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PREFACE

The recent global attention to the issues and challenges of sustainable develop-
ment is forcing industries to conduct self-assessments to identify where they
stand within the framework for sustainability and, more importantly, to identify
drivers, opportunities, strategies, and technologies that support achieving this
goal.

In striving to achieve sustainability in the built environment, three themes
emerge. First, awareness of the impact that built facilities have on both human
and natural systems is essential and should be considered as early as possible in
the planning and design of any built facility. Second, the ecological, social, and
economic contexts of the facility must be taken into account for all project deci-
sion making. Finally, sustainable designers and constructors must be aware of the
connectivity of human systems to the natural environment. No human action can
take place without affecting the ecological context in which it occurs. All human
activity must be undertaken with an awareness of the potential consequences to
other humans and nature, especially the construction of built facilities because of
its large scale.

Over the last few years, a diverse number of public- and private-sector
organizations around the world has given increased attention to the problems of
excessive natural resource consumption, depletion, degradation, waste genera-
tion and accumulation, and the environmental impact. The construction industry
is a major contributor to these problems and now faces: (a) increasingly restric-
tive environmental conservation and protection laws and regulations to address
environmental quality and performance and (b) substantial pressures from civic
and private environmental groups. As a result, private- and public-sector own-
ers face new, complex, and rapidly changing challenges imposed by these laws,
regulations, standards, and pressures. All life cycle stages of a capital project are
affected, from initial planning, design, construction, and operation/maintenance,
to ultimate rehabilitation, decommissioning, and/or disposal. Furthermore, tra-
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ditional approaches to capital projects of environmental regulatory compliance
or reactive corrective actions such as mitigation or remediation have proven to
be consistently costly, inefficient, and frequently ineffective.

There are strong incentives for the development of a sustainable approach
to capital projects. Such an approach goes beyond the traditional focus on
cost, time, and quality performance to include the goals of minimal: (a) natural
resource consumption, depletion, and degradation, (b) waste generation and
accumulation, and (c) environmental impact and degradation; all within the con-
textual satisfaction of human needs and aspirations. These goals are explicitly and
systematically incorporated within the decision-making process at all stages of
the life cycle of a capital project, particularly the early funding allocation as well as
the planning and conceptual design phases. However, most stakeholders within
the capital project delivery process (i.e., owners, planners, designers, vendors/
suppliers, constructors, users/operators) face a complex task when attempting to
implement a sustainable approach. First, they already face the challenges imposed
by increasingly limited resources on the effective and efficient delivery of capital
projects. Second, they do not have clear incentives, the proper resources, nor the
mechanisms or tools to do so. Finally, there is a lack of awareness and under-
standing of the actual or potential impact and/or implications of environmental
regulations and standards on capital projects as well as ignorance of the opportu-
nities and potential benefits to an organization created by a sustainable approach
to its capital projects. Additionally, there is a lack of credible and reliable quanti-
tative indicators, metrics, and/or data on the actual benefits and associated costs.

A sustainable approach to capital projects would allow the construction
industry to take a more aggressive role in finding both short- and long-term
solutions for a more effective and efficient use of its increasingly limited capital
resources.

Consumption of natural resources is at the heart of sustainability. With its
large-scale use of material and energy and the displacement of natural ecosystems,
the built environment greatly influences the sustainability of human systems as
well as the natural ecosystems of which we are a part. Minimizing consumption
of matter and energy is essential to achieve sustainability in creating, operating,
and decommissioning built facilities.

One strategy for minimizing consumption in the built environment is to
improve the technological efficiency of our materials and processes. We need
to improve the efficiency with which they meet the needs of their intended use.
Reusing buildings, materials, and equipment is a second strategy for making
design and construction more sustainable. By reusing what already exists, we save
the cost, material, and energy input that would be required to create new facilities
from scratch. By using techniques such as adaptive reuse, rehabilitation, or ret-
rofitting, old facilities can be modified or improved to meet new use criteria at a
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much lower consumptive cost than that required to build a new facility. Creating
new technologies is a third strategy for increasing the sustainability of human
activity. Consumption of matter and energy can be reduced by developing new
technologies that do not rely on traditional types or amounts of materials and
energy to meet human needs. Opportunities for new technologies can be found
by observing natural ecosystems: what sources of energy and matter are used by
these systems? Particularly promising opportunities exist in the area of waste
recovery and reuse. Examples of taking artificially-generated waste that would
otherwise have been disposed in the natural environment, and using it as input
back into the building process are: (a) using waste masonry and concrete from
demolished structures as aggregate in new concrete and (b) using sulfur, from the
oil industry, fly ash, and aggregates for production of sulfur cement and concrete
for the construction and asphalt pavement industries.

Global sulfur demand has been relatively stagnant at approximately 57 mil-
lion metric tons per year over the last decade. Based on new regulations limiting
sulfur content in diesel and gasoline, the current small global surplus in sulfur
supply is projected to reach between 6 and 12 million metric tons by 2011 (The
Sulphur Institute), or between 10 to 20% of demand. This projected surplus
represents obvious challenges to existing producers, potentially leading to drasti-
cally reduced sulfur prices and even the possibility of reduced costs to producers
for the disposal of the surplus in some regions. On the other hand, the surplus
may also represent opportunities for new uses of sulfur driven by these same
reductions in sulfur prices that can make new uses more economically feasible
and attractive. Even with relatively small surpluses, the oil and gas industry has
already experienced strains on sulfur storage facilities. Sulfur is being stored on
site in block, granular, or palletized form or in a molten state in rail tank cars
at great expense because there is insufficient storage capacity to handle sulfur
generation at refineries and gas processing plants. Therefore, new markets must
be found for sulfur to avoid a disposal crisis. A promising potential market is the
construction, asphalt pavement, and sewerage management industries.

In view of these emerging challenges, this book is designed to evaluate the
potential applications of sulfur in the construction, asphalt pavement, and sewer-
age management industries by providing:

1. A brief overview of the wide range of technological issues at the
construction industry level while emphasizing the need for an inte-
grated approach and an understanding of the various components
of a sustainable system (Chapter 1). In this chapter, we stress the
importance of adopting a new paradigm that considers industry as
a total system rather than focusing on individual components of
processes and operations. To achieve sustainability for society as a
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whole, and for construction in particular, intelligent decision mak-
ing is required that includes full consideration and knowledge of the
many trade-offs and impacts associated with each available alterna-
tive.

Basic information related to sulfur cycle, supply, trade, uses, and
environmental issues (Chapter 2). There is a noticeable trend in the
global sulfur industry over the last decade that signals a dramatic
change. Sulfur consumption is dominated by a number of large-scale
uses with several complex interactions that complicate the future
outlook for demand.

A brief overview of sulfur properties (chemical, electrical, miner-
alogical, physical, and thermal) (Chapter 3). Sulfur products for
industrial uses are also discussed in this chapter.

Fundamental aspects of manufacturing elemental sulfur concrete
(Chapter 4). We have looked into what constitutes elemental sulfur
concrete. What are the factors that contribute to its strength devel-
opment? What are the impacts of the environmental variables on
elemental sulfur concrete strength?

Basic ingredients of sulfur cement and its physicochemical proper-
ties (Chapter 5). Also, we define terminologies used in manufactur-
ing sulfur cement and a clear distinction was made between sulfur
modifiers and sulfur cement. The performance of sulfur cement
made with modifying chemical reagents such as dicyclopentadiene,
dicyclopentadiene plus oligomer of cyclopentadiene, styrene, dicy-
clopentadiene plus styrene, bitumen, RP220, RP020, CTLA, 5-eth-
ylidene-2-norbornene, etc., are discussed. Controlling parameters
such as the type and percentage of modifiers and thermal history,
including reaction and curing temperatures, curing time, cooling
rate, and storage are discussed and evaluated.

Basic ingredients of sulfur concrete (Chapter 6). We discuss the
performance of sulfur concrete prepared with the addition of vari-
ous chemical additives used to modify sulfur. These additives are:
(a) dicyclopentadiene, (b) dicyclopentadiene and cyclopentadiene
oligomer, (c) olefinic hydrocarbon polymers, (d) bitumen, and (e)
5-ethylidene-2-norbornene. For each additive, we discuss the per-
formance of the sulfur concrete product in view of: (a) biological
stability (resistance to sulfur-oxidizing bacteria), (b) chemical stabil-
ity (chemical reactions, leachability due to acid, base and salt attack,
and control of hydrogen sulfide gas generation), (c) hydrodynamic
stability (hydraulic conductivity and water absorption), (d) mechan-
ical stability (compressive, flexural, and creep), (e) mineralogical sta-
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bility (formation of new minerals), and (f) thermal stability (phase
transformation, fire resistance, and cyclic freezing). Additionally,
we discuss the use of various chemical additives as fire retardants
and techniques to control hydrogen sulfide gas emission during
sulfur modification and mixing to form sulfur concrete articles.

7. Sustainable manufacturing technology for sulfur concrete produc-
tion (Chapter 7). We discuss the durability of sulfur concrete in
view of mix design; aggregate composition and amount of binder;
choice of aggregates that resists harsh environment conditions;
choice of filler that influences workability and thermal stress; com-
posite (sulfur binder, fillers, and aggregates) resistance to acidic,
basic, and salt environments; water permeability and absorption;
casting procedures and binder compensation; frost resistance;
service temperature; fire load; creep; fatigue load; steel and other
reinforcements; abrasion resistance and electrochemical stability
(corrosion resistance).

8. Basic concepts of sulfur-modified asphalt pavements (Chapter 8).
We detail: (a) asphalt composition, properties, and modes of inter-
actions, (b) sulfur-modified asphalt interaction, performance, and
processing technology, and (c) sulfur plasticizers.

The authors are indebted to their families and colleagues for valuable and timely
input to the development of much of the materials contained in this book.
Indeed, few concepts had been developed to explain sulfur cement and con-

crete properties and behavior by the early 1970s. The concepts grow gradually as
more discussions occur and more research materials become available. This is
true in evaluating the physical, chemical, mechanical, and thermal properties of
modified-sulfur cement and concrete for their potential use in the construction,
asphalt pavement, and sewerage management industries. Undoubtedly, much
remains to be done and significant milestones lie ahead in bridging theory and
engineering practice.

A.M.O. Mohamed

M.M. El Gamal
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SUSTAINABLE DEVELOPMENT
FOR THE CONSTRUCTION
INDUSTRY

1.1 INTRODUCTION

Over the last few years, a diverse number of public- and private-sector organiza-
tions around the world have given increased attention to the problems of exces-
sive natural resource consumption, depletion, and degradation; waste generation
and accumulation; and environmental impact and degradation. Since the con-
struction industry is a major contributor to these problems, it now faces increas-
ingly restrictive environmental conservation and protection laws and regulations,
the emergence of international standards to address environmental quality and
performance such as ISO 14000, and substantial pressures from civic and private
environmental groups. As a result, private and public sector owners face new,
complex, and rapidly changing challenges imposed by these laws, regulations,
standards, and pressures at all life cycle stages of a capital project from initial
planning, design, construction, and operation/maintenance to ultimate rehabili-
tation, decommissioning, and/or disposal. Furthermore, traditional approaches
to capital projects of mere environmental regulatory compliance or reactive cor-
rective actions such as mitigation or remediation have proven to be consistently
costly, inefficient, and, many times, ineffective.

There are strong incentives for the development of a sustainable approach to
capital projects. Such an approach goes beyond the traditional focus on cost, time,
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and quality performance to include the goals of minimal (1) natural resource con-
sumption, depletion, and degradation, (2) waste generation and accumulation,
and (3) environmental impact and degradation, all within the contextual satisfac-
tion of human needs and aspirations. These goals are explicitly and systematically
incorporated within the decision-making process at all stages of the life cycle of
a capital project, particularly the early funding allocation and the planning and
conceptual design phases. However, most stakeholders within the capital project
delivery process (i.e., owners, planners, designers, vendors/suppliers, construc-
tors, users/operators) face a complex task when attempting to implement a sus-
tainable approach. First, they face the challenges imposed by increasingly limited
resources on the effective and efficient delivery of capital projects. Second, they
do not have clear incentives, the proper resources, or the mechanisms or tools
to do so. Finally, there is a lack of awareness and understanding of the actual or
potential impact and/or implications of environmental regulations and standards
on capital projects; a lack of awareness and understanding of the opportunities
and potential benefits to an organization created by a sustainable approach to its
capital projects; and a lack of credible and reliable quantitative indicators, met-
rics, and/or data on the actual benefits and associated costs.

A sustainable approach to capital projects would allow the construction
industry to take a more aggressive role in finding both short- and long-term
solutions for a more effective and efficient use of its increasingly limited and
tight capital resources. The anticipated beneficiaries include: owners who would
directly accrue the economic benefits of the implementation of specific strate-
gies for investment, execution, and management of capital resources within
a sustainable framework; designers and constructors who could significantly
enhance environmental quality and performance of capital projects as a result of
the application of specific guidelines for sustainable design and construction; and
vendors and suppliers who would have a strong incentive to develop and supply
sustainable construction technologies, systems, products, and materials.

This chapter discusses the framework of sustainability and implication for
the building design and construction industry; how the construction industry
can move toward sustainable development in view of energy, material, waste,
and pollution; the role of technology in sustainable development; sustainable
technology characteristics; and strategies for implementing changes for a more
sustainable future.

1.2 SUSTAINABLE DEVELOPMENT

Sustainable development offers a new way of thinking that reconciles the ever-
present human drive to improve the quality of life with the limitations imposed
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on us by our global context. It requires unique solutions for improving our
welfare that do not come at the cost of degrading the environment or impinging
on the well-being of other people. Sustainable development has been defined by
various organizations as:

1. The 1987 World Commission on Environment and Development
(WCED) defined sustainable development as:
Development that meets the needs of the present without compromis-
ing the ability of future generations to meet their own needs.

2. The 1989 Tokyo Conference on Conservation of the Global
Environment stated that:
Sustainable development calls for a review of not only the conven-
tional framework of the world economy, such as trade, direct invest-
ment, international financing and official development aid, but each
country’s domestic economic, financial and monetary policies.

3. The 1992 Rio Conference on Environment and Development stated
in Principle 3 that:
The right to development must be fulfilled so as to equitably meet
developmental and environmental needs of present and future gen-
erations.
and in Principle 4 further stated that:
In order to achieve sustainable development, environmental protec-
tion shall constitute an integral part of the development process and
cannot be considered in isolation from it.

4. Weston (1995) stated that:
Sustainable development is a process of change in organizing and
regulating human endeavors so that humans can meet their needs
and exact their aspirations for current generations without foreclos-
ing the possibilities for future generations to meet their own needs and
exact their own aspirations.

Although there is no general agreement regarding the precise meaning of sus-
tainability, beyond respect for the quality of life for future generations, most
interpretations and definitions of the term sustainable refer to the viability of
natural resources and ecosystems over time and to the maintenance of human
living standards and economic development (National Science and Technology
Council, 1994).

Sustainable development is a relationship, or balancing act, between many
factors (social, environmental, and economic realities and constraints) that are
constantly changing. Because sustainable development is a dynamic concept, it
requires decision makers to be flexible and willing to modify their approaches



4 Sulfur Concrete for the Construction Industry

according to the changes in the environment, human needs and desires, or
technological advances. This means that actions that contribute to sustainable
development today, either in perception or in reality, may be deemed detrimental
tomorrow if the context has changed:

Ensuring sustainability over time means maintaining a dynamic balance
among a growing human population and its demands, the changing capabilities
of the physical environment to absorb the wastes of human activity, the chang-
ing possibilities revealed by new knowledge and technological changes and the
values, aspirations, and institutions that channel human behavior. Thus, visions
of a sustainable world must naturally change in response to shifts in any part of
this dynamic relationship (Pirages, 1994).

The basic elements of sustainable development are (Mohamed and Antia,
1998):

Education

Determining environmental limits

Efficient use of natural resources

Integrated environmental management systems
New technologies and technology transfer
Perception and attitude changes

Population stabilization

Refining market economy

Social and cultural changes

Waste reduction and pollution prevention

VXN

,_.
e

Fundamentally, sustainable development aims for the satisfaction of human
needs, the maintenance of ecological integrity, the achievement of equity and
social justice, and the provision of social self-determination (Mohamed and
Antia, 1998). The real challenge lies in finding ways of putting sustainable devel-
opment into practice. In the following sections, the social, environmental, and
economic issues that are essential to sustainable development are discussed.

1.2.1 Social Sustainability

Sustainability is inherently anthropocentric since it is the welfare of humans with
which we are concerned. More than a concern for mere survival, sustainability is
a desire to thrive and have the best life possible. There are many socio-cultural
issues that influence sustainability. The most prominent issue is intergenerational
equity in which we must insure that we leave our children with the tools and
resources they need to survive and enjoy life. Therefore, we must strive to raise
the standard of living of those people who today lack the most basic require-
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ments such as clean water and adequate food. Other issues in this dominion are:
environmental justice, population growth, human health, cultural needs, and
personal preferences. These elements have a great deal to do with our quality of
life and should not be ignored in favor of the more easily measurable economic
elements.
Ways in which social sustainability can be promoted include:
1. Encouraging systematic community participation
2. Emphasizing full cost accounting and cradle-to-grave pricing,
including social costs
3. Promoting qualitative improvement of social organization patterns
and community well-being over quantitative growth of physical
assets
4. Using resources in ways that increase equity and social justice while
reducing social disruptions

1.2.2 Environmental Sustainability

Environmental concerns are also important for sustainable development. The
natural environment is the physical context within which we live. Sustainable
development requires that we recognize the limits of our environment. There are
limits to the quantities of natural resources that exist on the planet. Some of these
resources, including trees and wildlife, are renewable so long as we leave enough
intact to regenerate. Other resources, such as minerals, are renewed at such slow
rates that any use whatsoever depletes the total stock. We need to minimize our
consumption of all resources, renewable and depletable.

Another key environmental issue is to minimize our impact on global eco-
systems. The earth is like an organism and we must maintain it in a healthy state.
Natural ecosystems can survive some impacts, but these must be small enough
so that the earth can recover. In some cases, there are particular resources or
elements of an ecosystem that are essential to its health. Protecting ecosystem
health may involve the protection of an endangered species, the preservation of a
wetland, or the promotion of biodiversity in general.

To maintain the natural resources, Goodland and Daly (1995) developed the
following practical rules:

1. Input rules:

a. Renewable: Harvest rates of renewable resources inputs would be
within the regenerative capacity of the natural system that gener-
ates them.

b. Nonrenewable: Depletion rates of nonrenewable resources inputs
should be equal to the rate at which renewable substitutes are
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developed by human invention and investment. Part of the pro-
ceeds from liquidating nonrenewable resources should be allo-
cated to research in pursuit of sustainable substitutes (El Sarafy,
1991).

2. Output rule:

a. Waste emission from a project should be within the assimilative
capacity of the local environment to adsorb without unacceptable
degradation of its future waste absorption capacity or other input
services.

1.2.3 Economic Sustainability

Economics, as it pertains to sustainable development, does not simply refer to
Gross National Product (GNP), exchange rates, inflation, profit, etc. Economics
is important to sustainable development because of its broader meaning that
explains the production, distribution, and consumption of goods and services.
The exchange of goods and services has a significant impact on the environment
since the environment serves as the ultimate source of raw material inputs and the
repository for discarded goods.

Economic gain has been the driver for much of the unsustainable develop-
ment that has occurred in the past. A shift to sustainability will only occur if it is
shown not to be excessively costly and disadvantageous. Part of sustainability is
changing the way things are valued to take into consideration the economic losses
due to lost or degraded natural resources and expand our scope of concern from
short- to long-term impacts. Once this is done, sustainable development will be
revealed to be a more economically beneficial option than current development
patterns.

In view of Principle 4, environmental protection is considered to be an inte-
gral part of the development process. This is different from the traditional pattern
of making economic decisions and then correcting the environmental impacts
which may result. This is illustrated in Figure 1.1 in which the natural system
includes the ambient physical environment, ecosystem, and natural resources.
The economic system refers to the factors of production of goods and services.
Utilization of the natural system by the economic system results in a decrease in
the natural resources and produces additional environmental problems such as
solid wastes, air and water pollution, and greenhouse gases. The importance of
these impacts on the natural system varies geographically, depending on the exist-
ing states of both the natural environment and the economy.

Economic sustainability involves the consumption of interest rather than
capital and is defined by Goodland and Daly (1995) as:
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Altered Land
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Figure 1.1. Conceptual interactions between economic and natural system (Mohamed and
Antia, 1998).

The amount one consumes during a period and still be as well off at the

end of the period.

Though this definition has focused solely on man-made capital, the principle can
be broadened to include natural capital. Rather than viewing the economy as an
isolated system, we must begin to see it as linked to the environmental system.
Therefore, the economic sustainability can be defined as the maintenance of capi-
tal in general, both man made and natural (Mohamed and Antia, 1998).

Nowadays, the concept of environmental economics, which seeks to integrate
the environmental system into a broader economic system in which current
economic principles will still apply, is growing. Much research is being done on
internalizing environmental values, which are external to the classic economic
system, as well as finding ways of placing monetary values on intangible non-
market (and nonmarketable) components of the environment.

1.2.4 Land Sustainability

Land sustainability can be achieved by integrating the ecological, economical, and
social objectives (Serageldin, 1993). Figure 1.2 describes this concept. Ecologists
stress the preservation of the integrity of the ecological system that is critical to
the overall stability of our global ecosystem and that deal in measurement units
of physical, chemical, and biological entities.

Economists seek to maximize human welfare within the existing capital stock
and technologies and use economic units (i.e., money or perceived value) as a
measurement standard. Sociologists emphasize that the key factors in sustainable
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Economic objectives
(J Growth
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[ Efficiency
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[d Ecosystem integrity
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[ Biodiversity

[ Global issues
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Figure 1.2. Integrated set of objectives for sustainable development (Mohamed and Antia, 1998).

Ecologically
Viable
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Sustainable
Soultion

Economically
Feasible

Figure 1.3. Sustainable solution for the development of a sustainable land (Mohamed and Antia,
1998).

development are people with a range of needs and desires and use units that are
often intangible such as well-being and social empowerment.

Sustainable solutions for land development fall at the intersection of the
spheres, as shown in Figure 1.3, that represent the three key ingredients for
sustainable development (Campbell and Heck, 1997). Sustainable development
occurs only when management goals and actions are simultaneously ecologically
viable, economically feasible, and socially acceptable. These imply environmental
soundness and political acceptability. Imbalance among the three components,
due to failure in one or more of the spheres, will likely result in failure to achieve
sustainable development.
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1.3 ROLE OF TECHNOLOGY

Technology plays an important role in sustainable development because it is one
of the most significant ways in which we interact with our environment; we use
technologies to extract natural resources, to modify them for human purposes,
and to adapt our man-made living space. It is through the use of technology
that we have seen drastic improvements in the quality of life for many people.
Unfortunately, many of these short-term improvements in the immediate qual-
ity of life have also exacted a great toll on the environment. In order to proceed
toward sustainability, we will have to be more deliberate and thoughtful in our
employment of technology. We need to develop and use technologies with sus-
tainability in mind. We need sustainable technologies.

To avoid confusion and ambiguity, it is necessary to establish a working
definition of technology. In this book the term technology is taken to mean the
application of knowledge to the achievement of particular goals or to the solution of
particular problems (Moore, 1972). Thus, technologies include not only the phys-
ical tools we use to interact with our environment, but also symbols, processes,
and other nontangible effectors such as language and economic transactions that
serve as interfaces between humans and enable actions toward the solution of
problems to occur.

1.3.1 Characteristics of a Sustainable Technology

A sustainable technology is one that promotes a societal move toward sustainabil-
ity and one that fits well with the goals of sustainable development. Sustainable
technologies are practical solutions to achieve economic development and human
satisfaction in harmony with the environment. These technologies serve to con-
tribute, support, or advance sustainable development by reducing risk; enhance
cost effectiveness; improve process efficiency; and create processes, products, or
services that are environmentally beneficial or benign, while benefiting humans
(National Science and Technology Council, 1994). To qualify as sustainable
technologies, these solutions must have the following characteristics, in addition
to meeting pre-existing requirements and constraints (e.g., economic viability):

o Minimize use of nonrenewable energy and natural resources

o  Satisfy human needs and aspirations with sensitivity to cultural con-
text

o Minimize the negative impact on the earth’s ecosystems
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Minimizing Consumption

The use of nonrenewable energy and natural resources should be minimized
because consumption of resources inherently involves increasing the disorder
of materials and energy, rendering them of lower utility for future use (Roberts,
1994; Rees, 1990). By subjecting materials and energy to consumption processes,
we decrease their potential utility to current and future generations. Therefore,
consuming as little matter and energy as possible, or doing more with less is a
fundamental objective of sustainability.

Maintaining Human Satisfaction

A sustainable technology must fulfill the needs of the population that it is intended
to serve. In fulfilling those needs, the technology must account for human prefer-
ences and cultural differences. In some cases, these preferences may conflict with
environmental and economic criteria and a compromise will have to be found.
This does not mean that human preferences should be ignored; fulfillment of our
desires means the difference between merely surviving and truly living.

Minimizing Negative Environmental Impacts

Finally, causing minimal negative environmental impacts (as well as maximizing
positive impacts) is an important objective of sustainability since the environ-
ment consists of ecosystems whose ongoing health is essential for human sur-
vival on earth (Goodland, 1994). Sustainability of the human race requires that
ecosystems are protected and preserved in a reasonable state of health through
maintaining biodiversity, adequate habitat, and ecosystem resilience.

1.4 A FRAMEWORK FOR A SUSTAINABLE INDUSTRY

1.4.1 Current System

In order to understand the changes that need to be made to develop sustainable
technologies, it is useful to look at the paradigm that is currently being used.
Despite a wide range of positions and opinions on the subject of sustainability,
there is general agreement that the current paradigm that disregards constraints
to material or energy consumption is unsustainable (Roberts, 1994). In Figure
1.4, a model of the unsustainable development approach that has prevailed over
the last few centuries is shown. In this model, several systems are linked. It begins
with both renewable and nonrenewable natural resources such as air, water, soil,
mineral, or biological resources.
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Figure 1.4. Unsustained sustainable development process (adapted from Roberts, 1994).

The basic components are:

1. Subsystem 1: Exploitation and use of primary natural resources:
This system provides inputs for industrial processes. Its outputs are
the principal inputs for two other systems.

2. Subsystem 2: Production and use of energy: The output of this sys-
tem is a critical input to all the systems.

3. Subsystem 3: Resource processing and manufacturing: The output of
this system is a set of industry-specific products or services.
Subsystem 4: Transport and commercialize.

5. Subsystem 5: Use and consumption: Products or services are gener-
ated by the industrial system across all segments of society.

This process has two additional outputs from each of its systems that are at the
core of many problems facing the world today: (a) increasing amounts of hazard-
ous and nonhazardous waste and (b) increasing levels of environmental impact.
It is worth noting that during this process inputs enter at Subsystem 1 and
move in one direction through the system to Subsystem 5 and then are disposed,
going through the system only once with no cycling of materials. To aggravate the
situation even more, this process is fueled by continuous increases in the demand
for and the use and consumption of products and services, creating pressures for
further exploitation of natural resources, and for continued expansion of energy
production, resource processing, and manufacturing capabilities. This unrelent-
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Figure 1.5. Sustained sustainable development process (adapted from Roberts, 1994).

ing growth has created three serious problems: (1) natural resource depletion,
(2) accumulation of waste, and (3) environmental degradation. These challenges
must be addressed to achieve sustainability.

1.4.2 Modified System

A new way of thinking must be adopted to redirect our development toward sus-
tainability. This cyclic sustainable process is a direct response to the challenges
and problems posed by the unsustainable process described in Figure 1.4 and
offers a mechanism to gradually overcome the problems of unsustainability.

The framework for a sustainable system presented in Figure 1.5 highlights
one way of looking at this new approach (Roberts, 1994). This system shows
how to implement two of the three criteria for sustainable technology: (1) eco-
nomical in use of nonrenewable energy and natural resources and (2) minimal
negative impact on the earth’s ecosystems. The criteria regarding the satisfaction
of human needs and aspirations is not represented explicitly in this figure but
nonetheless remain important.

First, the framework represents a closed cyclical system. The total inte-
grated system includes the same five systems described earlier and, in addition,



Sustainable Development for the Construction Industry 13

it incorporates four new subsystems, each a response to a specific sustainability
challenge:

6. Subsystem 6: Natural resource management: Addresses the need
to manage the exploitation of renewable natural resources in a way
that ensures that the supply will always exceed the demand. At the
same time, this management system monitors and controls the use
of nonrenewable natural resources to prevent their total depletion.

7. Subsystem 7: Resource recovery: Addresses the need to recover and
recycle selected resources and products from waste. These recovered
resources would then become inputs to the five basic subsystems in
the described framework. They also would contribute to reducing
the amount of waste that requires disposal.

8. Subsystem 8: Waste disposal: Recognizes that a certain amount of
waste is inevitable and, thus, will require disposal in ways that are
not detrimental to the environment.

9. Subsystem 9: Environmental technologies: Addresses the need to
incorporate proactively, in every subsystem within the framework,
strategies and mechanisms that mitigate environmental impacts
at the root before the impact happens, through the application of
preservation, pollution prevention, avoidance, monitoring, assess-
ment, and control strategies and mechanisms. This subsystem also
takes into account that some damage already has been done to the
environment and that corrective actions such as remediation or
restoration are necessary.

Sustainable technologies should adopt this cyclic closed loop system that mimics
natural systems. In this system, the generation of waste is avoided; instead, all
byproducts are used as inputs back into production or as inputs into some other
process. By minimizing waste, environmental impact is lessened. Because the
scale of impact is kept low in this system, change to the environment will be grad-
ual and the surrounding environment will be able to adapt and remain healthy.

1.5 SUSTAINABILITY AND THE BUILDING
CONSTRUCTION INDUSTRY

Whereas traditional design and construction focus on cost, performance, and
quality objectives, sustainable design and construction adds to these criteria a
minimization of resource depletion and environmental degradation and, there-
fore, creating a healthy built environment (Kibert, 1994). Figure 1.6 illustrates the
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Figure 1.6. Paradigm shift from traditional to sustainable design construction (adapted from
Kibert, 1994).

primary paradigm shift to sustainability within the building design and construc-
tion industry. This model of the new sustainability paradigm shows issues that
must be considered for design making at all stages of the life cycle of the facility.

Sustainable designers and constructors will approach each project with the
entire life cycle of the facility in mind, not just the initial capital investment.
Instead of thinking of the built environment as an object separate from the natu-
ral environment, it should be viewed as part of the flow and exchange of matter
and energy that occurs naturally within the biosphere. In addition to the non-
living components that make up the built environment, sustainable designers and
constructors must also consider the living components of the built environment
(flora, fauna, and people) that operate together as a whole system in the context
of other ecosystems in the biosphere (Yeang, 1995).

Life cycle considerations are particularly important with respect to the design
and construction of built facilities because the life cycle of a facility involves more
than just constructing the facility itself. Operation, maintenance, and decommis-
sioning or disposal of the facility also consume matter and energy and are largely
constrained by the design and construction decisions made in the early phases
of the facility’s life. Not only are changes easier to make during the design of the
facility, but the costs of the changes are lower also, since the facility exists only
on paper as opposed to being a physical artifact that exists in reality after con-
struction begins and ends. Additionally, choices of more costly design features
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made during facility and design construction may be offset by costs, resources,
and energy savings realized over the life cycle of the facility. Thus, the primary
responsibility for creating sustainable built facilities falls to the designers and
constructors of such facilities.

People who make project decisions with sustainability as an objective will
need to evaluate the long-term as well as short-term impacts to the local and
global environments. And those who take a sustainability approach to design and
construction will be rewarded with reduced liability, new markets, and an earth-
friendlier construction process that will help future and current generations to
achieve a better quality of life (Kinlaw, 1992; Liddle, 1994).

1.6 STRATEGIES FOR IMPLEMENTING SUSTAINABLE DESIGN
AND CONSTRUCTION

In the creation of built facilities, there are many opportunities to improve how
design and construction are currently accomplished to make them more sustain-
able. Three general objectives should shape the implementation of sustainable
design and construction while keeping in mind the three categories of sustain-
ability issues discussed earlier (social, environmental, and economics). These
objectives are:
1. Minimizing consumption of matter and energy over the whole life
cycle of consumption
2. Satisfying human needs and aspirations with sensitivity to cultural
context
3. Avoiding negative environmental impact

In the following subsections, we present specific strategies for approaching each
of the three objectives, along with examples of technologies and opportunities
related to each of the strategies.

1.6.1 Minimizing Consumption

Consumption of natural resources is at the heart of sustainability. With its large
scale use of materials and energy and the displacement of natural ecosystems,
the built environment greatly influences the sustainability of human systems as
well as the natural ecosystems of which we are a part. Minimizing consumption
of matter and energy is essential to achieve sustainability in creating, operating,
and decommissioning built facilities. The following sections highlight several
strategies for minimizing consumption of natural resources over the life of the
built facilities.



16 Sulfur Concrete for the Construction Industry

Improving Technological Efficiency: Doing More with Less

One strategy for minimizing consumption in creating the built environment
is improving the technological efficiency of our materials and processes. For
materials, we need to improve the efficiency with which they meet the needs for
which they are used. An example of this is improving the technology of windows
to reduce unwanted thermal losses and air leakage in climate-controlled appli-
cations. With respect to processes, technological efficiency means reducing the
amounts of input matter and energy required to generate the desired outcome
of the process. In construction, improving the site layout to reduce the travel
distance of excavating equipment is an example of improving process efficiency,
resulting in fewer equipment hours, less fuel used, and lower maintenance costs.

Reuse, Rehabilitation, and Retrofitting

Reusing buildings, materials, and equipment is a second strategy for making
design and construction more sustainable. By reusing what already exists, we save
the cost, material, and energy input that would be required to create new facilities
from scratch. The primary reason for disposal of facilities and materials is that
those artifacts do not meet the present needs of humans. By using techniques
such as adaptive reuse, rehabilitation, or retrofitting, old facilities can be modi-
fied or improved to meet new use criteria, at a much lower consumptive cost than
building a new facility. An example of adaptively reusing existing facilities are loft
apartments developed in the structures formerly used for factories. Materials and
equipment can also be reused or rehabilitated to varying degrees. The greatest
impediments to this strategy are artifacts that are designed for obsolescence, with
short life cycles, or where economic constraints have forced sub-quality construc-
tion or manufacturing.

Creating New Technologies

Many opportunities exist to increase the sustainability of human activity by
creating new technologies. Consumption of matter and energy can be reduced
by developing new technologies that do not rely on traditional types or amounts
of materials and energy to meet human needs. Photovoltaic (PV) panels, which
generate electricity from solar radiation, are one example of such a technol-
ogy. Instead of using finite reserves of coal or oil to make the electricity used
by humans, PV panels use the essentially infinite resource of solar energy.
Opportunities for new technologies can be found by observing natural ecosys-
tems: what sources of energy and matter are used by these systems? Particularly
promising opportunities exist in the area of waste recovery and reuse. Examples
of taking artificially-generated waste that would otherwise have been disposed in
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the natural environment, and using it as input back into the building process are:
(a) using waste masonry and concrete from demolished structures as aggregate in
new concrete and (b) using sulfur, from the oil industry, fly ash, and aggregates
for production of sulfur cement and concrete.

Modlifying Historical Technologies

Technologies have been used over the course of human history to meet the needs
of people. Many of these technologies have been forgotten or abandoned as new
technologies were developed to replace them. Whereas most of these technologies
may appear to be obsolete, some may prove to be useful in and of themselves, or
to suggest ideas for new technologies. Traditional construction techniques such
as rammed earth have found new applications in structures constructed from
waste automobile tires filled with compacted earth. By combining a knowledge
of historical building techniques with consideration of the dangerous problem of
waste tire disposal, builders have developed a low-cost system that helps to deal
with waste disposal while creating a useful and durable structure.

Reshaping Human Desires

A more fundamental strategy for minimizing consumption is to attempt to
change human desires and tastes. Whereas fundamental human needs such as
food, shelter, and water are not greatly adaptable, other human wants are often
significantly responsive to external influences. The obvious architectural trends
in built facilities from decade to decade are an example of how designers can
influence consumer demand and thus the consumption of matter and energy.
Other mechanisms for changing human consumptive patterns are education and
awareness. If people are aware of the impacts of their choices on the ecosystems
of which they are a part, they may make more enlightened choices.

1.6.2 Satisfying Human Needs and Aspirations

The quality of the facility as a man-made environment for people is determined
by how well it meets human needs and aspirations for such things as security,
nontoxicity, shelter, aesthetics, and other functional requirements. Other human
needs that are indirectly met by built facilities include economic profitability for
those who participate in the design and construction of the facility. Since sustain-
ability is meaningless without reference to humans and their continued survival,
the second objective of applied sustainability is satisfaction of human needs and
aspirations.
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Improving Economic Viability

In today’s world, economic viability is an important consideration for any build-
ing project. Indeed, a facility design that is sustainable but too expensive to
construct has little value in and of itself. Thus, increasing cost effectiveness of
facilities is a critical strategy for creating sustainable built facilities. Economic
viability often follows from achieving the objectives of minimizing cost and
negative environmental impacts, since less consumption means less cost, and
reduced environmental impact means lower liability and remediation costs.
However, tradeoffs usually exist with respect to economic viability. While sus-
tainable choices save money in the long-term, they are often more expensive
initially, making these choices seem unattractive from a short-term perspective.
To accurately identify the economic viability of sustainability choices, we need
technologies that assist in cost-benefit analysis, financial forecasting, and long-
term predictions. In addition, revised economic valuation schemes that assign
meaningful values to reserves of natural resources and ecological habitats are
essential in assessing the economic viability of construction projects.

Matching User Needs with Facility Design

In creating a facility that is sustainable based on the human satisfaction criteria,
the first step must be to identify the needs of the people who will use the facil-
ity. These needs shape the basic functional requirements of the facility and must
be met in order for the facility to be considered sustainable. The facility design
process has been described by one architect as “establishing a fit between the pat-
tern of needs and use: the patterns of built form, servicing systems, technological
factors, and environmental factors” (Yeang, 1995). Opportunities exist in the area
of systematic human needs assessment, and adapting those needs as input to the
design process. Additionally, technologies such as decision support systems can
help designers and project decision makers to match user needs with appropriate
building functionalities within the design.

