Industrial Chemistry, Wiley-VCH, Weinheim,
Germany.

3. Hydrogen as an Alternative Car Fuel to Gasoline

With the prospect of increased price and reduced availability of crude oil and
petrol worldwide, increasing attention is being given to alternative fuels for
motor vehicles to supplement or replace gasoline (petrol). Petroleum-based
diesel has been in use for some time, but LPG, compressed natural gas, fuel
ethanol, and biodiesel have also been suggested and used. More recently,
both electric cars and hydrogen fuelled cars have been suggested and some
prototypes have been developed by particular car manufacturers.

(a) Draw a life cycle diagram for production, distribution and use of each of
the following alternative automobile fuels:

(i) gasoline (petrol) derived from crude oil
(i) hydrogen derived from the steam reforming of natural gas.

The diagrams in this case should be simple block diagrams with
one block for each distinct step of processing, transportation, usage,
or disposal. Main inputs and outputs including co-products and by-
products should be shown at each block.

(b) (i) Identify four main sources of gasoline from within a petroleum
refinery. For each source, identify and explain the main chemical or
physical processing step.

(ii) Briefly describe the steam reforming process for hydrogen manufac-
ture from the steam reforming of natural gas. Include key chemical
equations and indicate the equipment type at the main processing
steps.

(c) Identify the main environmental impacts and their causes incurred in the

production of

a7
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(i) gasoline from crude oil
(i) hydrogen from the steam reforming of natural gas.

(d) Identify the emissions at the product usage step from using

(i) gasoline
(ii) hydrogen
as a car fuel. What environmental impacts result from these emissions?

(e) Discuss some important safety concerns arising from the distribution,

storage, and use of each of the two alternative car fuels.

(f) (i) Nominate two alternative processes for the manufacture of hydro-
gen. Indicate one disadvantage of each process compared with the
steam reforming of natural gas.

(ii) Identify three existing markets for hydrogen apart from use as a fuel.

(g) Postulate the main environmental and sustainability issues arising from

the use of the two alternative car fuels, hydrogen and gasoline.

Useful References

Stefanakos, E. K, Goswami, Y., Srinivasan, S. S., and Wolan, J. . W. (2007)
Hydrogen energy in environmentally conscious energy production, (Ch. 7), in
Environmentally Conscious Alternative Energy Production (Kutz, M., ed.), John
Wiley and Sons, Hoboken, New Jersey.

Institute of Petroleum (2002) Modern Petroleum Technology, Vol. 2: Downstream
(A. G. Lucas, ed.), Wiley, Chichester, UK, Chs. 1 and 9.

Ullmann (2002) Encyclopaedia of Industrial Chemistry, Wiley-VCH, Weinheim,
Germany.

4. Industrial Ecology in Nitric Acid Manufacture

Ammonium nitrate is an important commercial chemical product used both
as an explosive in the mining industry and a fertiliser.

(a) Identify the major stages in the life cycle of ammonium nitrate product,
considered from ‘cradle to gate’ perspective. Assume that air, steam, and
natural gas are the primary feedstocks. Express your answer using an
appropriate block diagram.

(b) Postulate the major environmental impacts occurring at each stage of the
ammonium nitrate product life cycle and their source.

(c) Identify the major downstream commercial uses for ammonia (other
than ammonium nitrate) in the process industries.
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(d) (i) Outline the industrial ecology implications for the design, site
location, and integration (with other industrial plants or facilities)
of a nitric acid manufacturing plant.

(ii) Recommend a site for a new nitric acid plant in your country or
region which would offer benefits in terms of industrial ecology. Give
reasons for your recommendation. Draw a block diagram showing
the inter-relationship between individual plants, raw materials,
intermediates, and products that you envisage.

Useful References

Sinnott, R., and Towler, G. (2009) Chemical Engineering Design, Elsevier, Oxford, UK,
Ch. 4.

Ullmann (2002) Encyclopaedia of Industrial Chemistry, Wiley-VCH, Weinheim,
Germany.

5. Alternative Packaging for Beer

Beer is packaged in most countries in both glass bottles and aluminium cans.
Both of these containers can be recycled after use, achieving environmental
benefits. What are these benefits? Does either container have an advantage
in the context of recycling? What other considerations might decide the
preferred container for beer?
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Introduction to Part B

Having considered some key concepts shaping sustainable process engineer-
ing and their origins, we now explore strategies for waste minimisation
in process plants. Considerable emphasis is placed on understanding how
waste is generated at source. This understanding is an essential first step
before developing strategies to minimise waste.

Consistent with the established ‘hierarchy of process design’ (often
referred to as ‘the onion diagram’), we begin by looking at waste in reactors.
The reactor is often a key source of process waste influencing subsequent
separation requirements, recycle of process streams, effluent quantities
and compositions, and product quality. Product impurities in intermediate
chemicals provide a further source of waste for downstream processing and
downstream products. In Chapter 4, we consider the main sources of waste
in chemical reactors; we explore how these sources occur in some selected
chemical processes of industrial importance, and how these processes have
evolved to minimise waste.

We then explore how waste is formed in some more common separation
processes in the process industries and examine some specific case examples.
Since energy is a major consideration in many reaction systems, as well
as in separation processes and materials transport, we next examine the
common utility systems which provide energy for process plants. Utilities are
most widely used for heating, cooling and electrical duties. The generation
of these utilities in turn involves fuel and water consumption and a range
of waste emissions. We explore how energy and utilities are consumed in
process plants and some of the ways in which energy consumption can be
minimised.

Recycling, both of process streams within processes and of product
materials in the wider economy, is an important strategy for minimising
both resource consumption and waste emissions. Key aspects of recycling
are explored, and related benefits and burdens, both economic and
environmental, are identified.



54 | Introduction to Part B

We finally explore waste generation in the wider context of process
industry operations, including departures from normal plant operating
conditions, startup and shutdown of plants, leaks and spillages, cleaning and
maintenance, as well as the storage and transport of process materials.



Chapter 4

Waste Minimisation in Reactors

4.1 Introduction

This chapter is structured in two parts. In the first part, we explore the
principles governing waste generation and minimisation in reactors. In the
second part, we explore these principles in the context of five commercial
chemical processes.

Reactors involve chemical change and hence it is important to consider
reaction chemistry, both in terms of what is intended and what actually
occurs in practice. Reactors can be diverse and complex equipment, handling
chemicals of widely different chemical and physical properties, operating at
widely different conditions of temperature, pressure, and reactant/product
concentrations, involving different phases (solid, liquid, and gaseous), having
different geometries, and incorporating a wide range of distinct physical
configurations and ancillary equipment. Nevertheless we can make some
generalisations about sources of waste in reactors derived from

stoichiometric generation of unsaleable co-products
feedstock impurities

imperfect mixing

secondary reactions leading to undesired side products
incomplete conversion of feedstock to products
reversible reactions

agent materials

[ ]
[ ]
[
[
[
[
[ ]
e deterioration of catalysts during operation.

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
David Brennan

Copyright (© 2013 Pan Stanford Publishing Pte. Ltd.

ISBN 978-981-4316-78-1 (Hardcover), 978-981-4364-22-5 (eBook)
www.panstanford.com



56

Waste Minimisation in Reactors

These sources of waste can be identified in industrial reactors to differing
extents, but often several of the sources occur in any one chemical process.

After discussing these waste sources and some common design strategies
for avoiding or minimising their effects, we consider five separate chemical
processes. In each case, we explore the main chemical reactions, the main
sources of waste and their consequences, and how the technology of the
processes has evolved to minimise the generation of waste. The chemical
processes examined are

e chlorine and caustic soda manufacture from salt

e ethylene manufacture from hydrocarbons

e hydrogen cyanide manufacture from ammonia, methane, and air and
its conversion to sodium cyanide

e sulphuric acid manufacture from sulphur and mineral sulphides

e polyvinyl chloride (PVC) manufacture by suspension polymerisation
of vinyl chloride.

All five processes are of commercial significance in the chemical industry.
Chlorine, caustic soda, ethylene, and sulphuric acid are large tonnage
products used as intermediate chemicals for further processing to make
a wide range of downstream products. PVC is a large tonnage polymer
with diverse applications while sodium cyanide is a key chemical in gold
extraction.

4.2 A Checklist for Reaction Systems and Reactors

In exploring industrial reactors and their potential for waste generation,
it is important to consider both the reaction chemistry including its ther-
modynamics and kinetics, and also the reactor system with its engineering
features. Key aspects of reactor chemistry and reactor design provide a useful
checklist.

e Chemical reactions including
» basic chemistry of intended reaction or reaction sequence
» whether reactions are reversible or irreversible
» whether reactions are exothermic or endothermic
» whether reactions are catalytic or non-catalytic
» temperature, pressure, and concentration conditions for reactions
» whether unintended side reactions are occurring
» degree of conversion of reactants to desired products.
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e Reactor design

» phases under which the reaction proceeds (gas, liquid, solid,
multiphase)

» batch or continuous operation

» provisions for heating and/or cooling

» approach to a CSTR (continuous stirred tank) or plug flow reactor

» reactor equipment type, for example, furnace, packed bed,
electrolytic cell, stirred vessel, platinum gauze.