Creating a Healthy Built Environment

In addition to the basic functional requirements of users that must be met by
the facility, designers, and constructors must also strive to include factors that
create a healthy environment both inside and outside of the facility. Nontoxic
materials are an essential component of a healthy built environment, as well as
design features that convey aesthetic or spiritual values conducive to the tasks and
activities that occur within the facility. Besides the requirements for creating a
healthy indoor environment, sustainable design also requires consideration of the
interfaces between the built environment and the natural environment. Nontoxic
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materials and processes are essential technologies for achieving sustainability
throughout the facility life cycle.

Empowering People to Meet their Own Needs

A final strategy for satisfying human needs in the built environment is empower-
ment. By including users in decision making for the planning and design of facili-
ties, the final facility will be more likely to meet the needs of those users. Allowing
user participation at all phases of the facility life cycle creates an awareness among
the users of the interfaces of the facility with its environmental context and a
respect for the flows of energy and material through the built system over time.
Strategies such as owner/builder programs in which people are taught techniques
for constructing their own homes that invite a respect for the final outcome that
might not exist for manufactured or contractor-built houses. This respect and
understanding can only lead to more sustainable design and construction.

1.6.3 Avoiding Negative Environmental Impacts

Built facilities impact the natural environment in many ways over their entire life
cycles. Yeang (1995) lists four categories of impacts that built facilities have on
the earth’s ecological systems and resources:

1. Spatial displacement of natural ecosystems,and modification of sur-
rounding ecosystems as a result

2. Impacts resulting from human use of the built environment, and the
tendency for that use to encourage further human development of the
surrounding ecosystems

3. Depletion of matter and energy resources from natural ecosystems
during the construction and use of the facility

4. Generation of large amounts of waste output over the whole life cycle
of the facility, which is deposited in and must be absorbed by natural
ecosystems

Given their large scale and long life cycles, built facilities have particularly large
and long-lasting effects on the environment as a whole. The following strategies
are examples of approaches that can be taken to improve the sustainability of
built facilities by avoiding negative environmental impacts over their life cycle.

Recovering Waste: Reduce, Reuse and Recycle

Various approaches exist to help recover waste from building construction and
operation processes. Pollution prevention, for example, is a strategy that advo-
cates anticipating and eliminating pollution before it is produced and has been
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used successfully in factory fabrication applications. Material recycling is also
commonly used in prefabrication processes where careful planning can eliminate
waste or enable it to be directly recycled back into the manufacturing process or
to other complementary processes. Construction and demolition waste recycling
is also becoming increasingly popular as disposal options become more expen-
sive. Promising applications include recycling construction and demolition waste
into new composite materials for construction such as the concrete aggregate.

Reusing Existing Development

Another way of minimizing impacts on the natural environment is by making
better use of sites and facilities that have already been used. Rehabilitation of
existing structures for similar or adaptive uses, as well as using retrofitted existing
sites rather than green field sites for new development, are examples of strategies
that reduce negative impacts on the natural environment. By reusing existing
sites and/or facilities, we save costs and avoid negative impacts by avoiding the
need to start from scratch. Additionally, peripheral costs such as extending utility
and transportation systems to green field facilities, as well as travel savings for
users, are reduced or eliminated. Thus, not only is reuse of existing development
more sustainable because of its reduced environmental impact, it can also be
economically beneficial. Finally, redeveloping unsavory components of built sys-
tems can lead to improvements in the human system, as well, by providing better
environments for living and by encouraging further development.

Integrating the Built Environment info Ecological Systems

Sustainability must occur within the context of natural ecological systems because
these systems provide the resources for all human activity. The built environment
can be integrated into the natural environmental context of its site and bioregion
by designing material and energy flows into and out of the built system to fit
within the yield and assimilative capacities of that context. Grey water systems
are an example of a technology that has been successfully used to facilitate the
processing and absorption of human wastewater back into the natural environ-
ment. Rather than collecting the wastewater and using artificial chemical treat-
ment processes to eliminate contaminants, grey water systems take advantage of
the naturally purifying processes of ecosystems in their operation. As an added
bonus, the grey water relationship is symbiotic since the plants, which purify the
wastewater, use the contaminants as a nutrient. Thus, integration of built systems
into the surrounding ecological context can be mutually beneficial to humans and
nature provided that humans do not exceed the assimilative capacity of natural
systems.



Sustainable Development for the Construction Industry 21

1.7 SUSTAINABILITY AND PROJECT PROCUREMENT
LIFE CYCLE

Construction project procurement life cycle encompasses the following critical
phases:

Business justification

Project brief and procurement process
Design brief

Construction process

Operation and management

Disposal and reuse

Mmoo Ao o

1.7.1 Sustainable Business Justification

Defining a business case establishes the need for the project. An effective business
case sets out the range of solutions that would meet the business objectives and
justify the proposed project. This includes whether the delivery of a construc-
tion project, or of a service, is the most appropriate way to meet the business
need. Questions around sustainability must be an integral part of this process.
Examining these issues will help the project team identify the range of options
and deliver the best value, whole-life solution—one that not only meets the busi-
ness need but also makes informed decisions about the feasibility and nature of
the project.

The key issues that should be considered in the development of the busi-
ness case are: (a) whether construction is the best solution to meet a recognized
business need, (b) the impact that alternative service, delivery, and construction
options have on the effectiveness and efficiency of the business operation, (c)
the impact that options (in delivering and operating the facility) will have on
the stakeholders, and (d) including staff and the local community, as well as the
social, economic, and environmental impacts of the various options.

The key areas of sustainability that should be considered during the develop-
ment of the business case are:

A. Economic Aspects:

o Whole-Life Costing (WLC) and Value for Money: Assessment should
be carried out on a whole-life cost basis. (a) Is construction the best
choice? (b) Can the business need be delivered in a different way?
(c) Have the options and cost assessment been undertaken for refur-
bishment versus new build?

o Economic Regeneration: How will it affect the local economy?
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Function: The project should offer flexibility and have the ability to
adapt to future changes.

Investment and Project Delivery: WLC must be assessed against the
benefits that will be delivered; higher WLC may deliver greater busi-
ness benefits.

B. Environmental Aspects:

Location: (a) Does the construction utilize previously developed land
and buildings? (b) If so are there any issues of contamination? (c) are
there any planning issues? (d) Has an environmental impact assess-
ment (EIA)/site appraisal been carried out?

Transport Infrastructure: (a) How is the area currently serviced? (b)
Are public services readily available? (¢) Is the development reliant on
energy-intensive forms of transport? (d) Is there an infrastructure in
place to support the community? (e) How would the project impact
on current infrastructure? (f) Has a transport impact assessment
(TIA) been carried out?

Biodiversity: (a) Has a detailed survey and EIA been undertaken? (b)
Does the development create opportunities to enhance green spaces
and nature conservation? (c) Are there planning conditions relating
to biodiversity?

Energy and Water: (a) Will the development actively contribute to the
government targets to reduce emissions of CO,? (b) Will the develop-
ment use energy efficiently? (c) How will the development impact on
local gas and distribution networks? (d) How will the development
impact on the local sewage system? (e) Can the local water supply
cope with additional demand from the development? (f) Will the
development pose risks to water pollution?

C. Social Aspects:

Stakeholders: The local community should be consulted during the
decision-making process. Have their needs been identified and taken
into consideration?

Culture/Heritage: The project should enhance or preserve the existing
culture and heritage and should address any negative visual impact.
Issues to be considered are: (a) Will the project be sympathetic to the
local styles of architecture? (b) Is there a possibility of uncovering
archaeological remains? (c) Are there planning constraints in place?
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Table 1.1. Sustainability and the project procurement lifecycle

Project Items to be considered to achieve sustainability
activity Economic Environmental Social
Sustainable e Life cycle e Location e Stakeholders
business assessment e Transport infrastructure e Culture/heritage
justification e Economic « Biodiversity * Health & safety
regeneration e Energy
® |nvestment & o Water
project delivery
Sustainable e Life cycle ¢ Biodiversity ® Respect for
procurement assessment e Energy people
process o \Water e Health & safety
¢ Waste minimization & e Stake holder/
management local COmmUnity
o Materials * Culture/heritage
e Pollution (air, noise, land, & water) | ® Project team
e Environmental performance * Contractor
standards selection
e Supply team
Sustainable ® Function: e |ocation ® Internal
design adaptability & e Enhancing biodiversity environment &
re-use « Energy efficiency accessibility
o Materials e Culture/heritage
e Waste minimization & * Health & safety
management e Local
o Transport & travel communities
e Water
e Pollution (air, noise, land & water)
e (Climate change
Sustainable e Performance ¢ Biodiversity ¢ Respect for
construction monitoring e Energy efficiency people
process ¢ Cost e Waste minimization & * Health & safety
management management e |ocal
* Logistics e Pollution (air, noise, land & water) communities
Sustainable e Cost o Water e Post occupancy
management management e Energy evaluation
8;) o;;era}lﬂon of « Biodiversity e Health & safety
the facility o Waste minimization & * Education
management
e Environmental performance
standard
e Environmental management
system
Sustainable e Adaptation for e Waste minimization & e Remove any
disposal & new use management hazardous
re-use of the e Materials materials such
site e Pollution (air, noise, land & water) as asbestos
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o Health and Safety: Appropriate resources should be allowed for
within the business case to comply with government policy of health
and safety.

1.7.2 Sustainable Procurement Process

The procurement process consists of: (a) the establishment of the procurement
route, (b) finalizing tender documents, including the project brief and the output
based specification, and (c) the tender selection process for an integrated supply
team.

The project brief sets out the vision, strategy, and requirements of the project.
It must clearly highlight the importance of sustainability considerations to the
client to ensure that all parties involved in the project are conscious of the client’s
needs and requirements.

Before beginning the tender process, the client must develop the project
brief into an output-based specification that defines the objectives that they wish
to achieve but not how these should be met. Within this, the client must set out
those objectives that are considered essential and those that are desirable. This
specification must include the sustainable performance objectives for the project,
covering both the construction and operation of the facility so that prospective
companies who are submitting tenders can fully respond to these requirements.
Equally, it is vital to assess which risks are more appropriately managed by the
client and which should be managed by the supply team and to develop the detail
of the specification taking this analysis into account.

Companies submitting tenders should also be asked to provide full details of
how they will respond to the required sustainability objectives. The importance
of this element in the tender appraisal process should be made clear. This will
encourage them to suggest innovative approaches and alternatives that offer
better value for money and/or whole-life cost performance. As part of the ten-
der evaluation process, the client should explicitly appraise the responses to the
sustainability criteria defined within the tender documentation. This appraisal
should also consider the supply team’s knowledge and experience of sustainable
projects.

The key areas of sustainability that should be considered during the develop-
ment of the project brief and the output-based specification are:

A. Economic Aspects:

o Whole Life Costing/Value for the Money: Tender documents should
emphasize the importance of life-cycle-assessment costs (LCAC)
in delivering a value for money, sustainable project. Project briefs
should clearly set out the benefits the facility is intended to deliver
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and should seek to link their delivery to supply team rewards. In
a long-term concession, does the contract ensure that the residual
assets value at the end of the concession reflects life cycle assessment
costing constraints?

B. Environmental Aspects:

o Biodiversity: A requirement for a biodiversity management plan
(BMP) for current development and long-term management should
be included in the brief. The BMP should encompass the following:
(a) consultation and scoping study, (b) detailed surveys and impact
assessment, (c) design of development to incorporate biodiversity
objectives, (d) enhancement, mitigation, and compensation, and (e)
management and after care. We have to make sure that biodiversity
interest has been identified on the site.

o Energy: The brief should define targets for energy consumption dur-
ing construction and operation, and how they will be monitored. The
brief should identify minimum requirements for energy performance
for both new facilities and major renovations. Will the brief include
the requirement to procure only buildings in the top quartile of
energy performance for the government estate?

o Water: The brief should include targets and how they will be moni-
tored for water consumption both during construction and when the
facility is in operation.

o Waste Minimization and Management: A requirement for suppliers/
contractors to provide a waste management plan should be included
in the brief. Targets should be specified for reuse/recycling during
construction and in operation and how they will be monitored.

o Materials: The brief should include a requirement to use materials
that contribute to the sustainability goals the project is aiming to
achieve. Examples are: (a) use of preferred standards, (b) reuse of
materials that can be recycled or reclaimed on-site, (c) avoidance
of environmentally damaging materials, (d) use of natural materi-
als, and (e) avoidance of materials that are potentially harmful to
humans.

The brief should include an outcome-based requirement for overall material
efficiency such as a minimum requirement for recycled content in the project.
For example, one may state that a minimum requirement such as 10% of the
materials value of the project should derive from recycled or reused content.
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Pollution (Air, Noise, Land, and Water): The brief should define tar-
gets to minimize or reduce pollution where possible. Risks should be
identified and a plan to mitigate potential sources of pollution should
be stated in the brief. Targets for minimizing the pollution should be
set out by the client and key performance indicators (KPIs) should be
used to benchmark performance.

Environmental Performance Standards: The brief should include a
requirement for the use of a performance measurement target set by
various professional agencies. The brief should take account of gov-
ernmental or departmental strategy and targets.

C. Social Aspects:

Respect for People: The respect for people toolkit addresses the follow-
ing six action themes: (a) equality and diversity in the workplace, (b)
working environment, (c) health, (d) safety, (e) career development
and lifelong learning, and (f) worker satisfaction.

Health and Safety: The brief should take full account of government
policies.

Stakeholders/Local Community: The views, interests, and require-
ments of stakeholders should be addressed within the brief. The brief
should include a provision for future consultations on design, con-
struction, and operating issues.

Culture/Heritage: Does the brief identify the client’s commitment to
preserving and maintaining the culture and heritage of the local com-
munity?

Project Team and Contractor Selection: The brief should identify
clearly the sustainability criteria those tendering will be measured
against. Does the tender documentation encourage supplies to inno-
vate and offer higher sustainability solutions?

Supply Team: The supply team should have the following character-
istics:

1. Knowledge and Competence: (a) Can the integrated supply team
provide examples of successful sustainable projects they have
completed? (b) Does the integrated team have the relevant experi-
ence?

2. Commitment and Motivation: (a) Is the integrated supply team
enthusiastic and interested in sustainability issues? (b) Does the
integrated supply team actively promote sustainability?

3. Resources: Does the integrated supply team have suitably experi-
enced resources to implement a sustainable project?
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4. Training: (a) Is the integrated supply team willing to educate all
stakeholders? (b) Is the integrated supply team able to provide
handover training?

5. Team Building and Communication: Will the integrated supply
team share knowledge and best practice?

1.7.3 Sustainable Design

Developing the Sustainable Design

The design brief should be developed in partnership with the integrated project
team. It should expand on the project brief by providing greater detail but still be
flexible enough to allow for alternative solutions. This can then be used as the base
for developing the scheme and for detailed design proposals. During the design
phase, the client and the supply team continue to have an opportunity to influence
the sustainability performance of a development. A key focus is to identify those
construction materials that best meet sustainability targets. These sustainability
considerations, such as the requirement for energy efficiency or accessibility, will
have a significant influence on how the final design is reached.

The key areas of sustainability that should be considered during the develop-
ment of both the outline and detailed design briefs are:

A. Economic Aspects:

o Function: Does the design encompass adaptability and reuse?

B. Environmental Aspects:

o Location: The design should take account of a facility’s orientation,
solar radiation levels, wind speed, and wind direction.

o Enhancing Biodiversity: Biodiversity objectives should be drawn up to
reflect both opportunities and constraints for conservation within the
design. Will the building materials utilized in the design be benign to
local species?

o Energy Efficiency: The design should incorporate energy-saving fea-
tures. (a) Does the design make use of renewable energy sources? (b)
Does the design make use of alternative means of heating/cooling?
(c) Does the design utilize products or apply processes that allow the
facility to utilize energy efficiently?

o Materials: (a) Have considerations been given to using materials with
low-embodied energy? (b) Can the material be sourced locally reduc-
ing the energy used in delivery to site? (c) Does the specified materials
comply with government policy? (d) Does the design maximize the
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cost-effective use of recycled products? (e) Does the design incorpo-
rate materials with a long life and low-maintenance requirements?
(f) Does the design include specifications for low-energy use materi-
als?

Examples:

Crop-based materials are increasingly being used by the construction
industry as an alternative to more traditional materials. A number of
crop-derived materials are available that provide significant benefits
through reduced environmental impact and cost savings during dis-
posal. In many cases, the additional cost of renewable material is offset
over the whole life of the product.

a. Insulation Materials: Have the benefits of low-embodied energy in
manufacture, naturally good performance when damp, and renew-
able feedstock been identified?

b. Paints: Have the benefits of low-embodied energy in manufacture,
reduced toxicity and disposal issues, and renewable feedstock been
identified?

c. Floor Covering: Have the benefits of reduced health and allergy
issues, disposal benefits, and renewable feedstock been identified?

d. Biomass Heat Boilers: Have the benefits of renewable energy and
efficient and carbon neutral been identified?

e. Geotextiles for Landscaping and Roadside Use: Have the benefits
of much lower-embodied energy, degrades naturally at end of life,
and renewable feedstock been identified?

»  Waste Minimization and Management: (a) Has thought been given to
a design that minimizes waste both during construction, operation,
refit, and demolition? (b) Does the design make use of prefabricated
components? (c) Can waste off-cuts be returned to suppliers for recy-
cling? (d) Can standard components be used? (e) Does the design take
account of the segregation and storage of waste during operation of
the facility? (f) Does the design facilitate both routine maintenance
and component life cycle replacement?

o Transport and Travel: Does the design promote the use of public
transport?

o  Water: (a) Does the design incorporate water-saving features both
for consumption and discharge of waste? (b) Has a sustainable urban
drainage system been considered? (c) Does the design incorporate
grey water recycling and rain water harvesting?
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o Pollution (Air, Noise, Land, and Water): Does the design mitigate
against any possible risks to pollution?

o Climate Change: The facility should be robust enough to cope with
future climate change. (a) What practical measures can be adopted
within the design?

C. Social Aspects:

o Internal Environment and Accessibility: Does the design provide for
a healthy and comfortable environment? i.e., the design should be
accessible to the young, elderly, or disabled.

o Culture/Heritage: Does the design enhance the historic or local envi-
ronment?

o Health and Safety: The design should consider the health and safety
requirements of the end user. (a) Will the materials, products, and
furniture be assessed for safety? (b) Does the design minimize the risk
of crime?

o Local Communities: (a) Has the local and wider community been con-
sulted on the design? (b) Have design quality indicators been used to
help stakeholders evaluate the design quality?

1.7.4 Sustainable Construction Process

Before Construction Begins

Before the construction process begins the client must be satisfied that the pro-
posals meet or exceed the original project and design brief.

During Construction

Construction sites often have a negative impact on the local environment and
community through noise, air, water and land pollution. The client and the inte-
grated supply team should make provisions to minimize pollution and disruption
and to ensure the health and safety of local residents as well as construction site
staff. However, during the construction process there are opportunities to make
cost savings and reduce the environmental impact through waste recycling and
recovery. For example, the client can cut the costs of disposal and reduce the
pressure on the landfill by utilizing reclaimed materials and recycled aggregates.

After Construction: The Handover

The client should see the commissioning and handover of a project as an impor-
tant and final phase of the construction process. As part of the handover, it is
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essential to provide the client with training, facility operations and maintenance
information, health and safety files, and procedures for reporting defects.

Key areas of sustainability that should be considered both before and during
the construction process are:

A. Economic Aspects:

o Performance Monitoring: Is economic, social, and environmental per-
formance being monitored, recorded, and reported on site?

o Cost Management: Have whole-life costs been reassessed?

» Logistics: Has the use of a central delivery-handling center been con-
sidered?

B. Environmental Aspects:

o Biodiversity: (a) Has a biodiversity management plan been imple-
mented? (b) Are construction techniques sympathetic to the local
habitat and species?

o Energy Efficiency: Are there plans in place to minimize energy use
during construction?

o Waste Minimization and Management: Hazardous waste on-site
should be disposed of in the correct manner. (a) Has a site waste man-
agement plan been implemented? (b) Is there a provision for waste
segregation and auditing? (c) Have steps been taken to minimize con-
struction waste? (d) Can any construction waste be recycled or sold?
(e) Who is responsible for disposing of the waste and are they licensed
to do so?

o Pollution (Air, Noise, Land, and Water): (a) Are there plans to mini-
mize and monitor pollution? (b) Are there plans to conserve and
minimize water usage on-site?

C. Social Aspects:

o Respect for People: (a) Are the contractors, suppliers and designers
committed to their workforce? (b) Are they committed to achieving
the respect for people standard? (c) Are the site staff and subcontrac-
tors educated and trained in environmental awareness?

o Health and Safety: The site should be secure from theft and vandalism.
(a) Are the contractors registered to and committed to the consider-
ate contractors scheme or something similar? (b) Are the contractors
registered to and committed to the construction skills certification
scheme or something similar?

o Local Communities: Are the relevant stakeholders being kept informed
of the progress?
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1.7.5 Sustainable Management and Operation of the Facility

It is essential that, as far as possible, the facility is monitored and maintained
according to the predefined sustainability criteria set out in the project and design
brief. Following the handover of the completed facility, the client must ensure
that its end-users are educated and trained in how to use the facility efficiently.
This is not only an ideal opportunity to promote the sustainability aims (and
achievements) of the facility itself, but it will encourage end-users to play their
part in meeting those goals as well as instilling a sense of belonging. Once the
end-users have had time to adjust to their surroundings, a post-occupancy evalu-
ation should be carried out to identify not only how satisfied people are with the
building, but to examine how the facility is meeting its environmental objectives.

This feedback is extremely useful. It can help iron out any problems with the
facility and the information gathered could be used to inform on future projects.
Those key performance indicators that were identified for the site in-operation
should be assessed and verified appropriately throughout the operational life of
the facility. All major facilities should operate under an environmental manage-
ment system that provides a framework for setting, implementing, and monitor-
ing environmental targets. This will help deliver cost savings and demonstrates,
through verification, an organization’s positive environmental achievement.

Key areas of sustainability that should be considered throughout the manage-
ment and operation of a facility are:

A. Economic Aspects:

o Cost Management: Is there a process in place to validate whole-life
costing?

B. Environmental Aspects:

o Water: Plans should be in place to monitor and reduce water usage
during operation.

o Energy: Plans should be in place to monitor and reduce energy usage
during operation. Are there plans in place to undertake regular
inspections of boilers and air conditioning systems (in buildings)?

o Biodiversity: Plans should be in place to manage and care for areas of
conservation both on-site and within the facility.

o Waste Minimization and Management: There should be guidance on
waste minimization and recycling for users and facility management.
Are recycling facilities provided?

o Environmental Performance Standard: Has a performance measure-
ment been carried out?
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o Environmental Management System: Has an environmental manage-
ment system been put in place? Many organizations are now compli-
ant with ISO 14000 that provides a framework for the development
of an environmental management system and the supporting audit
program.

C. Social Aspects:

o Post Occupancy Evaluation: Feedback should be obtained from the
occupants on user satisfaction. Has feedback been obtained on the
performance of the facility?

o Health and Safety: (a) Is there a health and safety file? (b) Are risk
assessments carried out regularly?

o Education: End-user training should be completed as part of the hand-
over. (a) Has environmental training been given? (b) Are end-users
aware of the sustainability aims and achievements of the facility? (c)
Have procurement advisors been trained in the need for securing sus-
tainable procurement contracts, e.g., buying recycled, buying energy
efficient, etc.

1.7.6 Sustainable Disposal and Re-Use of the Site

There are two distinct areas a client must be aware of at this phase of the construc-
tion project life cycle. These are: (a) disposal of a surplus facility and (b) reuse of
an existing facility. Each area has its own set of considerations that will apply,
depending on the individual circumstance of the facility in question.

Disposal

Where a facility is identified as surplus to requirements, it is important to dispose
of it on best terms bearing in mind the sitting tenants, biodiversity, and historical
context.

Reuse

Occasionally facilities reach the end of their life or no longer fulfill the function
for which they were built. There are a number of options a client can choose to
adopt. However, it is important that the solution represents an efficient, afford-
able, and sustainable use of an existing built asset. The options for re-use are: (a)
adapt for a small change in use, (b) refurbish and alter for a major change in use,
and (c) demolish and recycle if the facility cannot be reused.

It is always preferable to adapt or refurbish an existing facility rather than
choosing to construct anew. However, there will be circumstances in which a
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facility has come to the end of its life. Demolition of an existing facility can create
a large and complex waste stream that covers a wide array of materials. This waste
stream, if managed carefully, can provide materials for re-use in new structures,
can lessen the associated environmental impacts, and deliver cost savings through
avoided waste disposal fees (for example, design for deconstruction).

Key areas of sustainability that should be considered before commencing
disposal or re-use are:

A. Economic aspects:

o Adaptation for New Use: Can the facility be adapted to meet future
needs?

B. Environmental Aspects:

o Waste Minimization and Management: (a) Has a waste management
plan been put in place? (b) Can any demolition waste be recycled or
sold?

o Materials: Have existing building materials been identified for re-use?

o Pollution (Air, Noise, Land, and Water): Plans should be in place (a)
to control and minimize emissions to air, noise and vibration, and (b)
to avoid contaminating land and water.

C. Social Aspects:

o The demolition process should be fully planned in order to minimize
risk to health and safety. Is there a need to remove any hazardous
materials such as asbestos?

1.8 SUMMARY AND CONCLUDING REMARKS

The recent global attention to the issues and challenges of sustainable develop-
ment is forcing industries to conduct self-assessments to identify where they stand
within the framework for sustainability and, more importantly, to identify driv-
ers, opportunities, strategies, and technologies that support achieving this goal.
However, in order to understand the changes that need to be made to achieve
sustainability, it is useful to look at the paradigm that is currently being employed.
Despite a wide range of positions and opinions on the subject, there is general
agreement that the current paradigm of development that disregards constraints
to material resources and/or energy consumption is unsustainable. This para-
digm, which has prevailed over the last few centuries, is based on an unsustainable
approach to development that begins with the extraction and use of primary natu-
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ral resources, both renewable and nonrenewable such as air, water, soil, mineral,
or biological resources. These resources are then utilized for energy production
and use and as inputs to resource processing and manufacturing processes.
The results of these processes are industry-specific products or services that are
eventually transported and commercialized, and ultimately used and consumed
across all segments of society. In the process, all inputs and outputs move in one
direction until disposed, going through the system only once with no recovery of
materials. Aggravating this situation even more is a continuous increase in the
demand, use, and consumption of products and services that creates pressures
for further extraction of natural resources and for continued expansion of energy
production, resource processing, and manufacturing capabilities. This unrelent-
ing growth has created three serious problems: (1) excessive natural resource
consumption, depletion, and degradation (both renewable and nonrenewable);
(2) waste generation and accumulation (including organic and inorganic; hazard-
ous and nonhazardous); and (3) environmental impact and degradation (on the
air, water, land, biota). These are the challenges that must be overcome to achieve
sustainability.

In striving to achieve sustainability in the built environment, three themes
emerge. First, awareness of the impacts that built facilities have on both human
and natural systems is essential and should be considered as early as possible in
the planning and design of any built facility. Second, the ecological, social, and
economic contexts of the facility must be taken into account for all project deci-
sion making. Finally, sustainable designers and constructors must be aware of the
connectivity of human systems to the natural environment. No human action can
take place without affecting the ecological context in which it occurs. All human
activity must be undertaken with an awareness of the potential consequences to
other humans and nature, especially the construction of built facilities because of
its large scale.

The principal conclusion is that the area of sustainable technologies is one of
increasing interest that has many levels and complex dimensions. In this chap-
ter we have tried to provide a brief overview of the wide range of technological
issues at an industry level while emphasizing the need for an integrated approach
and understanding of the various components of a sustainable system. We have
stressed the importance of adopting a new paradigm that considers industry as
a total system rather than focusing on individual components of processes and
operations. In order to achieve sustainability for society as a whole, and for con-
struction in particular, intelligent decision making is required that includes full
consideration and knowledge of the many trade-offs and impacts associated with
each alternative available as an option. Sustainability is a desirable state toward
which to strive, but the journey is not easy.



SULFUR PRODUCTION
AND USES

2.1 INTRODUCTION

Sulfur is different from other minerals with respect to mining issues and sup-
ply concerns. The sustainable production of necessary sulfur supplies is not in
question as long as the world economy is petroleum-driven. Sulfur mining has
stopped, not because sulfur resources have become depleted, but because suffi-
cient sulfur can be recovered as a byproduct at petroleum refineries and natural
gas processing plants. The amount of sulfur that is presently being produced is
more than the demand for sulfur worldwide. Sulfuric acid, as a byproduct from
metal smelters, contributes additional supplies.

Whereas the production of recovered sulfur has been increasing around the
world, as a result of growing environmental awareness and concerns, the use of
sulfur in a multitude of end uses has increased at a slower pace. Huge quantities
of sulfur and sulfuric acid are consumed in many industries, but not as much as
is produced. Expansive world trade transfers large quantities of sulfur from the
major producing areas to the large consumers. Stocks, however, are accumulating
at recovery operations in remote locations in which the distances to the market
make its transportation prohibitively expensive.

The cumulative effects of sulfur production also differ from the results of
other mineral production. Modern sulfur production actually results in improved
environmental conditions rather than having to repair mining processes and
outcomes. Sulfur recovery prevents the emissions of SO, and other harm-

35
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ful compounds into the atmosphere, avoiding the detrimental effects of those
emissions.

The challenges facing the sulfur industry are unique. In other mineral indus-
tries, the major concerns are how to continue to produce necessary materials
and protect the environment as much as possible at the same time. The sulfur
industry is confronting the question of what to do with all the sulfur it produces.

Current production exceeds consumption, but environmental regulations
continue to increase with little growth in sulfur uses. The 21st century sulfur
industry will need to expand sulfur consumption in nontraditional markets and
find acceptable ways to dispose of unneeded sulfur without compromising envi-
ronmental protection.

This chapter discusses some basic information related to sulfur cycle, supply,
trade, uses, and environmental issues.

2.2 GLOBAL SULFUR CYCLE

Although most chemical elements have a global cycle, the global sulfur cycle is
unusually active and pervasive with inputs from natural and man-made sources.
Much of the cycle is difficult to quantify. The amount of sulfur that is produced
through mining or as environmental byproducts at oil refineries, natural gas
processing plants, and nonferrous metal smelters is reasonably well defined;
but the quantity of SO, released from electric power plants and industrial facili-
ties in developing countries is harder to measure. Estimates of sulfur emissions
from natural sources are even more difficult to determine because of the variety
of sources, the variability of emissions over time, the wide range of compounds
involved, and the difficulties in measuring in remote locations (Ober, 2003).

The important reactions of the sulfur pathways into the environment (Figure
2.1) include:

o Assimilative sulfate reduction: Sulfate (SO,*) is reduced to organic
sulfthydryl groups by plants, fungi, and various prokaryotes. Sulfur
oxidation state is +6.

o Desulphurization: Organic molecules containing sulfur can be desul-
phurized, producing hydrogen sulfide gas (H,S). Sulfur oxidation
state is -2.

o Oxidation: Oxidation of hydrogen sulfide produces elemental sulfur
(S°). Sulfur oxidation state is 0. This reaction is completed by the
photosynthetic green and purple sulfur bacteria. Further oxidation of
elemental sulfur by sulfur oxidizers produces sulfate.
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Figure 2.1. Sulfur pathways into the environment.

o Dissimilative sulfur reduction: Elemental sulfur can be reduced to
hydrogen sulfide.

o Dissimilative sulfate reduction: Sulfate reducers generate hydrogen
sulfide from sulfate.

2.2.1 The Natural Sulfur Cycle

The natural sulfur cycle is extremely complex and difficult to measure. Sulfur
occurs in the Earth’s crust in a wide range of minerals and is one of the few
elements that can be found in nature in its elemental state. It is found also in
coal, crude oil, and natural gas in the form of many different compounds and in
varying quantities. Sulfur is essential in all living things, both plants and animals
(Moss, 1978).

Sulfide minerals in the lithosphere are weathered to sulfates, some of which
eventually reach the oceans through river runoff and erosion. The sulfates that
reach the oceans become components of marine sediment. Other weathered sul-
fates react with bacteria to form compounds that are incorporated into the soil
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Figure 2.2. Estimated natural sulfur sources in the atmosphere.

and plant systems. Animals may then ingest the plants and the sulfur compounds
are ultimately returned to the environment as sulfates (Moss, 1978).

Perhaps the best known, and certainly the most dramatic, natural sources of
sulfur are volcanoes. Most volcanic emissions of sulfur compounds occur during
noneruptive periods of volcanic activity, but sulfur also is emitted during erup-
tions (Whelpdale, 1992).

Seawater contains about 2.65 milligrams of sulfate per gram of water. As
bubbles of seawater break, particles of sea salt are formed and emitted into the
atmosphere. This sea spray is one of the largest sources of sulfur in the atmo-
sphere, especially over open oceans (Ober, 2003). The sulfate in the seawater may
come from the weathered minerals or through the decay of oceanic organisms.

Whelpdale (1992) estimated the natural sulfur sources in the atmosphere
(Figure 2.2) as:

a. 46% of total natural sulfur in the atmosphere due to open-ocean
biogenic production derived from the physiological activities of
organisms

18% due to volcanic production

16% due to aeolian production from dust

13% due to terrestrial plant and soil production

4% due to biomass burning production

3% due to coastal zone and wetland biogenic production

= oo o

2.2.2 The Anthropogenic Sulfur Cycle

The amount of sulfur entering the atmosphere through human activity, the
anthropogenic sulfur cycle, is easier to define than the natural sulfur cycle, but
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significant uncertainties remain to its size in less developed areas of the world
(Ober, 2003). The majority of anthropogenic sulfur emissions are in the form of
SO, resulting from the burning of fossil fuels (coal, petroleum, and natural gas),
the smelting of nonferrous metal ores, and other industrial processes and burning
(Whelpdale, 1992). Nearly all of this sulfur is emitted into the atmosphere in the
Northern Hemisphere.

Globally, man-made sulfur inputs to the atmosphere began to increase sig-
nificantly early in the 20th century, and the trend continued until the mid-1970s
when environmental regulations in North America and Western Europe began
to limit allowable sulfur emissions. Environmental regulations have reduced the
quantity of SO, emitted into the atmosphere, but they have not eliminated the
problem. Significantly decreased emissions have been realized at many industrial
facilities, but statistics on actual emissions are not readily available (Ober, 2003).

2.3 SULFUR SUPPLY

At the turn of the 20th century, the only significant production of elemental
sulfur was in Sicily, Italy. Sulfur ores were mined there using conventional
mining methods, but the processes for recovering the sulfur from the ore were
unusual (Day, 1885). Sulfur recovery was always poor, ranging from 30 to 50%.
The remainder of the sulfur that was not retained in the ore upon completion
of the process was released into the atmosphere as SO,. As early as 1885, the
environmental damage caused by emissions of sulfur was recognized. The Italian
government restricted the processing of the ore to certain times throughout the
year, opposite the primary growing season. During the time that Italian sulfur
dominated the global sulfur industry, many companies were searching for other
ways to meet the growing industrial demand for sulfur. Pyrites were being burned
to recover their sulfur content while sulfuric acid and other methods were being
investigated to melt or dissolve the sulfur from the ores. Sulfur was known to be
contained in petroleum and natural gas, but none was recovered; the sulfur either
remained in the final products or was emitted into the atmosphere.

2.3.1 Sulfur Production and Processes

Sulfur is mined from both surface and underground deposits and is recovered
as a byproduct from a number of industrial processes. In sulfur mining, three
techniques are applied: (1) conventional underground methods, (2) conventional
open pit methods, and (3) the Frasch mining method. About 90% of all sulfur
mined is obtained through Frasch mining.
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Figure 2.3. Frasch process (adapted from the U.S. Environmental Protection Agency, 1980).

Frasch Mining

The Frasch mining process uses hot water to melt sulfur trapped in salt domes.
The sulfur is then pumped to the surface and is either sold as a liquid or cooled
and solidified into a number of forms for market. Figure 2.3 presents a process
flow diagram for the Frasch process.

Early in the century, at the point in the process when the sulfur reached the
surface, it was pumped into wooden forms or molds where it cooled and solidi-
fied. Modern facilities use insulated pipes to move the sulfur to heated storage
tanks where it is held until transfer to a terminal from which it is shipped to
customers. Currently, when large quantities of excess sulfur are stockpiled, the
process is similar to that of the early days of the industry. Molten sulfur is poured
into molds where it cools and solidifies, creating huge blocks of solid sulfur.

The Frasch sulfur process only works under specific geologic conditions.
Deposits amenable to the process have proven to be either salt domes or bed-
ded evaporite deposits in which permeable native sulfur deposits are enclosed
in impermeable formations (Morse, 1985). The elemental sulfur results from the
bacterial alteration of anhydrite or gypsum, in the presence of hydrocarbons,
into limestone and H,S. The H,S then oxidizes to sulfur through contact with
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oxygenated water that percolates through the formation or through the action of
anaerobic, sulfur-reducing bacteria (Bodenos and Nelson, 1979).

Combined Sulfur from Smelting of Nonferrous Sulfides

Combined sulfur can be recovered during the smelting of nonferrous sulfides.
Sulfur dioxide in the smelter gases is converted to sulfuric acid and liquid sulfur
dioxide. In the United States, byproduct sulfuric acid from nonferrous metal
smelters and roasters supplied about 11% of the total domestic production of
sulfur in all forms in 1990. Sulfur may also be recovered from sulfur dioxide
emissions. Regenerative or throw-away flue-gas desulphurization methods may
be used either to recover sulfur in a useful form or to dispose of it as solid waste.
Both recovery methods may employ wet or dry systems and use a variety of com-
pounds such as limestone, sodium carbonate, and magnesium oxide to neutralize
or collect the sulfur dioxide. End products include gypsum, sulfuric acid, liquid
sulfur dioxide, and elemental sulfur, all of which can be used if a local market
exists. If no local markets exist, large quantities of gypsum or sulfuric acid may
have to be neutralized or otherwise disposed.

Natural Gas

H,S must be removed from natural gas because of its extreme toxicity. It also
causes corrosion problems; but these problems compared to elemental sulfur by
means of the Claus are minor when compared to the hazards of breathing even
low concentrations of H,S. At natural gas processing facilities, the first step in
recovery of sulfur is the separation of H,S from the rest of the natural gas stream.
The natural gas containing H_S, known as sour gas, is passed through a solvent
in which the H,S dissolves and the desirable portions of the natural gas are
insoluble. The solvent is then heated and the H.S is expelled from the solution
(Fischer, 1984). The most common solvents used are amines, which are organic
derivatives of ammonia (Schmerling, 1981). After the various components of the
gas have been separated, H_S is converted using the Claus process, named after its
inventor, British chemical engineer C. F. Claus (Zwicker, 1990).

Petfroleum

During the early days of the petroleum industry, simple distillation was the only
process used to refine crude oil. Crude oil is a complex mix of hydrocarbon
compounds, ranging from simple compounds with small molecules of low den-
sities and very dense compounds with extremely large molecules. Any of these
compounds can contain sulfur. An average crude oil contains approximately 84%
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carbon, 14% hydrogen, 1 to 3% sulfur, and less than 1% each of nitrogen, oxygen,
metals, and salts (Occupational Safety and Health Administration, 1999).

As demand increased for lighter fuels such as gasoline and jet fuel, more
complicated processes were developed to break larger particles apart to produce
increasing quantities of the more desirable, lower density compounds. These
processes often involved reactions that could also break the sulfur apart from the
organic compound as H_S; the same sulfur compound often found in natural gas
with all the same undesirable properties. Until about 1970, any H,S produced in
the refining process was used as refinery fuel and burned along with the other
gaseous hydrocarbons released during the process. Burning the H,S produced
SO, that was released into the atmosphere and was considered a nuisance rather
than a hazard.

As refining increased and the atmosphere around refineries became more
noxious, SO, emissions came under fire as a significant contributor to air pol-
lution and acid rain. Oil refineries were then required to install equipment to
reduce the amount of SO, allowable quantities or process crude oils with low
sulfur content, resulting in low SO, emissions. Concern was not limited to SO,
emissions at the refinery; automobile exhaust was recognized as a large source
of SO, in the atmosphere. As environmental concerns increased, environmental
regulations have further limited emissions. These factors resulted in tremendous
growth in sulfur recovery capacity and production across the world.

Oil Sands

Oil sands represent a large source of recovered sulfur, especially in Alberta,
Canada. Alberta has huge deposits of oil sands with estimated reserves of 300
billion barrels of recoverable crude oil that also contain 4 to 5% sulfur (Stevens,
1998). The Athabasca oil sands are a mixture of sand, water, clay, and bitumen, a
naturally occurring viscous mixture of heavy hydrocarbons. Because of its com-
plexity, bitumen is difficult, if not impossible to refine at most oil refineries. It
must be upgraded to a light-oil equivalent before further refining or it must be
processed at facilities specifically designed for processing bitumen. Oil sands with
more than 10% bitumen are considered rich; those with less than 7% bitumen are
not economically attractive (Oil and Gas Journal, 1999). During the upgrading
and refining of the oil sands, significant quantities of sulfur must be recovered
using processes described for conventional oil refining.

Recovered Elemental Sulfur (Claus Process)

Recovered elemental sulfur is a nondiscretionary byproduct of petroleum refin-
ing, natural gas processing, and coking plants. Recovered sulfur is produced
primarily to comply with environmental regulations applicable directly to
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Figure 2.4. Claus process (adapted from the U.S. Environmental Protection Agency, 1980).

processing facilities or indirectly by restricting the sulfur content of fuels sold
or used. The principal sources of recovered sulfur are hydrogen sulfide in sour
natural gas and organic sulfur compounds in crude oil. Recovery is mainly in
the elemental form although some is converted directly to sulfuric acid. Sulfur in
crude oil is recovered during the refining process. Organic sulfur compounds in
crude oil are removed from the refinery feed and converted to hydrogen sulfide
by a hydrogenation process. The sulfur in natural gas is already in the form of
hydrogen sulfide. Hydrogen sulfide from both sources is converted to elemental
sulfur by the Claus process (Figure 2.4).

In this process, concentrated hydrogen sulfide is fired in a combustion
chamber connected to a waste heat boiler. Air is regulated to the combustion
chamber so that part of the hydrogen sulfide is burned to produce sulfur dioxide,
water vapor, and sulfur vapor. The high temperature gases are cooled in a waste
heat boiler and sulfur is removed in a condenser. The efficiency of the process is
increased by adding as many as three additional stages in which the gases leaving
the sulfur condenser are reheated and passed through catalytic converters and
additional condensers. Finally, the total gas stream is incinerated to convert all
remaining sulfur-bearing gases to sulfur dioxide before release into the atmo-
sphere. The sulfur is then collected in a liquid form.

Formed Sulfur

Formed sulfur may be made into one of several forms, including flakes, slates,
prills, nuggets, granules, pastilles, and briquettes. To produce flakes, the sulfur is
cooled and solidified on the outside of large, rotating drums, from which it peels
off into small flakes. To produce slates, molten sulfur is cast onto a continuous
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Figure 2.5. Chart showing world sulfur trade (adapted from “Market Prospects for Sulphur
Recovered from the Oil Sands,” CHOA Meeting, Calgary, Alberta, Canada, April 12, 2006).

conveyer belt and is cooled with air or water so that it solidifies into a thin sheet.
As the slate reaches the end of the belt, the sheet breaks into smaller pieces. Sulfur
prilling can be accomplished with air or water. In air prilling, molten sulfur is
sprayed from the top of a tower against an upward flow of air. As it falls, the
sulfur breaks into small droplets and cools into prills. In water prilling, the sulfur
is sprayed into tanks containing water from which the prills are collected and
dried. Minor modifications to prilling techniques are used to produce nuggets.
Granulation involves applying successive coats of sulfur to solid particles of sulfur
in a granulator until the particle size reaches the required diameter. In the Procor
GX granulation process, liquid sulfur is sprayed into a rotating drum in which
small seed particles of sulfur are recycled from the end of the process. Pastilles are
individual droplets of molten sulfur that have been dropped on a steel belt and
cooled by conduction.

2.4 SULFUR TRADE

Sulfur has become an important internationally traded commodity. It has
become more widely traded since recovered sulfur production increased. The
dominance of many countries in the petroleum and natural gas industries, and
increased environmental awareness and regulations around the world, have cre-
ated a tremendous increase in recovered sulfur production throughout the world.

An example of a country with significant production and limited consump-
tion is Canada. As many other developed countries, Canada limits the level of
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Figure 2.6. Chart showing world sulfur production and the change in prices of sulfur from 1980
through 2008.

sulfur allowable in gasoline and other automotive fuels as well as SO, emissions
at petroleum refineries. Canada’s major contribution to the world sulfur sup-
ply, however, comes from its large sour natural gas deposits in western Canada,
especially in Alberta (see Figure 2.5). Many operating gas wells contain large
quantities of H,S, some as high as 45%, that must be removed prior to selling the
natural gas. Canada is the world’s largest producer of recovered sulfur; it is also
the largest exporter of elemental sulfur.

Although Canada exports an average 7 Mt/yr, supply exceeds demand to the
extent that more than 15 Mt of elemental sulfur has been stockpiled in Alberta.
Canadian companies are actively exploring methods for long-term storage and
disposal of sulfur such as re-injection and underground storage. In some opera-
tions, it can no longer be considered a valuable byproduct but rather a waste
material with costs attributed to its storage or disposal. The processing of heavy
crude oil associated with tar sands extraction is also a significant and growing
source of sulfur, nearly 3 Mt in 2005.

In contrast to Canada, Morocco is a large consumer of sulfur with little
domestic supply, necessitating the import of approximately 2.5 Mt/yr. Morocco
possesses huge deposits of phosphate rock from which it produces phosphoric
acid and phosphate fertilizers. Because the demand in Morocco significantly
exceeds domestic supply, the Moroccan phosphate producers import sulfur
from many other countries. Even with the huge global sulfur market, production
exceeds consumption worldwide. The global sulfur market has become quite
competitive, resulting in a trend of continually lower prices. Regional supply con-
straints have caused brief price increases but, overall, prices have been on a down-
ward trend, especially in constant dollars for the past 20 years (see Figure 2.6).
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Figure 2.8. Total world sulfur production in 2008.

Detailed descriptions are of major contributing countries is shown in Figures
2.7 and 2.8 for 1994 and 2008, respectively. In 1994, only eleven countries were
the main contributors whereas in 2008, the number increased to 22 countries
because of increase of oil production. The total world production has increased
from 51 Mt in 1994 to 69 Mt in 2008 with a rate of increase of approximately
2.5% per year.

Because many of the countries that produce sulfur are not significant con-
sumers and many of the substantial consumers do not have large sulfur produc-
tion capabilities, an increasing global sulfur market has emerged. Figures 2.9 and
2.10 illustrate how the global sulfur trade has changed since 1981. Perhaps the
most striking change in sulfur trade since 1981 is the number of countries that
have entered the market. In 1981, six countries that exported a total of 15 Mt
dominated sulfur trade. They were, in.descending order, Canada, Poland, the
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Figure 2.10. Chart showing worldwide sulfur trade in 2000 (data obtained from Ober, 2003).

United States, Mexico, France, and the Federal Republic of Germany. By 1990,
Saudi Arabia joined the leaders and the U.S. was decreasing in importance.

By 2000, 16 countries were exporting more than 100,000 t of sulfur, and even
more were exporting small quantities for a global total of approximately 21 Mt.
Throughout the period, Canada was the leader and Saudi Arabia became more
important. Mexico, Poland, and the United States became less important as the
Frasch industry in each of those countries dwindled and operations closed. Of
these three countries, only Poland continues to mine sulfur. Russia, as part of
the Soviet Union, was a major importer of sulfur for use in its fertilizer industry
and has become a major exporter of sulfur. This dramatic change is due, in part,
to increased recovered sulfur from large sour natural gas operations in Russia,
the downturn of the Russian economy, and the subsequent cutbacks at fertilizer
operations that resulted from the break-up of the Soviet Union in 1991.



48 Sulfur Concrete for the Construction Industry

Sulfur source Sulfur uses

—>| Agriculture industry

—>| Chemical industry I
—>| Construction industry |
|

|

)
Rtlecovereclj —’| Ore mining
elementa

(__sufur ] | Petroleum industry
Reclaimed ,|  Pharmaceutical

indust

sulfuric acid industry

) > PU|p and paper
Byproduct industry
sulfuric acid

—

Waste management
industry

v
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2.5 SULFUR DEMAND

Sulfur is used in such a wide variety of industries that listing them individually is
nearly impossible. Figure 2.11 shows sulfur sources and the categories of indus-
tries in which it is consumed, either as elemental sulfur or H,SO,. Most sulfur is
converted to H,SO, before it is used. Sulfur is unusual in that for many of its end
uses, especially those that require sulfur as H,SO,, the sulfur is not part of the final
product. Although needed for the synthesis of many compounds and the suc-
cessful accomplishment of numerous industrial processes, sulfur often circulates
continuously through the process or is incorporated in its waste stream.

2.6 SULFUR USES

Elemental sulfur is used in the chemical industry to produce H,SO,, but it is also
used directly in plant nutrient sulfur, petroleum refining, pulp and paper process-
ing, and synthetic rubber production. Some of the major uses for H,SO, are cop-
per ore leaching, phosphate fertilizer and other agricultural chemical production,
petroleum refining, and other chemical manufacturing. An example of sulfur
end-uses in the United States are shown in Figure 2.12 (Matos and Ober, 2005
and USGS website). It should be noted that until 2003, various sulfur utilizations
were reported; however, from 2004 to 2008, reported data were related only to
the total sulfur utilization. A brief description of the various utilizations of sulfur
is discussed in the following sections.
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Figure 2.12. Sulfur end-use in the United States from 1975 to 2008.

2.6.1 Sulfuric Acid

Sulfuric acid (H,SO,) is a strong acid that, when in dilute form, will dissolve all
base metals. A chemical property that makes H,SO, important in industrial uses
is its ability to decompose salts of most other acids. Sulfuric acid is the most
important inorganic chemical used in commerce due to its low cost, widespread
availability, and versatility. The most important application of this property is in
the reaction with phosphate rock to produce phosphoric acid and calcium sulfate
(Sander et al., 1984).

Fertilizer production is by far the largest consumer of sulfuric acid where
it is an important sulfur source or facilitator. As a plant nutrient, sulfur may be
applied directly or as part of a fertilizer where it increases the availability of other
nutrients, improves crop yield and quality, and fights disease (fertilizer). At the
same time, sulfur controls pests, mites, and mildews (insecticide, pesticide, and
herbicide) and lowers the pH of saline and alkali soils (soil conditioner).

Sulfuric acid is generally used to:

1. Oxidize metals, convert insoluble oxides, sulfides, carbonates, and
silicates to soluble compounds (copper and uranium ore leaching,
metallurgy, and mineral processing)

2. Oxidize and remove tars and organic sulfides in petroleum and
serve as a catalyst in the alkylation of isoalkanes with alkenes and in
the refining of raw paraffin petroleum refining
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3. Pickle steel to remove mill scale, rust, dirt, etc, prior to processing
(iron and steel)

4. Act as a drying and dehydrating agent because of its avidity for
water (explosives, celluloid, acetates, and lacquers)

5. React with aromatic compounds to form sulfonic acids (organic
chemicals, rubber, and plastics)

6. Produce reagents such as:

a.

m o a0

Aluminum sulfate or alum (antiperspirant, clarifier for fats and
oils, deodorizer and decolorizer in petroleum processing, fire-
proofing, leather tanning, water clarifier in papermaking, and
water treatment)

Ammonium sulfate (fire retardant, fertilizer, viscose rayon, and
chemical feedstock)

Antimony and sulfate

Explosives

Barium sulfate (pigment in paints)

Boric acid (antiseptics, borosilicate glass, catalyst, fiberglass,
nuclear applications, pharmaceuticals and cosmetics, photog-
raphy, porcelain enamels, frits, glazes, liquid SO, stabilizer, and
textile treating)

Chromic acid (chrome plating, green pigment, ceramic colorant,
metallurgy, refractory additive, and chemical feedstock)

Lead sulfate (ceramics, pigment, and vinyl plastics stabilizer)
Lithium sulfate (pharmaceuticals)

Magnesium sulfate (pharmaceuticals, chemicals, dyes, paper siz-
ing, explosives, and fertilizers)

Manganese sulfate (animal feed additive, fertilizer, food supple-
ment, fungicide, paint additive, textile dye, and intermediate
manganese chemical)

Nickel sulfate (catalyst, nickel plating, and textiles)

.Sodium sulfate (sulfate chemical pulping of wood, Kraft paper,

glass, ceramic glazes, dyeing wool textiles, tanning, spinning
baths for viscose rayon, nickel smelting, animal feed supple-
ments, photography, water treatment, sulfonated oils, and
chemical feedstock)

Zinc sulfate (mordant, aniline black, and ceramic coloring)
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2.6.2 Agricultural Chemicals
Phosphoric Acid and Phosphate Fertilizers

H,SO, is an essential component of these manufacturing processes; more H,SO,
is consumed in the conversion of phosphate rock into phosphoric acid (H,PO,)
and other phosphate fertilizers than is consumed in all other industries. Because
of this, the fortune of the sulfur industry is closely tied to the fortune of the
phosphate industry. Phosphorus is one of the three essential nutrients (along
with nitrogen and potassium) for plant growth. Naturally occurring phosphate
minerals are insoluble and for plants to efficiently use this nutrient, the phosphate
minerals must be processed into soluble compounds. Most phosphate fertilizer
producers’ use H SO, that is produced at plants located at or near the phosphate
processing facilities used to convert the phosphate ores. Although other processes
for producing H,PO, and phosphate fertilizers have been developed, H,SO,
remains the preferred acidulating agent because of its easy availability, low cost,
and well-established technology.

Nitrogen Fertilizers

Nitrogen fertilizers require a fraction of the sulfur that is consumed in the pro-
duction of phosphate fertilizers. Ammonium sulfate, the only significant sulfur-
containing nitrogen fertilizer, is a small portion of the entire nitrogen fertilizer
market. In 2000, it represented about 2% of the market (Kramer, 2002). Most
ammonium sulfate is produced as a byproduct of other industrial processes.
Production of caprolactam, for example, which is an intermediate in the produc-
tion of the nylon-6 fiber, results in an ammonium sulfate byproduct.

Plant Nutrient Sulfur

Nitrogen, phosphate, and potassium are recognized as the most important plant
nutrients. Increasingly, however, agronomists have emphasized the importance
of sulfur in the nutrition of plants. Ammonium sulfate’s fertilizer value is related
to its nitrogen content (21%) as well as its sulfur content (24%) as sulfate. The sul-
fate sulfur in ammonium sulfate is a form that is readily available for crop uptake.
Other benefits to maintaining the proper nitrogen sulfur ratio to plant growth are
improved protein and amino acid content and chlorophyll seed formation.

Over the past 20 years, soils have become increasingly deficient in sulfur
for several reasons. Larger crop yields have removed greater quantities of sulfur.
Environmental regulations limiting SO, have significantly reduced atmospheric
deposition of sulfur. Reduced sulfur content of transportation fuels has limited
SO, emissions from vehicles, reducing deposition from those sources. Finally,
increased conservation tillage in which crop residues are not plowed back into the
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soil and left to decompose on the surface has reduced the mobility of the sulfate
ion in the subsoil, making it less available to crops (H.J. Baker and Bro., 2001).

In addition to ammonium sulfate and phosphate-sulfate fertilizers, elemental
sulfur products have been developed to provide elemental sulfur for crop nutri-
tion. Because large particles of elemental sulfur oxidize to the sulfate form slowly,
limiting the crop nutrient value of the sulfur, plant nutrient sulfur products have
been formulated to deliver small sulfur particles that decompose more readily
into the sulfate form. The particles can be agglomerated into granules with a
binding material that makes the sulfur easier to handle, limiting the sulfur dust
and improving the safety of handling finely divided sulfur. Other products incor-
porate elemental sulfur with 10% bentonite clay. After application, the clay swells
as it absorbs soil moisture, breaking off the sulfur in a variety of particle sizes.

Other factors affect the conversion of sulfur to sulfate besides particle size.
Rising soil temperature increases bacterial activity and conversion. Moist soils
also promote transformation. Specific types of bacteria (thiobacillus oxidans) in
the soil are necessary for the conversion to occur, and colonies expand with regu-
lar application of elemental sulfur. The sulfur must be in close contact with the
soil organisms for sulfate formation to occur (Tiger Industries, 1999).

Other Agricultural Uses

Other agricultural uses require elemental sulfur. Sulfur is used as a supplement
in animal feeds and in salt blocks. Animal feed sulfur is of high purity and small
particle size. Finely divided sulfur is also used in agriculture as fungicides, insec-
ticides, and miticides. Wettable sulfur powders can be mixed with water and
sprayed on plants to act as a fungicide or a miticide, reducing fungus formation
in crops and killing mites. Dusting and flowable sulfur are used as fungicide on
creeping plant crops such as grapes, tomatoes, and peanuts. Sulfur sprays are used
to rid the interior of poultry houses from depluming mites, tiny organisms that
can cause poultry to lose their feathers. Many of these products can also be used
as soil amendments to correct high alkalinity in the soil (Georgia Gulf Sulfur,
2000).

2.6.3 Chemical and Industrial

In the United States, agricultural uses, ore processing, and petroleum refining
represented 93% of identified sulfur consumption in 2000 (Ober, 2003). Smaller
quantities of sulfur are used in a myriad other industrial processes. Some of these
are listed individually and others are discussed briefly.
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Caprolactam

Another industrial use of H,SO, is the source of one sulfur compound used in
agriculture. Ammonium sulfate is a byproduct from the production of caprolac-
tam (C,H,,NO), an organic chemical that is a precursor for the nylon-6 polymer
that is used in carpets, other textile products, and plastics. The production pro-
cess is complex, requiring numerous complicated reactions among inorganic and
organic chemicals.

Caprolactam production is one of the few industrial uses for sulfur in which
sulfur does not end up as a component of waste. Variations on the caprolac-
tam production process result in different byproduct production volumes of
ammonium sulfate through the actual reaction and subsequent neutralization
of the reaction products. The amount of ammonium sulfate produced in the
caprolactam processes varies from 1.7 to 4.4 t of ammonium sulfate per ton of
caprolactam. World capacity for caprolactam production is nearly 4.0 Mt. It
is not known, however, which processes are used at various operations, mak-
ing estimates of byproduct ammonium sulfate production difficult (Fisher and
Crescentini, 1992).

Hydrofluoric Acid

Hydrofluoric acid (HF) is a strong, inorganic acid that is used in several industrial
processes. Sulfuric acid is used to produce HF through its reaction in a rotating
steel kiln with finely ground, acid-grade fluorspar (the mineral calcium fluoride).
Approximately 2.4 ton of fluorspar and 2.7 ton of 96 to 98% H,SO, produce about
one ton of HF.

Titanium Dioxide

Titanium is well known as a high-tech metal used in aerospace equipment and
21st century sporting goods. The most common use of titanium, however, is in
the form of titanium dioxide (TiO,) pigment, which is used in paints, paper,
plastics, and other materials. TiO, is widely used because of its whiteness, high
refractive index, and light scattering ability. Ilmenite (FeTiO,) and rutile (TiO,)
are ores used for producing pigment-grade TiO, through the sulfate and chloride
processes. The sulfate process requires sulfur in the form of H,SO,. The sulfate
process has been in use longer than the chloride process and uses the lower cost
ilmenite that contains 35 to 54% TiO,, or titanium slag with 75 to 79% TiO, as
raw materials. Most chloride process plants require a high TiO,-content ilmenite
with approximately 64% TiO,, slag containing 85 percent or greater TiO,, rutile,
and synthetic rutile. The chloride process, however, has become preferred by
most TiO, producers because technical and environmental considerations of the
sulfate process are more complicated and expensive.



54 Sulfur Concrete for the Construction Industry

Vulcanization of Rubber

An important use of sulfur, although not in large amounts, is the vulcanization
of rubber. Rubber is a polymer with the empirical formula (C,H,) with one C=C
double bond to each unit. Sulfur cross-links the polymer chains, taking advantage
of these double bonds. However, many good rubber-like materials have been pro-
duced as artificial polymers. Sulfur is an important fuel in pyrotechnic mixtures,
because it is cheap and stable. It occurs in match heads, the most common pyro-
technical device, and was an ingredient of black powder. Black powder is a special
mixture of 75% potassium nitrate, 15% charcoal, and 10% sulphur, more or less.
The dry sulfur and charcoal are ground together so that the thixotropic sulfur
thoroughly coats the active surface of the charcoal. The nitrate is then added and
the mix is wet ground until homogenized. The dried mix is formed into grains of
the desired size and the powder is ready to use.

Other Uses

H,SO, is used to make explosives and other organic and inorganic chemicals. Tt
is used in steelmaking and in the production of the synthetic fiber rayon. The
electrolyte in lead-acid batteries is H,SO,. Many other processes use sulfur and
H,SO, but listing all of them would be nearly impossible.

2.6.4 Construction Industry

Although not widely used currently, sulfur construction materials can offer
improvements over more traditional materials, especially in specific applications.
Sulfur construction materials include sulfur concrete and sulfur-extended asphalt
pavements as well as pre-cast concrete components, extrusions, and cast-in-place
forms. About 3.2 million kilometers (2.0 million miles) of paved highways, roads,
and streets comprise the majority of the ground transportation network in the
United States, 93% of which is paved with asphalt-type materials (Weber and
McBee, 2000).

Sulfur Extended Asphalt

Asphalt is a heavy, organic byproduct of petroleum refining. It was typically
high-volume and low-cost, making it attractive to the road construction industry.
As demand for such high-quality petroleum products as gasoline grew, pressure
mounted for the petroleum industry to improve refining technology to produce
more high-quality products and less asphalt or other low-value byproducts and
wastes. These events, coupled with the increasing availability and decreasing costs
of recovered sulfur, have made sulfur-extended asphalt cements a more attractive
alternative to the traditional asphalt paving materials.
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Table 2.1. STARcrete™ sulfur polymer concrete properties compared with
those of Portland cement concrete (STARcrete™ Technologies, 2000)

Compared with 34.5 MPa

Property Portland Cement Concrete | Testing Laboratory
Abrasion resistance Much greater 11
Bond strength to concrete Much greater 11
Bond strength to reinforcing steel Greater
Coefficient of linear expansion Equivalent
Compressive creep Less
Compressive strength Greater 1,6,7
Corrosion resistance Much greater 4,9
Durability under thermal cycling Equivalent or higher 3,4
Fatigue resistance Much greater 5
Fire resistance Slightly less 4,8
Flexural strength Greater 1,6
Modulus of elasticity Greater 2
Splitting tensile strength Greater 2,6
Thermal conductivity Less 3
Water permeability Much less 10
Testing Laboratories:

1. EBA Engineering Consultants, Canada 7. Bernard & Hoggan Engineering, Canada

2. R. M. Hardy & Associates, Canada 8. Wamock Hersey, Vancouver, Canada

3. Ontario Research Foundation, Canada 9. Mellon Institute, Pittsburgh, USA

4. Sulphur Innovations, Canada 10. Chemical & Geological Laboratories, Calgary,

5. lowa State University, Ames, USA Canada

6. J. A. Smith & Associates, Canada 11. Dow Chemical, Texas Division, Freeport, USA

Tests initiated in 1975 showed that sulfur-extended asphalt was at least com-
parable with traditional asphalt concrete; some properties being superior. Sulfur-
extended asphalt was stiffer, making it more resistant to rutting damage in warm
climates. Transverse cracking was also less of a problem than in more traditional
asphalt paving. The addition of sulfur to the asphalt mix just prior to pouring the
roadway reduces the viscosity of the hot paving material, making the pavement
easier to install. Equipment for preparing traditional asphalt requires little or no
adaptation to handle sulfur-extended asphalt, an important factor in the accep-
tance of sulfur-extended asphalts on a large scale (Weber and McBee, 2000).

Even with the demonstrated advantages of sulfur-extended asphalt over
more traditional paving materials, no large-scale highway projects have used
sulfur-extended asphalt. A period of elevated sulfur prices in the late 1980s elimi-
nated the financial incentives for substitution (Weber and McBee, 2000). Recent
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Table 2.2. Potential applications of sulfur solidified concrete

Activity Applications

Pre-casting Sewer pipe; railway ties; highway barriers; a range of agriculture
products; offshore drilling platforms; construction blocks, slabs, and
other building components

Extruding Bricks and paving stones; curbs and gutters; roof tiles

Cast-in-place Bridge decks; marine installations; ship hulls and structures exposed
to marine environments; drilling platforms; food processing plants;
agricultural applications, including barns and effluent systems; sew-
age treatment plants; acid plants-drainage canals, sumps, tanks,
flooring, walls and beams; fertilizer plants; foundations

increases in low-cost sulfur availability have reinvigorated interest, and large-
scale testing of sulfur-extended sulfur as a viable, economic alternative to more
traditional asphalt formulations are underway.

The main competitor to asphalt pavements is concrete made with Portland
cement and aggregates. Sulfur can substitute for Portland cement in roads and
other construction uses. The 7% of United States roads not made with asphalt
cement use Portland cement concrete, representing a significant market for sul-
fur.

Corrosion resistance materials

Elemental sulfur incorporating a small quantity of polymer modifiers that sta-
bilize the sulfur structure, especially during thermal and hydraulic cycling, has
replaced Portland cement effectively in industrial applications exposed to cor-
rosive environments.

Several companies and researchers have developed slightly different formu-
lations for polymer sulfur concretes, but all share the improved properties of
extremely high resistance to corrosion, high physical strength, high resistance
to fatigue, low water permeability, and fast curing time, which are listed in more
detail in Table 2.1. Molten sulfur is the binder that holds the aggregates together
to form the pavement or other concrete forms when it cools and solidifies.
Additives contribute special properties to the sulfur binder, the most important
of which is to produce a protective burn surface when exposed directly to a flame.
The burn surface, when combined with the naturally low thermal conductivity of
elemental sulfur, results in a slow penetration of heat. In the event of a fire near
any form of sulfur concrete, tests have shown zero flame spread, fuel contribu-
tion, and smoke density. Because sulfur concrete sets on cooling, extreme weather
conditions do not hamper its installation. Recycling is simply accomplished by
crushing and reheating with no loss in strength.
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Potential applications

Sulfur concrete can be pre-cast easily into various shapes, such as construction
blocks and slabs, railway ties, sewer pipes, support beams, tanks for holding cor-
rosive liquids, and any number of other items. Sulfur concrete can be extruded to
form bricks and paving stones, roofing tiles, and street curbs and gutters. Table
2.2 summarizes these applications. In most uses, such as agricultural effluent
systems, bridge decks, drilling platforms, and fertilizer plants, sulfur concrete
can replace cast-in-place Portland cement. Sulfur concrete has found its great-
est acceptance in facilities that must withstand corrosion from process acids,
although it could be used in many other applications, including road construc-
tion (STARcrete Technologies, 2000).

2.6.5 Ore Processing

Smelting of nonferrous metals has been a major source of sulfur in the form of
byproduct acid since early in the 20th century, but more recent developments in
the metals industry make them major consumers of H,SO, also. Processes have
been developed that dissolve the various metals from the host rock with solvents,
frequently H,SO,, and then recover the desired metals from the solutions. Copper
has been produced through variations of this method since about 1967. Nickel
can be produced using a pressure acid leach process. Technically, it could be pos-
sible to produce other metals through variations of H,SO, leaching processes, but
no commercial processes for other metals have been developed.

2.6.6 Petroleum Alkylation

Crude oil is a complex mix of hydrocarbons that must be separated and recom-
bined to optimize the products manufactured from each barrel of crude; the ulti-
mate goal is to obtain the most gasoline possible from each barrel of oil (Leffler,
2000).

In petroleum refining, several different processes, including distillation, vac-
uum flashing, and catalytic cracking, are used to separate the various hydrocar-
bon compounds contained in crude oil. In general, the lighter the product (lower
density) and the fewer carbon atoms per molecule, the lower the boiling point
and the more volatile the compound. As the number of carbon atoms that mol-
ecules contain increases, the compounds become heavier and the boiling point
goes up. This makes it possible to separate the various hydrocarbon compounds
into products within specific ranges of boiling points and densities.

The densest, largest molecules are the least desirable products, and processes
have been developed to crack the molecules into smaller, more manageable, and
more desirable products. Many refineries have thermal or catalytic crackers, the
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apparatus that refiners use to break some of the larger petroleum molecules into
smaller, more desirable molecules. Refiners use the products of crackers and sim-
pler distillers in alkylation facilities to combine some of the smaller compounds
that result from cracking and distillation into compounds that meet gasoline fuel
requirements (Schmerling, 1981). The product from this process is known as
alkylate, a high quality gasoline blending component with such desirable proper-
ties as high octane number, low vapor pressure, and high heat of combustion.
Alkylate also blends easily with other gasoline components and additives and
optimizes the quantity of gasoline that can be produced from a barrel of oil.
Because it contains saturated hydrocarbons and few impurities, it burns cleanly,
promoting long engine life and limiting atmospheric emissions of harmful com-
pounds (Liolios, 1989).

Alkylation reactions typically combine isobutane (a saturated, branched
hydrocarbon with 4 carbon atoms and 10 hydrogen atoms) with any of several
light olefins (unsaturated hydrocarbons containing one carbon-carbon double
bond and an equal number of carbon and hydrogen atoms). The olefins used in
alkylation are usually propylene, butylene, or any combination of the two. For
the reactions between the isobutane and either propylene or butylene to occur,
a catalyst is required. Most alkylation plants use H,SO, or HF as the catalyst
(Schmerling, 1981). HF-based operations, however, are of interest because H,SO,
is required for the production of HF.

2.6.7 Pulp and Paper

During pulp and paper processing, wood is treated to separate the cellulose fibers
from the lignin and extractive substances, such as resinous and fatty acids, that
make up the wood particles. The cellulose fiber that has been treated is known as
pulp and is further processed by bleaching and drying to produce a material that
is used to make paper. The quality and type of paper produced is determined by
the amount of processing the pulp undergoes.

Wood is treated in mechanical or chemical pulping processes. In mechanical
processes, wood particles are torn apart with all of the materials contained in the
wood remaining in the pulp. Paper made from mechanical pulp is used for lower
quality papers, such as newsprint and paperboard. Chemical pulping dissolves
and separates the lignin and the extractive substances from the wood fibers by
means of chemical reactions. Chemical pulp is used to produce higher quality
paper. Chemical pulp from softwood produces strong paper owing to the wood’s
long fibers. Hardwood chemical pulp is ideal for making fine papers because of
its short fibers. Waste paper has become an increasingly important source of pulp
for paper making, but chemical pulping of virgin fibers is the more important in
relation to the sulfur industry.
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Two chemical processes are used to produce pulp, the sulfate and the sulfite
processes, both of which use sulfur chemicals. Several sulfur chemicals are used in
pulp and paper processing, including sulfuric acid, sulfur, sulfur dioxide, magne-
sium sulfate, aluminum sulfate, and sodium-based sulfur-containing chemicals.
In the sulfate process, which is also known as the Kraft process and is the more
widely used of the two processes, the pulp is cooked with alkaline cooking liquor;
in the sulfite process, the cooking liquor is acidic (Ober, 2003).

2.6.8 Waste Management

Sulfur polymer cement (SPC), also called modified sulfur cement, is a relatively
new material in the waste immobilization field, although it was developed in the
late 1970s by the U.S. Bureau of Mines. The physical and chemical properties of
SPC are interesting (e.g., development of high mechanical strength in a short time
and a high resistance to many corrosive environments). Because of its very low
permeability and porosity, SPC is especially impervious to water, which, in turn,
has led to its consideration for immobilization of hazardous or radioactive waste.

Because it is a thermosetting process, the waste is encapsulated by the sulfur
matrix, therefore, little interaction occurs between the waste species and the sul-
fur (as there can be when waste prevents the set of Portland cement-based waste
forms).

At present, only a limited number of studies have been performed with
SPC for waste immobilization, most of which were by Brookhaven National
Laboratory (BNL) on four waste streams: incinerator ash, sodium sulfate salt,
boric acid, and ion exchange resins.

Laboratory waste forms containing these wastes passed all Nuclear Regulatory
Commission requirements for radioactive waste forms; however, full-scale test-
ing continues at Idaho National Engineering Laboratory where operations and
engineering aspects of the process are being studied. Reports indicate that while
some new problems are being uncovered significant progress is also being made.
SPC has been studied in Europe by researchers from The Netherlands. In general,
their finding corroborates those of BNL, showing a low leachability of radioactive
tracers from the sulfur matrix.

Whereas SPC does have promising properties, some restrictions do exist that
can limit its use, especially since a prospective waste must contain less than 1%
water. In addition, the question of long-term durability of this material remains
unanswered because regulatory tests do not yet include data on bacteria attacking
the sulfur. The fact that elemental sulfur exits only in a narrow thermodynamic
stability field, and is also not found at the surface of the earth, indicates that the
question of long-term stability for SPC must be answered in considering this
material for immobilization of low-level or mixed wastes.
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Table 2.3. Most prevalent element in the human body

Composition of the Human Body

Element Percent Element Percent
Hydrogen 63.0 Potassium 0.06
Oxygen 255 Sulfur 0.05
Carbon 9.5 Chlorine 0.03
Nitrogen 14 Sodium 0.03
Calcium 0.31 Magnesium 0.01
Phosphorus 0.22 All others 0.01

(Dharmananda: http://www.itmonline.org/arts/sulfa.htm)

2.6.9 Pharmaceutical Industry

Sulfur is essential to life and is the eighth most prevalent element in the human
body (Table 2.3). No one is allergic to sulfur itself. Sulfur is not present as an
isolated element in the body, but rather occurs in combination with other ele-
ments and, most often, in complex molecules. The primary placement of sulfur
in the human body is in the sulfur-containing amino acids (SAAs), which are
methionine, cysteine, cystine, homo-cysteine, homo-cystine, and taurine. Dietary
SAA analysis and protein supplementation may be indicated for vegan athletes,
children, or patients with HIV because of an increased risk for SAA deficiency
in these groups. Methyl-sulfonyl-methane (MSM), a volatile component in the
sulfur cycle, is another source of sulfur found in the human diet. Increases in
serum sulfate may explain some of the therapeutic effects of MSM, DMSO, and
glucosamine sulfate (Dharmananda: http://www.itmonline.org/arts/sulfa.htm).

Organic sulfur, as SAAs, can be used to increase synthesis of S-adenosyl-
methionine (SAMe), glutathione (GSH), taurine, and N-acetyl-cysteine (NAC).
MSM may be effective for the treatment of allergy, pain syndromes, athletic
injuries, and bladder disorders. Other sulfur compounds such as SAMe, dimeth-
ylsulfoxide (DMSO), taurine, glucosamine or chondroitin sulfate, and reduced
glutathione may also have clinical applications in the treatment of a number of
conditions such as depression, fibromyalgia, arthritis, interstitial cystitis, athletic
injuries, congestive heart failure, diabetes, cancer, and AIDS.

Sulfa Drugs

One of the more common drug reactions is an allergy to sulfa drugs. Sulfa drugs
are more appropriately labeled sulfonamides and are derivatives of para-amino
benzoic acid. Table 2.4 lists common medications that contain a sulfonamide
component (Dharmananda: http://www.itmonline.org/arts/sulfa.htm).