Some examples of reactor types and their use in different processes include

e furnace for
» steam reforming of natural gas for hydrogen production
» steam cracking of ethane to produce ethylene
e packed bed reactor for
» sulphuric acid production (vanadium pentoxide catalyst)
» isomerisation reactor in petroleum refining (alternative catalyst
options)
e electrolytic cell for
» chlorine and caustic soda production from sodium chloride
» conversion of alumina to aluminium in aluminium smelting
e stirred vessel for
» polymerisation of vinyl chloride in PVC production
e platinum gauze reactors for
» oxidation of ammonia in nitric acid production
» oxidation of ammonia and methane in hydrogen cyanide
production.

These reactor types are used in the five chemical processes later reviewed.
Sketches of platinum gauze and furnace reactors are provided in Fig. 15.3.

4.3 Chemistry of Process Route

Cleaner (or ‘greener’) chemistry can be regarded as a subset of cleaner
production. Some of its objectives which impinge on reactors include

e developing synthesis pathways which use alternative feedstocks or
more selective chemistry to generate less waste

e finding alternative reaction conditions, for example, lower tempera-
tures which promote increased selectivity
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e finding new solvents, for example, water might be used to replace an
organic solvent

e finding improved catalysts

e developing alternative chemical products which are inherently safer
or less toxic, providing benefits in storage, transport, and use.

A simple measure of environmental effectiveness of reaction chemistry is
the Environmental factor (or E factor), where E factor = Ratio of kg waste (or
by-products) to kg desired product. Typical values of E factors for industry
sectors have been quoted by Sheldon (1994). These values indicate the
relative magnitudes of waste in different industry sectors in United States
at that time.

Industry Annual tonnage of products E factor
Oil refining 10°-108 ~0.1
Bulk chemicals 10%-10° <1to5
Fine chemicals 102-10* 5-50
Pharmaceuticals 101-103 25-100

The E factor identifies the magnitude of waste, but does not distinguish
between harmful and relatively benign wastes. Sheldon proposed an
environmental quotient, EQ = E x @, where Q is a factor for environmental
impact. Life Cycle Assessment (LCA) and other techniques have been
developed for estimating quantitative environmental indices for processes
and products. LCA is discussed in Chapters 10 and 11.

Atom utilisation is a measure of how effectively chemical atoms
participate in a reaction to achieve the desired product. Atom utilisation can
be calculated on the basis of the stoichiometric equation by dividing the
molecular weight of the desired product by the sum of molecular weights
of all substances produced. An example of calculating atom utilisation is the
case of ethylene oxide manufacture.

The overall reaction for the now obsolete chlorohydrin route for
manufacturing ethylene oxide may be represented as

C2H4 + Clz + Ca(OH)z g C2H40 + CaClz + H20
Molecular weight 44 111 18
Atom utilisation 44/(44 + 111 4 18) = 0.25 = 25%
We can also look at utilisation for a particular atom, for example, oxygen,

where utilisation is 1/(1 + 1) or 50%; hydrogen, where utilisation is 4/(4 +
2) or 67%. Atom utilisation for the chlorohydrin route can be compared with
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that of 100% for the modern direct oxidation route of ethylene to ethylene
oxide.

2C2H4 + 02 — 2C2H40

4.3.1 Conversion, Selectivity, and Yield

Conversion and selectivity are common measures of chemical reactor
performance, and have major impacts on downstream separation and
recycle.

Conversion is the ratio

reactant consumed in a reactor

reactant fed to the reactor

Limited conversion of feedstock implies feedstock is present in the stream
leaving the reactor. From this point, it requires separation from the desired
product and preferably recycling back to the reactor feed.

Selectivity is defined as the ratio

moles of desired product produced

x stoichiometric factor

moles of reactant consumed
where stoichiometric factor = stoichiometric moles of reactant required per
mole of product.
Limited selectivity implies side reactions forming unwanted products in
the reactor effluent; these unwanted products must be separated from the
desired product. Secondary reaction can occur in parallel or in series with the
desired primary reaction, and at distinct reaction rates.

In parallel, Reactant — Desired Product
N Waste
In series, Reactant — Desired Product

Desired Product — Waste

Yield is another common measure of reactor performance. Yield is the ratio

desired product produced L .
x stoichiometric factor

reactant fed to reactor

Yield can be based on once through reactor performance, or within a system
involving recycled feedstock. Clear definition of the basis of yield is therefore
essential.
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4.3.2 Co-Product and By-Product Utilisation

Co-products and by-products can generate sales revenue if markets for these
products can be established and sustained. The term co-product indicates
a second product of comparable mass quantity or revenue value with
the primary product. The term by-product indicates a second product of
rather lower revenue value than the primary product. If their markets fail,
however, the co-product or by-product becomes a source of waste, and both
an economic and environmental burden. Two examples of stoichiometric
generation of by-product waste in primary reactions are now given. In each
example the mass of by-product produced is approximately twice the mass
of the desired product.

Example 1. Manufacture of phosphoric acid by acidulation of phosphate rock.
Phosphoric acid, a key chemical intermediate in the manufacture of
phosphate fertilisers, is manufactured by the acidulation of phosphate rock.
Gypsum is a low value by-product of this reaction.

Cag(PO4)2 + 3H2$04 — 2H3P04 + 3CaSO4

While there are markets for gypsum, mining of naturally occurring gypsum
is usually the preferred source. ‘Phosphogypsum’ (produced in phosphate
rock acidulation) is subject to contamination from impurities derived from
phosphate rock. In many operations, phosphogypsum is stockpiled,
representing a major solid waste (http://www.epa.gov/rpdweb00/neshaps/
subpartr/about.html). An important strategy is to improve the quality
of by-product gypsum to enable marketability or safe disposal. Possible
approaches include purifying the phosphate rock feed and improving the
washing of gypsum during filtration.

Example 2. Propylene oxide manufacture by the chlorohydrin process.
This process employs chlorine to make propylene chlorohydrin as an
intermediate, in a similar way to the chlorohydrin route for making ethylene
oxide. Lime is added to liberate propylene oxide from the chlorohydrin. A
large quantity of calcium chloride by-product results, for which there is
usually no market. The overall reaction can be represented by

C3Hg + Cl; + Ca(OH)Z — C3HeO + CaCl; + H,0

4.4 Impurities in Reactor Feedstocks

Feedstock impurities can contribute to waste in several ways:
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(a) Impurities in the feed can be unreacted, contaminating process streams
downstream of the reactor;

(b) Impurities in one reactant can react with other reactants to produce a
new waste species;

(c) Feed impurities can poison a catalyst in a reactor, leading to lower
conversions and increasing the extent of secondary reactions.

In each case feedstock impurities can result in an effluent waste stream or
product contamination. In (c) catalyst life is shortened, with economic and
environmental consequences (see Section 4.9).

Impurities are characteristically present in all minerals and fossil fuels,
even where these materials have undergone refinement before supply to
process plants as feedstocks. These impurities, if not removed, can be
fed forward into downstream processing chains. Impurities may also be
introduced through other sources in a chemical process which in turn
become impurities in feedstocks to downstream products. In most cases, it
is best to remove an impurity as early as possible in the processing sequence
and before the reactor, although there are some cases where removal after
reaction is easier.

Table 4.1 gives some examples of impurities in crude oil (feedstock to
a petroleum refinery), phosphate rock (feedstock to a fertiliser complex),
sodium chloride salt (raw material for a chlorine-caustic soda plant) and
bauxite (mineral feed for aluminium production). In the case of sulphur in
crude oil, sulphur is distributed through the products of crude oil distillation,
being most concentrated in the least volatile products. Sulphur then becomes
an impurity in the bottoms product from the distillation column, which is
fed in turn to a catalytic cracking unit. If not removed, sulphur contaminates
the gasoline, diesel, and fuel oil products from the catalytic cracking
unit.

Table 4.1 Examples of impurities in different basic raw materials

Crude oil Phosphate rock Sodium chloride Bauxite

Salt Fluoride Calcium Silica

Sulphur Silica Magnesium Ferric oxide
Nitrogen Alumina Iron Titanium dioxide
Metals Ferric oxide Sulphate

Magnesium oxide

Sodium oxide
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4.5 Mixing of Reactants

Thorough mixing of reactants assists in achieving better conversion and
selectivity. It is also important to avoid short circuiting of reactor feed from
the reactor inlet to the reactor outlet: this is assisted by careful design of
reactor internals and location of feed and product nozzles.

4.5.1 Mixing of Gaseous Reactants

Static mixing devices located upstream of reactors can achieve greater
homogeneity in both concentration and temperature of reactants than can
be achieved solely through pipeline mixing. Static mixers have been used for
mixing gaseous reactants in processes to make the following products:

(a) Nitric acid (for ammonia and air mixing)

(b) Sulphuric acid (for air and sulphur dioxide mixing)

(c) Ethylene (for mixing hydrocarbons and steam)

(d) Formaldehyde (for mixing methanol and air)

(e) Hydrogen cyanide (for mixing ammonia, methane and air).