The sulfa drugs are usually not allergenic by themselves, but when a sulfon-
amide molecule is metabolized in the body, it is capable of attaching to proteins,
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Table 2.4. Common medications that contain a sulfonamide component

Sulfonamide drug classes/individual drugs that may cause allergic reactions

Carbonic
Sulfonamide Loop Anhydrase
Antibiotics Thiazide Diuretics Diuretics Sulfonylureas Inhibitors

e Sulfadiazine

¢ Hydrochlorothiazide

¢ Furosemide

e Chlorpropamide

o Acetazolamide

¢ Sulfamethoxazole

¢ Chlorthiazide

¢ Tolbutamide

e Sulfasalazine ¢ Metolazone ¢ Tolazamide
e Sulfisoxazole e Chlorthalidone e Glipizide
e Sulfacetamide ¢ Indapamide e Glyburide

e Sulfanilamide

* Methyclothiazide

e Sulfathiazole

¢ Sulfabenzamide

(Dharmananda: http://www.itmonline.org/arts/sulfa.htm)

thus forming a larger molecule that could serve as an allergen. Therefore, the
allergy is not to the original drug, but to a drug-protein complex. It is estimated
that a skin rash occurs in about 3.5% of hospitalized patients receiving sulfon-
amides, but people with HIV infection seem to have a considerably higher sen-
sitivity to them.

The benefits of sulfur compounds used in health products are often men-
tioned. Popular items include alpha-lipoic acid (thiotic acid), methyl-sulfonyl-
methane (MSM), allicin (the sulfur compound that is the main active ingredient
of garlic), glucosamine sulfate (and its natural polymer, chondroitin), SAMe
(S-adenosylmethionine), and several important antioxidants such as glutathione,
N-acetylcysteine (NAC), and dimethyl-sulfoxide (DMSO).

Examples for sulfur use in cosmetics are:

1. Sulfur is particularly necessary for the body’s production of collagen
that helps to form connective tissue.

2. Sulfur is an antibacterial agent. It can be a potent skin irritant and
sensitizer. It also has a high pH that can encourage the growth of
bacteria on skin.

3. Sulfur accelerates peeling of the skin (micro-exfoliant) and has an
antiseptic action on the skin surface when applied topically. It is
particularly suitable for skin that is prone to breakout and conges-
tion.

4. Sulfur is an element used in anti-acne products.

5. Sulfur is used to manufacture cysteine, an amino acid that contains
sulfur and is found in the protein of the hair; the bond it forms
strengthens the hair.
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2.7 ENVIRONMENTAL ISSUES

2.7.1 Production and Processing

In any industrial endeavor, attempts are made to minimize losses during produc-
tion and processing in order to maximize the economic benefit of the operations.
This is certainly the case in sulfur mining in which producers strive to optimize
sulfur extraction.

The nature of sulfur mining differs from more conventional mining methods
in ways that reduce losses during the Frasch mining process. Because ores are
not processed by mechanical methods to obtain the elemental sulfur product,
virtually no product is lost during handling. Sulfur leaks may occur at various
locations of Frasch operations, but in small quantities and are insignificant in
relation to the total sulfur production and environmental considerations at those
locations. With the demise of the Frasch industry, these losses are inconsequen-
tial to the sulfur industry.

In petroleum refining and natural gas processing, recovery of sulfur can be an
economic liability rather than an asset. Sulfur recovery equipment and operations
add significantly to the cost of oil and gas processing. Costs vary considerably by
location, size of operation, and the type of equipment that must be installed. For
example, a relatively small petroleum refinery in Oklahoma contracted an engi-
neering firm to double its sulfur recovery capacity at a cost of $22 million in 2000
(Sulphur, 2000). In the same year, a deal to build a new desulphurization unit in
Kuwait was estimated to cost $125 million (Cunningham, 2000). Environmental
concerns related to sulfur and SO, emissions, however, prohibit virtually all losses
to the atmosphere, making these kinds of installations necessary. Although recov-
ered sulfur sales can be profitable to producers in some locations, others incur
expenses in order to have sulfur removed from their premises. Discontinuing
sulfur recovery operations while continuing to process oil and gas, however, is
never an option. If a refinery or natural gas operation cannot recover sulfur, for
whatever reason, then that facility must close, at least temporarily, until the situ-
ation has been resolved and sulfur recovery is again possible.

Environmental protection legislation is also a more influential factor to
H,SO, byproduct production than economics. Regulations mandate that smelter
operators recover the majority of SO, liberated during the smelting process.
These mandates include monitoring programs to ensure that the emissions regu-
lations are not violated. If excess SO, emissions are detected, then fines may be
imposed. H,SO, plants that burn elemental sulfur to produce acid for their own
use or for sale also must meet environmental regulations limiting SO, emissions,
significantly reducing sulfur losses at these operations.
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Losses during handling and shipping solid bulk sulfur have been significant
in the past, although difficult to quantify. When sulfur was poured to block in
the early days of the industry, the solid material was broken up and moved with
bulldozers, creating a tremendous problem with fine sulfur dust. The fine par-
ticles were difficult to contain and could be transported great distances in the
air. In addition to contaminating the area adjacent to the production locations,
contamination was a problem along rail lines and at port facilities. Of even more
concern than the dust contamination was the hazardous nature of the sulfur dust.
Finely divided sulfur presents explosive and fire hazards, and the SO, generated
by such a fire is toxic (West, 1966).

Because of these issues, regulations were established to limit shipments of
crushed and broken sulfur. Several processes have been developed to minimize
the loss and lessen the hazards in handling solid sulfur. In the U.S., nearly all
sulfur is shipped molten, avoiding any of the dusting problems associated with
bulk sulfur (Ober, 2003). To make this material acceptable for bulk transport,
the molten sulfur is processed in forming apparatus that solidifies the sulfur into
distinct particles such as granules, pastilles, prills, and slates that resist breakage,
significantly reducing the problems during handling. Additional dust suppres-
sion techniques include covered conveyors systems, dust collectors, and enclosed
railcar unloading facilities equipped with water sprays. These innovations have
reduced losses to a minimum during handling.

2.7.2 Health Effects of Sulfur

All living things need sulfur. It is especially important for humans because it is
part of the amino acid methionine, which is an absolute dietary requirement for
human beings. The amino acid cysteine also contains sulfur. The average person
takes in around 900 mg of sulfur per day, mainly in the form of protein.

Elemental sulfur is not toxic, but many simple sulfur derivates are such as sul-
fur dioxide (SO,) and hydrogen sulfide. Sulfur can be found commonly in nature
as sulfides. During several processes, sulfur bonds are added to the environment
that are damaging to animals, as well as humans. These damaging sulfur bonds
are also shaped in nature during various reactions, mostly when substances that
are not naturally present have already been added. They are unwanted because of
their unpleasant smells and they are often highly toxic.

Globally, sulfuric substances can have the following effects on human health:

Neurological effects and behavioral changes
Disturbance of blood circulation

Heart damage

Effects on eyes and eyesight

Ll S
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Reproductive failure

Damage to immune systems

Stomach and gastrointestinal disorder
Damage to liver and kidney functions
Hearing defects

10. Disturbance of the hormonal metabolism
11. Dermatological effects

12. Suffocation and lung embolism

¥ X Nw

2.7.3 Effects of Sulfur on the Environment

Sulfur can be found in the air in many different forms. It can cause irritations of
the eyes and the throat with animals when the uptake takes place through inha-
lation of sulfur in the gaseous phase. Sulfur is applied in industries widely and
emitted into the air due to the limited possibilities of destruction of the sulfur
bonds that are applied. The damaging effects of sulfur to animals are mostly brain
damage, malfunction of the hypothalamus, and damage to the nervous system.
Laboratory tests with animals have indicated that sulfur can cause serious
vascular damage in the veins of the brains, heart, and kidneys. These tests have
also indicated that certain forms of sulfur can cause fatal damage and congenital
effects. Mothers can even carry sulfur poisoning over to their children through
their milk. Finally, sulfur can damage the internal enzyme systems of animals.

2.7.4 Sulfur Waste Management

Because of the wide range of uses for sulfur and its compounds, identifying
the ultimate disposal of every ton of sulfur consumed is extremely difficult.
Quantifying the amount of material that is dispersed through the atmosphere or
disposed of in landfills is even more challenging (Ober, 2003). The tremendous
variety of industrial processes that use sulfur and sulfuric acid makes it virtually
impossible to identify every operation where they are consumed. In addition, the
quantity of sulfuric acid required in many of its applications varies considerably
according to the quality and type used, the raw materials consumed, and by the
exact process employed. An illustration of the flow of sulfur after consumption in
the United States, as an example, is shown in Figure 2.13 (Ober, 2003).

The production of phosphate fertilizers results in a phosphor-gypsum mate-
rial that, in almost all circumstances, is a high-volume waste. Synthetic gypsum
is also a byproduct or waste from other industrial processes that use sulfur in the
form of H,SO,. Some end-uses result in dispersive losses to the environment via
various routes, and sulfur as H SO, is continually recycled through some applica-
tions.
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Figure 2.13. Sulfur flow in the United States.

Dispersive Losses

Most agricultural uses of sulfur, where it is applied for crop nutrition or pest
and fungus control, disperse excess sulfur through the environment via various
routes. In the simplest dispersal process, such sulfur materials as ammonium
sulfate or elemental sulfur can be washed away by rain into surface water, con-
tributing no value to the area in which it was applied.

Good agricultural practices are designed to avoid this outcome. Sulfur
applied to the cropland mixes into the soil where it reacts with bacteria, forming
new sulfur compounds that can be absorbed by plants. If it is absorbed by grass
or grain, then it may become part of the food chain and pass through several
other organisms before it finally returns to the environment as a waste material.
This animal waste could cycle once more through the food chain if it is absorbed
again into plant matter after being distributed onto crop land. Portions of sulfur-
containing plant residues, which are not consumed as food, decay to enrich soils
and undergo other similar processes. Even agricultural sulfur that is used in ani-
mal feeds and pest control is deposited eventually in soil where it undergoes the
same reactions and transfers as sulfur nutrient materials.

Where sulfur materials are used in construction, the materials undergo slow
dispersive losses during use as some portion of it is worn away. For example, as
vehicles drive along a highway made of sulfur-extended asphalt, minute particles
of the paving material could be loosened from the road and washed by rain water
or blown by wind into soil or water. At the same time as traffic creates wear on
the road materials, the road surfaces abrade tires that contain small percentages
of elemental sulfur that is also dispersed into the environment. Dispersion from
these processes is negligible. Roads and tires are engineered to withstand heavy
wear and abrasive action as much as possible.
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Although H, SO, is constantly cycled through copper-leaching operations,
portions of the acid are lost. The H SO, dissolves the copper oxides and the
copper-laden acid drains into collection ponds. The H,SO,, however, can react
with other minerals and rocks in the leach beds, forming insoluble compounds
that remain. The quantity of sulfur compounds dispersed in this way is depen-
dent on the type of rocks and minerals included with the copper oxide ores that
are targeted by the leach process.

Disposed to Landfill

Phosphoric acid and phosphate fertilizer production generate huge quantities of
phosphor-gypsum. Depending on the source of the phosphate rock that is used,
the gypsum may be considered a byproduct of the process, but more frequently, it
is treated as waste. Purified phosphor-gypsum may substitute for mined gypsum,
but because much of the phosphate rock produced in the United States, especially
that from central Florida, contains uranium and radium, the resultant phosphor-
gypsum is slightly radioactive. For this reason, the use of phosphor-gypsum in
the U.S. is extremely limited. Most phosphor-gypsum produced there is treated
as hazardous waste that must be stored in stacks or piles.

Another problem common to phosphor-gypsum stacks is the entrainment
of small quantities of acidic liquids in this waste. Neutralization or extensive
washing of the material is required before it is stabilized for use in construc-
tion. Tremendous quantities of phosphor-gypsum have accumulated during the
history of the phosphate fertilizer industry. In the United States, an average of
approximately 40 Mt/yr of phosphor-gypsum has been produced since the mid-
1980s, nearly all of which has been deposited onto stacks for long-term storage.
Some producers, such as the one in Morocco, dispose of the material at sea.
Only about 1% of the phosphor-gypsum produced in the United States is used
in such applications as agricultural soil conditioners, road base construction, and
research activities (U.S. Environmental Protection Agency, 2000).

HF production also results in waste gypsum production. About 4 tons of
waste gypsum is produced for every ton of HF produced. Dilute H SO, result-
ing from TiO, production is sometimes neutralized to form byproduct gypsum.
Some TiO, producers substitute their byproduct gypsum for natural gypsum in
certain applications; others treat it as waste and dispose of it in landfills.

Sulfur used in pulp and paper processing results in waste compounds. Owing
to the variety of compounds used, however, it is difficult to identify the ultimate
disposition of the sulfur.
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Recycling

Because H,SO, is a catalyst in the alkylation process, it should, theoretically,
circulate through the process continuously. In practice this is not the case. Over
time the acid becomes diluted to the point that it is not effective in this applica-
tion. It also becomes contaminated with impurities from the petroleum products
being processed. When the H, SO, becomes too diluted, portions of it are with-
drawn from the process to be replaced with more concentrated acid. The diluted,
contaminated material is treated at a regeneration facility for purification and
re-concentration. As a result of the HZSO . reacting with impurities, some of it
cannot be purified to the point that it can be returned to its original use.

Many processes can be used to re-concentrate or reclaim spent H SO,,
depending on the concentration of the acid and the amount and kind of impuri-
ties in it. Because so many processes are available, a dominant preferred technol-
ogy cannot be identified. The goal of all the processes, however, is to remove
excess water by evaporation and to dehydrate the acid as well as eliminate impuri-
ties. The common denominator at all locations is the need to use materials of con-
struction that can withstand the corrosive effects of hot, dilute H,SO,. Depending
on the processes used and the uses for which the recycled acid is intended, vary-
ing quantities of impurities are removed from the acid.

Like so many other aspects of the sulfur industry, economics are not the
driving force behind recycling H,SO,. In the past, spent acid was disposed of by
dumping it into the oceans or neutralizing it with lime and treating the resulting
gypsum material as a waste and then placing it in a landfill. These disposal meth-
ods are no longer acceptable in most of the world, necessitating the development
of reclamation processes, even when costly (Sander et al., 1984).

The vast majority of sulfur construction materials that are not dispersed into
the atmosphere can be recycled more easily than more conventional construction
materials. Separation of the aggregate from the binding material is not necessary.
Sulfur concrete material that has been crushed to a size to facilitate handling
simply can be reheated in the same equipment used for the original installation
to melt the sulfur. The recycled material does not suffer any degradation of prop-
erties.

2.8 SUMMARY AND CONCLUDING REMARKS

In this chapter we discussed some basic information related to sulfur cycle,
supply, trade, uses, and environmental issues. There has been a clear trend of
dramatic change in the global sulfur industry over the last decade. Sulfur con-
sumption is dominated by a number of large-scale uses with several complex
interactions that complicate the future outlook for demand. Thus, sulfur is used
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Figure 2.14. Sulfur market dynamics.

to produce sulfuric acid, one of the world’s largest volume chemical commodi-
ties, but this use competes with sulfuric acid recovered from ore smelting. Uses
of sulfuric acid include processing phosphate rock and ore leaching in metallur-
gical processing (a growing market). There are a number of other uses today for
sulfur, including in pigments, pesticides, and rubber vulcanization as well as for
an agricultural nutrient.

In general, existing uses for sulfur (Figure 2.14) are relatively mature, and
offer limited opportunities to consume significant new supplies. Currently sulfur
is in net surplus on a global basis, and environmental regulations mandate ever
greater sulfur recovery from petroleum and gas processing. The outlook is clear;
there will be substantial and growing surpluses in the global sulfur supply for the
foreseeable future. Sulfur prices are likely to be under pressure and producers
could face substantial and growing disposal fees.

Sulfur in its elemental form is recognized as an important ingredient in sev-
eral agronomic applications. As an essential plant nutrient, sulfur has received
minimal scientific attention. This is explained by the facts that sulfur was obvi-
ously in sufficient supply from the atmosphere, from the soil, and as a byproduct
in mineral fertilizers. However, the use of highly concentrated fertilizers con-
taining little or no sulfur has drastically reduced the amount of sulfur supplied
to soils. Recent studies have shown that adding sulfur to the soil increased crop
yield, drought tolerance, as well as nitrogen efficiency and phosphorus uptake.



Sulfur Production and Uses 69

The phosphate fertilizer industry is the largest consumer of sulfur, primarily
as a consumer of sulfuric acid used in phosphate rock processing. Sulfur itself
is also a plant nutrient, mostly supplied as ammonium sulfate and potassium
sulfate, and elemental sulfur is a traditional fungicide. Agriculture is thus a sig-
nificant, but modestly growing outlet for sulfur.

Global sulfur demand has been relatively stagnant at about 57 million Mt/y
over the last decade. Based on new regulations limiting sulfur content in diesel
and gasoline, the current small global surplus in the sulfur supply is projected to
reach between 6 and 12 million Mt by 2011 (The Sulphur Institute), or between
10 to 20% of demand. This projected surplus represents obvious challenges to
existing producers, potentially leading to drastically reduced sulfur prices, and
even the possibility of costs to producers for disposal of the surplus in some
regions. On the other hand, the surplus may also represent opportunities for new
uses of sulfur driven by these same reductions in sulfur price that can make new
uses more economically feasible and attractive.

Even with relatively small surpluses, the oil and gas industry has already
experienced strains on sulfur storage facilities. Sulfur is being stored on site
in block, granular or palletized form, or molten (expensively) in rail tank cars
because there is insufficient storage capacity to handle sulfur generation at refin-
eries and gas processing plants.

New markets must be found for sulfur to avoid a disposal crises (Figure
2.14). Therefore, this book is designed to identify and evaluate potential new
sulfur market applications. The book will be of value to sulfur producers, existing
consumers, and government planners with the responsibility for environmental
improvement on a national and international scale. In addition, participants and
relevant downstream sectors—especially the construction industry, public works,
and waste management in which increasing sulfur supplies are likely to demand
new and evolving uses of sulfur—will find this book to be of great value.
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SULFUR PROPERTIES

3.1 INTRODUCTION

Sulfur has been known since ancient times; it is the 16th most abundant element
in nature. Sulfur was called brimstone—a stone that burns. Sulfur is a complex
element that forms many intramolecular and intermolecular allotropes exhibiting
a variety of physical properties. The equilibrium composition of liquid sulfur is
dependent on temperature and consists of a complex mixture of allotropes. The
molecular species that have been observed include S, S,, S, S, S, S, S, S, poly-
catena S_ (polymers) and S_ (a mixture of allotropes). The most abundant allo-
trope is arguably cyclo-octal sulfur (cyclo-S,) that is the most abundant and stable
molecular form. Concentrations of the allotropes control the physical properties
of the melt. Discontinuities in density, viscosity, and thermal properties reflect
the polymerization process within liquid sulfur; increasing concentrations of S,,
S, and S, with temperature cause the color change. Variations in the melting
point are related to autodissociation of the liquid.

Many solid forms of sulfur have been identified but only orthorhombic (a)
and monoclinic (B) sulfur, both composed of cyclo-S, sulfur, are stable under
terrestrial conditions. Other solid allotropes are composed of various molecular
species and may be formed through reactions of sulfur compounds or by quench-
ing the melt.

Physical properties of solid sulfur are dependent on the allotrope and, in
some cases, the thermal history. Sulfur’s two crystal forms, monoclinic and
rhombic, both have a melting temperature just above the boiling point of water
at one atmosphere. Under pressure, such as under the earth, water temperature
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can exceed the melting temperature for sulfur. Since sulfur does not dissolve in
water, the liquid sulfur immediately solidifies when it reaches the earth’s surface,
leaving the distinctive nonmetal, pale yellow, brittle solid.

There is another noncrystalline form of elemental sulfur that can be made by
melting crystalline sulfur, but the amorphous allotrope is unstable, reverting to
one of the crystalline forms on standing.

Polymerization of liquid sulfur causes discontinuities in viscosity, density,
thermal conductivity, and specific heat. Changes in viscosity from several centi-
poise to almost a thousand poise would have a large effect on flow features and
texture.

In this chapter, the nature, properties (physical, chemical, and thermal), and
uses of sulfur are discussed.

3.2 OCCURRENCE

Sulfur occurs as a free element near volcanoes and hot springs. Many sulfide min-
erals are known, and sulfur is widely distributed in minerals such as iron pyrites,
galena, sphalerite, cinnabar, stibnite, gypsum, Epsom salts, celestite, and barite.
Sulfur occurs in natural gas and crude oil as well as in meteorites. Jupiter’s moon
Io owes its colors to various forms of sulfur. A dark area on the moon near the
crater Aristarchus may be a sulfur deposit.

The abundance of sulfur is shown in Table 3.1 and is given in units of ppb,
in terms of weight. Values for abundances are difficult to determine with much
certainty, so all values should be treated with some caution, especially so for the
less common elements. Local concentrations of any element can vary by orders
of magnitude from those given here.

A great deal of elemental sulfur comes from crude oil and natural gas as dis-
cussed in Chapter 2. Besides elemental sulfur, sulfur minerals are chiefly found in
different forms of metal sulfides and sulfates as illustrated in Table 3.2.

Table 3.1. Sulfur abundance

Concentration
Abundance (ppb by weight)
Universe 500,000
Sun 400,000
Meteorite (Carbonaceous) 41,000,000
Crystal rock 420,000
Sea water 928,000
Stream 4,000
Human 2,000,000
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Table 3.2. Sulfur forms

Sulphidg pyritg . FeS
Marcasite (white pyrite) 2
Pyrrhotite FenS_,
Cinnabar HgS
Galena PbS
Sphalerite ZnS
Chalcopyrite CuFeS,
Chalcocite Cu,S
Covellite CuS
Bornite Cu,FeS,
Sulphate -
Gypsum CaSO,.2H,0
Anhydrite CaSO,
Barytes BaSO,
Celestite Sr80,

The sulfides are produced by hot, active gases and fluids containing the sul-
fide ion. Pyrite (FeS,) is a common mineral, often well-crystallized in character-
istic forms (pyritohedrons). It is found, exceptionally, as flat, radial crystal discs
near Sparta, Illinois, called Sparta dollars.

The sulfur in bituminous coal is often in the form of pyrite. It is hard, heavy
(5.02) and has a metallic luster and light-brass color. It frequently occurs in flakes
associated with placer gold and is called fool’s gold. Pyrite is a compound of fer-
rous iron and the bi-sulfide ion (S,~).

Marcasite has the same composition, but a dissimilar crystal structure. It is
whiter and has different crystal habits. The regular sulfides, FeS and Fe,S,, are not
found in nature in pure form. Pyrrhotite is Fe _S, and pentlandite is a mixed sul-
phide of nickel and iron, the principal ore of nickel at Sudbury, Ontario, Canada.

Chalcopyrite and bornite have copper with the iron, and arsenopyrite has As
replacing one S. The sulfur content ruins pyrite as an ore of iron. SO, produced
from roasting pyrite often contains arsenic as an impurity, which poisons Pt cata-
lysts in making sulfuric acid.

Galena (PbS), is another familiar sulfide mineral. Not only does it crystallize
in the cubic system, its crystals are frequently shiny metallic-looking cubes as
shown in Figure 3.1. The metallic luster is due to free electrons in the conduc-
tion band since PbS is a semiconductor. It can make a PN-junction with a metal
whisker, as in crystal set radios. Galena is lead-gray and heavy (7.4 to 7.6), but not
hard and thus scratches easily. It has excellent cubic cleavage and breaks up into
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Galena Cinnabar Sphalerita
(PbS) (HgS) @ns)

Figure 3.1. Various sulfide ores.

smaller cubes when shattered. It is often associated with silver whose sulfide ore
is argentite (Ag,S). Argentite can be cut with a knife like lead, which distinguishes
it from galena but, like galena, it is heavy and soft. These are the most important
ores of lead and silver, respectively.

The great insolubility of sulfides explains their occurrence as minerals.
Copper, lead, zingc, silver, mercury, nickel, cobalt, tin, antimony, bismuth and
molybdenum are obtained from sulfide ores. Of the common metals only iron,
aluminum, and magnesium are obtained from nonsulfide ores.

3.3 PROCESSES

Sweetening

A great deal of sulfur comes from the sweetening of crude oil and natural gas.
Much petroleum is sour containing significant amounts of H.S that must be
removed before the refined products are sold or the gas is supplied to the pipeline.
Since petroleum is liquid or gaseous, this purification is much easier than it is for
solid coal.

Roasting

Other sulfur comes from the roasting of sulfide ores of lead, zinc, copper, and
pyrite. The recovery of the SO, in the roasting process, and using it to make sul-
turic acid that can either be sold or employed in the ore processing, is not only
economical, but beneficial to the surrounding countryside.

Flowering

Flowering of sulfur is the sublimed substance from purification by distillation. It
contains minimal oxygen and some sulfuric acid created by slow oxidation, but
these are the only impurities. Its colloidal form makes the powder active, and
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this is the only hazard involved in its use. Flowers of sulfur should be used for
chemical purposes, but never as a part of any pyrotechnic mixture. It is also used
as an insecticidal dust, producing the SO, that is the active substance through
slow oxidation.

Rolling

Rolling of sulfur is a method used to grind sulfur into specific particle ranges.
Additives such as dispersants, flow aids, and dust suppressants may be added to
enhance product performance.

Flouring

Flouring of sulfur is a technique for grounding rhombic sulfur. The powder size
in flour is larger than in flowers of sulfur.

3.4 ELEMENTAL SULFUR FORMS

Elemental sulfur has different forms that exhibit a variety of physical properties.
The forms are called allotropes and can be divided into two types: (1) intramo-
lecular allotropes, the molecular species resulting from chemical bonding of
sulfur atoms and (2) intermolecular allotropes, the lattice structures formed by
the arrangement of the molecules within crystals (Meyer, 1965). Complexities in
understanding sulfur could be attributed to: (a) most sulfur allotropes are meta-
stable, (b) pure sulfur is difficult to obtain because it reacts readily with other sub-
stances, (c) sulfur forms many molecular structures, several of which have similar
stabilities, and (d) sulfur has a variety of similarly stable polymorphs.

Sulfur atoms combine to form rings (cyclo-S ) and chains (catena and poly-
catena sulfur), allowing several million intramolecular sulfur allotropes to exist,
if all possible combinations of the atoms are considered. Theoretically, all S
molecules with 6 < n < 12 exist as rings, and, of these, cyclo—Ss, cyclo—Slz, and
cyclo-S, are the most stable. Molecules with more than twelve or less than six
atoms can consist of either a ring or a chain configuration. Larger ring structures
are unstable and their formation is inhibited or interrupted by the formation of
cyclo-S, molecules, but they do occur in sulfur liquid.

The chemical difference between rings and chains is that ring molecules have
fully paired electrons, whereas chains are considered to be diradicals (Meyer,
1976). This difference is reflected by the chemical reactivity and by the physical
properties. The presence and concentration of each allotrope and, therefore, the
physical and chemical properties of bulk sulfur, are dependent on the thermal
history of the sample. On a broad basis, intramolecular allotropes of sulfur can
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be divided into four groups: (1) ring molecules with up to 20 atoms that can be
isolated as solids, (2) small molecules, (3) large liquid and solid polymers, and (4)
ions in solution.

3.4.1 Liquid Sulfur Allotropes

The equilibrium composition of liquid sulfur is dependent on temperature and
consists of a complex mixture of allotropes The molecular species that have been
observed include S, S, S, S, S, S., S, S,,, poly-catena S_ (polymers) and S_(a
mixture of allotropes). As noted prev1ously, arguably the most abundant allotrope
is cyclo-octal sulfur (cyclo-S,) that consists of a puckered ring configuration of
eight sulfur atoms in which two parallel squares with atoms at the corners are
rotated 45° with respect to each other, as shown in Figure 3.2.

This allotrope is relatively stable and also occurs in gaseous and solid states.
A part of quickly quenched sulfur can be extracted with CS, and precipitated at
-78°C. This part of the melt is often called n-sulfur (S ) and can be further broken
down into three fractions, the first having a molecular weight of S, the second
containing S, and having an average composition of S, ,, and a thlrd fraction
composed of large rings of S , for 20 < n < 33. The S_is formed by autodissocia-
tion of the melt and determines the freezing point. At approximately 159.4°C, the
character of liquid sulfur changes as a result of polymerization. This temperature
is commonly referred to as the A temperature. The basic theory describing the
polymerization of liquid sulfur, whereby cyclo-S, changes to chains or catena and
poly-catena, has two parts:

Cyclo-S, <> Catena-S, (3.1)

Catena-S, + Cyclo-S, — Catena-S,,, (3.2)

The first step involves the conversion of cyclo-S, molecules to S, chains that initi-
ate polymerization. The chains propagate by the second step through which the
S, chain combines with another cyclo-S; molecule that also converts to a chain
structure. The chains continue to grow by adding more S, units (Meyer, 1976).

Spectra and other characteristics of liquid sulfur near the critical point indi-
cate that liquid sulfur contains more S, S, and S, than S, S, S, and S, (Meyer,
1976).

3.4.2 Solid Sulfur Allotropes

Even though many allotropes of solid sulfur have been defined (Meyer, 1968),
only two are thermodynamically stable; orthorhombic (a) sulfur and monoclinic
(B) sulfur, both of which are composed of cyclo-S, molecules. The other solid
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Figure 3.2. Structure of a cyclo-octal sulfur (Sy) molecule. The atoms are located at the corners
of 2 squares which are rotated 45° with respect to each other (Adapted from Meyer, 1965).

allotropes are generally composed of various intramolecular allotropes and will
eventually convert to a more stable form. Some of these metastable allotropes
such as cyclo-hexa sulfur (S), cyclo-dodeca sulfur (S,,), and other rings are gener-
ally formed through reactions of sulfur compounds, but some have been observed
in liquid sulfur. Other solid sulfur allotropes are formed by quenching the liquid
sulfur and consist of polymers. Orthorhombic sulfur is the most common form
of sulfur and is stable up to 95.3°C (Meyer, 1976). The unit cell is composed of
138 atoms (Donohue, 1965). The crystal form exhibits strong anisotropic effects
(Meyer, 1977). Many of its properties such as the elastic constant and thermal
conductivity are much lower along the ¢ axis than along the a and b axes.

3.5 PROPERTIES OF ELEMENTAL SULFUR

3.5.1 Melting and Freezing Points

Elemental sulfur has a variety of melting and freezing points depending on the
solid allotrope that is being melted and the concentrations of allotropes within
the melt as shown in Table 3.3. Freezing point depression will occur naturally
as a result of autodissociation of the melt to form S , which has a lower freezing
point than cyclo-S,. Therefore, the freezing point of the whole mixture is low-
ered accordingly. The temperature at which the maximum concentration of §_is
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Table 3.3. Melting points of sulfur (Meyer, 1976)

Allotrope Melting points, °C Remarks
110.06 Natural
alpha-S 112.80 Single crystal
115.11 Microcrystal
114.50 Natural
beta-S 119.60 Ideal: observed
120.40 Microcrystal
133.00 Ideal: calculated
106.80 Classic
gamma-S 108.00 Optical: DTA
108.60 Microcrystal
77.00; 90.00; 160.00 Optical: TDA, DTA
insoluble-S
104.00
75.00 Optical
S 104.00 Classic
Ss 50 Decomposition
S, 148.00 Decomposition
S, 128.00 Decomposition
S, 124.00 Decomposition

reached will be the lowest freezing point and is called the natural melting point.
The freezing point is also influenced by the pressure and temperature of the
melt, indicating slow kinetics and complexities within the liquid as it is cooled.
Different reaction paths are followed as sulfur cools that result in various meta-
stable mixtures of different metastable allotropes, probably mostly rings (Meyer,
1976). Single crystals of monoclinic () sulfur melt at 119.6°C and are in equilib-
rium with a liquid of unknown composition. The natural melting point is 114.6°C
and calculations indicate that the ideal melting point may be as high as 133°C.
Single crystals of orthorhombic sulfur do not readily convert to monoclinic ({3)
sulfur but tend to melt at 112.8°C. The freezing point depression of orthorhombic
sulfur produces a natural melting point of 110.06°C (Tuller, 1954). Microcrystals
of both common stable allotropes have higher melting points than larger crystals
(Thackray, 1970) such that microcrystals of monoclinic (B) melt at 120.4°C and
orthorhombic (a) microcrystals melt at 115.11°C. Melting points of other solid
allotropes are given in Table 3.3.
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Figure 3.3. Viscosity variations with temperature (adapted from Bacon and Fanelli, 1943).

3.5.2 Viscosity

The viscosity of liquid sulfur decreases with increasing temperature to approxi-
mately 7 centipoises at 160°C, at which point the viscosity increases rapidly to
a maximum of approximately 932 poise at around 190°C (Figure 3.3). With
increasing temperature, the viscosity again decreases. The change in viscosity
is related to the concentration and length of poly-catena within the liquid. The
jump in viscosity at around 160°C reflects the increase in both the concentration
and the length of poly-catena molecules, whereas the decrease with increasing
temperature after ~190°C reflects the general decrease in the number of S, chains
per poly-catena molecule. Original viscosity measurements were made by Bacon
and Fanelli (1943).

3.5.3 Density

Meyer (1976) reported the densities of many solid sulfur allotropes as shown in
Table 3.4. The density of liquid sulfur decreases with increasing temperature as
indicated in Figure 3.4. Polymerization of the melt produces a discontinuity in
the density curve at the A temperature.

3.5.4 Color

The colors of the various sulfur allotropes and of sulfur melt, which may retain
its color upon quenching, are important for the study of potential sulfur flows.
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Figure 3.4. Density variations with temperature of liquid sulfur (adapted from Meyer, 1976).

Table 3.4. Density of solid sulfur allotropes (Meyer, 1976)

Allotrope Symbol Density (Mg/md)
Orthorhombic a S, 2.069
Monoclinic B s 1.940
Monoclinic y S 2.190
Cyclo-hexa Ss 2.209
Cyclo-hepta S, 2.090
Cyclo-dodeca S, 2.036
Cyclo-octadeca S, 2.090
Cyclo-icosa S, 2.016
Fibrous S, 2.010

Unfortunately, the color of elemental sulfur is as complex as the chemistry. For
solid ring allotropes, the colors are well established as shown in Table 3.5. Pure
liquid sulfur is bright, clear yellow at the melting point and consistently changes
to deep, opaque red, which is reached at the boiling point (444°C). Dependence
of the color on temperature results from the changing chemistry of the melt such
that the yellow, from the melting point to above 250°C, is due to thermal broad-
ening of the cyclo-S, spectrum, and the overlap of the polymeric sulfur spectrum
and the red is due to the absorption spectra of S, S, and S_ (Meyer et al., 1971;
Meyer, 1976). The commonly observed change to brown and then black as the
temperature increases is not observed in pure sulfur (99.99+% sulfur). At high
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Table 3.5. Color of solid allotropes (Meyer, 1976)

Allotrope Symbol Color
Cyclo-hexa S, Orange-red
Cyclo-hepta S, Light yellow

Orthorhombic a S, Bright yellow
Monoclinic S, Yellow
Monoclinic y S, Light yellow
Cyclo-ennea S, Deep yellow
Cyclo-deca S, Yellow-green

Cyclo-octadeca S, Lemon-yellow

temperatures, sulfur is reactive and the darkening of the fluid to brown and black
is considered to be a result of a reaction with impurities, possibly organic (Meyer,
1976).

The color of the quenched solid is dependent on the rate of cooling. If the
melt is quenched from near the boiling point to —-80°C, the solid will be yellow;
whereas if it is quenched in liquid nitrogen (~-209 to —~196°C), a red glass will be
produced. This glass will convert to yellow polymeric sulfur at -80°C (~193 K).
Slow kinetics and low conductivity of sulfur allow only a thin film of material to
be quenched, and even as the cooling occurs, chemical changes take place within
the melt.

Quenching of at least the surface of sulfur flows on Io might be expected
because the surface temperature is approximately 130°K. This falls within the
temperature range of quenched yellow sulfur (-80°C or 193°K) and red sulfur
(~78°K). Because the surface temperature is below the conversion point of —-80°C,
red may be the more prominent color; however, more work is needed to deter-
mine exactly what color(s) may be expected and the stability of the solid under
ionian conditions.

3.5.5 Strength Characteristics

The strength of sulfur is determined by the purity and thermal history of the
sample. Dale and Ludwig (1965) reviewed tensile and compressive strength
values for sulfur and provided a more comprehensive determination of tensile
strength. Compressive strengths of sulfur vary from 12,410.6 kPa (1800 psi) to
22,752.7 kPa (3300 psi). Tensile strengths were determined for a large range of
thermal histories and it appears that rate of cooling and the temperature to which
the sample was heated are important. A faster rate of cooling and a higher initial
temperature of the melt result in higher tensile strengths. Monoclinic () sulfur
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Figure 3.5. Variations of thermal conductivity with temperature for (a) orthorhombic, (b) mono-
clinic, and (c) liquid sulfur (adapted from Tuller, 1954).

heated to 130°C possessed tensile strengths of 399.9 kPa (58 psi) to 441.3 kPa (64
psi), whereas monoclinic sulfur produced from a melt at 187°C possessed tensile
strengths from 427.5 kPa (62 psi) to 1792.6 kPa (260 psi). Orthorhombic (a) sul-
fur from a melt at 130°C had tensile strengths from 330.9 kPa (48 psi) to 3344.0
kPa (485 psi) and that from 187°C had tensile strengths ranging from 337.8 kPa
(49 psi) to 4274.7 kPa (620 psi). Threads of polymeric sulfur had tensile strengths
from 17,926.4 kPa (2600 psi) to greater than 96,526.6 kPa (14,000 psi).

3.5.6 Thermal Characteristics

Thermal characteristics of sulfur also exhibit discontinuities caused by polymer-
ization. Thermal conductivity is greater in solid sulfur than liquid sulfur (Tuller,
1954) as shown in Figure 3.5. The thermal conductivity of sulfur is approximately
an order of magnitude less than that of most rocks and is comparable to such
insulation materials as mica and asbestos. Specific heat values for solid and liquid
sulfur, at atmospheric pressure, are the function of temperature (Tuller, 1954).
Figure 3.6 illustrates the difference in specific heat between orthorhombic (a) and
monoclinic () sulfur and the discontinuity in the melt at 160°C. The coefficient
of thermal expansion for sulfur reaches a maximum around 152°C and rapidly
decreases around 160°C. A second maximum occurs around 288°C (Tuller,
1954). Thermal expansion of fibrous sulfur is 94x10° cm/deg for the a axis and
72x10°° cm/deg for the b axis (Meyer, 1976).