In the cases of nitric acid, formaldehyde and hydrogen cyanide, uniform com-
position control is also important to ensure that the reactant compositions
are outside flammability limits.

4.5.2 Mixing of Liquids

When mixing miscible or immiscible liquids, and when dispersing solids or
gases in liquids, mixing quality is again important to achieve homogeneity
in concentration or temperature. Special care should be taken in agitated
vessels with choice of impeller type and speed, geometry of vessel and
impeller, design of internals, and size and location of vessel nozzles. Jet
mixing can be a worthwhile alternative to impeller mixing. For an agitated
vessel needing heating or cooling, internal coils or an external jacket are
common. In these cases, the effect of mixing on the heat transfer rate must
be considered. Mixing is discussed in greater detail in Chapter 7.

4.5.3 Fluid Distribution in Packed Bed Reactors

When introducing gas or liquid feeds to packed catalyst beds, even
distribution of fluid across the bed is important. Careful attention should be
paid to the design of inlet piping and the distribution of feed over the packing.
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4.6 Minimising Secondary Reactions

Secondary reactions can be minimised by improving the quality of reactant
mixing before and within the reactor. Secondary reactions at elevated
temperatures can also be minimised by having short contact times for the
reaction followed by rapid cooling of the reactor effluent. Rapid cooling is
often achieved in waste heat boilers located close to the reactor, and in some
cases physically integrated with the reactor. Steam generated in the waste
heat boiler can be used within the process for driving machinery or process
heating; alternatively, it may be possible to export the steam to an adjacent
plant.

Temperature constraints on process gases may exist in waste heat boilers.
For example, exit temperatures may need to be below upper limits where
side reactions are occurring, but also above lower limits where corrosive
acids such as sulphuric or nitric acid might condense.

Design features of waste heat boilers can be varied. For example,

(a) water may boil in the shell, as with vertical tubular reactors

(b) hot oil systems may be used for reactor heating and cooling, with heat
recovered from the oil to raise steam in a separate waste heat boiler

(c) special materials of construction may be needed to withstand attack by
process fluids.

Examples of processes using waste heat boilers in conjunction with
reactors include

Approximate reactor

Process temperature

Ethylene from ethane 900°C

Nitric acid from ammonia and air 900°C

Hydrogen cyanide from methane and air 1100°C

Formaldehyde from methanol and air 350°C (metal oxide catalyst)

Direct quench systems, involving water addition to the reactor effluent
stream, are sometimes used as alternatives to waste heat boilers. They
can be effective in achieving sudden temperature reductions but should be
evaluated for effects on

(a) the resulting water balance in the process
(b) generation of aqueous effluents
(c) penalties in reduced energy recovery.
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4.7 Recycle of Unreacted Feed from Reactor Outlet

For cases of limited reactant conversion, the recycling of unreacted feed from
a point downstream of the reactor back to the reactor feed stream provides a
reduction in raw materials consumption per tonne of product. This has both
economic and environmental benefits. There are also benefits in avoiding the
treatment or disposal of unreacted feed as a waste or by-product from the
process.

There are, however, economic and environmental burdens in recycling
unreacted feed due to

e separation of unreacted feed from the product and possibly from
other molecular species in the reactor outlet stream

e pumping, compression, or conveying of unreacted feed back to the
reactor inlet; this is particularly important where a high pressure
reaction is followed by a low pressure separation.

Such economic and environmental burdens must be weighed up against the
benefits of recycling. Processes where unreacted feed is recycled include
chlorine, ethylene, and PVC manufacture.

Reactant conversion can also be limited in some batch reactors due to a
decrease in reaction kinetics as conversion proceeds. A point in the batch
reaction cycle is reached where conversion rate is judged too slow to be
economically viable. There is then the task of separating the desired product
from the reactant and recycling the unused reactant for the next batch. An
example occurs in the batch polymerisation of vinyl chloride monomer to
PVC.

4.8 Reversible Reactions

Where reactions are reversible and one reactant is a pollutant, difficulties are
created for waste minimisation since reactant conversion is limited by the
reaction equilibrium. An example is the reversible oxidation of SO, to SO3 in
sulphuric acid manufacture.

S0 +1/20, =2 SO3 AH = —298.3k]/mol

Reactant conversion can often be improved by selecting temperature,
pressure and concentration conditions so that equilibrium favours the
forward reaction.

There are general rules for assisting forward direction of reversible
reactions. These rules follow Le Chatelier’s principle.
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Reactor temperature should be increased for an endothermic reaction, and
decreased for an exothermic reaction.

Inert concentration If reaction involves a decrease in number of moles,
inert concentration should be decreased. If reaction involves an increase in
number of moles, inert concentration should be increased.

Reactor pressure Vapour phase reactions with a decrease in number of
moles should be set at higher pressures. Vapour phase reactions with an
increase in number of moles ideally should have a pressure continuously
decreasing as conversion proceeds. Practical considerations such as cost
and use of pressure vessels, piping, and compressors, as well as safety and
operability issues, sometimes restrict choices of reactor pressure.

Reactant conversion in the overall process can be increased by providing
additional stages of reaction. This, however, incurs increased energy
consumption derived from increased pressure drop over the reaction system,
as well as increased capital costs associated with the larger reactor and any
ancillary equipment and piping.

An important aspect of reversible exothermic reactions is the dependence
of conversion and kinetics on temperature. Often a balance is required
between choosing a high temperature where kinetics is favourable and a
lower temperature where thermodynamic equilibrium is favourable. This is
the case with the oxidation of SO, to SO3 where a lower temperature would
favour the equilibrium but the reaction kinetics are too slow below around
430°C.

Another good example of this need for balance between Kkinetically
and thermodynamically favourable conditions is the shift reaction in the
production of hydrogen, where unreacted carbon monoxide produced in
the upstream steam reformer is reacted with steam in the presence of a
catalyst.

H,0 + CO =2 H; 4 CO; — 41 kJ/mol

High temperature and low temperature shift reactors are used commercially
with separate catalysts and separate heat recovery systems (Twigg,
1989).

4.9 Catalysis

Catalysts have an important role in improving conversion and selectivity, and
also where high reactor temperatures and pressures are involved, in allowing
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reactions to occur at lower temperature and pressure. Lower temperatures
and pressures reduce energy consumption in heating and in pumping (or
compression) duties. Lower temperatures can also reduce the severity of
attack by process fluids on materials of construction in the reactor and
associated plant. Lower temperatures and pressures can also reduce safety
risks when handling hazardous chemicals.

Catalysts typically degrade during their life and must be replaced when
catalyst performance is judged to be unsatisfactory. Catalyst replacement
usually requires a plant shut-down for removal of spent catalyst and
installation of new catalyst. Catalyst degradation has a number of effects on
process performance:

e deterioration in reactor performance (in one or more of conversion,
yield, selectivity)

e possible increased pressure drop through fines generation in the case
of solid catalysts

e the need for catalyst regeneration or disposal; disposal is a problem
if the catalyst contains toxic species such as heavy metals.

4.9.1 Example of the Effect of Catalyst Activity on Performance

An example of the effect of catalyst activity on reactor performance is the
quality of by-product hydrogen from a catalytic reformer unit (CRU) in a
petroleum refinery. The purpose of the CRU is to increase octane number
of gasoline, mainly by dehydrogenation, isomerisation, and cyclisation of
hydrocarbon feed. Hydrogen is a by-product of each hydrocarbon reaction;
for example, in cyclisation of n-hexane where

Ce¢His — CgHg + 4H;
The catalyst used is in the CRU is platinum supported on a silica or silica
alumina base. Note the lower hydrogen content and increased hydrocarbon

content of gas as the catalyst ages.

Gaseous composition (% v/v)

Component Middle of run End of run
H, 86.0 77.0
CH4 6.5 13.5

C2-Cs 7.5 9.5
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4.10 Agent Materials

Agent materials have advantages in enabling the desired reaction to proceed
efficiently, but disadvantages if they have toxic properties or indirectly cause
waste formation. Examples of agent material functions include

e solvents
e reaction enablers
e reaction stoppers.

Agent materials may contaminate process streams, products and effluents.
Examples of applications of agent materials in reactors include

e use of mercury in chlor-alkali production. This causes a range of
environmental problems due to toxicity of mercury through product
and effluent contamination.

e use of a reaction stopper to stop a runaway reaction in PVC reactor.
While successful in halting the runaway, the batch of PVC becomes
contaminated and unfit for sale.