3.5.7 Allotropic Transformation

Most elements exist in only one form. Different forms of the same element are
called allotropes of the element. In sulfur, allotropy arises from two sources: (1)
the different modes of bonding atoms into a single molecule and (2) packing
of polyatomic sulfur molecules into various crystalline and amorphous forms.
Some 30 allotropic forms of sulfur have been reported, but a portion of these
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Figure 3.6. Variations of specific heat with temperature for (a) orthorhombic, (b) monoclinic, and

(c) liquid sulfur (adapted from Tuller, 1954).

Table 3.6. Allotropic forms of sulfur (Gabel, 1993)

Form Formula Structure Appearance Phase
Orthorhombic (a) S, Rings Rhombus Solid
Monoclinic (B) S, Rings Needles Solid
Amorphous Chains & rings Tangled rob Solid-liquid
Lambda () S, Rings Thin, yellow Liquid
Mu (u) S, Chains Red, black Liquid
Vapor S, Molecules Yellow Gas

represent mixtures. Only eight of the 30 seem to be unique; five contain rings of
sulfur atoms and the others contain chains. Allotropes generally differ in physical
properties such as color and hardness; they may also differ in molecular struc-
ture or chemical activity (Table 3.6) but are generally similar in most chemical
properties.

Rhombic and Monoclinic

Rhombic sulfur has orthorhombic crystalline structure (a-sulfur) and is stable
below 95.5°C; most sulfur is in this form. The monoclinic, or prismatic, form
(B-sulfur) has long, needle-like, nearly transparent crystals; it is stable between
95.5°C and its melting point (119°C) as shown in Figure 3.7, which demonstrates
the sulfur phase diagram. Rhombic sulfur reverses completely into rhombic
sulfur within 20 hours when stored at room temperature as shown in Figure 3.8
(Blight et al., 1978).

The general allotropic class of sulfur is that of the eight-member ring mol-
ecules, three crystalline forms of which have been well characterized. One is
the orthorhombic (often improperly called rhombic) form, a-sulfur. It is stable
at temperatures below 96°C. Another of the crystalline S, ring allotropes is the
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Figure 3.7. Sulfur phase diagram.

monoclinic or B-form, in which two of the axes of the crystal are perpendicu-
lar, but the third forms an oblique angle with the first two. There are still some
uncertainties concerning its structure; this modification is stable from 96°C to the
melting point (118.9°C). A second monoclinic cyclo-octa-sulfur allotrope is the
y-form, unstable at all temperatures and quickly transforming to a-sulfur.

A specimen of crystalline orthorhombic sulfur form is more stable, but it
is fairly narrow and conversions between the two forms are slow; a-sulfur has
a density of 2.07 and melts at 113°C, B-sulfur has a density of 1.97 and melts
at 119°C. Each melts to a straw-yellow liquid of density 1.808 called lambda
(\)-sulfur. If the liquid is cooled slowly, needle-like monoclinic crystals form.
When the temperature falls below 96°C, these crystals slowly change to ortho-
rhombic, a microcrystal.

The orthorhombic and the needle-like monoclinic forms of sulfur are shown
in Figure 3.9. The two forms arrange the S, rings differently. Orthorhombic lat-
tices result from stretching a cubic lattice along two of its lattice vectors by two
different factors, resulting in a rectangular prism with a rectangular base a by b
and height c. Keeping in mind that a # b # ¢, and the three bases intersect at 90°
angles, the three lattice vectors remain mutually orthogonal.

In the monoclinic system, the crystal is described by vectors of unequal length
such as in the orthorhombic system. They form a rectangular prism with a paral-
lelogram as base. Hence two pairs of vectors are perpendicular, whereas the third
pair makes an angle other than 90° (http://en.wikipedia.org/wiki/Monoclinic).

A typical microstructure picture for elemental sulfur is shown in Figure
3.10 (Mohamed and El Gamal, 2006). It can be observed that elemental sulfur



Sulfur Properties 85

100
I Orthorhomblc sulfur (S
80 |-
: b
K=}
v 60 I
(]
> L
c
S 40 F
L i
20
I Monocllnlcsulfur( )
P R T o T S N
0 4 8 12 16 20 24

Time (hrs)

Figure 3.8. Reversion rate of monoclinic sulfur (Sﬁ) to orthorhombic sulfur (S ) at ambient tem-
perature (adapted from Blight et al., 1978).

crystallizes and forms dense, large alpha sulfur crystals with orthorhombic sulfur
morphology.

Amorphous

Amorphous sulfur is a dark, noncrystalline, and gum-like substance. It is often
thought to be a super-cooled liquid; it is formed by rapidly cooling molten sul-
fur, e.g., by pouring it into cold water. It slowly reverts to the rhombic form on

Orthorhombic sulfur Monoclinic sulfur
a=90°
azb#=c By = 90°

c=24369pm m

a=1043.7pm b=1284.5pm
(a) Crystal shape

(b) Particle size and shape

Figure 3.9. Orthorhombic and monoclinic sulfur: (a) Crystal shape; (b) Particle size and shape.
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(a) Dense crystalline structure (b) Large orthorhombic crystals

Figure 3.10. Sulfur crystallization and formation of alpha sulfur crystals (S ) with orthorhombic
sulfur morphology (Mohamed and El Gamal, 2006).

standing. The crystalline forms are readily soluble in carbon disulfide, but the
amorphous form is not.

In summary, the general properties of elemental sulfur are summarized in
Table 3.7.

3.5.8 Polymerization

Sulfur exhibits a wide variety of allotropes of cyclic molecules (S , with x from 6
to 35) and the unusual phenomenon of equilibrium polymerization in the liquid
state (Meyer, 1976; Steudel, 2003). There is additional interest in understanding
this transition because equilibrium polymerization also occurs in organic and
biological systems (Greer, 1998). Equilibrium polymerization can be viewed as
a particular example of the general tendency in condensed matter for particles
to cluster (Dudowicz, 1999). Sulfur is the simplest substance exhibiting this phe-
nomenon and, therefore, should be the most convenient to model. In addition,
the polymerization transition in sulfur is an example of a liquid-liquid phase
transition. Such transitions are currently of considerable interest (Harrington et
al.,, 1997).

Polymerization in sulfur has been studied for many years, but a coherent
picture of this phenomenon is still missing. Sulfur melts at approximately 120°C,
forming a light-yellow, low-viscosity liquid mostly consisting of 8-membered-
ring molecules. Near 159°C, properties of sulfur change dramatically. Shear
viscosity (), as measured using the Poiseuille technique, increases by four orders
of magnitude over a temperature interval 25°C (Bacon and Fanelli, 1943). More
recent measurements performed with a sealed pyrex cell, using a falling-ball tech-
nique, indicate an even steeper change in n (Ruiz-Garcia et al., 1989).

A specific feature resembling a A-like singularity has been observed in
temperature dependence of the heat capacity (Feher et al., 1958; West, 1959).
Changes also occur in the temperature dependence of the density, p (Zheng and
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Table 3.7. General properties of elemental sulfur

Chemical name: Sulfur

Family name: Element — Sulfur

Chemical formula: S,

Physical state: Solid
CAS number: 7704-34-9

Appearance: Yellow colored lumps, crystals, powder, or formed shape

Odor: Odorless, or faint odor of rotten eggs if not 100% pure
Purity: 90-100%

Formula: S; (Rhombic or monoclinic)

Molecular weight (G): 256.50

Vapor density (Air = 1): 1.1

Vapor pressure: 0 mm HG @ 280°F

Solubility in water: Insoluble

Specific gravity: 2.07 @ 70°F

Boiling point: 832°F (444°C)

Freezing/melting point: 230-246°F (110-119°C)

Bulk density: Lumps 75-115 Ibs./ft* Powder 33-80 Ibs./ft?
Flashpoint: 405°F (207.2°C)

Flammable limits: LEL: 3.3 UEL: 46.0

Auto-ignition temperature: 478-511°F (248-266°C)

Greer, 1992) and in the sound velocity, ¢ (Timrot et al., 1984; Kozhevnikov et
al., 2001). The color of sulfur becomes darker, and the refractive index exhibits
a minimum (Tamura et al., 1986). A minimum is also observed in the dielectric
permittivity (Greer, 1986). Electron spins resonance (ESR) spectra indicate a
sharp increase in the number of unpaired electrons. The ESR signal is interpreted
as being due to the appearance of linear polymers. An estimated degree of polym-
erization (average number of monomers in a polymeric chain) near the transition
temperature is on the order of 10° (Koningsberger, 1971). Finally, molten sulfur
quenched from temperatures below 159°C is easily soluble in carbon disulfide,
whereas sulfur quenched from higher temperatures yields an insoluble fiber-like
residue whose mass fraction, ® (also called extent of polymerization), grows with
the quenching temperature and reaches saturation at about 300°C (Steudel, 2003;
Koh and Klement, 1970). The data for n, ESR spectra, and @ suggest that liquid
sulfur above 159°C is a solution of linear chain polymers in a mono-meric solvent
(Kozhevnikov et al., 2001).

The equilibrium polymerization of sulfur is investigated by Monte Carlo
simulations. The potential energy model is based on density functional results
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Figure 3.11. Schematic view of the bond interchanges mechanism. The large circles with a cross
represent unsaturated atoms (adapted from Ballone and Jones, 2003).

for the cohesive energy, structural, and vibration properties as well as reactivity
of sulfur rings and chains (Ballone and Jones, 2003). Thermally activated bond-
breaking processes lead to an equilibrium population of unsaturated atoms that
can change the local pattern of covalent bonds and allow the system to approach
equilibrium. The concentration of unsaturated atoms and the kinetics of bond
interchanges are determined by the energy required to break a covalent bond
(Ballone and Jones, 2003). Broken bonds open the way to propagation that takes
place via a bond-switching mechanism involving one unsaturated atom (Figure
3.11), and the corresponding energy barrier depends on the interaction of the
radical atom with all the others. If this interaction is the same as for regular
atoms, bond switching would not be observed during runs of practicable length.
However, the radical atoms can approach regular atoms much closer than a pair
of regular atoms and the energy barrier is relatively low.

Sulfur undergoes a liquid-liquid transition usually interpreted as the ring
opening polymerization of elemental sulfur S,. The increase in temperature is
accompanied by an increase in motion, and the bond within the ring become
strained and finally broken. As the covalent bond breaks equally in half, a di-
radical is formed. Ring opening gives rise to triplet diradical chains. Polymerization
occurs to form long chains as shown in Figure 3.12 (Deanna Dunlavy, 1998;
Mohamed and El Gamal, 2006).

3.6 CHEMICAL PROPERTIES

Sulfur is a yellow solid; it is a typical nonmetal and is found in Group VII of the
periodic table. The notable characteristics are that of a soft and light substance
and bright yellow in color. Although hydrogen sulfide (H.S) has the distinct smell
of rotten eggs, it should be noted that elemental sulfur is odorless. It burns with
a blue flame that emits sulfur dioxide, notable for its peculiar suffocating odor.
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Figure 3.12. Sulfur polymerization mechanisms (adapted from Deanna Dunlavy 1998) http://
www.thecatalyst.org/experiments/Dunlavy/Dunlavy.html

Sulfur is insoluble in water but soluble in carbon disulfide and other nonpolar
solvents. Sulfur forms stable compounds with all other elements except the noble
gases.

3.6.1 Electronic Structure

The electronic structure of sulfur has an important effect on the forms in which
it exists. If a neutral atom gains two electrons, it completes the stable argonic
structure. Sulfur is the chemical element in the periodic table that has the symbol
S. Its atomic number is 16 and its atomic weight is 32.07; its electron configura-
tion is 1s?2s*2p°3s?3p*, with six valence electrons outside a neon core. The first
ionization potential of the atom is 10.357 V, the second is 23.405 V, and so the
atom strongly holds its electrons.

Although sulfur is in the same periodic table group as oxygen, there are more
differences in the chemical characteristics of these elements than there are simi-
larities. Thus, whereas oxygen always displays a valence of two, sulfur displays
valences of four (in sulfur dioxide [SO,]), six (in thionyl chloride [SOCL]) and
eight (in sulfur hexafluoride [SE,]).

The sulfur ion S~ is stable in aqueous solution in which the polar water
reduces the energy penalty of the charge. Two sulfur atoms can make a coordinate
covalent single bond, and this S, molecule is found in the vapor at high tempera-
tures. Sulfur does not form S, with a double bond as oxygen does. If two electrons
are added to this molecule, the result is the disulfide ion (S,”) which is also stable
in aqueous solution. Both these ions form salts with metals that are disposed to
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Figure 3.13. Lewis electron diagram for sulfur.

furnish the two electrons. Lewis electron diagrams are shown for sulfur in Figure
3.13 (Lewis, 1916).

Sulfur atoms can aggregate further and form long chains, each one sharing
one of its electron pairs with the preceding atoms. The end atom is always in
an awkward position, but can acquire two electrons for an argonic structure. In
Figure 3.13, the electron distribution makes one end polar and the other negative
so that combining ends would attract one another. If one electron is transferred
from one end to the other, the ends are alike but they still act as free radicals.
Silicon forms chains with intermediate oxygen atoms, -Si-O-Si—O-, and carbon
forms chains if hydrogen satisfies the extra valences (-(CH,)n-). However, left
to their own devices, each of these atoms prefers a three-dimensional structure.
Sulfur naturally forms chains if left to itself. One result of this is the polysulfide
ions S - that are easily made. The bonds angles in these structures are expected to
be 90°, since p orbital are involved. There is free rotation about a bond.

It is clear that a sulfur chain could bite its own tail and become a ring. This
would solve the problems of the terminal atoms and produce a stable structure.
The smallest ring that has no strains consists of 8 atoms. It forms a crown-shaped
molecule with 4 atoms on top and 4 atoms on the bottom, rotated relatively by
45°. The Lewis diagram suggests this, schematically. There is a little steric inter-
action between nonbonded atoms so that the bond angle is stretched to 102°,
and the bond length is 0.208 nm. This shows that the size of the covalent sulfur
atom is close to 0.1 nm. There is also a less-stable ring of 6 atoms. In any sample
of sulfur, thermal agitation is constantly breaking and reassembling chains, so
they gradually assume the most stable state for the particular temperature. The
yellow color of sulfur is probably due to a small number of thermally-generated
unterminated chains.

3.6.2 Oxidation States

Sulfur exhibits oxidation numbers of -2, 0, +2, +4 and +6 (Figure 3.14). Oxidation
number -2 is seen in the sulfide ion (S°) and a typical compound is hydrogen sul-
fide or hydro-sulfuric acid (H,S).
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Figure 3.14. Sulfur oxidation states in organic compounds.

Unlike H, O, this is a gas at room temperature, melting at -82.9°C and boil-
ing at —-61.8°C because hydrogen bonding is absent. In aqueous solution, its
ionization constant to H* and HS™ is 5.7x10%, and further to S~ is 1.2x10. It is
a stronger acid than water, but it is still weak. H,S is poisonous (more poisonous
than HCN), but fresh air will overcome small concentrations.

The uses of sulfur can be classified under the oxidation number as sulfides
(-2), elemental sulfur (0), SO, and sulfites (+4), and SO, and sulfates (+6).
Sulfuric acid (+6) has already been mentioned as the most important product of
the chemical industry—the King of Chemicals.

Oxidation number 0 occurs in S, and in the polysulfides as well. However, it
does not correspond to a distinct group of compounds. +2 is represented by the
unusual compound SO that is not stable like the oxygen analogue, the extremely
stable CO, because S does not like to make double bonds of this type. When sulfur
is burned in air, the dioxide SO, is formed in which the oxidation number appears
to be +4. The structure of this molecule is surprising because the S kernel is sur-
rounded by 12 electrons rather than the usual 8 of the argonic structure. Pauling
calls this a trans-argonic structure. It is formed by promoting one electron to a
d level so that five bonding molecular orbital can be based on the configuration
sp’d. This gives a lower energy than the alternatives. In fact, SO, is quite stable.
The bond angle is 119.5° and the bond length is 0.143 nm. Carbon dioxide, for
comparison, is linear. SO, is made by burning sulfur in air

S+0,-> 80, (3.3)
or by roasting sulfide ores such as pyrite:

4FeS, + 110, > 2Fe 0, + 850, (3.4)
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It is an irritating gas and is used for fumigation.

Sulfur dioxide is an excellent and inexpensive refrigerant, and was once
widely used in home refrigerators before it was replaced by the freons. The only
problem with SO, is its irritating nature. The freons are nontoxic and noninflam-
mable, but are now forbidden because of the damage that the chlorine does to the
ozone layer. Perhaps sulfur dioxide will come back as a common refrigerant. Its
critical temperature is 143.12°C, and its critical pressure is 77.65 atm so that it is
easy to liquefy at room temperature by simple compression. The liquid, of density
1.4601 g/cc, boils at ~10°C at one atmosphere with a latent heat of 172.3 Btu/Ib.
SO, melts at -75.2°C. Its ratio of specific heats is 1.256, and the molecular weight
is 64.06, from which the speed of sound can be calculated.

Try drawing Lewis-structures for the sulfur atoms in these compounds. If
you restrict your formulas to valence shell electron octets, most of the higher
oxidation states will have formal charge separation. The formulas written here
neutralize this charge separation by double bonding that expands the valence
octet of sulfur. Indeed, the S=O double bonds do not consist of the customary o
and m-orbitals found in carbon double bonds. As a third row element, sulfur has
five empty 2d-orbitals that may be used for p-d bonding in a fashion similar to
p-p (m) bonding. In this way, sulfur may expand an argon-like valence shell octet
by two (e.g., sulf-oxides) or four (e.g., sulfones) electrons.

Sulf-oxides have a fixed pyramidal shape (the sulfur nonbonding elec-
tron pair occupies one corner of a tetrahedron with sulfur at the center).
Consequently, sulf-oxides that have two different alkyl or aryl substituents are
chiral. Enantiomeric sulf-oxides are stable and may be isolated.

Thiols also differ dramatically from alcohols in their oxidation chemistry.
Oxidation of 1° and 2°-alcohols to aldehydes and ketones changes the oxidation
state of carbon but not oxygen. Oxidation of thiols and other sulfur compounds
changes the oxidation state of sulfur rather than carbon.

In the following examples, representative sulfur oxidations are demon-
strated. In Example 1, mild oxidation converts thiols to di-sufides. An equivalent
oxidation of alcohols to peroxides is not normally observed. The reasons for this
different behavior are not hard to identify. The S-S single bond is nearly twice
as strong as the O-O bond in peroxides, and the O-H bond is stronger than the
S-H bond by more than 25 kcal/mole. Thus, thermodynamics favors di-sulfide
formation over peroxide. Mild oxidation of di-sufides with chlorine gives alkyl-
sulfenyl chlorides, but more vigorous oxidation forms sulfonic acids (Example 2).
Finally, oxidation of sulfides with hydrogen peroxide (or peracids) leads first to
sulf-oxides and then to sulfones (Example 3):
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3.6.3 Chemical Reactions of Elemental Sulfur

Chemical reactions, also called chemical changes, are not limited to happening in
a chemistry laboratory. Here are some examples of chemical reactions of elemen-
tal sulfur with the corresponding chemical equations (Brown and Lemay, 1981;
Shakhashiri, 1983).

Reaction of Sulfur with Air

Sulfur burns in air to form the gaseous dioxide sulfur (IV) oxide (SO,):

S,(s) + 80, (g) > 850,(g) (3.5)

Reaction of Sulfur with Water

Sulfur does not react with water under normal conditions. Many researchers have
examined the reaction of sulfur with water at elevated temperatures and pres-
sures in solving geothermal problems or for technological purposes such as the
hydrometallurgical processing of sulfur ores (Oana and Ishikawa, 1966; Dadze
and Sorokin, 1993; Tohji, 2002). A paper on the effect of reaction temperature
and time presented at the 14th International Conference on the Properties of
Water and Steam in Kyoto (Lin et al., 2004) indicated that when the reaction tem-
perature is higher than 119.6°C, which is the melting point of elemental sulfur,
the melting sulfur forms an independent liquid phase surrounded by aqueous.
Therefore, the solubility of sulfur into the aqueous phase may be controlled by
the diffusion of reactants between the liquid sulfur phase and aqueous phase or
surface reactions. The result suggests that the external diffusion is the rate deter-
mining step in the dissolution reaction of sulfur phase. On heating a 0.5M NaOH
solution containing elemental sulfur in a Teflon autoclave from 90 to 250°C, the
color of resultant solution is changed. At temperatures less than 150°C, all the
resultant solution samples are yellow which suggests that polysulfide HS exist in
the solutions (where n = 1, 2, 3, 4, etc.). With increasing temperature and time,
the sample solutions become colorless and imply the degradation of polysulfides,
that is to say, polysulfide HSare thermally unstable.
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Reaction of Sulfur with the Halogens

Sulfur reacts with all the halogens upon heating. Molten sulfur reacts with chlo-
rine to form disulfur dichloride (S,Cl,). The odor is awful. With excess chlorine
and in the presence of a catalyst, such as FeCls, Snl p etc., itis possible to make a
mixture containing an equilibrium mixture of red sulfur (II) chloride (SCl,) and
disulfur dichloride (S,ClL).

S, +4Cl, > 45 CL (1) [orange] (3.6)

$,CL(1) + CL ¢ 25Cl (1) [dark red] (3.7)

Reaction of Sulfur with Acids

Sulfur does not react with dilute nonoxidizing acids.

Reaction of Sulfur with Bases

Sulfur reacts with hot aqueous potassium hydroxide (KOH) to form sulfide and
thio-sulfate species:

S,(s) + 6KOH(aq) > 2K,S, + K,8,0, + 3H,0(]) (3.8)

Reactions of Sulfur with Iron and Zinc

Iron (II) sulfide and zinc sulfide are quite stable compounds and their formation
from the metal and sulfur is highly exothermic. However, iron and sulfur and
zinc and sulfur can be mixed at room temperature and no reaction takes place.
When heated to the temperature of a red-hot metal rod, they react rapidly—in the
case of zinc, almost explosively. In addition to ZnS (s) some ZnO (s), some SO,
(g) are produced by the high temperature of the second reaction:

8 Fe(s) + S (s) > 8 FeS(s) (3.9)

8 Zn(s) + S,(s) > 8 ZnS(s) (3.10)

Reactions of Sulfur with Silver

Silver reacts with sulfur in the air to make silver sulfide, which forms the black
material we call tarnish—a silver spoon tarnishes:

2Ag+S>AgS (3.11)
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3.6.4 Chemical Reactions of Sulfur with Olefins

It is also known that di-olefins will plasticize sulfur to give a fairly rigid, resin-
ous, and noncrystalline product. Di-olefins and tri-olefins known to effect such
plasticization include dicyclopentadiene, myrcene, alloocimene, limonene, and
di-pentene. Some di-olefins will not react with the molten sulfur or the degree
of reaction is so small that there is essentially no apparent change in the sulfur
properties. In some cases, compounds that might normally react give no discern-
ible product due to being too volatile to stay in contact with the sulfur under the
conditions used for reaction. As indicated, where reaction does occur, the prod-
uct is a rigid, noncrystalline product and because of such properties the utility of
the composition is limited.

The plasticization of sulfur with mixtures is known. For example, U.S. Pat.
No. 3,459,717 discloses the use of at least one ethylenic hydrocarbon together
with a phosphorus containing di-ester to react with molten sulfur. Also, Polish
Pat. No. 83,123 is reported by Chemical Abstracts (C.A. 86:75381, 1977) to dis-
close plasticization of sulfur with a solution of an aromatic olefin such as styrene
in a paraffin oil, polyethylene wax, benzene, or xylene. It has been found that
reaction of certain di- or tri-olefins with sulfur may be achieved to obtain a flex-
ible product that is thereby of greater utility. Thus, the flexible plasticized sulfur
compositions may be used in formulations for road surfaces and road markings
(e.g., paint striping), in adhesive and caulking formulations to impart flexibility.

3.6.5 Chemical Reactions of Sulfur Compounds

Sulfur analogs of alcohols are called thiols or mercaptans, and ether analogs are
called sulfides. The chemical behavior of thiols and sulfides contrasts with that of
alcohols and ethers in some important ways. Because hydrogen sulfide (H,S) is
a much stronger acid than water (by more than ten million fold), we expect and
find that thiols are stronger acids than equivalent alcohols and phenols. Thiolate
conjugate bases are easily formed and have proven to be excellent nucleophiles in
SN, reactions of alkyl halides and tosylates:

R-S(-) Na(+) + (CH,) CH-Br > (CH,) CH-S-R + Na(+) Br(-)  (3.12)

Although the basicity of ethers is roughly a hundred times greater than that of
equivalent sulfides, the nucleo-philicity of sulfur is much greater than that of
oxygen, leading to a number of interesting and useful electro-philic substitutions
of sulfur that are not normally observed for oxygen.
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3.6.6 Biological Reactions of Sulfur Compounds

There is a complex sulfur cycle in the biosphere involving several oxidized and
reduced inorganic and organic sulfur species. Inorganic sulfur chemistry is quan-
titatively most important in marine sediments, whereas organic sulfur chemistry
is most important in freshwater sediments and terrestrial soils. As much as 90%
of the sulfur in soils is organic; 50% as sulfate esters (C-O-S), 20% as S-amino
acids in proteins, and 20% as a wide variety of other organo-sulfur compounds
(Hagedorn, 2003). Most of the oxidation and reduction reactions of inorganic
and organic sulfur compounds are mediated by several species of indigenous
bacteria and fungi. Multispecies consortia of sulfur bacteria and fungi control the
sulfur cycle in most soils, sediments, and water bodies (Hamilton, 1998).

Several species of bacteria and fungi can oxidize or reduce various inorganic
and organic sulfur compounds under aerobic and anaerobic conditions, deriving
the energy necessary for metabolic activities (Hagedorn, 2003). A few of the reac-
tions involving elemental sulfur are summarized below.

Several species of Thiobacillus can oxidize elemental sulfur to sulfate under
aerobic and anaerobic conditions at pH ranging from 1.9 to 8.5. Energy is liber-
ated at each step in the reaction sequence as follows:

(=15 kcal) (-5 kcal) (-100kcal)
§ = 50,7 = $0, = S§0,? (3.13)
Sulfur Thiosulfate  Tetrathinate Sulfate

Aerobic oxidation of elemental sulfur in soil by Thiobacillus thiooxidants pro-
duces sulfuric acid that acidifies the soil:

28+ 30, + 2H,0 = 2H,S0O, (3.14)

If limestone (CaCO,) is abundant in the soil, the sulfuric acid reacts with it to
produce gypsum (CaSO,.2H,0). Elemental sulfur is used frequently as a soil
amendment in agriculture and horticulture as discussed in Chapter 2. Sulfur
is used to acidify alkaline or neutral soils to the optimum pH for cultivation of
acidophilic crops. Ionic calcium derived from acid dissolution of calcium carbon-
ate exchanges with sodium ions attached to clay colloids; the sodium reacts with
sulfate to form soluble Na SO, that is washed from the root zone with percolating
water. These reactions, plus the formation of gypsum in the soil, tend to break up
clays, improving soil texture for agriculture.

Sulfate reduction is the quantitatively most important pathway of microbial
oxidation of organic matter in sub-oxic layers of sediments in soils. Various oxi-
dized sulfur species, including SO and organo-sulfur compounds, are reduced by
anaerobic bacteria and fungi to sulfide that usually volatilizes to the atmosphere
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or precipitates as various metal sulfides. Microbial reduction of elemental sulfur
in anoxic sediments to sulfide is as follows:

48" + 4H,0 = 3H,S+ SO, 2+ 2H" (3.15)

The oxygen in the sulfate produced in this anaerobic reaction is from water. Most
of the sulfide in sub-oxic layers of freshwater sediments and soils is derived from
the microbial breakdown of organo-sulfur compounds (Dunnette et al., 1985).
If reactive Fe(III) and Fe(II) compounds are present, they react with H.S to
form pyrite (FeS)) that is extremely insoluble and stable. Elemental sulfur may
react directly with acid-soluble iron mono-sulfides, such as mackinawite (FeS),
or iron oxides, such as goethite (FeOOH), to form pyrite (Gagnon et al., 1996):

FeS + §° = FeS, (3.16)
or
FeOOH +3-H,S + 15! = FeS, + H,0 (3.17)

The reaction expressed by Eq. 3.16 has been observed at a temperature around
100°C and above. At lower temperatures, down to 60°C, the reaction is slower,
and results in greater percentages of marcasite, the dimorph of pyrite.

The main fate of sulfur in marine sediments is precipitation as pyrite. Salt-
marsh sediments examined by Luther et al. (1991) contained 23 to 452 micromole
of sulfur per gram of dry wt of solid pyrite and 8 to 82 micromole of sulfur per
gram of elemental sulfur. Freshwater sediments and soils usually contain much
lower concentrations of iron, and sulfur is converted primarily to various organo-
sulfur compounds (Luther and Church, 1992).

Elemental sulfur can be synthesized from sulfide, thio-sulfate, and sulfur by
various soil and sediment bacteria. For example, Thamdrup et al. (1994) reported
the reversible formation of elemental sulfur and sulfite from thio-sulfate in Dutch
salt-marsh sediments according to the reaction:

$,0,2 & 8 + S0, (3.18)

Sulfur can be oxidized aerobically to elemental sulfur in freshwater and marine
sediments by species of sulfur oxidizing bacteria, Thiothrix and Beggiatoa
(Whitcomb et al., 1989; Hagedorn, 2003). The predominant sulfur oxidizing
bacteria in soils belong to the genus Thiobacillus. Thiobacillus can couple sulfide
oxidation to synthesis of carbohydrate by the reaction:

CO, + 2H,8 = CH,0 + 2§ + H,0 (3.19)

As described above, Thiobacillus can then oxidize elemental sulfur to sulfate,
usually in the form of sulfuric acid (H,SO,). These reactions can occur in both
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oxic and anoxic environments. Under aerobic conditions, oxygen is the electron
acceptor; under anaerobic conditions, another electron acceptor such as nitrate is
used. Typically, sulfur oxidizing bacteria will preferentially oxidize sulfide until it
is depleted and then shift to oxidizing elemental sulfur. This is because the energy
yield from sulfide oxidation is greater than that from elemental sulfur oxidation.

Sulfate-reducing bacteria in freshwater and marine sediments rapidly reduce
sulfate to sulfide if biodegradable organic matter is present. Desulfobacter spp.
and Desulfobacterium spp. are important sulfate reducers in marine sediments
and Desulfovibrio desulfuricans, Desulfobulbus propionicus, and Desulfococcus
multivirans often are abundant in freshwater sediments and moist soils (King et
al., 2000).

Sulfate reducing bacteria reduce sulfate in a multistep enzymatic reaction
sequence through sulfite (SO,?) to hydrogen sulfide (H,S); these reactions are
coupled to oxidation of organic matter in sediments (Hagedorn, 2003). Sulfide
may subsequently be oxidized to elemental sulfur as described previously.

There is a lack of information in the literature on the impacts of Thiobacillus
bacteria on modified sulfur cement and concrete products and their durability.
This is an important area that should be investigated. If applications of sulfur
concrete grow, the question of long-term durability and mechanical integrity
becomes more significant.

Under anoxic conditions, elemental sulfur may react with sulfide to produce
a wide variety of polysulfides (S ) (Luther et al., 1991). Polysulfides are impor-
tant in complexing with several metal sulfides, increasing their concentrations
in apparent solution in sediment pore water. Sulfur may also react with sulfite
(S0,7) to form thio-sulfate (S,0,7).

It is highly probable that aqueous polysulfides are involved in pyrite forma-
tion. Sulfur is known also to dissolve quite rapidly in alkaline sulphide solutions
to give polysulphides, and pyrite itself is an iron polysulphide. The probable reac-
tion for pyrite formation in aqueous solution is thus of the form:

FeS +§ > = FeS§, (3.20)

with the immediate oxidants being polysulphide anions.

The meta-stable ferrous sulphides are produced through the reaction between
detrital iron minerals, particularly ferric oxy-hydroxides, and bacteriogenic sul-
phide. The iron sulphide-precipitating environment is limited by the physico-
chemical tolerance of the bacteria and the stability of the iron sulphides towards
dissolution and oxidation. Although dissimilatory sulphate-reducing bacteria of
the genera Desulfovibrio and Desulfotomaculum are sensitive to oxygen, extremes
of pH and temperature, their size, and production rate mean that they may exist
in reduced micro-environments with different physico-chemical characters to
the sediment as a whole. The stability limits of the meta-stable iron sulphides
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Figure 3.15. Sulfur forms with temperature.

toward dissolution and oxidation coincide to a large extent with pH and pe toler-
ances of the bacteria. It is necessary to have total dissolved sulphide activities of
more than 10, in order to precipitate these meta-stable ferrous sulphides from
solution containing a total dissolved iron activity of 107 or less at pH 9.

The concentration of pyrite is limited by the availability of utilizable organic
matter, sulphate, iron, and oxygen. In areas with a high rate of organic matter
sedimentation, aerobic microorganisms rapidly remove the bulk of the dissolved
oxygen, at or near the sediment-water interface. The rate of biologic oxygen
uptake in sediment is also temperature dependent. The most reducing environ-
ments are, therefore, those containing fine-grained, organic rich sediments asso-
ciated with warmer waters. Sulphate-reducing bacteria are heterotrophic and the
amount of sulphate-reduction is approximately quantitatively proportional to the
concentration of organic matter. Organic rich sediments not only remove oxygen
most rapidly, but also produce the greatest quantities of sulphides.

3.7 THERMAL PROPERTIES

Common yellow sulfur consists of S, molecules in which eight sulfur atoms are
connected in a crown-shaped ring (Figure 3.15a). Upon heating, sulfur melts to
provide a yellow liquid that flows readily. As the temperature increases, the color
of sulfur changes to red and eventually darkens further. The color is caused by
the presence of a small amount of red S, and S, molecules (Figure 3.15b). At 160
to 195°C the color of sulfur becomes dark red and its viscosity sharply increases
(by a factor of 10,000).
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The reason for such a high viscosity is that sulfur rings open and combine to
form long polymeric chains with more than 500,000 to 800,000 sulfur atoms per
chain (Figure 3.15c¢). Such long polymer chains become entangled, resulting in a
dramatic increase in viscosity. As a result of the increase in viscosity, the molten
sulfur stops flowing. This phenomenon can be easily observed when melting sul-
fur in a test tube. Thus, molten sulfur, which flows readily at a lower temperature,
will stop flowing and the test tube can be turned upside down without spilling
any sulfur.

Above 200°C, as the polymer chains begin to fragment into smaller pieces
(Figure 3.15d), the viscosity again decreases. The sulfur, now dark brown to
black, begins to flow again. Sulfur chains form helical fibers (Figure 3.15¢) that
can be stretched, giving sulfur rubbery or plastic properties. At 445°C, the black
liquid boils to emit a pale yellow vapor that is composed of Sn molecules (n =
2-10, mostly 8) (Cotton el al., 1999).

The thermal conductivity of a-sulfur is 0.277 J/m-s-K, and of B-sulfur, 0.156
J/m-s-K. These are low figures for materials of equivalent density (122 Ib/cu ft
and 129 Ib/cu ft, respectively) and especially compared with metals. The specific
heat of a-sulfur is 5.40 cal/mol, and B-sulfur is 5.65 cal/mol.

Thermal analysis techniques such as thermal gravimetric analysis (TGA) and
differential scanning calorimetric (DSC) have been used effectively for determin-
ing the temperature history of sulfur (Syroezhko et al., 2003). The TGA measures
the weight loss of a material from a simple process such as drying, or from more
complex chemical reactions that liberate gases and structural decomposition.
Thermo Gravimetric Analyzer Perkin Elmer TGA7 was used to measure weight
changes in sample materials as a function of the temperature. A furnace heats
the sample while a sensitive balance monitors loss or gain of sample weight due
to chemical changes and decomposition. TGA coupled with mass spectrometry
and FT-infrared spectroscopy provides elemental analysis of decomposition
products. Weight, temperature, and furnace calibrations have been carried out
for the usable range of the TGA (100 to 600°C) at a scan rate of 20°C/min. The
results shown in Figure 3.16 suggest that the maximal thermal effect was observed
at 180 to 450°C, which was accompanied by active liberation of hydrogen sulfide
(Mohamed and El Gamal, 2006).

The sulfur heat capacity is measured using differential scanning calorimeter
(DSC) through phase transitions on heating. Ten mg of the tested sample was
heated up to 150°C with a heating rate of 5°C/min. The sample was allowed to be
self-cooled to room temperature for 24 hrs, then the sample was reheated up to
150°C. The DSC results of sulfur are shown in Figure 3.17. Melting of the alpha
and beta was detected in the first run, whereas only alpha melting was detected
in the second run.
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At 40°C, sulfur has a relatively high linear coefficient of thermal expansion,
7.4x107° /C and a low thermal conductivity, 6.1 gcal/cm?*/sec (At = 1 C). When
a material containing adjacent macrocrystals of sulfur is subjected to changing
temperatures, there will be a constant movement between these macrocrystals as
one example or contracts relative to its neighbor. This movement will gradually
break the bonds with other cross-laid crystals, causing microfractures and even-
tual formation of cleavage planes (Vroom, 1998).

Typical temperatures of interest are:

a. Melting Point: The temperature at which the vapor pressure of
the solid and the liquid are the same and the pressure totals one
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atmosphere. Typical melting point value is 388.36°K or 115.21°C
(239.38°F).

b. Boiling Point: The temperature at which the vapor pressure of
a liquid is one atmosphere. Typical boiling point is 717.87°K or
444.72°C (832.5°F).

c. Critical Temperature: The temperature above which it is no longer
possible to liquefy the substance in question by increasing the pres-
sure. Typical critical temperature is 1314° K or 1041°C (1906°F).