4.11 Case Examples

Table 4.2 shows some common chemical processes where sources of waste
generation in reactors and waste minimisation strategies previous discussed
are seen to apply. The processes are then discussed in this context. The

Table 4.2 Waste sources and waste minimisation strategies in selected chemical
process examples

Hg cell HCN,
Waste source Strategy Cl;/NaOH C;H,; NaCN H,S0, PVC
Feed impurity Hrork Tk doekk
Purify feed ook Kook sk
Incomplete conversion Hokokok wokkk ok ook sekokok
Recycle feedstock =~ **** ook spokokok Kook
Secondary reactions Hokook wokkkwkkk
Reversible reaction xokxk
Catalyst degradation ok otk
Agent materials wokokk *kkk
Static mixer sokokok sokokok sokskok
Waste heat boiler wRrkpkk sokokok
Direct quench ook

Note: **** denotes that the waste source or strategy is applicable for the particular process.
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processes also provide useful examples of waste minimisation in separation
processes, energy use, materials recycling, and plant operations referred to
in later chapters of Part B.

4.12 Chlor-Alkali Production in Mercury Cell

Figure 4.1 shows the reaction system for a chlor-alkali plant using mercury
cells to produce chlorine, caustic soda, and hydrogen. The reaction system
comprises multiple mercury cells arranged in parallel to achieve the required
plant production capacity. Each mercury cell comprises two reactors, a
brine cell, and a soda cell. Direct current electricity is supplied through a
transformer rectifier to the brine cell. The chemical reactions occurring in
each cell are as follows:

Brine cell reactions: Na't +e” e, Na/Hg
CI” — 0.5Cl; + e~
Soda cell reaction: Na/Hg+ H,0 — NaOH + 0.5H;

Salt

l BRINE caco,
TREATMENT [EVETCOL

22% 26%
NacCl NacCl Cl,

Na / Hg

SODA CELL

Hg

Figure 4.1 Simplified flow diagram for a mercury cell reaction system.



Chlor-Alkali Production in Mercury Cell

Mercury acts as a cathode in the brine cell and flows along the steel base of
the rectangular cell in which titanium anodes are set. The sodium amalgam
leaves the brine cell and flows to the soda cell where water is added to form
caustic soda and hydrogen. The sodium-free mercury is pumped back to the
brine cell. Sodium chloride conversion is incomplete in the brine cell; de-
pleted brine is dechlorinated by vacuum or air stripping, and reconcentrated
by fresh salt addition. Calcium and magnesium impurities in the brine are
removed by precipitation, gravity settling and filtration. Calcium is removed
as calcium carbonate and magnesium as magnesium hydroxide; the resulting
insoluble salts are removed with some brine as a purge stream.

4.12.1 Transport Paths

Mercury exists in three forms: elemental mercury, inorganic mercury
compounds (primarily mercuric chloride), and organic mercury compounds
(primarily methyl mercury). Each form is toxic, and exhibits distinct health
effects. Mercury is a pollutant of concern due to its persistence in the
environment, potential to bio-accumulate, and toxicity to humans and
the environment. Useful references on the environmental properties of
mercury can be found at http://www.epa.gov/ttn/atw/hlthef/mercury.html
and www.osha.gov/SLTC/mercury/index.html.

It is important to identify the potential paths of a toxic species from a
process to the environment. In the case of mercury in chlor-alkali plants,
contamination of products such as caustic soda or hydrogen implies potential
contamination for downstream processes and products. Contamination of
other process streams and hence effluents, as well as emissions to the
environment due to loss of containment, are also of concern. Transfer paths
for mercury to the environment include

(i) from brine cell:

e leakage from equipment and piping handling the recycle brine
stream

e purge containing CaCO3 and Mg(OH); from the brine circuit

e gas stream leaving the dechlorinator in the return brine circuit
prior to alkaline scrubbing (of waste chlorine streams)

e spillage and evaporation during periodic cell maintenance and
cleaning

(ii) from soda cell:
e leakage from mercury pump seal failure and piping in mercury
reticulation

69



70

Waste Minimisation in Reactors

e contamination of caustic soda product

e contamination of hydrogen product

e contamination of plant by-products, for example, hydrochloric acid
(from hydrogen and chlorine) and sodium hypochlorite (from
chlorine and caustic soda)

e spillage and evaporation during periodic cell maintenance and
cleaning.

Mercury can be largely removed from the caustic soda by filtration
through activated carbon, and from the hydrogen stream by adsorption
onto carbon impregnated with sulphur. In both these cases, however, there
remains the problem of either

e disposal of the carbon residues contaminated with mercury or
e attempting to recover the mercury from the carbon residues.

The preventive solution lies in replacing mercury cell technology with
membrane cell technology. The membrane, shown in Fig. 4.2, allows
passage of sodium ions but not chloride ions or hydroxide ions. By
eliminating the environmentally harmful mercury species from the process,
all mercury waste streams are eliminated. Membranes are separation devices
increasingly used in the process industries in a wide range of applications,
including those achieving environmental improvement. Membranes are an
example of innovative technology undergoing rapid change in recent years.
The nature, performance characteristics, and configurations of membranes
in separations, as well as related performance modelling, are discussed by
Smith (2005).

Mercury cell chlorine plants are gradually being replaced by membrane
plants worldwide. In 2007, mercury-based plants accounted for 37.7%

cl, H,

WATER
-
Anode

DEPLETED : SSEST.HO,.
BRINE | : D e | Dkl

MEMBRANE

Figure 4.2 Schematic diagram of membrane cell.



Ethylene Manufacture from Hydrocarbons

of European chlorine capacity; 42 mercury-based plants remained to
be converted or phased out by 2020 at a cost of EUR 30,000 million.
(http://www.eurochlor.org).

Mercury is present in many fossil fuels including coal, natural gas and
petroleum, and minerals such as bauxite and zinc sulphide ores. While the
concentrations of mercury in these cases may be small, the effective removal
of mercury and avoiding its transfer to the environment is a challenging task.
Mercury sources and emissions are discussed in the context of industrial
ecology by Allen (2004). A case problem on utilisation of by-product
hydrogen from chlorine plants involving mercury removal is provided in Part
D of this book.

4.12.2 Other Aspects of the Mercury Cell Chlorine Process

Apart from use of a toxic agent material, there are other examples of reactor
waste sources in chlor-alkali production.

Secondary reactions can occur in the brine cell, involving hydrogen
production. At >3% hydrogen in chlorine gas, a gas explosion can occur.
Hydrogen formation in the brine cell can be reduced by brine purification,
especially by limiting calcium and magnesium concentrations. Raw salt
quality can be improved by washing immediately after harvesting. Typical
salt composition from Dampier, Western Australia contains approximately
99.75% NaCl, 0.04% calcium, and 0.025% magnesium by weight on a dry
basis. The removal of calcium and magnesium from brine involves some salt
losses and (in the case of mercury cells some mercury losses) through sludge
or filter cake removal.

There is also limited conversion (around 15%) of feed brine (~26% NaCl)
to chlorine in the chlorine cell; the depleted brine (~22% NaCl) is recycled,
resaturated, and purified.

4.13 Ethylene Manufacture from Hydrocarbons

Ethylene can be manufactured from paraffin hydrocarbon feedstocks,
ranging from ethane, through LPG and naphtha, to gas oil. As the molecular
weight of the feedstock increases, the tonnages of co-products (propylene,
butadiene, petrol) increases. The capital cost of the plant also increases,
principally due to increased separation and handling of the larger co-product
quantities.
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ETHYLENE PRODUCTION
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Figure 4.3 Simplified flow diagram for making ethylene from ethane. Reprinted
with permission from Qenos.

Figure 4.3 shows a simplified flow sheet for ethylene production from
ethane. The reaction in the furnace reactor has a short residence time
(<1 second). Steam is added as a diluent, reducing the hydrocarbon
concentration, to increase ethylene yield and minimise carbon deposition
in the reactor. A conversion of ethane between 60% and 70% by weight
is typically achieved. Rapid cooling of the reaction gases is necessary to
minimise side reactions.

A typical once-through yield pattern for a steam cracking furnace with
ethane, butane, or naphtha feed is shown in Table 4.3. The yield pattern indi-
cated in the table is based on a range of data extracted from Ullmann (2002),
Kirk and Othmer (1994), Mouljin, Makkee, and Van Diepen (2001), and the
Qenos website. Once-through yield of ethylene using ethane feed approxi-
mates 52% by weight. By recycling unreacted ethane, assuming all ethane is
cracked to extinction, ethylene yield typically approximates 77% by weight.

The key process steps can be summarised as

e high temperature reaction (approximately 900°C) where ethane in
the presence of steam is converted in a furnace reactor to ethylene
and hydrogen C;Hg — C;H4 + Hy

e rapid cooling of reaction products with waste heat recovery enabling
high pressure steam generation
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Table 4.3 Typical once through yield pattern for ethane, butane, and
naphtha feedstocks (mass basis)

Feedstock

Product Ethane Butane Naphtha
Hydrogen 4 1.1 0.94
Methane 3.5 19.9 14.7
Acetylene 0.5 0.5 0.52
Ethylene 52.1 37.0 29.1
Ethane 35.0 3.7 3.7
Propylene 1.1 17.1 15.9
Butadiene 1.7 4.2 4.9
Butene 0.2 4.3 4.6
Butane 0.2 6.1 0.5
Benzene 0.7 2.5 6.8
Other CyH,, 0.5 1.0 7.1
Gasoline 0.3 1.8 8.1
Fuel oil 0.2 0.8 3.1
Total 100 100 100.0

e quenching the cooled gases leaving the waste heat boiler by direct
contact with water

e compression and purification to remove CO-, H,S, C,H;, and water

e chilling by refrigeration, usually using ethylene and propylene
refrigerants available from the plant

e a distillation sequence to separate methane/hydrogen, ethane,
ethylene, and heavier hydrocarbons

e recycle of separated ethane to the reactor feed.

4.14 Hydrogen Cyanide Manufacture from Ammonia,
Methane, and Air

Hydrogen cyanide (HCN) is manufactured by the reaction of methane with
ammonia and oxygen in the Andrussow process. HCN is an intermediate for
making a number of chemicals. One key chemical is sodium cyanide, used for
the extraction of gold from ores.

The main reaction occurs around 1150°C over a platinum rhodium
catalyst

CH4 4+ 1.50, + NH3 — HCN + 3H,0 — 481.9 kJ/mol
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Table 4.4 Estimate of post reactor gas concen-
trations for Andrussow process

Component Concentration by volume
HCN 7.8%
NH3 2.3%
H, 15.0%
N, 49.0%
CH, 0.5%
co 3.9%
H,0 21.1%
CO; 0.4%

A static mixer is used upstream of the reactor to ensure uniform gas
concentration and temperature of the reactor feed and also to avoid any
regions of flammable mixtures in the reactor feed.

Raw materials conversion is incomplete and some secondary reactions
occur. Estimates in Ullmann (2002) and Kirk and Othmer (1994) indicate
small concentrations of unreacted ammonia and methane, significant
concentrations of hydrogen, and smaller concentrations of carbon monoxide
and carbon dioxide present in gas leaving the reactor. Hydrogen is present
because of incomplete oxidation of the hydrogen present in the methane and
ammonia feedstocks. Table 4.4 provides an indicative composition of post
reactor gas based on estimates drawn from Ullmann and Kirk and Othmer.

Reaction is followed immediately by rapid cooling of gases in a waste heat
boiler. The rapid cooling is undertaken to prevent hydrogen cyanide decom-
position, but allows process heat recovery with steam generation. Some liter-
ature flow sheets show recycling of unreacted ammonia through an absorp-
tion stripping process, as indicated on Fig. 4.4. Finally, HCN is absorbed in

Natural gas Waste gases to
Caustic soda j incinerator

GAS
PURIFICATION

Air
Ammonia

WASTE HEAT
BOILER

AMMONIA
ABSOREBER

HCN
ABSORBER

REACTOR

Sodium cyanide
liquor for sales
or conversion to
solid product

AMMONIA
STRIPPER

Recycle ammonia

SIMPLIFIED DIAGRAM OF ANDRUSSOW PROCESS

Figure 4.4 Simplified diagram of Andrussow process for HCN manufacture.



Sulphuric Acid Manufacture

caustic soda solution, where sodium cyanide is the product, or alternatively
in water for subsequent stripping, where other products are manufactured.

Feed purification Natural gas is the usual methane source for the Andrus-
sow process. Natural gas is normally distributed by pipeline as sales gas for
generalised industrial, commercial, and domestic use. A typical composition
by volume of sales gas is

90.6% CH,4
5.6% CzHs
0.8% C3Hg
0.2% C4H1o
1.1% N,
1.7% CO,.

Even when meeting sales gas specification for natural gas, the natural gas
feed needs to be purified to remove heavier hydrocarbons (C;*), carbon
dioxide, and small quantities of sulphur prior to the main reaction. Sulphur
is removed to avoid poisoning the catalyst which would lower conversion
rates. Heavier hydrocarbons are removed to reduce carbon deposition on
the catalyst. CO; is removed to avoid formation of sodium carbonate during
absorption of the HCN in alkaline solution. Sodium carbonate is difficult
to separate from sodium cyanide and becomes a product impurity as well
as consuming additional sodium hydroxide. Air, as the source of oxygen, is
filtered to protect the reactor catalyst from air-borne particles.

4.15 Sulphuric Acid Manufacture

In some cases where reactant conversion is limited, reactant recycle is not
viable. An example occurs in sulphuric acid manufacture, where separation
of SO, (from N3) and its subsequent recycle would be both complex and
costly. Sulphuric acid manufacture is an example of a process with a reversible
reaction where one reactant, sulphur dioxide, is a pollutant. In this case,
reliance is placed on increased reactant conversion without resorting to
recycle.

Main reactions involve the reversible oxidation of sulphur dioxide to
sulphur trioxide:

S0z 4+ 0.50, = SO3 AH = —298.3 k]/mol

and the subsequent reaction of sulphur trioxide with water which occurs
immediately following the absorption of sulphur trioxide in 98% sulphuric
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acid:
SO3 + H,0 — H3S04 AH = —-130.4 kJ/mol

Commercial feedstocks for sulphuric acid manufacture are sulphur, or
alternatively sulphur dioxide formed during smelting of mineral sulphide
ores. Figure 4.5 shows a simplified process flow diagram for manufacture of
sulphuric acid from sulphur. Where sulphur is the feedstock, heat is liberated
from the combustion of molten sulphur in air within a sulphur burner. The
temperature of the sulphur dioxide containing gases (SO, N, 0;) leaving
the sulphur burner is around 1000°C; these gases are cooled in a waste heat
boiler to around 430°C for feeding to the first reaction stage. The reactor in
sulphuric acid plants is often referred to as a ‘converter.

Reactor temperature control and cooling between reaction stages allows

e optimal inlet temperatures to reaction stages (~430°C)
e waste heat recovery with steam generation (sulphur feed) or feed
preheat (metallurgical source of SO,).

Reactor temperature and reactant concentration control have sometimes
been achieved using air dilution, providing both cooling and increased
oxygen concentration.

While higher pressure would favour the equilibrium of the forward SO,
oxidation reaction, low pressure plants are generally adopted for sulphuric
acid for the practical advantage of avoiding pressure vessels.

Product removal between reaction stages by intermediate absorption of
SO3 favours equilibrium for the forward SO, oxidation reaction at the final
reaction stage. The result is a greater overall conversion of SO, to H,SO4.
Absorption occurs most favourably at an acid inlet temperature of 80°C and
gas inlet temperature of 220°C.

Increasing the number of reaction stages increases the overall conversion
of SO, to SO3; reaction stages have been increased in more recent plants from
4to 5.

High pressure steam generated in a sulphur burning plant can be used
for generating electricity which exceeds the plant’s requirements; surplus
electricity can be exported to the grid. Low pressure steam can be used for
heating within the plant, for example, in melting sulphur for feeding to the
sulphur burner.

Other features of sulphuric acid plants include

e integrated acid circulation circuits with concentrated sulphuric acid
used in both drying and absorption columns; moisture in incoming
air contributes to water make-up for raw material needs
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provision of entrainment and mist removal devices

layer of packing to remove entrained liquid in drying column
demisters to remove mist in absorption column

heat removal in drying and absorbing acid circuits, reflecting the
exothermic nature of acid dilution (drying) and SO3; absorption in
water (absorbing).

Metallurgical plants The flow sheet shown in Fig. 4.5 is for a sulphur
burning plant. An alternative and common source of SO, is the smelting or
roasting of sulphide ores (e.g., Pb, Zn, Cu, Ni). Downstream of the ore roaster
and upstream of the acid plant,

e heat is recovered from the combustion of the metal sulphide and
used for steam generation

e dustis recovered (for its mineral value)

e gas is further cooled and cleaned prior to feeding to the acid plant.

Gas cleaning comprises aqueous scrubbing followed by wet electrostatic
precipitators. Gas cleaning is important for removal of heavy metal
compounds derived from the mineral sulphide ore which would contaminate
the product acid. After cleaning, gas enters the drying column of the acid
plant at around ambient temperature and saturated with water. After drying,
the gas is heated to reactor temperature (~430°C) by exchanging heat with
hot gas leaving the reactor.

Aspects of sulphuric acid manufacture are further discussed in Chapters
9 (in the context of plant start up) and 14 (in the context of enviroeconomic
assessment). More detailed discussion of sulphuric acid manufacturing
technology is provided in Mouljin et al. (2001), Twigg (1989), and Ullmann
(2002).

4.16 PVC Production by Suspension Polymerisation of Vinyl
Chloride Monomer

Polymerisation of vinyl chloride monomer (VCM) to produce poly-vinyl
chloride (PVC) is a batch process. Figure 4.6 shows a simplified flow sheet
for PVC manufacture. VCM and water are charged to the reactor. A protective
colloid is added as a suspending agent. The vessel contents are agitated,
dispersing the VCM as liquid droplets within the water. The mixture is then
heated to the required temperature for reaction, and the polymerisation
initiated using a free radical initiator. The reaction is exothermic and
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Figure 4.6 Simplified process flow diagram of PVC plant. Reprinted with permis-
sion from Australian Vinyls Corporation.
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heat is removed from the reactor, commonly by cooling water circulating
through an external jacket; in some cases additional heat transfer surfaces
may be provided. As the batch reaction proceeds and conversion of VCM
progressively increases, the reaction rate slows. It is generally uneconomic to
proceed beyond a conversion of around 90%. At this point the batch reaction
is terminated.