3.8 ELECTRICAL PROPERTIES

Sulfur is the best electrical insulating material known with a resistivity of about
2x10% puQ-cm. It is not easy to measure resistivities this large. The reason for this
large resistivity is probably the electron traps produced by thermal breaking of
S, rings, which means that electron-attracting terminal atoms are always present.
This may also be the explanation for the yellow color of sulfur. Balls of sulfur were
the preferred material for static electricity generators. Otto von Guericke is gener-
ally cited as having constructed the first frictional electrical machine consisting of
a ball of sulfur in a large glass globe.

3.9 ISOTOPES

Sulfur has 18 isotopes of which four are stable: S-32 (95.02%), S-33 (0.75%), S-34
(4.21%), and S-36 (0.02%). Other than S-35, the radioactive isotopes of sulfur are
all short-lived. Sulfur-35 is formed from cosmic ray spallation of argon-40 in the
atmosphere. It has a half-life of 87 days. Table 3.8 indicates key sulfur isotopes.

When sulfide minerals are precipitated, isotopic equilibration among solids
and liquid may cause small differences in the dS-34 values of co-genetic miner-
als. The differences between minerals can be used to estimate the temperature of
equilibration. The dC-13 and dS-34 of co-existing carbonates and sulfides can be
used to determine the pH and oxygen fugacity of the ore-bearing fluid during ore
formation.

In most forest ecosystems, sulfate is derived mostly from the atmosphere;
weathering of ore minerals and evaporates also contribute some sulfur. Sulfur
with a distinctive isotopic composition has been used to identify pollution
sources, and enriched sulfur has been added as a tracer in hydologic studies.
Differences in the natural abundances can also be used in systems in which there
is sufficient variation in the S-34 of ecosystem components. Rocky Mountain
lakes thought to be dominated by atmospheric sources of sulfate have been found
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Table 3.8. Key sulfur isotopes

Nuclide %28 38 s %8 ]
Atomic mass 31.972 32.971 33.968 34.969 35.967

Natural abundance (%) 95.02 0.75 4.21 0 0.02
Half-life Stable Stable Stable 87.9 days Stable

to have different dS-34 values from lakes believed to be dominated by watershed
sources of sulfate.

3.10 POTENTIAL ECOLOGICAL EFFECTS OF
ELEMENTAL SULFUR

Elemental sulfur is a natural ingredient of soils, sediments, and water bodies. It
is readily transformed to many other inorganic and organic sulfur compounds,
primarily by bacteria. Currently, elemental sulfur is registered by the U.S.
Environmental Protection Agency (EPA) as an insecticide, fungicide, and roden-
ticide for use on several hundred food and feed crops, as well as ornamental,
turf, and residential sites (U.S. EPA, 1991). It is an active ingredient in nearly 300
registered pesticide products. It is also applied directly to soil as a soil acidifier.

Sulfur has been shown to be practically nontoxic to bobwhite quail; the 8-day
dietary median lethal concentration is greater than 5260 ppm (Howard, 1991).
Ecological field studies have confirmed the low toxicity of agricultural sulfur to
bobwhite quail (U.S. National Library of Medicine, 1995). Elemental sulfur also
has a low toxicity to two species of fish, water fleas (Daphnia), mysid shrimp, and
honey bees (U.S. EPA, 1991). Thus, there is minimal hazard associated with the
broadcast of elemental sulfur as a pesticide or soil amendment.

Elemental sulfur also has a low acute and chronic toxicity to humans and
other mammals. It has a low oral toxicity and does not ordinarily irritate the skin.
However, sulfur dust can cause eye irritation and is an inhalation hazard. Chronic
inhalation of sulfur dust may cause inflammation of the nasal mucosa and tra-
cheobronchitus. Chronic inhalation may eventually lead to bronchiopulmonary
diseases that may, after several years of continued exposure, be complicated by
emphysema. There is no evidence that sulfur is mutagenic or carcinogenic.

Recently, Sevenson et al. (1996) reported that elemental sulfur in sediments
is highly toxic in the Microtox assay. Because elemental sulfur is nearly insoluble,
they brought it into solution by extracting sediments with organic solvents. The
median effects concentration of the extracts in the Microtox assay ranged from
15 to 19 ppb elemental sulfur. Juvenile freshwater fish were more tolerant, with
median lethal concentrations of 58 to 670 ppb. The toxicity of the extracts dis-
appeared within 1.5 hrs of preparation, indicating that the toxic sulfur species
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were extremely labile. The authors concluded that the toxic sulfur species may
have been formed during the solvent extraction of the sediment and that in-situ
elemental sulfur in soils and sediments may be much less toxic.

It is highly doubtful that the sulfur in sulfur cement, concrete, and asphalt
would be toxic to plants and animals including humans. Any elemental sulfur
leaching from sulfur concrete structures and asphalt pavements is likely to be
oxidized rapidly to sulfate in the soil. The sulfate may combine with soil water to
form sulfuric acid that will acidify the soil. Soil acidification may facilitate mobili-
zation of some metals from the soil and may change the texture and pH of the soil
rendering it less suitable for some plants and animals that live in soil. However,
at the concentrations likely to be released from sulfur-containing concrete and
pavement structures, sulfur in unlikely to be toxic to plants and animals.

3.11 PRODUCTS

3.11.1 Product Groups

Sulfur products fall into three major categories, according to use:
1. Agricultural sulfur formulated for use as pesticides, plant nutrients,
and soil amendments
2. Industrial sulfur used primarily in nonrubber applications
3. Rubber-maker’s sulfur is primarily used in the production of rubber-
related products

3.11.2 Practical Applications

Sulfur is an element used for everything from adhesives to matches. Its most
common use is as a vulcanizing agent in the manufacture of rubber products,
including tires. Table 3.9 illustrates the types of sulfur bought most often for each
use or application (Georgia Gulf Sulfur Corporation).

Agricultural Sulfur

Agricultural sulfur products are formulated for use as nutrients, soil amend-
ments, and pesticides. They are generally finely divided, averaging 93% through
a #325 US sieve and formulated into wettable powders or dusts, or homogenized
into flowable products with an average particle size of 2.5 microns. Their main
uses are as fungicides, insecticides, and miticides. Another common use is as a
soil additive to correct alkalinity or sulfur deficiency.

a. Wettable sulfur: Wettable powders are formulated by blending
dispersants and surfactants together and then milling to a very fine
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Table 3.9. Types of sulfur bought most often for each use or application

(http://www.georgiagulfsulfur.com/processing.htm)
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particle size. They can be applied as a spray or dust. Dry-milled
sulfur has been used in pesticide applications for over 100 years.
Flowable sulfur: Dispersion- or flowable-type products are generally
used on vine crops such as grapes, tomatoes, and peanuts. In use
since the early 1970s, this product is homogenized to a particle size
of 2.5 microns and suspended in water using dispersants and thick-
eners. Benefits include both ease of measurement and spray applica-
tion as well as the absence of irritating dust. The micronized particle
size increases surface area, enhancing efficacy. Flowable sulfur is
primarily used as a fungicide. This micronized product can also be
used as a soil amendment if immediate pH correction is required.
Dusting sulfur: Formulated at 98%, this product is primarily used as
a fungicide.

Degradable sulfur: Formulated at 90%, this product is primarily
used as a plant nutrient. Formed as a pastille or granule, degradable
sulfur is also available in various sizes to conform to specific blend
requirements.

Industrial Sulfur

Industrial sulfurs are 99.5% minimum purity and are processed into various
physical shapes to provide a full range of particle sizes. This market includes pulp
and paper, metals reclaiming, mining, steel, and oil refining, and a multitude of
other uses. Sulfur is also used in the public utilities sector as a scale inhibitor.
Industrial sulfur is available as flakes, milled, formed pastilles, or formed bri-

quettes. Flake sulfur can be screened to a variety of specifications:

a.

b.

Commercial grades: Ground sulfurs milled to various specifications.
Arrow Roll° refined sulfur: refined sulfur molded into half cylinder-
shaped bricks averaging 0.75 to 1.5 Ib each. Arrow Roll® sulfur
is primarily used in oil refining, steel production, and secondary
smelting.

Animal feed sulfur: The mineral sulfur has been used for some time
with other minerals in nutrient supplements for animal feeds and in
salt blocks. This market is served with milled and crimped sulfur.
Granular/pastille: Produced using rotoform technology to produce
4mm size split pea-shaped particles.

Emulsified: Emulsified sulfur is produced by homogenization in
water to form a 70% by weight dispersion. The particle size averages
2.5 microns.
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f. Flake: Molten sulfur is flaked on water-chilled drums and is
screened to various particle sizes.

Rubber-Maker’s Sulfur

Sulfur has been used as a rubber chemical since Charles Goodyear discovered its
vulcanizing properties in the mid 1800s. Sulfur gives the compound hardness,
allowing it to be molded but still retaining its elasticity. Pencil erasers, rubber
bumpers on automobiles, and latex gloves all use the same type of product but in
different quantities and heat variations.

Rubber-maker’s sulfur products vary widely in formulation and use. Sizes
milled range from 44 to 74 microns. Conditioning agents are added to improve
flowability, handling, and dispersion characteristics of finely ground sulfur. Oil
is often added as a dust suppressant, reducing the risk of a sulfur dust explosion.
Flow agents prevent caking, and are especially useful when using automatic feed
equipment for batching.

The following sulfur options are called grades and offer a wide choice of
purity, fineness, and conditioning agents for rubber processing:

a. Grinding and screening: There are various grades of rubber-maker’s
sulfur that differ primarily in fineness. Choice of screen size is usu-
ally made by the user based on his own operating experience and
needs. Coarsely ground grades are considered somewhat less dusty
whereas finely ground grades have dispersion advantages.

b. Conditioning agents: In general, conditioning agents improve flow
and dispersion characteristics of finely ground sulfur. Conditioned
sulfur may contain up to 2.5% of individual or combinations of flow
agents.

c. Oil treatment: Sulfur can be treated with a small amount of oil, gen-
erally between 0.5% to 1.0%, to reduce dusting. If requested, most of
the grades described can be supplied with an appropriate oil treat-
ment.

3.12 SUMMARY AND CONCLUDING REMARKS

Sulfur occurs as the free element near volcanoes and hot springs. Many sulfide
minerals are known, and sulfur is widely distributed in various types of miner-
als. Elemental sulfur can assume different forms exhibiting a variety of physical
properties. The forms are called allotropes and can be divided into two types: (1)
intramolecular allotropes, the different molecular species resulting from chemical
bonding of sulfur atoms and (2) intermolecular allotropes, the different lattice
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structures formed by arrangement of the molecules within crystals. Complexities
in understanding sulfur occur because: (a) most sulfur allotropes are metastable,
(b) pure sulfur is difficult to obtain because it reacts readily with other substances,
(c) sulfur forms many different molecular structures, several of which have simi-
lar stabilities, and (d) sulfur has a variety of similarly stable polymorphs.

Orthorhombic (a) and monoclinic () sulfur, both composed of cyclo-S,
sulfur, are stable under terrestrial conditions. Physical properties of solid sulfur
are dependent on the allotrope and, in some cases, the thermal history. Sulfur’s
two crystal forms, monoclinic and rhombic, both have a melting temperature
just above the boiling point of water at one atmosphere. Under pressure, water
temperature can exceed the melting temperature for sulfur. Since sulfur does not
dissolve in water, the liquid sulfur immediately solidifies as it reaches the earth’s
surface leaving the distinctive nonmetal, pale yellow, brittle solid. Elemental
sulfur has another noncrystalline form that can be made by melting crystalline
sulfur, but the amorphous allotrope is unstable and reverts to one of the crystal-
line forms on standing.

Sulfur atoms combine to form rings and chains, allowing several million
intramolecular sulfur allotropes to exist, if all possible combinations of the atoms
are considered. The chemical difference between rings and chains is that ring
molecules have fully paired electrons, whereas chains are considered to be diradi-
cals. This difference is reflected by the chemical reactivity and by the physical
properties. The presence and concentration of each allotrope and, therefore, the
physical and chemical properties of bulk sulfur, are dependent on the thermal
history of the sample. Polymerization of liquid sulfur causes discontinuities in
viscosity, density, thermal conductivity, and specific heat.

The thermal conductivity of sulfur is approximately an order of magnitude
less than that of most rocks and is comparable to such insulation materials as
mica and asbestos. Specific heat values for solid and liquid sulfur, at atmospheric
pressure, are a function of temperature. Sulfur is the best electrical insulating
material known, with a resistivity of approximately 2x10* pQ-cm.

Sulfur is an element used for everything from adhesives to matches. Its most
common use is as a vulcanizing agent in the manufacture of rubber products,
including tires. Agricultural sulfur products are formulated for use as nutrients,
soil amendments, and pesticides. Industrial sulfurs are used in pulp and paper,
metals reclaiming, mining, steel, and oil refining, and a multitude of other uses.

New uses of sulfur in construction, asphalt pavement, and sewerage manage-
ment industries are explored and discussed in Chapters 4 to 8.



ELEMENTAL SULFUR
CONCRETE

4.1 INTRODUCTION

Sulfur is readily available in many countries as a byproduct of the oil and gas
industry. The relatively low cost and unique properties of sulfur have led to its
utilization as a construction material particularly to replace or extend the use of
Portland cement concrete or asphalt-extended cement. The use of elemental sul-
fur with aggregates to make sulfur concrete has been attempted for many years.
Sulfur can be used in mortars, concretes, and asphaltic paving materials.

The term sulfur concrete is applied to mixtures of sulfur, as the binder, and a
variety of aggregates. Sulfur concretes were manufactured using relatively simple
equipment. As with normal concrete, it is possible to use naturally occurring
heavy aggregates, e.g., sand, gravel, stone chips or ballast, and naturally occur-
ring light aggregates. Sulfur concretes are manufactured by allowing mixtures of
the aggregate and molten sulfur to cool, whereupon the mixtures solidify to give
products of hardness comparable to concrete.

Sulfur concrete has unique properties, including rapid strength development,
high ultimate strength, low permeability, and superior resistance to strong acids
and saline solutions. However, the main shortcoming of this sulfur concrete (in
which the used sulfur was in its elemental form without any modifications) is the
high shrinkage volume that occurs when the formed article cools to ambient tem-
perature. Such high shrinkage frequently results in distortion as well as inaccurate
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final dimensions, which is unacceptable in blocks used in a mortarless building
system that must be producible with accurate predetermined dimensions.

This chapter discusses what constitutes elemental sulfur concrete and the
fundamental aspects of manufacturing it. What are the factors that contribute to
its strength development? What are the impacts of the environmental variables
on elemental sulfur concrete strength?

4.2 HISTORY OF SULFUR CONCRETE DEVELOPMENT

The utilization of sulfur as a molten bonding agent dates back to prehistoric times
(Sheppard, 1975). During the 17th century, sulfur was used to anchor metal in
stone, and similar practices are currently being used in Latin America (Rybczynski
et al,, 1974). During World War I, however, there was a strong demand for sul-
fur, and several deposits were opened in North America for exploitation. This
operation doubled the annual production of sulfur in the United States and had,
as a consequence, a surplus stock of sulfur that enhanced the interest in develop-
ing new applications for this element.

Researchers were fascinated with sulfur concrete because of its high strength,
corrosion resistance, impermeability, and fast setting characteristics of laboratory
products that were obtained by mixing heated aggregates with molten sulfur and
allowing the mixture to cool at room temperature. The potential use of surplus
sulfur in the manufacture of construction materials was reported by Bacon and
Davis (1921); they found that a mixture of 60% sand and 40% elemental sulfur
produced an acid-resistant material with excellent strength. The same product
was further studied by Duecker (1934) who found an increase in volume on ther-
mal cycling with a loss in flexural strength. The testing methods for sulfur materi-
als reported by McKinney (1940) have been adopted and documented in ASTM
specifications for chemical-resistant sulfur mortar (ASTM C287-98, 2003).

In the late 1960s, Dale and Ludwig (1966, 1968) pioneered the work on sulfur
aggregate systems, pointing out the need for well-graded aggregates to obtain
optimum strength. This work was followed by the investigation of Crow and
Bates (1970) for the development of high strength elemental sulfur basalt con-
crete. After that, more researchers undertook studies related to the potential use
of sulfur in construction activities that led the division of the industrial and engi-
neering chemistry of the American Chemical Society to organize a symposium
in 1977 and document the research findings in a special volume entitled “New
Uses of Sulfur-1I”, Advances in Chemistry Series, Volume 165, published by the
American Chemical Society (Bourne, 1978).
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Figure 4.1. Comparison of the composition of Portland cement concrete and sulfur concrete.

4.3 TERMINOLOGY

In searching the literature related to this topic, we have noticed that various terms
are being used without a clear distinction. To prevent confusion, terms used in
this chapter are defined first. We begin with terms used in the construction indus-
try. Cement-based concrete or Portland cement concrete is a mixture of specific
portions of cement, water, and aggregates—sand and crushed stone (Figure 4.1).
Therefore, the word concrete is used to refer to a product in which aggregates are
bound with hydraulic products such as Portland cement. In the sulfur business,
sulfur is being used in its molten state as a binding agent for aggregates, hence, it
replaces the cement and water components of a regular cement-based concrete
mix. In the case of sulfur products, heat is used to render the sulfur molten and,
upon cooling, a material of concrete-like hardness is obtained. Therefore, sulfur
concrete is used to refer to a product in which aggregates are bound with molten
sulfur.

Furthermore, because the sulfur being used is in its elemental state and
lacks chemical additives, the term elemental sulfur concrete is used. Therefore,
throughout this book, elemental sulfur concrete is used to identify products that
are formed from elemental sulfur and aggregates without the addition of any
chemical additives (Figure 4.2).

4.4 COMPRESSIVE STRENGTH

Elemental sulfur concrete has properties that are superior to Portland cement
concrete for certain applications. Its rapid strength development makes it good
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Figure 4.2. Sulfur terminologies used for elemental sulfur cement production.

choice for both low- and high-temperature concreting. Portland cement bonded
materials attain their maximum strength only after several weeks of moist cur-
ing as shown in Figure 4.3. The figure shows the comparison between strength
development of elemental sulfur concrete and Portland cement concrete. Cement
concrete requires approximately 28 days for hydration to achieve 90% of its final
strength if certain moisture and temperature conditions are observed. Elemental
sulfur concrete, on the other hand, reaches this final strength after only a few
hours, and moisture and temperature do not influence the development of
strength (Gregor and Hackl, 1977). The compressive strength of elemental sulfur
concrete ranges from 40 to 50 MPa.

The following sections discuss the basic factors that control strength devel-
opment and reduction in both Portland cement concrete and elemental sulfur
concrete.

4.4.1 Strength Development for Portland Cement Concrete

When Portland cement reacts with water, heat evolves. The physical changes
in the paste are detected by the increased stiffness. The physical and chemical
processes occurring are therefore of practical importance because they lead to a
decrease in workability.

The raw materials used in the manufacture of Portland cement are mainly
constituted by four mineral oxides: lime, silica, alumina, and iron oxide. These
compounds interact with each other as well as with the water in the kiln. Four
components are usually regarded as the major constituents of cement: tri-calcium
silicate (C,S); di-calcium silicate (C.S); tri-calcium aluminate (C,A); and tetra-
calcium alumino-ferrite (C,AF). In the presence of water, the silicates and alumi-
nates form products of hydration that in time, produce stiff and hard mass, i.e.,
the hydrated cement paste. These products of hydration have a low solubility in
water.

The main products of hydration of Portland cement are the calcium silica
hydrate (C,S,H,), tri-calcium aluminate hydrate (C,AH,), and calcium alumino-
ferrite hydrate (C AFH ). These phases contribute significantly to the develop-
ment of mechanical strength. They are generated as a consequence of hydration
of the silicate, aluminate, and alumino-ferrite phases according to the following
reactions:
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Figure 4.3. Strength development of sulfur concrete and cement concrete as function of con-
crete age and moisture supply (adapted from Gregor and Hackl, 1977).

2(3Ca0.5i0,) + 6H,0 — 3Ca0.Si0,3H,0 + 3Ca(OH),
Tri-calcium silicate + Water — Tombermonte gel + Calcium hydroxide
%

2CS + 6H CSH, + 3CH
(4.1)
2(2Ca0.Si0,) + 4H0 — 3Ca0.5i0,3H,0 + 3Ca(OH),
Di-calcium silicate  + Water — Tombermonte gel + Calcium hydroxide
2CS + 4H - C,S,H, + 3CH
(4.2)
3Ca0.ALO, + 6HO — 3Ca0.A1,0,.6H,0
Tri-calcium aluminate+ Water ~— Trialcium aluminate hydrate
CA + 6H - C,AH, (4.3)

4Ca0.ALO,FE,O, + 10H,O + 2Ca(OH),»  6Ca0.AL,O,.FE0,12H,0
Tri-calcium alumino-ferrite+ Water +  Lime — Calcium alumino-ferrite hydrate
C,AF + I0H + COH - CAFH , (4.4)
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Figure 4.4. Degree of hydration of the principal phases in a sample of ordinary Portland cement.

The usual method of measuring the rate of chemical reaction involves the deter-
mination of the changes in the concentrations of reactants or products with time.
It is possible, as shown in Figure 4.4, to follow the changes of the hydration prod-
ucts (tri-calcium silicate (C,S); di-calcium silicate (C,S); tri-calcium aluminate
(C,A) and tetra-calcium alumino-ferrite (C,AF), in cement hydration.

Calcium silicate hydrate (C,S,H,) is poorly crystalline with only a few broad
bands in the x-ray diffraction pattern. This fact and its uncertain composition
have resulted in the general use of the notation C-S-H to represent it. The hyphens
indicate that the composition is indefinite. Because C-S-H has a high specific area,
it is considered to be a gel. The formation and growth of C-S-H can be observed
from the increase in the peak intensity of the major (d = 4.15 Angstrom) and
secondary (d = 2.67 Angstrom) basal spacing. Tri-calcium aluminate hydrate
(C,AH,) is formed as platelets with hexagonal symmetry and morphology resem-
bling that of calcium silicate hydrate.

4.4.2 Strength Reduction for Portland Cement Concrete

Portland cement strength could be reduced due to deterioration as a reaction
to various chemical, physical, mechanical, and biological processes. Frequently,
more than one alteration mechanism takes place simultaneously or chemical
processes or biological processes have physical or mechanical effects. This, in
turn, makes it difficult to establish a classification of the deterioration mecha-
nisms. Therefore, we point out some of the processes of deterioration commonly
observed in Portland cement concrete.
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Dissolution and Leaching

Pure waters (a result of the condensation of fog or water vapor) and soft waters
(rain water or melted snow and ice) contain minimal amounts of calcium. When
these waters get in contact with the hardened Portland cement concrete, they
spread through the porous system of the material and dissolve the hydrated
phases that are rich in calcium. In Portland cement concrete, Ca(OH), is the most
soluble constituent, and it is, therefore, the most easily leached phase.

The dissolution increases the porosity of the system and, consequently,
the permeability. This, in turn, will reduce the overall mechanical strength and
increase the susceptibility for attack by other aggressive chemical agents.

Leaching processes of calcium salts can also have other undesirable effects
from an aesthetic point of view. Frequently, the leachate (Ca(HCO,),) precipi-
tates on the surface of the material or even on adjacent materials giving way to
white efflorescence of CaCO.,.

Interaction with Atmospheric Pollutants

Atmospheric pollutants can exist in three forms: gas, solid particles, and dissolved
substances. The most important pollutants are SO,, NO, and CO,. Because of
the low pH of acid rain, hardened concrete allows the formation of calcium
nitrates, sulfates, and bicarbonates. Some of these salts are highly soluble and
easily leached.

The degree of interaction between atmospheric SO, and concrete is con-
trolled by the known processes of dry deposition and wet deposition (acid rain).
In the case of the dry deposition of SO,, the rate of reaction increases according
to the following order: SO, < SO,+0O, < SO,+H,0 < SO,+0,+ H20.

The chemical reaction of SO, with cement components in the presence of
water and an oxidant is 35 times faster than in the absence of those elements.
The rate of conversion of SO, to sulfate increases when the water/cement ratio
decreases. In the case of acid rain, the increase of water/cement ratio involves the
increase of gypsum formation on the surface of the affected specimens. The pro-
duced gypsum is a consequence of the oxidation/hydration of SO, and the later
interaction of the sulfuric acid with the CaCO, in the substrate. The dry deposi-
tion of SO, generates a low proportion of SO s meanwhile, when the humidity
conditions are appropriated, SO,* is formed in large amounts.

Recently, experimental investigations have suggested the possible formation
of thaumasite and ettringite in concrete when they are exposed to an atmosphere
containing SO,. First gypsum is produced and then it interacts with calcium car-
bonate and C-S-H gel giving way to thaumasite.
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Figure 4.5. Solubility diagrams of: (a) calcium with log [Al (OH),] = -2M, and log [SO,?] = -3M and
(b) aluminum with log [Ca*?] = -2M, and log [SO,?] = -3M (Mohamed et al., 1995).

Expansive Reactions

Hydration of CaO and MgO

Due to incomplete clinkerization, crystallized oxides do exist in cement. The
reaction of these oxides with water produces portlandite and brucite which are
expansive minerals and can cause cracking problems.

Ettringite Formation

In the presence of calcium sulfate, the product of hydration described by Eq.
4.5 is an aluminosulfate (C,A.CaSO,.32H,0) known as ettringite, a mineral with
prismatic crystals and a hexagonal cross section.

3Ca0.ALO, + 26H,0 + CaSO,2H,0 — 3Ca0.AL0,.3CaS0O,.32H,0
Tri-calcium aluminate + Water + Gypsum —— Ettringite
CA + 26H + CSH, - CASH,  (4.5)

Ettringite crystallization involves a high increment of volume. Most often, this
takes place during the first stages of hydration before the hardening of the cement
slurry. In these initial stages, the system is in a plastic state, and it is able to absorb
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that increment of volume. Much of the water in the ettringite structure is loosely
held and associated with the sulfate ions. Water is held in channels between
columnar units that are parallel to the needle axis. This structure is identified by
an empirical formula [Ca,Al(OH),12H,0]** (Moore and Taylor, 1968).

Ettringite dissolves in water to form calcite, gypsum, and alumina gel in
the absence of lime and sulfate as shown in Figure 4.5 (Mohamed et al., 1995).
Stability fields of aluminum- and calcium-bearing products are also shown in
Figure 4.5. For calcium-bearing products, the activity ratios of gypsum, calcite,
ettringite, portlandite, monosulphate, C,AH,, C,AH,, and C,AH , are shown
in Figure 4.5a. For aluminum-bearing minerals, the activity ratios of kaolinite,
gibbsite, ettringite, CAH, C AH,, C,AH ,, and mono-sulphate are shown in
Figure 4.5b. The figures clearly identify the thermodynamic stability of ettringite.

However, if ettringite is formed when the system is hardened, then an
expansive phenomenon with cracking and loss of mass can take place (Mehta,
1969, 1973; Mehta and Wang, 1982, Mohamed, 2000). The damage produced
due to ettringite formation depends on various factors such as cement composi-
tion, cement/water ratio, amount of available sulfates, and aluminum present
for reactions (Hossein et al., 1999; Mohamed, 2003; Mohamed et al., 2003). The
recommended way to increase resistance to sulfate attack is the reduction of the
porosity of the system, but it is also important to modify the chemical composi-
tion of the cement in order to reduce the C,A content.

Thaumasite Formation

Thaumasite formation can be the result of different mechanisms. It can be the
consequence of the evolution of ettringite by incorporating Si** in its structure,
substituting Al’* ions within the columns Ca [Al(OH)],, and the interstitial
replacement of (SO,),.2H,0 by (S0O,),.(CO,),. Also, it can be the result of the
interaction of sulfates and carbonates with C-S-H gel. Both mechanisms might
simultaneously develop within the same period.

The destructive effect of thaumasite formation is due to expansion mecha-
nism, which is similar to those described for ettringite formation. Also, thau-
masite formation involves the destruction of C-S-H gel and, therefore, strength
reduction.

Freeze-Thaw Cycles

The increase of specific volume (9%) that takes place in the water when passing
from liquid to ice generates pressures in the pore walls of the mixture that can
produce cracking and breaking.



118 Sulfur Concrete for the Construction Industry

40
Sulfur concrete

~ 30t
&
=
v 20 r
L
&

10

Portland cement concrete
0 . .
0.00 0.01 0.02 0.03 0.04

Strain (mm/mm)

Figure 4.6. Stress-strain relationship for sulfur concrete and normal Portland cement concrete
(adapted from Mohamed and El Gamal, 2006).

Biological Effects

The biodegradation is the process of the destruction of a material due to active
microorganisms or the products of their metabolisms. The attack of natural
materials through biochemical and biological processes, as well as the influence
that microorganisms have in the formation of ground, is well known. The pro-
cess of colonization of a matrix is favored by its physical characteristics such as
porosity, composition, and grain surface roughness. These characteristics favor
the retention of water in the material and the consequent growth of algae and
bacteria. This could be avoided by biocide treatments.

4.4.3 Strength Development for Elemental Sulfur Concrete

Compared to Portland cement concrete, elemental sulfur concrete products offer
advantages because they attain their final compressive strength and flexural ten-
sile strength a short time after solidification. Elemental sulfur concrete samples,
consisting of elemental sulfur, sulfur, fly ash, and sand, were prepared according
to the procedure described in (ACI 548.2R-93). Figure 4.6 shows a typical stress-
strain curve for Portland cement concrete and elemental sulfur concrete. The
compressive strength of Portland cement concrete increases as strain increases, to
approximately 0.017 and reaches a maximum value of 20 MPa. Then, it decreases.
However, for elemental sulfur concrete, the compressive strength continues to
increase with the strain in excess of 0.025 reaching a value of approximately 40
MPa after which the test was stopped because the stress level reached the maxi-
mum capacity of the testing machine (Mohamed and El Gamal, 2006).

To evaluate the strength development for the elemental sulfur concrete mix-
ture, we need to identify the possible formation of mineralogical composition via
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Figure 4.7. X-ray diffraction analysis of elemental sulfur concrete with time (Mohamed and El
Gamal, 2006).

x-ray diffraction analysis. Changes in the mineral composition of sulfur concrete
were performed using x-ray Philips PW/1840, with Ni filter, Cu-K a radiation (A
=1.542 A) at 40 KV, 30 mA, and scanning speed 0.02°/S. The diffraction peaks
between 2 6 = 2° and 2 6 = 80° were recorded and the newly formed minerals due
to the chemical reaction were determined manually by comparison with stan-
dard reference patterns and measurements (ASTM cards). The results of tested
elemental sulfur concrete samples left in dry air at 40°C for one, two, and seven
days are shown in Figure 4.7.

The mineralogical structure of elemental sulfur concrete samples for one day
is made up of the major components; sulfur and quartz (SiO,). The minor constit-
uents include the following in decreasing percentages; plagioclase (CaAlSi,O,),
aluminium oxide hydrate (5A1,0,!H,0), calcite (CaCO,), hematite (Fe,O,), and
dolomite (CaMg(CO,),). The large mechanical strength for elemental sulfur con-
crete is attributed to the reactive alumino-silicate and calcium alumino-silicate
components that are routinely present in their oxide nomenclatures such as
silicon dioxide, aluminum oxide, and calcium oxide. Fly ashes tend to contribute
to concrete strength when the alumino-silicate components react with calcium
oxides to produce additional cementatious materials.

It is worth noting that the amount of water molecules associated with the
formed hydrated compounds is unknown because the process does not utilize
water at all. This leads one to pose the following question. Where is the water
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Figure 4.8. (a) SEM micrograph showing variety of particle shapes, sizes, and voids for elemen-
tal sulfur concrete and (b) EDX spectrum showing the residue main chemical element for sulfur
concrete (Mohamed and El Gamal, 2006).

coming from? Is it from the humidity of the atmosphere or from the bonded
water in the recycled aggregates? These issues need further investigation. The
mineral composition of elemental sulfur concrete samples, which were treated
to the same temperature for two and seven days, did not show any changes from
that shown for one day, indicating no new mineral formation and that all the
strength was acquired at early stages.

Mechanical strength is directly related to the defects in mortar microstruc-
ture which are generally characterized by SEM. The microscopic studies were
determined from a section cut at a distance of 0.5 cm from the surface of elemen-
tal sulfur concrete samples. The microstructure characterization, performed by
scanning electron microscopy (SEM), provides important data on mortar studies.
Figure 4.8a is an image for elemental sulfur concrete in which some common
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Figure 4.9. Cumulative percentage of pores sizes for elemental sulfur concrete using image
analysis program (Mohamed and El Gamal, 2006).

crystallization features were observed. The microstructure shows a consider-
able degree of packing with some pores. The chemical analysis performed by
energy dispersive spectroscopy (EDS) for sulfur concrete shown in Figure 4.8b
indicates that the samples are composed mainly of sulfur and silicon containing
compounds. For sulfur concrete, sharp and intense signals with low atomic sulfur
percentage were found, indicating high crystalline structure.

It is obvious that the voids entrained within the elemental sulfur concrete are
small and discontinuous. The voids serve as sites for stress relief and for improv-
ing the durability of the material (McBee et al., 1983).

Furthermore, to evaluate the size of the voids from the results of SEM, we
have utilized image analysis software. The results are shown in Figure 4.9 in terms
of the cumulative percentage of voids for elemental sulfur concrete. The results
indicate that the voids within the matrix are uniformly distributed. It is worth
noting that when diameter Feret ratio reaches one, the pore sizes are spherical.

From these experimental results, it is clear that the strength gain in elemental
sulfur concrete is solely physical in nature without any chemical reactions. The
basic aggregate components are coated with molten sulfur and, upon cooling,
a solidified matrix is developed. The strength is fully developed within the first
three days with 90% of it developed the first day (Figure 4.9).

4.5 MATERIAL COMPOSITION

4.5.1 Elemental Sulfur

Sulfur is an element with atomic no. 16, atomic mass 32, melting point 119°C,
boiling point 444.6°C, and is found as an organic element in mines, but the most
important source of sulfur is petrochemical. In most of the Middle Eastern coun-
tries, sulfur is produced through the oil and gas desulphurization process. The
produced sulfur has purity in excess of 96% (The Merck Index, 7th ed.). (More
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information about sulfur sources and properties can be found in Chapter 3.) The
elemental sulfur used in the preparation of sulfur concrete may be commercial
grade, crystalline, or amorphous. Either primary or recovered sulfur can be used
(McBee et al., 1977); the form and purity of the sulfur is of relatively minor
importance, providing that the impurities do not represent more than about 4%
clay or other water expansive material. It was reported by Mohammadi (2006)
that impurity does not have any effect on sulfur strength. Since the sulfur is
employed in molten form, particle size is generally insignificant. The sulfur may
be either solid or liquid (molten) form. This suggests that off-spec sulfur that may
be unmarketable for other uses because of color, carbon, or ash content, may be
suitable for elemental sulfur concrete production.

Assessment of the Sulfur Binder Demand

The quantity of elemental sulfur needed can be calculated by ascertaining experi-
mentally the vibration density of the aggregates used in any given case. From the
vibration density given on the vibrating table, the void space of the grain heap is
calculated using the following:
S
PV =100 - R—R- 100 (4.6)

D
Where PV is total pore volume of the vibrated mineral mass (vol. %), S, is the
vibration density of the vibrating mineral mass (Mg/m®) and R is the raw density
of the aggregate (Mg/m®).
Usually 10 to 25 wt% in elemental sulfur is added to the pore volume
obtained to glue the individual grains in the elemental sulfur concrete mixture
(Gregor and Hackl, 1978).

4.5.2 Aggregates

Aggregates may be of various types, including gravel, crushed rock, natural or
manufactured sand, slag, volcanic ash and lava, crushed clay brick, and most
mining wastes. Whereas small amounts of salt, organic matter, or other impuri-
ties may be tolerated, the aggregates should be essentially free (< 1 percent) of
unfired clay or other swelling materials such as shale, lignite, and cellulosed fiber.
Sea sand and common dune sand are generally usable without washing. Although
certain dolomites aggregates occurring in Middle Eastern counties have been
found unsuitable, the acceptability of a relatively wide range of fine-grained sands
is significant.

Molten sulfur sand grouts have been used for many years in the construc-
tion of acid vats because of their excellent acid resistance. In the mid 1960s, an
extensive characterization of sulfur concretes employing fine and coarse aggre-
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Table 4.1. Physical properties of aggregates (Gregor and Hackl, 1978)

Aggregate type Specific gravity Compressive strength (MPa)
Gravel 2.64 216
Granulit 2.65 236
Basalt 2.90 305

Table 4.2. Quantitative analysis of aggregates (Gregor and Hackl, 1978)

Element (%) Gravel Granulit Basalt
Sio, 33.3 70.7 42.7
ALO, — 15.5 16.6
Fe,O, — 3.4 10.9
K,0 — 3.8 2.5
Na,0 — 4.9 5.0
Cao Rest — —
MgO — — -
TiO, — - —
Loss at red heat 26.6 — -

gates was undertaken for the U.S. Air Force by the Southwest Research Institute
(Dale and Ludwing 1966, 1967, 1968). Typical compressive strength of 33 to 47
MPa was attained in 6 to 12 hours after solidification with limestone aggregate.
The major problem with grout or concrete employing elemental sulfur as the
binder was poor resistance to thermal cycling and subsequent loss of strength.

Grain Shape

The influences of grain distribution, grain shape, and the basic character of aggre-
gates on the strength of elemental sulfur concrete have been studied by Gregor
and Hackl (1978). As for the grain form (Table 4.1), gravel as spherical material
and crushed stone (granulit, basalt) as sharp materials were used as aggregates.
In mineral composition (Table 4.2), granulit is an acidic rock, whereas basalt
consists mainly of basic mineral components. The aggregates used were screened
to obtain defined grain size distribution (Table 4.3). The largest grain was limited
to 8 mm. For testing purposes cubes with edge lengths of 71 mm and 100 mm,
respectively, and prisms 40 x 40 x 160 mm were produced by casting the hot
sulfur aggregate mixture and using vibration compaction.