Unconverted VCM is then separated and recovered for use in subsequent
batches. Recovery is achieved by first degassing the polymer solution which
is discharged from the reactor under reduced pressure, followed by stripping
residual VCM from the polymer in a steam stripping column. VCM is then
separated from water, and recovered by compression and refrigeration. PVC
from the steam stripping column is passed through a centrifuge and then
a dryer to achieve the required moisture content for the PVC product. The
PVC product, either in bulk or packaged form, is finally transported for
distribution to users.

The process is of interest in several aspects. Firstly, it is an example of a
batch reaction process, where the reaction batches are sequenced to enable
continuous processing for VCM recovery and PVC dewatering and drying.

Secondly, it is a case where conversion is limited by reaction kinetics
and economic considerations; this requires additional processing of VCM, a
known carcinogen and flammable material. Any unrecovered VCM in the vent
stream from the liquefaction plant is normally incinerated.
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Thirdly, the exothermic nature of the reaction provides risk of a
runaway reaction. Should a runaway reaction occur, a reaction stopping
agent, 4-tertiary-butyl-catechol, removes the free radicals necessary for
polymerisation. Addition of this agent, however, renders the PVC from the
batch unsaleable.

Fourthly, the process provides an example of the need to clean a reactor
between batches. In the case of the PVC reactor, the cleaning should be
carried out on a sealed reactor to avoid exposure of plant personnel to VCM.
There is need to rinse out residual PVC from the reactor with flush water,
since residual PVC would

e lead to a downgraded product in a subsequent batch

e prevent effective coating of reactor internals with build-up suppres-
sant (necessary to avoid accumulated deposit of PVC solid during the
batch).

Finally, the process is a large consumer of water, mainly through additions
in the reactor and through evaporative losses from cooling water towers.
Water consumed in an operating plant could be as high as 5 tonne per tonne
of PVC.

4.17 Concluding Remarks

The five cases discussed show examples of waste generated in reactors
within chemical processes, and steps to minimise such waste. Some
implications of the generation of waste in the reactor for the complete
process have also been identified. These cases are broadly indicative of
reactor waste generation and its implications in the wider spectrum of
industrial chemical processes.
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Chapter 5

Waste Minimisation in Separation Processes

5.1 Classification of Separation Processes

The separation of different materials is an integral part of all industrial
processes. Separation processes are required to purify naturally occurring
minerals and fossil fuels prior to their use as feedstocks and fuels. Separation
processes are required downstream of chemical reactors, to ensure desired
products are separated from unreacted feedstocks and undesired side
products. Separation processes are widely used to achieve required product
quality, and to ensure any emissions to the environment meet regulatory
standards. Incomplete separation can have adverse consequences within a
process, in a product manufacturing chain, and in product use.
Separation processes can involve

e separation of distinct phases, for example, liquid from solids by
settling, filtration, drying

e separation of components from a gas stream, for example, by gas
absorption, pressure swing adsorption, membrane separation

e separation of components from a liquid stream, for example, by
evaporation, distillation, membrane separation.

Separation processes are sometimes classified by their application to
heterogeneous (multiphase) or homogeneous (single phase) mixtures (Smith,
2005). For homogeneous mixtures, separation can be achieved by

Sustainable Process Engineering: Concepts, Strategies, Evaluation, and Implementation
David Brennan

Copyright (© 2013 Pan Stanford Publishing Pte. Ltd.

ISBN 978-981-4316-78-1 (Hardcover), 978-981-4364-22-5 (eBook)
www.panstanford.com



84 | Waste Minimisation in Separation Processes

e creating a separate phase through
» vaporisation or boiling
» condensation
» crystallisation
e vapour-liquid separation through
» distillation
» evaporation
e using extraneous materials as mass separating agents in
» absorption
» stripping
» liquid-liquid extraction
» adsorption
» drying.

5.2 Sources of Waste in Separation Processes
Wastes are frequently generated in separation processes

e directly from imperfect separations

e indirectly through consumption of energy or utilities

e from use of extraneous materials such as solvents, adsorbents, filter
aids, membranes.

Wastes are generated in normal operation in accordance with design intent,
but also in abnormal operation, and in start-up and shut-down procedures.

The sources of waste generation in separation processes must be
identified before taking steps to minimise the waste. Different separation
methods typically generate waste in distinct ways, as discussed below. Apart
from these waste sources characteristic of specific separation methods,
energy consumption is common to all separation equipment. Energy may
be consumed directly as a utility, or indirectly through pressure loss due
to flow through equipment which contributes to compression or pumping
energy. Energy or utility consumption implies a spectrum of impacts through
resources consumed and wastes emitted in providing the utility. Resource
consumption and waste generation in utility systems are explored in
Chapter 6.

Some main sources of waste are now identified in selected unit
operations. The term ‘utility wastes’ denotes that a range of wastes are
generated attributable to the use of a specific utility.



Distillation

5.3 Distillation

Distillation relies on the use of heat to separate two or more components
of different relative volatility. Distillation is carried out in a vapour-liquid
contacting column which may be packed or tray. Figure 5.1 shows a
simplified diagram for the separation of two components by distillation in
a tray column.

Potential sources of waste generation in distillation include

e characteristic utility wastes derived from utility use in the condenser

and reboiler, and in the pumping of feed and reflux streams

accumulation of non-volatiles in the reboiler

accumulation of non-condensables in the condenser

fouling of heat exchangers and distillation column internals

out of specification product through loss of control or abnormal

operation

e possible contamination of a heating or cooling utility, or a process
stream through heat exchanger leakage

e aqueous effluents contaminated with organics resulting from live
steam injection (live steam injection is an alternative to using a
reboiler where aqueous mixtures are distilled)

e contamination of streams resulting from use of entrainers in
azeotropic distillation.

Energy is consumed through the use of utilities in the following aspects:

Energy use Typical utility Wastes

Reboiler Steam, fuel Utility wastes
Condenser Cooling water  Utility wastes
Pumping (feed, product, reflux) Electricity Utility wastes

Energy consumption is influenced by the degree of difficulty in
separation. For a single distillation column, a number of design decisions
relate to the ease of separation. One example is the choice of reflux ratio, the
ratio of flow rate of overhead condensate returned to the top of the column
to the flow rate of overhead product. In selecting the reflux ratio, there is a
trade-off between capital cost and energy consumption. As the reflux ratio
is increased, the number of trays required is reduced, reducing the height of
the column but marginally increasing its diameter, and increasing the utility
requirements for both boiling and condensing duties.
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Gas Absorption

Trade-offs also exist between the extent of separation and cost. In these
cases, the process designer should also consider the costs of any effluent
treatment or disposal and the associated environmental burdens.

5.4 Gas Absorption

Gas absorption relies on the relative solubility of one component of a gas
stream (the solute) in a liquid absorbent (the solvent). A simplified diagram
for a gas absorption system is shown in Fig. 5.2.

Gas absorption, like distillation, occurs in a vapour-liquid contacting
column. The absorption of the gas in the liquid solvent may be physical (e.g.,
absorption of acetone vapour in water) or may be accompanied by a chemical
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Figure 5.2 Gas absorption in packed column with external cooling.
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reaction (e.g., absorption of chlorine gas in aqueous sodium hydroxide to
form sodium hypochlorite). In the system shown in Fig. 5.2, gas absorption
occurs in a packed column and is exothermic, with heat removed externally in
the solvent recirculation loop. Fresh solvent is added to the circulation loop,
and a product or purge stream removed.

Possible sources of waste generated in gas absorption operations include

e effluent gas contamination by unabsorbed species (incomplete
absorption)

e solvent entrainment in gas leaving the absorption column

e purge from circulating solvent where the purge has no market

e build up of contaminants in recirculating solvent; contaminants
could be introduced from the gas stream, or could accumulate as
corrosion products.

The extent of absorption can be increased by lowering the temperature
and increasing the pressure in the absorption column. These initiatives,
however, typically involve increased energy consumption which must be
considered. Energy consumption is also influenced by column pressure
drop, which increases with the increased packing height and column height
required for more difficult absorption duties. Column internals other than
packing also contribute to pressure drop in the column.

Energy is consumed in gas absorption arising from gas and liquid
transport, apart from any heat removal considerations derived from
exothermic absorptions.

Energy use Typical utility Wastes
Gas transport Electricity Utility wastes
Liquid pumping Electricity Utility wastes

Additional energy is consumed in solvent regeneration for those systems
involving absorption and subsequent stripping of solvent to recover the
absorbed gas. In such cases, the stripping column acts as a distillation
column, and involves energy consumption and wastes inherent in distillation.
Figure 5.3 shows a combined absorption stripping system for solvent
recovery from a gas stream. In this example, live steam is used, avoiding
the cost of a reboiler; a downside of using live steam in this case is
the creation of an aqueous effluent resulting from the resulting water
imbalance.