When the influence of the grain shape on the strength of elemental sulfur
concrete is examined, complete analogies to Portland cement concrete are found
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Table 4.3. Sieve analysis of aggregates (Gregor and Hackl, 1978)

Square sieve opening (mm)
Sieve line | 0.09 0.2 o5 | 1 2 | 4 | s
Cumulative percentage passing each sieve (wt %)
1 — 7.25 18.50 30.00 46.50 68.50 100
2 3.75 3.50 18.50 30.00 46.50 68.50 100
3 9.00 14.50 25.70 37.80 54.20 75.79 100
4 10.61 15.81 25.00 35.36 50.00 70.71 100
5 16.62 22.87 32.99 43.54 57.43 75.79 100
6 26.02 33.07 43.53 53.59 65.98 81.23 100

(Gregor and Hackl, 1978). Because of its spherical form, gravel can be compacted
more easily and therefore has lower grain heap porosity. Because of its smooth
surface and its spherical form, the binder demand is lower.

Because the grain shape of crushed stone aggregates deviates considerably
from the spherical form and the aggregates have a rough surface texture, it is
more difficult to compact them and they have a greater void space. In the case
of the same sieve line and similar consistency, the quantity of binder that they
require, is higher by 10 to 20 vol. %. Crushed stone concrete has a remarkable
advantage. Because of good compaction and linking, the sharp grains form a
closer matted structure and thus have a better inner binding for the same reasons
that they adhere better in the concrete than do spherical and smooth pebbles.
When the grain distribution was the same, the sulfur concrete had a compressive
strength that was 32% higher than with crushed stone aggregate.

Grain Size Distribution

To manage with low elemental sulfur content and to utilize the compressive
strength of the sulfur most effectively, it seemed necessary to build up a maxi-
mum bearing mineral structure with minimal void space (Gregor and Hackl,
1978). The liquid sulfur was to glue the individual grains to each other and to fill
the grain heap pores completely. Therefore, the binder, and thereby the sulfur
demand, is not only determined by the void space to be filled but also by the sum
of the grain surfaces. Following Austrian norm (ONORM, 1969), for a favorable
grain size distribution of the aggregates to produce cement concrete, a defined
sieve line area is recommended for aggregate sizes from 0 to 8 mm in diameter
(Figure 4.10).

In the first tests to produce elemental sulfur concrete, the aggregates were
built up according to their grain size distribution following the sieve lines 1 and
2 and were, therefore, within the favorable sieve line range. However, mixtures
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Figure 4.10. Grain size distributions for aggregate sizes from 0 to 8 mm in diameter to produce
Portland cement concrete (ONORM, 1969).

whose aggregates were composed according to sieve lines 1 and 2 had extremely
poor workability because there was a strong tendency to separate and no homog-
enous products could be produced. The acceptable grain size distributions was
chosen by Fuller (Grun, 1937). Fuller’s parabola follows:

d
A=100" ()" n=05 (4.7)

Where A is the percentage of a grain class of diameter d (from 0 to d); D is the
largest grain diameter of the grain mixture; d is any grain diameter between 0 and
D. The Fuller parabola for aggregate sizes from 0 to 8mm in diameter is repre-
sented by the sieve line 4 in Figure 4.11. The elemental sulfur concrete mixture
whose aggregates corresponded to the grain size distribution of the Fuller curve
no longer separated and was plastic in consistency. The value for compressive and
flexural strength rose.

Density and Sulfur Content

Hummel (1960) showed that the Fuller parabola for n = 0.5 does not yet furnish
the optimal packing densities. Gregor and Hackl (1978) used n = 0.4 for spherical
aggregates and n = 0.3 for crushed aggregates to achieve maximum density for the
aggregate as shown in Figure 4.12.
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Figure 4.11. Grain size distributions for aggregate sizes from 0 to 8 mm in diameter to produce
elemental sulfur concrete (adapted from Gregor and Hackl, 1978).

For sieve line 5 in which aggregates were built with n = 0.4, the void spaces
were reduced because of the increase of the filler content (16.62%) with grain
size diameters less than 0.09mm. This, in turn, contributes to an increase of the
specific surface area. Such a mixture was stiff and difficult to compact. Higher

0.9

o o
~ (o]
T T

Density degree
o
(o)}
T

o
U
T

0.4 : I : I i 1 i 1 i
00 n=02 0.4 0.6 0.8 1.0

Figure 4.12. Density degrees of gravel sands and basalt grain mixture 0/30 mm grain composi-
tion (adapted from Gregor and Hackl, 1978).
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compressive and flexural strength values could be reached only by increasing the
sulfur and thus the binder content (Figure 4.13).

Aggregate compositions based on sieve line 6, n = 0.3, had lower void spaces
than sieve line 5. This is understandable because of the increase of the filler con-
tent (26%) with grain sizes less than 0.09 mm. Such an increase of fine content

contributes to the proportional increase of the sulfur (binder) content (Figure
4.13).

Aggregate type: spherical gravel
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Figure 4.13a. Variations of pore volumes and sulfur contents with spherical gravel and its grain
size distributions (data from Gregor and Hackl, 1978).

Aggregate type: granulit (acidic crushed stones)
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Figure 4.13b. Variations of pore volumes and sulfur contents with acidic crushed stones and its
grain size distributions (data from Gregor and Hackl, 1978).
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Aggregate type: basalt (basic crushed stones)
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Figure 4.13c. Variations of pore volumes and sulfur contents with basic crushed stones and its
grain size distributions (data from Gregor and Hackl, 1978).

Strength

The highest strength values were obtained with grain mixtures which were built
up according to sieve line 5. The most favorable sieve line area for the production
of elemental sulfur concrete lies within the area limited by the sieve lines 4 and
5. By continuously building up these grain compositions, high packing densi-
ties with low grain heap porosity result. The highest compressive and flexural
strength values obtained is shown in Figure 4.14. Favorable grain distributions
were found to be important to the strength of the elemental sulfur concrete.

80
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60 | — [ Flexural strength
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Figure 4.14. Effect of the aggregate type on the compressive and flexural strengths of elemental
sulfur concrete (data from Gregor and Hackl, 1978).
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Figure 4.15. Comparison of the ratio between the flexural strength and compressive strength of
cement concrete and sulfur concrete (adapted from Gregor and Hackl, 1978).

The strength of sulfur concrete is often greater than that of ordinary Portland
cement concrete. Compressive strength of sulfur concrete prepared from elemen-
tal sulfur and different aggregates (limestone, sandstone, and basalt) obtained at
2 days ranged from 50-58 MPa (Abdel Jawad and Qudah, 1994). Whereas the
compressive strength of Portland cement concrete obtained at 28 days ranged
from 24-35 MPa (McBee and Weber, 1990).

If one compares the ratio of flexural to compressive strength for elemental
sulfur concrete and Portland cement concrete, further interesting aspects appear
(Figure 4.15). If the ratio of flexural strength to compressive strength of Portland
cement concrete is 1:10 to 1:8 according to the type of aggregate used, then the
ratio for elemental sulfur concrete is 1:6. Low strength ratios are important in
case of heavy loading (Gregor and Hackl, 1978).

Optimum Grain Size Distribution and Sulfur Content

The highest strength values were obtained with grain mixtures that were built up
according to sieve line 5. The most favorable sieve line area for the production
of elemental sulfur concrete lies within the area limited by the sieve lines 4 and 5
shown in Figure 4.11 (Gregor and Hackl, 1978). Within this area, the amount of
fine material ranges between 10.61 to 16.61% and the amount of sulfur needed as
a binder ranges from 19 to 23 wt %, which facilitates the successful mixing of the
elemental sulfur concrete.
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The preceding underscores the importance of having fine materials within
the elemental sulfur concrete mix not only to provide a dense matrix with high
strength properties but also to control the sulfur crystallization process discussed
in Chapter 3. By using grain size distributions falling within lines 4 and 5, a dense
network of nucleation points is created within the elemental sulfur concrete
mixture. In this way, sulfur crystal growth would be controlled and a compact
structure with small crystals would be obtained in which adverse effects such
as volume changes, cracking under thermal cycles, and loss of strength could
be avoided. This instability comes from the fact that sulfur, after solidifying at
119°C from a liquid state, undergoes a solid transformation at 95.4°C between
two crystal structures: monoclinic sulfur (S,) that is stable over that temperature
and orthorhombic sulfur (S ) that is stable below 95.4°C and at room temperature
(more details are provided in Chapter 3). This transformation implies a densifica-
tion, and thus reduction of volume that can produce an internal tensional state
in elemental sulfur concrete matrix. Sulfur is then subject to cracking and disin-
tegration under thermal cycles or other instabilities.

4.5.3 ACI Guide for Material Selection

The following discussion is based on ACI 548.2R-93 (re-approved 1998) “Guide
for Mixing and Placing Sulfur Concrete in Construction.” Selection of quality
aggregates appropriate for each application is essential for sulfur concrete materi-
als. Aggregates should meet ASTM C33 specification with respect to durability,
cleanliness, and limits of deleterious substances. The aggregates should be resis-
tant to chemical attack by the environment in which elemental sulfur concrete is
to be used; for example, quartz aggregates are suitable for use in both acidic and
salt environments, whereas limestone aggregates are suitable for use in salt envi-
ronments but not for acidic environments. Crushed aggregates are preferable to
rounded ones because they produce higher strength materials.

Aggregate Gradation

Good distribution of all sized material creates a desirable dense-graded aggregate.
Three size fractions of aggregate are generally used in preparing the dense-graded
product; coarse aggregate, fine aggregate, and mineral filler (minus 200 mesh,
0.075 mm). The consequence of a less densely graded aggregate is a greater void
space fraction in the sulfur concrete. In sulfur concrete mix proportioning, a
maximum density gradation is used to minimize the aggregate void space and
thus the amount of sulfur used as a binding material. Figure 4.16 shows the
recommended ranges of grain size distributions for 25 and 9.5 mm of aggregate
sizes based on ACI 548.2R-93. Data for other aggregate sizes as recommended by
ASTM D3515 are shown in Table 4.4. It is clear that the grain size distribution
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Figure 4.16. Ranges of recommended grain size distributions for 25 and 9.5 mm of aggregate
sizes (data obtained from ACI 548.2R-93).

of some of these aggregates is characterized as gap-graded hence requiring more
sulfur filler to eliminate the void space (Okumura, 1998).

Corrosion Resistance

Aggregates for sulfur concrete in acidic environments should not show any effer-
vescence when tested in acid of the expected concentration and at the expected
temperature of exposure. Aggregates for sulfur concrete to be used in acidic
environments should also have less than 2 percent loss in weight when leached
for 24 hr in acid of the expected concentration and at a temperature of 60 + 3°C.
Aggregates for sulfur concrete in salt environments show no reaction or deterio-
ration after leaching 24 hr in the expected salt solution at a temperature of 60
3°C.

Moisture Absorption

Porous aggregates should not be used. Instead, the aggregates should be highly
impervious and highly resistant to freeze-thaw stresses. Maximum moisture
absorption should be less than 1 percent for coarse aggregates and less than 2
percent for fine aggregates, as determined by using ASTM C127 and C128 pro-
cedures, respectively.
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Table 4.4. Dense graded aggregate gradation limits (ASTM D3515)

Sieve size 25 mm 19 mm 13 mm 9.5 mm
aggregate, aggregate, aggregate, aggregate,
(mm) % passing % passing % passing % passing
37.50 100
25.00 90-100 100
19.00 90-100 100
12.50 56-80 90-100 100
9.500 56-80 90-100
4.750 29-59 35-65 44-74 55-85
2.380 19-45 23-49 28-58 32-67
0.300 5-17 5-10 5-21 7-23
0.075 1-7 2-8 2-10 2-10
Table 4.5. Range of sulfur content with aggregate sizes
Maximum aggregate size (mm) 25.4 191 12.7 9.5
Percent passing sieve size 0.075 mm 1-7 2-8 2-10 2-10
Sulfur (% wt.) 12-15 13-16 14-17 16-19

Optimum Mix Design

The objective of mixture design is to determine the sulfur content in combina-
tion with specific aggregates that provide the most desirable balance between
mechanical strength, high specific gravity, low absorption, and good workability.
Mixture proportions are the amounts of aggregates and sulfur required to obtain
the high quality sulfur concrete. Aggregate meeting the gradation requirements
of ASTM D3515 will provide more workable sulfur concrete than those comply-
ing with ASTM C33 specifications. Each mixture design should be specific to
a certain use. The mixture design described here is specific for sulfur concrete
materials suitable for the construction of floors, foundations, tiles, sumps, side
walls, and electrolyte cells for use in acid and salt environments.

Table 4.5 shows the range of sulfur levels for maximum sizes of dense-graded
aggregates. The matrix was designed for moisture absorption less than 0.1 per-
cent by mass. Figure 4.17 shows the changes of compressive strength with sulfur
and aggregate percent for dense-graded quartz aggregates of a diameter less than
9mm. The range of sulfur loadings should be adjusted according to the type, size,
and gradation of the aggregates. Table 4.5 and Figure 4.17 could be used to select
approximate sulfur limits for mix design purposes. Actual proportions may fall
slightly outside of this range for certain material combinations.
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Figure 4.17. Changes of compressive strength with sulfur and aggregate percent for dense-
graded quartz aggregates of diameter less than 9mm (data obtained from ACI 548.2R-93).
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Figure 4.18. Changes of voids with sulfur and aggregate percent for dense-graded quartz aggre-
gates of diameter less than 9mm (data obtained from ACI 548.2R-93).
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Voids
Figure 4.18 shows the changes of voids with sulfur and aggregate percent for
dense-graded quartz aggregates of a diameter less than 9mm (ACI 548.2R-93).
Voids in sulfur concrete are important for the following reasons:
(a.) Serve as stress relief sites, improving the durability of the material
(McBee et al., 1983)
(b.) Reduce the quantity of sulfur required to coat the mineral aggre-
gates, thereby minimizing the sulfur-related shrinkage.

Void contents may be determined in two ways:

(a.) By determining the specific gravity of sulfur concrete using ASTM
C642. Voids are determined by calculation of the void content from
the measured specific gravity and the theoretical specific gravity of
the aggregate-sulfur mixture. A distinction between discrete and
continuous voids should be stated as provided in ASTM C642.

(b.) By microscopic determination on a section cut from a sulfur con-
crete specimen in accordance with ASTM C457 using the linear
traverse method.

Absorption

Absorption is determined by calculating the amount of water being absorbed after
24 hr at room temperature. Sulfur concrete specimens are weighed, immersed in
water at room temperature for 24 hr, surface dried, and reweighed. Moisture
absorption is calculated as follows:
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Figure 4.19. Changes of absorption with sulfur and aggregate percent for dense-graded quartz
aggregates of diameter less than 9mm (ACI 548.2R-93).
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C-B

A= x 100 (4.8)

Where A is the percent by the weight moisture absorption; B is the weight of the
dry 76 by 153 mm cylindrical specimen; and C is the weight of the surface-dried
specimen after immersion.

Figure 4.19 illustrates the changes of absorption with the sulfur and aggregate
percent for dense-graded quartz aggregates of a diameter less than 9mm (ACI
548.2R-93).

4.6 DURABILITY

Although sulfur concrete materials could be prepared by hot mixing elemental
sulfur and aggregate, the durability of the resulting product was a problem.
Elemental sulfur concretes failed when exposed to repeated cycles of freezing and
thawing, humid conditions, or immersion in water. When unmodified sulfur and
aggregate are hot mixed, cast, and cooled to prepare sulfur concrete products,
the sulfur binder, on cooling from the liquid state, first crystallizes as monoclinic
sulfur (S,) at 114°C with a volume decrease of 7%. On further cooling to below
96°C, the S, starts to transform to orthorhombic sulfur (S ), which is the stable
form of sulfur at ambient temperatures (Lin et al., 1995). This transformation is
rapid, generally occurring in less than 24 hr. Since S_ form is more dense than S,
high stress is induced in the material by solid sulfur shrinkage. Thus, the sulfur
binder can become highly stressed and can fail prematurely.

Over recent years, major drawbacks to the potential use of elemental sulfur as
a construction material have been highlighted by many researchers (Gillott et al.,
1983; Czarnecki and Gillott, 1989, 1990; Abdel Jawad and Qudah, 1994).

4.6.1 Effect of Sulfur Loading, Aggregate Type,
and Different Admixtures

Czarnecki and Gillott (1990) studied the durability of elemental sulfur concrete
made with different aggregates shown in Table 4.6 (syenite, granite, diorite,
basalt, and greywacke) and various loadings of sulfur binder (20%, and 23%).
Results showed significant expansion for some of the elemental sulfur concretes
exposed to water. The amount of expansion depends on the type of rock used as
aggregates and the loading of the sulfur binder. For sulfur binder loading of 20%,
the highest expansion was observed when syenite, granite, and greywacke were
used as aggregates and, after 90 days of immersion in water, expansion values
reached approximately 0.28, 0.14, and 0.05%, respectively. Sulfur concrete made
with basalt and diorite aggregates showed an expansion level of about 0.04%.
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Table 4.6. Aggregate mineralogical composition and properties

i
Rock . . Clay fraction | Density Specific
tvpe Mineral composition content (%) | (Mg/m?) surface

P ° 9 area (m?/g)
Granite Quartz, plagioclase, biotite, chlorite 2.3 2.694 1.13
Syenite Plagioclase, albite, microcline, 3.2 2.679 1.54
pleochroic hornblende, quartz, iron,
pyroxene

Diorite Plagioclase, biotite, hornblende 21 2.886 1.17

Basalt Feldspar, pyroxene, augite, iron, 2.5 2.968 1.39

calcite, sericite

Greywacke | Plagioclase, quartz, calcite, sericite, 4.2 2.945 1.50

mica

Marble Calcite, quartz, mica 2.4 2.697 0.67

When the loading of sulfur was increased to 23%, moisture expansion
decreased but remained unacceptable for concrete made with syenite, granite,
and basalt aggregates. Concrete made with marble aggregate showed minimal
change in the dimensions upon immersion in water. For concrete made with
syenite, granite, and basalt aggregates and immersed in water for 90 days, the
expansion remained unacceptably large, reaching values approximately 0.09,
0.05, and 0.05%, respectively.

Studies have shown that weathered rocks, and particularly those with a larger
specific surface area, may cause moisture durability problems if used as aggregate
in sulfur concrete; expansion may be reduced by the use of proper admixtures.

Attempts were made to overcome this expansion through the pretreat-
ment of the aggregates with admixtures such as glycerin, crude oil, and silane
(Czarnecki and Gillott, 1990):

o Pretreatment of the aggregate with 5% of glycerin decreased the mois-
ture expansion of the concrete made with syenite, granite, diorite, and
basalt aggregates, but it had only a marginal effect when greywacke
was used. Expansion remained unacceptably high for the concrete
made with syenite (0.17%), granite (0.05%), and greywacke (0.04%)
aggregates.

o When crude oil with the amount of 5% by weight was incorporated in
the mix, moisture expansion increased when syenite, granite, basalt,
and greywacke aggregates were used. Changes were minimal with the
diorite and marble aggregates. Expansion increases have resulted in
strength decrease and the increase of flexibility and strain capacity of
the sulfur concrete.
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Table 4.7. Compressive strength variations with mineral composition of ele-
mental sulfur concrete (data from Vroom, 1981)

No. | Aggregate type Aggl;zgate SL:I/:ur Flyo/?sh Density St;: ;gth
1 | Crushed brick 55.0 27.4 17.6 2.18 69.89
2 | Expanded clay 41.0 34.0 25.0 1.79 64.31
3 | Crushed quartzite 65.6 18.8 15.6 2.40 63.96
4 | Crushed granite 66.2 21.2 12.6 2.37 56.93
5 | Crushed Portland cement 64.8 23.0 12.2 2.24 54.10
6 | Crushed limestone 60.8 21.8 17.4 2.32 53.34
7 | Crushed barite 79.6 12.8 7.6 3.25 52.33
8 | Siliceous tailings 61.2 34.8 4.0 2.20 44.30
9 | Expanded shale 35.8 35.8 28.4 1.68 33.53

o Pretreatment of the aggregates with 1.5% by weight silane gener-
ally decreased the moisture expansion of the sulfur concrete. These
admixtures were capable of altering the critical surface tension that is
associated with the wettability potential of substrates. When a liquid
has a surface tension below the critical surface tension of a substrate,
it will wet the surface (contact angle = 0). The critical surface tension
is unique for any solid.

o Concrete that contained glycerin and silane admixtures showed
reduced moisture expansion.

The experimental results shown in Table 4.7 (Vroom, 1981) were prepared by
the addition of: (a) the required sulfur (less than contained in the pre-reacted
material), (b) the pre-reacted material, and (c) fly ash to achieve the desired con-
sistency of the sulfur cement. Aggregate was added to provide the sulfur concrete.

The components were mixed at about 130°C in a heated 1/3 cu ft concrete
mixer for approximately 15 minutes before pouring into the molds. Compaction
was obtained through vibration or tapping of the molds. The compressive
strength varies from 69.89 to 33.53 MPa, depending on the type and amount of
aggregates, as well as the sulfur and fly ash contents as shown in Figure 4.20. The
use of these elemental sulfur concretes would be limited to reasonably isothermal
applications such as underground or underwater structures subjected to mild
thermal cycling.

4.6.2 Effect of Water and Temperature

The combined effects of water and temperature on the strength of elemental
sulfur concrete have been extensively researched. The microstructure of sulfur
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Figure 4.20. Compressive strength variations with mineral composition of elemental sulfur con-
crete (data from Vroom, 1981).

Table 4.8. Aggregate compositions and properties

Agg:;:gate Mineral composition S;:z:::;;: UT;;;’;?;?)ht Abs;;:;tion
Limestone Calcite, smectite, illite 2.45 1.845 5.31
Sandstone Quartz, calcite 2.45 1.821 1.43
Basalt Pyroxene, calcic-plagioclase, 2.83 2.320 2.47

kaolinite

concrete, using different types of aggregates shown in Table 4.8 (limestone, sand-
stone, and basalt) has been studied (Abdel Jawad and Qudah, 1994). It was found
that sulfur concrete developed its maximum compressive strength within a few
hours after casting. No significant strength gain with time was observed when
specimens were kept at ambient air temperature to solidify. Visible cracks and
surface cavities have been noticed on the surfaces of both concretes made with
limestone and basalt aggregates (Figure 4.21).

No cracks were observed in case of sandstone surface concrete immersed
in water. Cracks that developed in the case of utilizing limestone and basalt
aggregates may be due to moisture uptake by the clay minerals, illite and smec-
tite in limestone concrete, and kaolinite in basalt concrete. Sandstone aggregate
concrete showed no sign of visible cracks because it was free of clay minerals.
The clay minerals resulted in improper bonding between the binder (sulfur) and
the aggregates. The swelling and water absorption characteristics of clay would
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Figure 4.21. Limestone elemental sulfur concrete sample after 14 days of water immersion
(adapted from Abdel Jawad and Qudah, 1994).

generate expansive forces leading to disintegration of the concrete whether the
clay was on the surface or inside the aggregate particles (Shrive et al., 1977). The
formation of scattered surface cavities and micro-cracks would facilitate the pen-
etration of water into the specimen.

The development of surface disintegration and cracking was attributed to the
noncompatible volume changes (due to differences in thermal expansion coeffi-
cient) of the sulfur matrix and aggregates. Also, when sulfur concrete cools from
the liquid to the solid state, the reduction in the volume of sulfur is much larger
than the volume changes of the aggregate particles resulting in the developments
of micro-cracks. When the concrete is immersed in water, these cracks allow the
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Figure 4.22. Compressive strength variations with time for limestone sulfur concrete at different
curing conditions (adapted from Abdel Jawad and Qudah (1994).
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Figure 4.23. Compressive strength losses after 28 days of water immersion (adapted from Abdel
Jawad and Qudah (1994).

water to easily penetrate into the sulfur-aggregate interface, resulting in separa-
tion between the two components.

Abdel Jawad and Qudah (1994) found that a sharp reduction in strength had
occurred for all tested materials when the elemental sulfur concrete specimens
were immersed in water. Most of the reduction took place during the first three
days of immersion, especially at a curing temperature of 40°C. Figure 4.22 shows
that limestone sulfur concrete specimens immersed continuously in water at
varying temperatures developed lower strength than the samples exposed to nor-
mal laboratory air conditions. No clear trend was noticed on the effect of varying
temperature on strength reduction over time. The reduction in strength ranges
from 42% to 75%, depending on the type of aggregate and water temperature
(Figure 4.23).

It is obvious that the highest strength loss was shown by the basalt concrete,
followed by sandstone and limestone concrete, respectively. For nearly all types of
concrete, the immersion in water at 20°C results in the highest losses, whereas the
smallest losses took place at 60°C. Specimens immersed in water at 40°C resulted
in the intermediate value.

4.7 SUMMARY AND CONCLUDING REMARKS

As discussed in Chapter 3, elemental sulfur undergoes a complex transition in
two steps between allotropic forms, from liquid sulfur above the melting point
(119.2°C) to solid sulfur at room temperature (below 95.5°C). Upon solidifica-
tion, sulfur undergoes 7% contraction in volume. Using elemental sulfur as a



Elemental Sulfur Concrete 141

binder with mineral aggregates leads to subpressure in pores and on the surfaces
from this contraction. The tensile capacity of sulfur, which is only 0.3 to 0.4
MPa (Ecker and Steidl, 1986), is not capable of enduring the strain, and micro-
cracking in inevitable (McBee, 1993). This exposes the elemental sulfur concrete
material to moisture penetration.

After solidification, sulfur takes a monoclinic (amorphous) p-phase that on
further cooling, transforms into the stable orthorhombic form, or a-phase, at
95.5°C. This transition is rather rapid (less than 24 hr) and leads to a further 6%
vol. decrease. It will cause a strain on the binder and cracking within the mate-
rial, whether or not volume compensation has been made at solidification when
further cracking occurs.

Historically, elemental sulfur concretes failed (in the mechanical sense, due
to disintegration) when it was exposed to humid conditions, repeated cycles of
freezing and thawing, and immersion in water.

In principle, there are two ways to relieve the material from imposed stress
due to contraction; either by modifying the sulfur binder in such a way that it
remains in the B-phase for a longer duration or by accepting the transition into
the a-phase but preventing the formation of microsulfur crystals that would cause
contraction. Sulfur modification methodologies are discussed in Chapter 5.

A durable sulfur concrete material does not only require a stable binder but
also such a composition of aggregates and binder that the full composite remains
stable and durable (limited absorption) under fluctuating temperature and mois-
ture conditions.

Aggregates play a key role in the mix design for a durable sulfur concrete
product. Moisture absorption can be limited by the use of a dense-graded min-
eral aggregates and the proper composition design with binder, mixing, and
consolidation. The selection of quality aggregates that will be appropriate for
each particular application is necessary for a sulfur concrete material. To meet
the requirement of durability, cleanliness and limits of harmful substances, the
composite aggregates must meet the ASTM C 33 specifications according to the
ACI Committee 548. To determine an aggregate’s suitability for a particular use,
it is recommended that preliminary testing be carried out for verification.

The properties for corrosion resistant aggregates must be clean, hard, tough,
strong, durable and free of swelling constituents. They must also resist chemi-
cal attacks and moisture absorption from exposure to acid and salt solutions.
Moisture absorption and dissolution losses should not exceed 1% in a 24-hr
period.

The clay contained within the solidified sulfur concrete is believed to have
an absorptive capacity that will allow water to permeate through the material.
When clay absorbs water, expansion occurs and results in a deterioration of the
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product. Therefore, clay containing aggregates should not be used in producing
sulfur concrete unless it has been treated to limit the swelling capacity.

The mechanisms involved in preparing sulfur concrete are different from
those of Portland cement concrete. New gradation designs were developed based
on the technology for asphalt concrete. The intention was to develop aggregate
mixtures with maximum density and minimum voids in the mineral aggregate.
Adopting this design means that less sulfur is needed to fill the voids of the mix-
ture. Pickard (1984) indicated that the optimum range of sulfur concrete should,
therefore, be just slightly less than the amount necessary to fill the aggregate to
100% saturation, yet high enough to keep the final void content less than 8%.
This, in most cases, results in higher strength materials, because improved aggre-
gate contact means less shrinkage after solidification (McBee et al., 1983).

The choice of mineral filler is important because it forms with the binder
paste that coats and binds the coarse and fine aggregate particles strong and dense
product. Soderberg (1983) defines the function of filler as:

a. Controls the viscosity of the fluid sulfur-filler paste, workability, and
bleeding of the hot plastic concrete
b. Provides nucleation sites for crystal formation and growth in the
paste and minimizes the growth of large needle-like crystals
c. Fills the voids in the mineral aggregate that would otherwise be
filled with sulfur
d. Reduces the hardening shrinkage and the coefficient of thermal
expansion
e. Acts as a reinforcing agent in the matrix, increasing the strength of
the formation
Therefore, the filler must be reasonably dense-graded and finely divided to pro-
vide a large number of particles per unit weight, especially to meet the provision
of nucleation sites.



SULFUR CEMENT

5.1 INTRODUCTION

The need to plasticize sulfur for use as cement was recognized during the 1930s.
The researchers showed that combing elemental sulfur and aggregates produced
a high strength, acid-resistant product. However, as discussed in Chapter 4, the
durability of this type of material was poor and most materials failed in less than
one month, especially in moist environments and when subjected to thermal
cycling. Improvements in sulfur-based cement formulations have been achieved
by adding a modifier component to the cement formulations. Sulfur polymer
cement is a thermoplastic polymer consisting of ~95 wt% elemental sulfur and ~5
wt% organic modifiers to enhance long-term durability. Sulfur polymer cement
was originally developed by the United States Bureau of Mines in 1972 to use
byproduct or waste sulfur as an alternative to hydraulic cement for construc-
tion applications and to significantly improve the stability of the product. Many
types of organics have been employed in an effort to accomplish production of a
durable cement, but only a few are used commercially.

This chapter discusses the basic ingredients of modified sulfur-based cement
formulations and their physicochemical properties.

5.2 DEVELOPMENT BACKGROUND

The use of sulfur in the preparation of construction materials had been proposed
following World War I when an acid-resistant mortar compound of 40% sulfur
binder and 60% sand was prepared. However, upon thermal cycling such mortars
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exhibit a loss in flexural strength, resulting in failure of the mortars. However,
after solidification, the sulfur in these concretes undergoes allotropic transforma-
tion wherein the sulfur reverts to the more dense orthorhombic form that results
in a product that is highly stressed and, therefore, vulnerable to failure by crack-
ing. Improvements in sulfur-based cement formulations have been achieved by
adding a modifier component to the cement formulations.

In 1972, Dr. Alan Vroom, in cooperation with the National Research Council
of Canada and McGill University, commenced a research program aimed at
overcoming the problem of durability in sulfur concrete that other researches had
experienced (Beaudoin and Sereda, 1974). The first sulfur concrete manufactur-
ing plant began production of precast products in Calgary, Alberta, Canada, in
1975 (Sulfur Concrete Go Commercial, 1976).

Diehl (1976) has shown improved sulfur concrete formulations by the addi-
tion of small quantities of dicyclopentadiene as a modifier to the sulfur. Such
modified cement formulations exhibit improved compressive strength charac-
teristics.

McBee et al. (1976) have shown a variety of sulfur cement formulations such
as sulfur concretes, sand-sulfur-asphalt paving, and others wherein the sulfur
binder component is modified by the presence of small quantities of dicyclopen-
tadiene.

Sullivan et al. (1975a, b; Sullivan and McBee, 1976) have also described
various sulfur cement formulations in which the sulfur binder is modified with
dicyclopentadiene (DCPD). Sullivan et al. (Advances in Chemistry No. 140) have
also described sulfur cement formulations in which DCPD, dipentene, methylcy-
clopentadiene, styrene, and an olefinic liquid hydrocarbon were investigated as
modifiers. Although the modification of sulfur cement formulations with various
unsaturated hydrocarbon materials results in cement formulations of improved
characteristics, nevertheless a need continues to exist for modified sulfur cement
formulations of improved freeze-thaw stability and strength characteristics.

The key to the durability of sulfur concrete produced by the preceding pro-
cess lies in the stability of microcrystalline sulfur (Gannon et al., 1983) for a suc-
cessful 20-year performance record in a variety of aggressive environments. The
sulfur concrete development in Canada is recognized as a valuable construction
material in many geographic areas.

The South Western Research Institute, under government control, has con-
structed several test sections utilizing plasticized sulfur as binder (Plato. J. S.,
1980).

Since 1984, the American Concrete Institute, through its Committee 548D
(Sulfur Concrete), has been developing guidelines for the use of sulfur concrete
(ACI 548.2R-1993). The same commiittee is currently finalizing a state of the art
report on precast sulfur concrete.



Sulfur Cement 145

The ASTM Committee for Chemical Resistance Materials has been activity
developing standards for sulfur concrete and has published the following stan-
dard specifications and test methods on the subject:

o ASTM C1312-97 “Standard practice for making and conditioning
chemical-resistant sulfur polymer cement concrete test specimens in
the laboratory.”

o ASTM C1159-98 “Standard specification for sulfur polymer cement
and sulfur modifier for use in chemical-resistant, rigid sulfur con-
crete.”

In 2006, the authors of this book have shown improved sulfur cement formula-
tion by the addition of small quantities of bitumen as a modifier to the elemental
sulfur. Such modified cement formulation exhibits improved durability perfor-
mance.

5.3 TERMINOLOGY

To prevent confusion, terms found in various publications on the topic are fur-
ther defined. The ASTM C1159-98 defines sulfur polymer cement as a polymer
product consisting of small amounts of chemical modifying additives dispersed
in sulfur. The term SPC is generally used as an indicator for sulfur polymer
cement. Once it is loaded with aggregates or waste products, it becomes sulfur
concrete and the term SC is used as an indicator. This nomenclature follows
the same principle as that for Portland cement. The paste of Portland cement is
represented by PC, whereas the concrete obtained by the addition of sand and
aggregates to PC is designated by PCC, or Portland cement concrete. Other pub-
lications used the terminology modified sulfur cement instead of SPC; however,
both names refer to the same material.

In the preceding terminologies, the word cement is included without clear
indication of the type of additives that will produce this cementious behavior.
Generally, chemical additives are added to modify elemental sulfur, nearly all of
which fall under the heading of polymeric polysulfide or, alternatively, substances
that may react with elemental sulfur to give in situ formation of polymeric poly-
sulfide. Therefore, terms such as polymerized sulfur or modified sulfur should be
used instead.

For inclusion of the word cement in the definition, the mixture should
include, in addition to the chemical additives, physical stabilizers or mineral
fillers such as fly ash, furnace slag, cement kiln dust, talc, mica, silica, graphite,
carbon black, pumice, insoluble salts (e.g., barium carbonate, barium sulfate, cal-
cium carbonate, calcium sulfate, magnesium carbonate, etc.), magnesium oxide,
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Figure 5.1. Sulfur terminologies used for sulfur cement production.

and mixtures. Such fillers typically have a particle size less than 100 mesh (U.S.
Standard Testing Sieves) and preferably less than 200 mesh. Such fillers generally
act as thickening agents and generally improve the hardness or strength of the
sulfur cement product.

Therefore, in this book, the term modified sulfur is used when chemical addi-
tives are added to the elemental sulfur, and sulfur cement is used when mineral
fillers are added to the modified sulfur (Figure 5.1). In addition, sulfur concrete is
used when aggregates are added to sulfur cement.

5.4 MODIFIED SULFUR

5.4.1 Mechanism

As discussed in Chapter 3, if pure elemental sulfur is heated to 140°C and then
cooled to ambient temperature, monoclinic sulfur is instantaneously formed fol-
lowed by a reversion to orthorhombic sulfur that is nearly complete in about 20
hr. Also, as discussed in Chapter 4, elemental sulfur concrete products exhibit
large expansion and contraction when subjected to thermal cycles, hence varia-
tions in the hydromechanical-thermal properties are expected. Therefore, it is
necessary to modify the elemental sulfur with chemical additives to overcome
such problems.

Many investigators have attempted to plasticize or stabilize sulfur in its
polymeric form. Pryor (1962) pointed out that in sulfur-olefin reactions, only
the carbon-sulfur (C-S) bond is formed and no new carbon-carbon (C-C) bond
is formed. Therefore, in such a co-polymerization reaction, one expects to get a
strictly alternating structure. The research showed that elemental sulfur reacts
with olefins at 90 to 160°C in the liquid phase to form several types of polysulfide
products. As a result of these interactions, new molecules of cyclic polysulfide
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Figure 5.2. Sulfur components after elemental sulfur reaction with styrene at 140 for 3 hr (data
from Blight et al., 1978).

distinguished by the number of sulfur atoms are obtained. There are bases to
assume that in the process of these reactions two weak bonds sulfur-sulfur (S-S)
are broken off; n-bond of unsaturated compound and a new bond (S-S) as well as
two rather strong C-S bonds are formed (Rylova, 2002).

Many chemical additives have been proposed to modify elemental sulfur.
Added chemical substances may react with elemental sulfur to give polymeric
polysulfide. The additional sulfur in the matrix is not polymerized or held in an
amorphous state by the polymer. It is allowed to crystallize to the only physical
form that is stable below 90°C (194°F), i.e., orthorhombic sulfur. For example, if
styrene is added to elemental sulfur (25% w/w of sulfur) and heated at 140°C for
3 hours, the resulting material will be a mixture of polysulfides and unreacted
elemental sulfur as shown in Figure 5.2.

The polymer does, however, prevent the growth of macro-sulfur crystals.
When one part of polymer is dissolved in ten parts, by weight, of liquid sulfur,
and the solution is allowed to cool, the sulfur crystals are generally smaller than
one micron. This is important, as discussed in Chapter 3, because sulfur has a rel-
atively high linear coefficient of thermal expansion, 7.4 x10°/C and a low thermal
conductivity, 6.1 gcal/cm?/sec (At = 1°C), both at 40° C (104°F) (Texas Gulf Sulfur
Co., 1961; Vroom, 1998). When a material containing adjacent macrocrystals of
sulfur is subjected to changing temperatures, there will be a constant movement
between these macrocrystals as one expands or contracts relative to its neighbor.
This movement will gradually break bonds with other cross-laid crystals, caus-
ing microfractures and a severe weakening of the structure as well as an eventual
formation of cleavage planes.