Some case examples of gas absorption are discussed later in this
chapter.
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Figure 5.3 Simplified flow diagram for absorption-stripping plant used for acetone recovery.
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5.5 Adsorption

Adsorption involves separation of components by adsorbing one component,
the adsorbate onto the surface of a solid material, the adsorbent (Smith,
2005).

Adsorption is commonly used for separating components in gases, but can
also be applied for separating components in liquids. Adsorption can occur
as

e physical adsorption, where physical bonds are formed between
adsorbent and adsorbate

e chemical adsorption, where chemical bonds are formed between
adsorbent and the adsorbate.

Common examples of adsorbents include

e activated carbon, a highly porous solid made from a range of
carbonaceous materials

e silica gel, a porous amorphous form of silica

e activated alumina, a porous solid with high surface area

e molecular sieve zeolites, crystalline aluminosilicates where adsorp-
tion occurs within the crystals.

Applications of physical adsorption include

e separating hydrogen from hydrocarbons in the hydrogen rich by-
product of a catalytic reforming unit

e separating hydrogen from carbon dioxide in hydrogen manufacture
by steam reforming of methane

e separating water vapour from hydrocarbons in ethylene manufac-
ture

e recovering organic solvents from gases.

Adsorption is normally carried out using several beds operating in
a sequence. When the adsorptive capacity of adsorbent in one bed is
spent, the adsorbate is released by pressure reduction (pressure swing)
or temperature increase (temperature swing) or use of steam. Effective
recovery of adsorbate from loaded adsorbent is an important consideration
in the regeneration stage. This often involves condensing the regeneration
stream to recover the adsorbate. Where the adsorbate is an organic solvent,
separation of condensed solvent from water is required often involving a vent
stream and some contamination of the water.



Applications of chemical adsorption include removal of mercury vapour

Filtration

from natural gas, or from hydrogen produced in mercury cell chlorine plants,
where carbon impregnated with sulphur is often used as the adsorbent.

Adsorbed mercury reacts with sulphur to form mercuric sulphide.
Possible sources of waste in adsorption include

e incomplete adsorption of the adsorbate during the adsorption cycle

e incomplete recovery of adsorbate from the regeneration stream

during regeneration
e disposal of spent adsorbents.

Energy can be consumed in adsorption in a number of aspects.

Energy use Utility Waste
Fluid transport through bed Electricity Utility wastes
Regeneration Electricity, fuel or steam Utility wastes

Chemical recovery from

regeneration stream Cooling water Utility wastes

5.6 Filtration

Filtration is commonly used to separate a solid from a liquid. A wide range of
filtration equipment is available. Filter aid materials are sometimes added,
either as precoat to the filter medium, or as body feed, to aid the flow of
liquid through the retained solid (or ‘filter cake’). Separated solid and liquid
streams may both have economic values, but often either the solid or liquid
stream has no market and is a waste. Characteristic sources of waste in

filtration include

e cake washing, which can lead to contamination of wash liquor by

impurities from the filter cake
e disposal of filter aid

e treatment and disposal of solid material from the filtration where no

market exists for solid product
e filtrate contamination through filter medium failure

e liquid material separated from the filtration, where no market exists

for the liquid.

Energy is consumed in moving the solid-liquid suspension through the

filter medium.
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Energy use Utilities Wastes
Pumping Electricity Utility wastes
Vacuum (in some cases) Electricity or steam  Utility wastes

5.6.1 Centrifugal Separation

Centrifuges are an alternative to filters for solids-liquid separations. Wastes
are characteristically generated by

e solids washing
e spillage.

Energy is consumed in conveying liquid and solid materials and in the
high speed rotation of the centrifuge.

Energy use Utilities Wastes
Centrifugal action Electricity Utility wastes
Liquid, solids conveying Electricity Utility wastes

If not suppressed, noise generated by high speed (up to 10,000 rpm) can
prove an environmental or occupational safety impact.

5.6.2 Filtration of Solids from Gas Streams

Particulate solids are often present in gas streams, as a result of entrainment
from other operations such as solids drying. Cyclones, which involve no
moving parts, effect separation by tangential gas entry creating a centrifugal
field. Cyclones are effective in removing the larger and heavier particles.
For finer particles, electrostatic precipitators and bag filters achieve high
separation efficiency. Energy consumption arising from fluid flow through
equipment is again a source of utility waste.

5.6.3 Separation of Liquid Particulates from Gas Streams

Entrainment of liquid particulates in gas streams is common in a number
of process operations. Examples include gas-liquid contacting devices used
for gas absorption and distillation, vapour liquid separation vessels including
steam drums, and heat exchangers where liquid is condensed from a gas
stream during cooling. A distinction is sometimes made between spray
(where the liquid particulate size is in the range 10 um to >1000 wm) and
mist (where the liquid particulate size is in the range (10 um to 0.01 pum).



Evaporation and Condensation

The finer the liquid particles, the more difficult the separation, and the more
complex and costly the separation equipment required.
Mists are usually formed in three ways:

e mechanical shearing of films, droplets or bubbles

e cooling and subsequent condensation of liquid particles from a gas

e chemical reaction of two or more gases to form a product with a
relatively low vapour pressure which condenses from the gas.

The mechanism of mist formation and selection of mist elimination
equipment is discussed by Ziebold (2000). Energy consumed by the passage
of gas through the mist eliminator is again a source of utility waste.

5.7 Drying

Wet solid materials are dried in a range of equipment, often involving
transfer of moisture from the wet solid to gas (commonly air). In such cases,
characteristic sources of waste include

solids loss through entrainment in gas

fouling of heat transfer surfaces

cleaning of deposits

product degradation due to heat effects, particle degradation.

Energy consumption occurs both through heating and materials trans-
port.

Energy use Utilities Wastes
Heating Steam or fuel  Utility wastes
Transport of gas, solids  Electricity Utility wastes

Liquids can also be converted to solids through spray drying which is
widely employed in the dairy industry. The term drying has also been used
to describe the removal of water from gases. This usually requires an agent
material. An example of gas drying using an agent material is given in Section
5.11.

5.8 Evaporation and Condensation

Evaporation of aqueous solutions is used as a means of increasing the
concentration of a component in a solution. Sometimes evaporation is used
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as a precursor to crystallisation and/or drying of a solid product. Where
heat-sensitive liquids are involved, vacuum evaporation is often employed
to lower process temperatures. Wastes generated in evaporation typically
involve

e products of fouling or cleaning arising from deposits caused by
concentration and temperature effects

e concentration of non-volatile impurities in the evaporated liquid,
and any associated purges

e product loss through entrainment of liquid in vapour.

There are several sources of energy required.

Energy use Utilities Wastes

Heating medium Steam Utility wastes
Liquid circulation Electricity Utility wastes
Vapour recompression  Electricity Utility wastes
Vacuum generation Electricity or steam  Utility wastes

Opportunities for energy conservation exist through using evaporated
steam as a heating medium for subsequent stages of evaporation. Evaporated
steam is sometimes compressed to achieve higher steam temperatures for
heating in subsequent stages of evaporation.

Condensation by cooling can also be used as a means of partially
separating components of different vapour pressure from a vapour stream.
Residual separation tasks may still result if the condensate contains multiple
components, or if further removal of a component from the vapour stream
is required. Condensation is an important adjunct to other separation
processes such as distillation and adsorption.

5.9 Solid-Liquid Extraction

Solid-liquid extraction involves the separation of desired solids from solid
residues using a suitable solvent. Thus hot water is used with coffee grounds
to extract coffee, while acids or alkalis are used to leach valuable ores
from mined materials. In ore leaching, agitated vessels are commonly used
to achieve solid liquid contact; heat is sometimes used to speed the rate
of solid dissolution. Common sources of waste in solid-liquid extraction
include
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e disposal of exhausted solids
e leakage, spillage, purge of solvent
e corrosion products, for example, in acid leaching of minerals.

There are several sources of energy required.

Energy use Utilities Wastes

Liquid pumping Electricity  Utility wastes
Agitation Electricity = Utility wastes
Heat (in some cases) Steam Utility wastes

5.10 Liquid-Liquid Extraction

Perforated plate columns, centrifugal extractors or mixer-settler units are
commonly used to enable transfer of a solute from one immiscible liquid
phase to another. Characteristic wastes generated include

contaminants concentrating at the liquid-liquid interface
liquid losses, spillages

contamination of solvent

contamination of aqueous product streams.

There are two sources of energy required.

Energy use Utilities Wastes
Liquid pumping Electricity  Utility wastes
Agitation Electricity = Utility wastes

5.11 Use of Extraneous Materials

As observed for reactors in Chapter 4, the use of extraneous materials in
separation processes can also lead to product contamination and waste
generation. Waste generation applies particularly to spent extraneous ma-
terial. Extraneous materials have been used industrially because they offer
specific technical and economic advantages. However, the environmental
consequences of their use are not always fully recognised or evaluated. Some
examples of using extraneous materials in separation processes include

activated carbon, diatomaceous earth in filtration
chemicals in flocculation, for example, AlCl3, FeCl3
poly-electrolytes in sedimentation

[ ]
[ ]
[ ]
e agents used in gas drying.
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Figure 5.4 Simplified block diagram for chlorine purification.

5.11.1 Example of Extraneous Material Use — Sulphuric Acid in
Chlorine Drying

Chlorine gas leaves electrolytic cells typically at around 90°C, 120 kPa
abs, and saturated with water vapour. Before being stored or transported,
chlorine must be thoroughly dried to avoid corrosion in steel equipment and
piping. A simple block diagram for a commonly used approach to chlorine
drying, compression and liquefaction is shown in Fig. 5.4.

Sulphuric acid (98% w/w) is an effective drying agent for gases,
and is widely used for drying chlorine. The resulting dilute acid is
often a waste product from chlorine plants. Reconcentration of the waste
dilute acid is technically feasible but requires high temperatures and
vacuum, and becomes increasingly difficult when evaporating to higher acid
concentrations. Acid consumption can be minimised by use of refrigeration
in both the cooling and the drying steps, subject to avoiding solid chlorine



Case Examples

hydrates, which form around 14°C or lower. The problem of waste sulphuric
acid in chlorine drying is further addressed in Problem 2, Section D.

5.12 Case Examples

Design and operation of both process and equipment can contribute to waste
formation in separation processes. We first consider a case related to column
internals selection in gas absorption equipment. Tray or packed columns are
commonly used for gas absorption. Figure 5.5 shows typical internals for a

packed column.
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Figure 5.5 Packed tower and internals used for gas-liquid contacting.
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5.12.1 Case Example — Solid Sodium Cyanide Plant

Internals selection in gas—liquid contacting columns (Mudaliar and
Sparrow, 2001)

Figure 4.4 showed a simplified flow sheet for the manufacture of HCN,
a precursor for sodium cyanide manufacture. A sodium cyanide plant at
Yarwun, Queensland, Australia has operated a carbon dioxide removal unit
to remove CO, from the natural gas feed to the plant. The presence of CO; in
gas leaving the reactor has two downstream effects, both undesirable:

e Caustic sodais consumed in the HCN absorption step and reacts with
CO; to produce Na;COs.

e Na,COj3 is an impurity in the NaCN product, and causes problems in
conversion of the liquid NaCN to solid NaCN product.

In the Yarwun plant, CO; has been removed in an absorption column using
Benfield solution (aqueous potassium carbonate/bicarbonate, vanadium,
and methylamine). The Benfield solution is subsequently stripped of CO,
in a ‘regenerator’ or stripping column before its re-use in the absorption
column. Problems on the Yarwun plant had been encountered with the
CO; absorption-stripping system. The absorber and stripper columns are
essentially packed columns with some wash trays at the top for cleaning gas
prior to leaving the columns.

Plant investigations

Investigation of the plant identified some key difficulties. Although CO, was
being successfully removed from the gas feed, the gas throughput of the
absorber was restricted, limiting plant production capacity. Further, Benfield
solution entrainment in the gas was excessive, contaminating the catalyst
bed in the downstream HCN reactor. The catalyst contamination led to
frequent catalyst changes; this meant considerable plant downtime with loss
of production capacity, and high costs incurred in replacing the expensive
catalyst.

Design changes
These problems were addressed and overcome by some important design
changes, especially in column internals as outlined below.

1. Wash trays in both absorber and stripper columns had been valve
trays. Wash liquor rates across the trays were very low, leading to
some weeping occurring. The trays were effectively operating under ‘dry
flooding’ conditions, with the upward flow of gas entraining liquid as
small droplets.
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Valve trays were replaced by bubble cap trays which proved leak tight,
and offered greater flexibility in terms of open area for gas flow. The
caps also provided some inherent capability in intercepting entrained
liquid. A ‘picket and fence’ design outlet weir (Fig. 5.1) suitable for very
low liquid rates, was used to replace conventional weirs on the tray.

2. A mist eliminator mesh pad was installed above the top tray in each
column. For the absorber, less liquid was carried over to the downstream
plant. For the stripper, the overhead vapour stream was cleaner, leading
to cleaner recycle wash condensate.

3. Bed limiters were installed above the packing in both columns to prevent
carryover of packing during surges of high gas flow.

4. The liquid distributors in the absorption column were found to have
insufficient gas riser capacity and insufficient liquid distribution points.
New liquid distributors were installed providing an increase in gas riser
area from 20% to 30% of column area and an increase in the number of
liquid distribution points from 100 to 150 drip points per square metre
of tower cross-sectional area.

5. Additional liquid removal capability was provided downstream of
the absorber to remove any residual liquid in the gas leaving the
absorber. This comprised a new high performance cyclone and other
modifications.

Lessons

This case highlights the importance of design and selection of internals for
vapour-liquid contacting towers, and some potential effects of internals on
performance of absorption and distillation systems. While plant capacity
limitations and reliability were of prime concern in this case, the effects
on waste minimisation are also evident, and could be of greater concern in
other absorption and distillation systems. More details of the case including
a process flow diagram for the absorber/stripper unit are provided by
Mudaliar and Sparrow (2001). Details of column internals for gas-liquid
contacting are found in Sinnott and Towler (2009) and could be obtained
from equipment suppliers.

5.12.2 Other Case Examples of Gas Absorption in
Chemical Processes

The removal of carbon dioxide from natural gas using gas absorption is
widely practised in purification plants for wellhead natural gas. Carbon
dioxide removal from flue gas by gas absorption is also part of many design
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schemes for carbon capture from power plants derived from fossil fuels. This
case is addressed within Problem 3 in Section D. Gas absorption also features
in common chemical processes, for example,

(i) absorption of SO3 in 98% sulphuric acid in sulphuric acid manufacture
(ii) absorption of water in 98% sulphuric acid solution in gas drying in
sulphuric acid manufacture
(iii) absorption of formaldehyde in water in formaldehyde manufacture
(iv) absorption of HCN in aqueous NaCN manufacture
(v) absorption of NO; in water in nitric acid manufacture.

It is important to note the process stream configuration around the
absorption column in each application. Figure 5.2 showed a typical case
of a gas absorption column arrangement. The solvent leaving the column
base is recirculated to the top of the packing with both addition of the
solvent and removal of product in the solvent recirculation loop. Where
absorption is exothermic, heat is usually removed in an external heat
exchanger. Consideration should be given in design and operation to the
consequences of solvent loss, as well as incomplete removal of the absorbed
species from the gas feed. Incomplete absorption is one aspect of Problem 3
in Section B, on waste minimisation in nitric acid manufacture.

5.12.3 Case Examples in Distillation

Distillation operations in industry are common in petroleum refining,
petrochemical, and organic chemical process operations. Often the sep-
arations are complex and involve trade-offs between capital cost and
separation efficiency. Ethylene manufacture (Fig. 4.3) involves a sequence of
separations by distillation under pressure and refrigeration conditions. One
key separation is that of ethylene product from unreacted ethane, which is
recycled to the steam cracking reactor to supplement fresh feedstock.

A further case example occurs in ethanol distillation within the process
for producing fuel ethanol from sugar based feedstocks. Fuel ethanol is
commonly blended as a 10% by volume component with gasoline for the
automobile fuel market. The sugar based feedstock is converted to ethanol
by fermentation, but the stream leaving the fermenter contains typically less
than 10% w/w C,;HsOH and may be considerably lower, at around 4% to 6%
w/w C;HsOH. Much of the water present can be separated by distillation but
an azeotrope in the C;HsOH-H; 0 system forms at around 90% w/w C,HsOH.
Stringent water specifications (typically 0.5% by weight) are applied to fuel
ethanol requiring an essentially anhydrous product.



Concluding Remarks

Approaches to converting the azeotrope to anhydrous ethanol have
historically involved azeotropic distillation, requiring an entrainer, which
functions as an agent material. Examples of entrainers which have been used
commercially include benzene and more recently cyclohexane. Benzene was
replaced because of its toxic properties. Current approaches favour water
removal by adsorption (discussed in Section 5.5) using molecular sieves.

Impurities in the fermenter effluent (comprising mainly ethanol and
water) which is fed to the distillation step include

e fusel oils (heavier alcohols formed during fermentation), which
must be removed as a purge from around the middle of the column

e non-condensable or volatile components, for example, carbon
dioxide and aldehydes, which are vented from the condenser

e non-volatile components leading to a bottoms effluent stream which
requires treatment for markets or disposal.

This case is of interest from a number of perspectives, including the

e replacement of benzene by cyclohexane, an inherently less haz-
ardous entrainer from a safety and environmental viewpoint

e evolution of technology selection from azeotropic distillation to
adsorption using molecular sieves

e use of agent materials (entrainers or molecular sieves) and their
impacts as sources of waste

e range of impurities in the feed to the distillation step and their
contributions to process waste

e combine