A similar mechanism may be responsible for the aging phenomenon in cer-
tain types of commercially formed solid elemental sulfur. An independent scan-
ning electron microscopic study, published by ASTM, has revealed graphically
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how the polymer controls the crystallization of sulfur, preventing the growth of
macrocrystals and thereby imparting durability (Gannon et al., 1983).

5.4.2 Types

It is expected that, depending on the type of the chemical modifiers, the percent
of polysulfides and unreacted sulfur varies. Blight et al. (1978) reviewed the vari-
ous substances used as additives and compared quantitatively their effectiveness
in retarding crystallization of elemental sulfur. The additives studied were a range
of olefins and certain Thiokols (polymeric polysulfides). The effect of each modi-
fier is shown in Figure 5.3. All additives were added to elemental sulfur at 25% by
weight and heated at 140°C for 3 hr. These additives have a significant effect in
reducing the formation of orthorhombic sulfur, the olefins (except styrene) being
particularly effective with no orthorhombic sulfur formed, even after 18 months.

The preceding underscores the main aim of adding chemical additives to
elemental sulfur, which is to inhibit the transformation to orthorhombic sulfur
(a-sulfur). As a result of the chemical reaction with the substance, sulfur should
remain in the monoclinic state after cooling.

Sulfur cement can be unaltered sulfur and/or plasticized sulfur. The term
plasticized sulfur refers to the reaction product of sulfur with a plasticizer and/
or mixtures of sulfur and plasticizers and/or the reaction product of sulfur with
a plasticizer. When a plasticizer is used, the amount of the plasticizer(s) will
vary with the particular plasticizer and the properties desired in the cement.
The cement can contain 0.1 to 10% of the plasticizer and typically will contain
approximately 2 to 7%, preferably 2.5 to 5% by weight, based on the total weight
of both free and combined (or reacted) sulfur in the composition (herein referred
to as total sulfur).

The term sulfur plasticizer or plasticizer refers to materials or mixtures of
materials that, when added to sulfur, lower its melting point and increase its crys-
tallization time (Nimer et al., 1985). One convenient way to measure the rate of
crystallization is as follows: the test material (0.040 g) is melted on a microscope
slide at 130°C and is covered with a square microscope slide cover slip. The slide is
transferred to a hot plate and is kept at a temperature of 70°C + 2°C, as measured
on the glass slide using a surface pyrometer. One corner of the melt is seeded
with a crystal of test material. The time required for complete crystallization is
measured. Plasticized sulfur, then, is sulfur containing an additive that increases
the crystallization time within experimental error, i.e., the average crystallization
time of the plasticized sulfur is greater than the average crystallization time of the
elemental sulfur feedstock.

Inorganic plasticizers include the sulfide of iron, arsenic, and phosphorus.
Generally, the preferred plasticizers are organic compounds that react with sulfur
to give sulfur-containing materials.



Sulfur Cement 149

60
[ Polysulfides

r _ I S-alpha
45 | ~ _ M [ 1 S-beta

Sulfur (%)
w
o
]
]

15 1

D (+)Limonene
Dicyclopentadiene
Alloocimene
Myrcene
Cycloocta-1, 3-diene
Styene

Thiokol LP-31
Thiokol LP-32
Thiokol LP-33

Cyclododeca-1, 5, 9-triene

Modifier Type

Figure 5.3. Effects of various modifiers on the formation of beta sulfur crystals and reduction
formation of alpha sulfur crystals. Each of these modifiers (25% w/w sulfur) was mixed with
elemental sulfur and heated at 140°C for 3 hr (data obtained from Blight et al., 1978).

Suitable sulfur chemicals that can be used include aliphatic polysulfides,
aromatic polysulfides, styrene, DCPD, dioctylphthalate, acrylic acid, epoxidized
soybean oil, triglycerides, tall oil fatty acids, and compatible mixtures (Nimer et
al., 1985).

One class of preferred plasticizers is the aliphatic polysulfides, particularly
those that will not form cross-linking. Thus, butadiene is not a preferred constitu-
ent to form the aliphatic polysulfide, because it may form cross-linking sulfur
bonds; whereas DCPD is a preferred compound for forming the aliphatic poly-
sulfide useful as the sulfur plasticizer.

Another class of preferred plasticizers for use in the composition of aromatic
polysulfides formed by reacting 1 mol of an aromatic carbo-cyclic or hetero-
cyclic compound, substituted by at least one functional group of the class -OH
or -NHR in which R is H or lower alkyl with at least 2 mol of sulfur.

Suitable organic compounds of this type include phenol, aniline,
N-methyl aniline, 3-hydroxy thiophene, 4-hydroxy pyridine, p-aminophe-
nol, hydroquinone, resorcinol, meta-cresol, thymol, 4, 4-dihydroxy biphenyl,
2,2-di(p-hydroxy-phenol) propane, di(p-hydroxy-phenyl) methane, etc., p-phen-
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ylene diamine, methylene di-aniline. Phenol is an especially preferred aromatic
compound to form the aromatic polysulfide.

The aromatic polysulfides are generally prepared by heating sulfur and the
aromatic compound at a temperature in the range of 120 to 170°C for 1 to 12 hr,
usually in the presence of a base catalyst such as sodium hydroxide. The polysul-
fide product made in this way has a mol ratio of aromatic compound: sulfur of the
1:2 to 1:10, preferably from 1:3 to 1:7. Upon completion of the reaction, the caus-
tic catalyst is neutralized with an acid such as phosphoric or sulfuric acid. Organic
acids may also be used for this purpose. The resulting aromatic polysulfide may
be used immediately, or it may be cooled and stored for future use.

Another type of aliphatic polysulfide useful as a plasticizer is the linear ali-
phatic polysulfides. Although these polysulfides may be used alone as the sulfur
plasticizer, it is preferred to use them in combination with either (a) DCPD or
(b) the aromatic polysulfides, especially with the phenol-sulfur adduct. In this
connection, the preferred plasticizer mixtures contain from 5% to 60% by weight
linear aliphatic polysulfide, based on total plasticizer, preferably 20 to 50% by
weight.

These aliphatic polysulfides can have branching indicated as follows (Nimer
et al., 1985):

C =C+S$S—>S§ - C-C-S -
| |

B B

Wherein x is an integer of from 2 to 6 and wherein B is H, alkyl, aryl, halogen,
nitrile, ester or amide group. Thus, in this connection, the aliphatic polysulfide
is preferably a linear polysulfide. The chain with the sulfur preferably is linear,
but it can have side groups as indicated by B. Also, this side group B may be
aromatic. Thus, styrene can be used to form a phenyl-substituted linear aliphatic
polysulfide. The preferred aliphatic polysulfides of this type are both linear and
nonbranched.

Unbranched linear aliphatic polysulfides include Thiokol LP-3 that con-
tains an ether linkage and has the recurring unit (Nimer et al., 1985): —
S CH,CH,OCH,0CH,CH_S —, wherein x has an average value of approximately
12. The ether constituent of this aliphatic polysulfide is relatively inert to reaction.
Other suitable aliphatic polysulfides have the following recurring units:

a. —S —(—CH,—) —S — from reaction of alpha, omega-di-halo-
alkanes and sodium polysulfide

b. —SX—(—CHZCHZ—S—CHZCHZ—)y—SX— from reaction of alpha,
omegadihalosulfides, and sodium polysulfide
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c. —SX—(—CHZCHZ—O—CHZCHZ—)y—SX— from reaction of alpha,
omegadihaloesters, and sodium polysulfide

Where x is an integer of 2 to 5 and y is an integer of 2 to 10.

In some instances, it is preferred to use mixtures of materials having different
reactivity with sulfur as the plasticizer. For example, good results can be obtained
using a mixture of cyclopentadiene and/or DCPD with oligomers of cyclopenta-
diene as discussed later in this chapter.

Other class of additives is olefinic hydrocarbon polymers such as RP220
and RP020 (Exxon Chemical), Escopol (Vroom, 1977, 1981 & 1992; Nnabuife,
1987), bitumen (Mohamed and El Gamal, 2006), 5-ethylidene-2-norbornene
(ENB) and 5-vinyl-2-norbornenen (VNB) (Shell International B.V., PCT/
EP2006/063220). All these compounds identify a heat-reactive olefinic liquid
hydrocarbon obtained by partial polymerization of olefins. The proportions of
the chemical stabilizer may be varied, depending on the end use of the cement.
The chemical stabilizer used in the composition of aspects of this modification is
any of the olefinic hydrocarbon polymers derived from petroleum having a non-
volatile content greater than 50% by weight and a minimum Wijs iodine number
of 100 cg/g, capable of reacting with sulfur, to form a sulfur-containing polymer.
Typically, the chemical stabilizer is used in amounts up to 14% by weight of the
total sulfur, and more especially in the proportion of 1-5% of the total sulfur by
weight. The amount of such chemical stabilizer required depends on the end use
of the cement and the properties desired.

These additives were generally utilized by various researchers: Leutner
and Diehl (1977), Currell (1976), and Beaudoin and Feldmant (1984) for using
DCPD to improve porous durability of porous system; McBee et al. (1977) for
using a combination of DCPD and styrene; Blight et al. (1978) for using styrene
and DCPD; Bordoloi and Pearce (1978) and Gillott et al. (1980) for using crude
oil and glycol; Woo (1983) for using phosphoric acid to improve freeze-thaw
resistance; Nimer and Campbell (1983) for using organosilane to improve water
stability; Beaudoin and Feldmant (1984), McBee and Sullivan (1982a, b), and
Lin et al., (1995) for using DCPD, or a combination of DCPD, cyclopentadiene
and dipentene; Mohamed and El Gamal (2006, 2008) for using bitumen; and
Shell International B.V., PCT/EP2006/063220 (2006) for using 5-ethylidene-2-
norbornene (ENB) and/or 5-vinyl-2-norbornenen (VNB).

5.4.3 Modification Conditions

Modification in sulfur-based cement formulations have been achieved by adding
a modifier component to the cement formulations. To optimize modification of
sulfur, three conditions were tested. In the first condition, sulfur was melted in
an oil bath, then an olefinic additive was added 130 to 140°C; the temperature
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Table 5.1. Compressive strength of sulfur mortar prepared at different heating
times and 140°C (adapted from Bahrami et al., 2008)

Sample Reaction time (hr) Compressive strength (MPa)
1 0.5 7.16
2 1 17.65
3 2 13.53
4 20.30

Table 5.2. Compressive strength of sulfur mortar prepared at different
temperatures for 3 hr (adapted from Bahrami et al., 2008)

Sample Reaction temp (°C) Compressive strength (MPa)
1 160 10.19
2 160 10.98
3 160 8.04
4 160 12.36
5 140 19.91
6 140 20.40
7 140 14.32
8 140 36.48
9 140 31.38

maintained at 130 to 140°C during the mixing process that lasted approximately
3 hr (Blight 1978). In the second condition, an additive was added at 150 to 160°C
and the mixture was heated in the same temperature for approximately 3 hr. In
the third condition, after the addition of an olefinic additive to sulfur at 130 to
140°C, the mixture was heated for 0.5, 1, 2, and 3 hr to produce modified sulfur.

Reaction temperature and heating time are effective factors used to modify
sulfur. Results in Tables 5.1 and 5.2 indicate that compressive strengths of sulfur
mortar prepared at 140°C are greater than the sample prepared at 160°C. It should
be noted that at 119 to 157°C molten sulfur exists essentially as cyclooctasulfane.
Sulfur reacts with olefins at 90 to 160°C in the liquid phase to form several types
of polysulfide products (Pryor, 1962). By increasing the temperature from 90°C,
the S, rings progressively break up into reactive bi-radicals. If there is no olefin,
these reach a sufficient concentration at around 160°C to polymerize spontane-
ously into p-sulfur chains (Sander et al., 1984). Polymeric chains have lower
affinities than other compounds thus, reactivity of sulfur with additive reduces at
160°C as compared with sulfur at 140°C; there is a linear relation between time
and compressive strength.
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Figure 5.4. Effect of DCPD percentage on the composition of sulfur materials at a reaction tem-
perature of 140°C and a heating time of 3 hr (data from Blight et al., 1978).

5.5 INDUSTRIAL MODIFIED SULFUR CEMENT

5.5.1 Sulfur Modified with Dicyclopentadiene

Sulfur Cement Composition

The beneficial use of DCPD to modify sulfur has been reported by a number of
researchers (Currell et al., 1974; Sullivan el al., 1974; Diehl, 1976). Currell et al.
(1974) showed that the interaction of DCPD and elemental sulfur at 140°C gives
a mixture of polysulfides and free elemental sulfur that is held as a mixture of
presumably monoclinic, orthorhombic sulfur crystal, and noncrystalline sulfur.
The various fractions have been separated and identified.

The efficiency of DCPD in inhibiting the formation of orthorhombic sulfur
is demonstrated in Figure 5.4. The fact that orthorhombic sulfur is formed with
a loading of 5% and not with a 10 and 25% loading is in agreement with the
minimum necessary levels reported by Sullivan et al. (1974) to stop the brittle
nature of elemental sulfur permanently, which is 13% if the reaction temperature
is less than 140°C and only 6% if the reaction temperature is greater than 140°C.
Presumably, the polysulfide reaction products form a solid solution with the un-
reacted sulfur form that orthorhombic sulfur cannot crystallize.

The amount of polysulfide formed increases with the amount of DCPD
added at 140°C. Figure 5.5 shows that as the reaction time proceeds, the amount
of polysulfide formed increases. With a 25% loading after an hour, the reaction
is incomplete with unreacted olefin still present; after 3 hr, 57.7% of the final
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Figure 5.5. Effect of heating time on the composition of sulfur materials modified by DCPD;
modifier percentage of 25% and a reaction temperature of 140°C (data from Blight et al., 1978).

product is polysulfide; and after 20 hr, 68.7% is polysulfide. Also, as reaction time
proceeds, the molecular weight of the polysulfide increases.

The reaction products were examined by extraction with carbon disulfide
to give, in many cases, a fraction soluble in carbon disulfide. All the unreacted
free sulfur was soluble in carbon disulfide, indicating that it is nonpolymeric and
presumably rings material. The amount of insoluble material formed increases
with reaction time. The insoluble material fraction is a high molecular weight,
cross-linked material that swells in carbon disulfide and has an elemental analysis
that corresponds to C H S

12711°

Chemical Structure of the Formed Product

As a result of the interaction between sulfur and DCPD, the formed product is a
mixture of cyclic tri- and penta-sulfide, each formed by adding sulfur across the
bicycloheptenyl double bond. The structure of penta-sulfide was confirmed by
x-ray crystallography (Figure 5.6).

The position of the double bond, as C,-C,, may be caused by de-localization
effects, pseudo-symmetry, or the fact that the product is actually a mixture of
the two isomers. The polymer is formed by ring opening polymerization of the
cyclic penta-sulfide (Figure 5.7). The nature of the soluble polysulfide was evalu-
ated and it was determined that the relative proportions of the higher molecular
weight fraction increase with respect to both reaction time and the amount of
DCPD added. It was concluded that this polymer is formed by ring-opening
polymerization of the cyclic penta-sulfide or other cyclic polysulfide.
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Figure 5.6. Structure of cyclic penta-sulfide formed by the interaction between sulfur and DCPD
(adapted from Blight et al., 1978).

Viscosity

Blight et al. (1978) confirm the reports of Sullivan et al. (1974) that the reaction
between DCPD and sulfur is exothermic. If the temperature rises above 150°C,
the extreme viscosity increase causes the mixture to become nearly solid and the
reaction is difficult to control. Diehl (1976) and Bordoloi and Pearce (1978) have
reported quantitative studies of these viscosity changes. They show that there are
large viscosity increases as the amount of DCPD , reaction temperature, and reac-
tion time are increased. Blight et al. (1978) results show that these increases in vis-
cosity are caused by the formation of high molecular weight polysulfide. Viscosity
measurements have been made to follow the co-polymerization reaction and to
analyze the viscosity behavior. In sulfur-olefin reactions, only the C-S bond is
formed and no new C-C bond is formed. Therefore, in such a co-polymerization
reaction, one expects to get a strictly alternating structure. The maximum rate for
the logarithmic increase in viscosity for an equi-molar feed of S, and DCP (Figure
5.8) indicates that the co-polymer is probably alternating in structure. Also, a step
growth co-polymerization mechanism supports such behavior of viscosity.

Surface Tension

The behavior of viscosity and surface tension as a function of time for sulfur-
DCPD solution at 140°C with two feed compositions (5 and 20 wt% DCPD) was
studied by Allan and Neogi (1970). Both surface tension and viscosity were mea-
sured as a function of time. The results indicated that the materials made from
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Figure 5.8. A plot showing the rate of increase of logarithmic viscosity with the feed composition
in mole fraction of DCPD at 140°C (adapted from Bordoloi and Pearce, 1978).

sulfur with 20%-DCPD at 140°C for 3 hr contained 45.5% polysulfide and 54.5%
unreacted sulfur; 30.5% crystallize as monoclinic and 24% remained as amor-
phous S.. The results shown in Figure 5.9 clearly indicate that as the viscosity
increases with time, surface tension increases, and the higher the rate of increase
of viscosity, the higher the rate of increase of surface tension. A step growth co-
polymerization mechanism for the sulfur-DCPD solutions, as mentioned, will
have an increase of molecular weight over time, and the surface tension behavior
appears to support this mechanism.
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Figure 5.9. Measured viscosity and surface tension of sulfur-DCPD as a function of time for
varying composition at 140°C (data from Bordoloi and Pearce, 1978).

Storage Effect

The DSC thermo-gram of sulfur-DCPD products made with 6 hr of reaction time
at 140°C and after 6 months storage under ambient conditions (Figure 5.10) indi-
cate that orthorhombic/monoclinic sulfur crystallized out in decreasing amounts
with an increasing amount of DCPD, and no orthorhombic or monoclinic sulfur
crystallized out from feeds of approximately equi-molar composition (34 wt%
DCPD).

A correlation between the feed composition, melt viscosity at the end of the
reaction at 140°C, and the crystallization of sulfur is shown in Table 5.3. The high
viscosity for the equi-molar feed composition shows high conversion of sulfur
to sulfur-DCPD co-polymer from which no crystallization of sulfur takes place.
However, the sulfur-DCPD co-polymer materials thus obtained are brittle. It
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Figure 5.10. DSC thermo-grams of the sulfur-DCPD reaction product with varying feed com-
position after 6 hr of reaction at 140°C and after 6 months of storage under ambient condition
(adapted from Bordoloi and Pearce, 1978).

appears that if a proper plasticizer can be developed, DCPD can be used success-
tully to stabilize and plasticize sulfur by co-polymerization with DCPD.

Limitations

Modification of sulfur by reaction with DCPD has been investigated (Leutner
and Diehl, 1977; McBee et al.,, 1981a, b), but its practical use in commercial
application has been limited because the reaction between sulfur and DCPD is
exothermic and requires close control, and it is unstable when exposed to high
temperature (> 140°C) especially when mixing with hot aggregates. It may react
further to form an unstable sulfur product.
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Table 5.3. Relationship of the sulfur-DCPD composition, melt viscosity at
140°C, and DSC thermal transition of the orthorhombic/monoclinic sulfur
(Bordoloi and Pearce, 1987)

Melt viscosity at 140°C | DSC-endothermic of S/ S, transition
DCPD wt% at 6 hr (cP) of the product after 6 months storage
0 20 present
5 58 present
10 612 present
20 68000 present
30 >100000 absent
34 >>100000 absent

McBee and Sullivan (1982a) solved this problem through the development of
a process for preparing modified sulfur that is stable and not temperature sensi-
tive in mixing temperature range for production of sulfur concrete. This process
utilizes the control reaction of cyclopentadiene.

5.5.2 Sulfur Modified with DCPD and an Oligomer of
Cyclopentadiene

Chemical Reaction

Normally, the reaction is conducted without the presence of a solvent. However,
such hydrocarbon materials as vinyl-toluene or styrene can be used as solvents.
The reaction between sulfur and cyclopentadiene dimer to form the modified
sulfur component of the cement must be carefully controlled because of the
exothermic reaction between sulfur and DCPD. Cyclopentadiene is commer-
cially available in the form of the dimer thereof. Liquid cyclopentadiene dimer
will spontaneously de-polymerize to the monomer at room temperature. This
de-polymerization reaction will accelerate greatly in the presence of sulfur at an
elevated temperature of 120 to 140°C as shown by the chemical scheme repre-
sented in reaction numbers I, IT and III in Figures 5.11 to 5.13, respectively (Sliva,
1996). Because of the exothermic nature of reaction I (Figure 5.11) it is difficult to
control. However, when the dimer is present in the reaction mixture, the dimer
reacts with the polysulfide product formed in reaction I as shown in reaction II
(Figure 5.12).

Reaction II between cyclopentadiene dimer and the polysulfide-cyclopenta-
diene product is significantly less exothermic than reaction I. However, it is still
difficult to control. It is evident that the combined exo-thermicity of reactions I
and II poses significant control problems. If control of the reactions is not main-
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Figure 5.12. Reaction Il between cyclopentadiene dimer and the polysulfide-cyclopentadiene
product is significantly less exothermic than Reaction | (McBee and Sullivan, 1979, 1982a).

tained, extensive apparatus damage will occur and an undesirable, highly viscous
rubber-like polymer is formed. On the other hand, when control of the reactions
is maintained, the reactions result in the formation of linear polymeric polysul-
fides that are the essential components of the durable sulfur polymer cement
(McBee and Sullivan, 1979, 1982a).

The desired control of the above exothermic reactions is achieved by con-
ducting the reaction between sulfur and DCPD in the presence of a quantity
of cyclopentadiene oligomer sufficient to achieve the desired linear polysulfide
polymeric products.

Generally, the amount of oligomer in the reaction mixture, based upon the
total amount of cyclopentadiene present, ranges from 10 to 100 wt%. If low levels
of the reaction mixture, i.e., < 10%, are used in the reaction with sulfur, it may
be necessary to add small amounts, i.e., 10 to 30%, of DCPD to the mixture in
order to form the initial polysulfide-cyclopentadiene product that, in turn, reacts
with the oligomer, although for some cements as little as 5% of the reaction mix-
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Figure 5.13. Reaction Il between oligomer and sulfur-cyclopentadiene product. It is non-
exothermic reaction (McBee and Sullivan, 1979, 1982a).

ture can be reacted with sulfur. This is necessary because the oligomer contains
minimal cyclopentadiene monomer. The reaction mixture generally contains 25
to 50% oligomer and 50 to 75% DCPD. With quantities of the reaction mixture
above 10%, the reaction between sulfur and oligomer proceeds spontaneously
because small but sufficient quantities of cyclopentadiene monomer are present
to promote the reaction. The reaction between the oligomer and sulfur-cyclopen-
tadiene product is illustrated in reaction III (Figure 5.13).

The reaction between the sulfur-cyclopentadiene product and the oligomer
exhibits low exothermicity because the oligomer breaks down slowly to the final
state of DCPD. The oligomer is used in the present reaction to moderate the
polymerization of sulfur with cyclopentadiene.

In the reaction between sulfur and cyclopentadiene, virtually any source of
cyclopentadiene-oligomer can be used. These sources range from virtually pure
cyclopentadiene oligomer mixtures to oligomer sources contaminated with other
olefinic materials. Normally, cyclopentadiene oligomer is obtained from the
production of DCPD resin as steam oils. These oils are the generally undesirable
low molecular weight components of the system that are commonly disposed of
as a fuel.

In the manufacture of DCPD resins, generally a crude form of DCPD liquid
is used as a feedstock for the reaction and is blended with crude vinyl aromatic
streams rich in styrene, indene and alphamethylstyrene, as well as vinyl-toluene
with a 30 to 40% pure liquid DCPD before polymerization. Thus, the actual
sulfur-containing polymer material consists of DCPD co-polymers of vinyl aro-
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matic compounds and some mixed vinyl aromatic polymers. A typical oligomer
starting material is one that contains the following constituents: 5% cyclopentadi-
ene, 10% each of dimer and trimer, 20% tetramer, 45% pentamer, and 10% traces
of higher polymers such as alkyl naphthalenes, vinyl DCPD aromatic copolymers.

The reaction between sulfur and the combination is conducted at a tempera-
ture and for a time sufficient to promote and complete the reaction, which is nor-
mally from 120 to 160°C, and a reaction time within the range of 1 to 15 hr. When
the proper combination of oligomer and DCPD is employed, the exothermicity
of the reaction between sulfur and cyclopentadiene material can be controlled.
In other words, the violent mass reaction and exo-therm exhibited on reacting
sulfur with DCPD alone can be smoothly modulated into a controlled reaction
by using cyclopentadiene oligomer with DCPD.

The Bureau of Mines initially studied this material to determine its value in
repairing construction materials in bridges and roads. They studied and over-
came shrinkage problems associated with cooling by finding admixtures that pre-
vented this phenomenon. They added 5% admixtures (i.e., DCPD and oligomers
of cyclopentadiene added in equal amounts) to the sulfur and created modified
sulfur cement. This material possesses several interesting properties, the most
important of which are its rapidly achieved high mechanical strength and its high
resistance to corrosive environments. The product of the reaction is liquid above
115°C and, therefore, can be handled in liquid form at or above this temperature.
The product cement is thermoplastic and solidifies below 115°C. The cement
product can be stored in any type of storage container such as plastic or paper
bags and any type of metal, glass, or plastic container.

Materials and Properties

The following results are based on the study of McBee and Sullivan (1983). The
sulfur used is commercial-grade flake sulfur (99.9% minimum purity) from a
secondary source. Technical grade DCPD was used to modify the sulfur together
with an oligomer mixture of cyclopentadiene. The oligomer mixture used is the
oligomer product known as steam sparge oil obtained from the production of
DCPD resin. A typical oligomer starting material has the following composition:
5% cyclopentadiene, 10% each dimer and trimer, 20% tetramer, 45% pentamer
and 10% of higher polymer such as alkyl naphthalenes and vinyl DCPD aromatic
co-polymer.

The results in Table 5.4 show the amounts of modifier combined with sulfur
and the percentages of DCPD and oligomer in the modifier in a series of test
batches. The reaction in each between the sulfur and the modifier was conducted
at 135 to 140°C. In each test batch sulfur was combined with 25 1b. of sulfur
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Table 5.4. Test conditions with physical observation (McBee and Sullivan,
1983)

Modifier
Modifier mixture (%) | concentration Type
DCPD | Oligomer % Cement Observation
0 100 2-10 Rigid Negligible reaction; no exothermic
reaction
34 66 2-8 Rigid Complete reaction; no exothermic
reaction
50 50 2-8 Rigid Complete reaction; no exothermic
reaction
50 50 10 Rigid Complete reaction; slight exothermic
reaction
65 35 2-5 Rigid Complete reaction; slight exothermic
reaction
75 25 2-5 Rigid Complete reaction; significant
exothermic reaction
40 60 10-20 Flexible | Complete reaction; no exothermic
reaction

Note that the percent of DCPD and oligomer expressed are of crude olefin mixtures.

cement product (present as an initiator for the reaction). Oligomer was then
added to the reaction in three increments. Each addition of oligomer caused the
temperature of the mixture to drop to approximately 125°C so that the tempera-
ture of the mixture was allowed to increase to 135°C before more oligomer was
added. Therefore, the DCPD component was added to the reaction mixture in
two increments the result of which was to increase the temperature of the mixture
to 135°C after each addition. After completion of the reaction, the material was
drained from the reactor into storage drums.

The total time for preparing the 500 Ib test batches was 30 hr from the first
addition of oligomer in order to assure a complete reaction and stability of the
binder, as well as to obtain uniformity between batches for comparison purposes.
The viscosity of each batch was monitored after the additions of all the materials
and the reaction temperatures were held within +5°C until completion.

The data shown in Table 5.4 suggest the following:

a. Oligomer alone does not react with sulfur at temperatures up to
180°C. Above 10% DCPD content, the reaction is complete.

b. When the modifier is present in amounts < 10%, at least one half of
the modifier must be DCPD in order to obtain a complete reaction.
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Table 5.5. Effect of modifier loadings on physical properties (McBee and
Sullivan, 1983)

. or'::‘;:'tfr':trion Modifier mixture (%) Softening | Specific | Viscosity
point (°C) gravity @ 135°C

% DCPD Oligomer

5 100 0 >82 1.905 >450
5 50 50 >82 1.899 28
10 40 60 >82 1.818 40
20 25 75 >82 1.765 92
30 25 75 35 1.667 108
40 25 75 38 1.498 155

Note that the percent of DCPD and oligomer expressed are of crude olefin mixtures.

The modifier must contain at least 37% oligomer to control the exo-
thermic reaction.

c. If the modifier concentration ranges between 10 and 20%, at least
60% of the modifier must be oligomer to adequately control the reac-
tion temperature.

Furthermore, the results shown in Table 5.5 suggest that for the reaction between
5% DCPD (no oligomer present) and 95% sulfur, the viscosity (at 140°C) of the
sulfur cement continues to increase during the reaction. This behavior results in
a cement product that is virtually useless. For other samples that contain from
5 to 20% modifies, the softening point for the rigid cement product obtained in
each case is > 82°C.

Thermal expansion properties of the tested sulfur and modified sulfur
cements are shown in Table 5.6. The results indicated that the 50% oligomer
cement exhibits the lowest thermal expansion coefficients of the cements tested.

5.5.3 Sulfur Modified with Styrene

Effect of Concentration and Reaction Time

The reaction of sulfur with styrene at 140°C gives a mixture of polysulfide and
free elemental sulfur that held as a mixture of monoclinic, orthorhombic, and
noncrystalline sulfur (Figures 5.14 and 5.15), depending on the styrene percent-
age and heating time (Blight et al., 1978).
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Table 5.6. Thermal expansion coefficients ((McBee and Sullivan, 1983)

Sulfur cement :::;Ef:nix(?:/?:'gg) Temperature range (°C)
Sulfur 46 x 10°® 25-95
Sulfur 1000 x 10 98-108
50% DCPD: 50% oligomer 59 x 10¢ 25-100
65% DCPD: 350% oligomer 97 x 10°¢ 25-83
100% DCPD 98 x 10® 25-85

Materials formulated using 5% commercial grade chemicals.

Figure 5.14. shows the composition of sulfur materials modified by 25%
of styrene as a function of heating time after storage for 18 months at ambient
temperature. Figure 5.15 shows the composition of sulfur materials modified
by styrene with different loadings after a heating time of 3 hr and storage for 18
months at ambient temperature.

The reaction of sulfur with styrene is exothermic; a temperature rise was
observed approximately 30 minutes after addition (Blight et al., 1978). This rise
is associated with a viscosity increase. However, in contrast to DCPD reaction,
the viscosity decreased within 2 hr and the reaction mixture was stirred easily
thereafter. Each reaction product is completely soluble in carbon disulfide and
chloroform. Thus, after 45 min at 140°C, the 25% styrene reaction product results
in a product of which 39% is insoluble in chloroform. This insoluble fraction
comprises nearly the whole of the polysulfide fraction. But all longer heating
times produce a completely soluble product. Thus the reaction produces initial
formation of high molecular weight material (Currell et al., 1974), which at 140°C
progressively de-polymerizes. This effect is shown also in the viscosity changes
and in the molecular weight distribution of the chloroform soluble component.

Viscosity

As a consequence of the chemical modification, the formation of new compounds
at certain amounts by the polymerization of sulfur, and especially the combina-
tion of it with the polymeric substances added as modifiers, the sulfur properties
are affected, presenting a higher viscosity than unmodified one. This fact has an
important effect in the crystallization of sulfur. In a more viscous liquid and one
in which the molecules are more polymerized, the growth of the crystals will be
more difficult and encounter more obstacles, thus, it will be slower. For example,
if the styrene is added to sulfur melts, the viscosity rises to a maximum within a
few minutes irrespective of the styrene concentration (Figure 5.16). After reach-
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Figure 5.14. Composition of sulfur materials modified by 25% of styrene as a function of heating
time after storage for 18 months at ambient temperature (data from Blight et al., 1978).
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Figure 5.15. Composition of sulfur materials modified by styrene with different loadings after

heating time of 3 hr and storage for 18 months at ambient temperature (data from Blight et al.,
1978).

ing the maximum value, the viscosity decreases steadily to a constant final value
that depends on the amount of styrene added. This characteristic behavior may
be caused by thermal polymerization of the styrene followed by degradation of
the polymer by the reaction with sulfur. When producing sulfur binder modify-
ing with styrene, reaction times of at least 1.5 hr at 140°C were used. By then
the viscosity maximum had been passed and a constant viscosity value had been
reached. Sulfur melts plasticized by styrene have a comparatively high melt vis-
cosity, making homogeneous mixing and processing especially difficult.
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Figure 5.16. Variations of viscosity of sulfur styrene products with reaction time and styrene
content (adapted from Gregor and Hackl, 1978).

Reaction Products

As the reaction time increased, with styrene loading of 25%, the proportion of the
lower molecular weight component increases. Some components were identified
based on elemental analysis, melting point, infrared, mass, and nuclear magnetic
resonance spectroscopy.

The reaction products (Figure 5.17) appear to be chain styrene polysulfide of
varying molecular weights. The two oligomers I and II have been obtained (Blight
et al., 1978). On standing for one month under ambient conditions, oligomer
IT partially decomposed to 2,4-diphenylthiopene. Determination of molecular
weight gives a degree of polymerization of approximately 5 and determination
of the sulfur rank gives an average sulfur chain length of 4.4 (Blight et al., 1978).
LiAlH, hydrogenation gave phenyl ethane-1,2-dithiol and 1-phenylethane-thiol,
suggesting an average structure for oligomer III (Blight et al., 1978).

5.5.4 Sulfur Modified with a Combination of
DCPD and Styrene
It has been found that the use of styrene as a plasticizer for the sulfur, in addition

to the DCPD, generally results in further increased strength of the composite.
Thus, when a higher strength material is desired, a combination of DCPD and up
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Figure 5.17. Possible reaction products due to sulfur modification with styrene. Products appear
to be chain styrene polysulfide of different molecular weights (Blight et al., 1978).
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to 5 % styrene, based on the composite mixture, is used in plasticization reaction
(McBee et al., 1977).

5.5.5 Sulfur Modified with Olefinic Hydrocarbon Polymers

Olefinic hydrocarbon polymer material is derived from petroleum and has a
nonvolatile content > 50% by weight and a minimum Wijs iodine number of
approximately 100 cg/g capable of reacting with sulfur to form a sulfur-contain-
ing polymer. Typically, the chemical stabilizer is used in amounts up to 10% by
weight of the total sulfur, and especially in the proportion of about 1 to 5% of the
total sulfur by weight. The amount of such a chemical stabilizer required depends
on the end use of the cement and the properties desired.

Typical chemical stabilizers are those known by the trade names of RP220
and RP020, both products of Exxon Chemical.; CTLA, a product of Enjay
Chemical; and Escopol, a product of Esso Chemical AB (Sweden). All of these
approximately identify a heat reactive olefinic liquid hydrocarbon obtained by
partial polymerization of olefins. The chemical stabilizer can be incorporated into
the final sulfur cement mix by several reaction routes.

The hydrocarbon stabilizer (at approximately 25°C) was added to molten
sulfur (at approximately 140°C) with vigorous stirring. Heat was applied only to
maintain a reaction temperature of 140 to 150°C. At this temperature, reaction
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Table 5.7. Characteristics of stabilizers (Vroom, 1981)

Properties RP220 RP020 CTLA Escopal
Flash point 150 138 150 125
API gravity 4 4 9.6 3
lodine number (100cg/g) minimum 200 160 225 135
Non-volatile matter (wt.%) minimum 80 70 83 75
Density (gm/cc) 1.05 1.04 1.00 1.03
Viscosity (cSt/100°C )maximum 25 26 28 25

times were 15 to 30 min. The progress of reaction could be monitored by the
degree of homogeneity of the mix, by careful observation of the temperature of
the reaction mixture, or by observation of the increasing viscosity of the mixture.
At sulfur stabilizer ratios of less than 4:1 by weight, control of the addition rate is
required to prevent the exothermic reactions raising temperatures above 155°C,
at which point hydrogen sulfide (H,S) was evolved with subsequent foaming and
degradation of the product. When reactions were completed, the product was a
sulfur-containing polymer that, on cooling, possessed glass-like properties that
were retained indefinitely. The properties of the olefinic hydrocarbon polymers
used are given in Table 5.7 (Vroom, 1981). Reaction conditions for the prepara-
tion of seven containing polymers are shown in Table 5.8 (Vroom, 1981).

5.5.6 Sulfur Modified with Bitumen

Mohamed and El Gamal (2006, 2007, 2008, and 2009) reported that bitumen
could be a viable modifying agent to molten sulfur. In their study, bitumen hav-
ing the physico-chemical properties of: softening point of 48.8°C, specific gravity
at 20°C of 1.0289 g/cm’ and kinematics viscosity at 135°C of 431 cSt; a chemical
analysis of C: 79, H: 10, S: 3.3, and N: 0.7% was used. The preparation method as
described by Mohamed and El Gamal (2006) is detailed. In an oil bath 2.5 wt%
of hot bitumen and 97.5 wt% molten sulfur containing emulsifying agent (0.025
gm/100 gm) were mixed and mechanically vigorously stirred at 140°C. At this
temperature, reaction periods were in the order of 45 to 60 min. The progress of
the reaction was monitored by recording the changes of temperature, viscosity,
and degree of homogeneity of the mixture. After heating, samples were cooled at
a rate of 8 to 10°C/min. The product is a sulfur containing polymer that on cool-
ing possessed glass-like properties. The composition and properties of modified
sulfur cement has been obtained in terms of chemical analysis, FT-IR spectra,
x-ray diffraction, scanning electron microscopy, and thermal processing, includ-
ing TGA and DSC.
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Table 5.8. Reaction conditions for the preparation of sulfur-containing poly-
mers stabilizer (Vroom, 1981)

Type of chemical Chemical Sulfur | Temperature Time Color
stabilizer stabilizer (wt%) (wt%) (°C) (min)

CTLA 12.5 17.5 140 30 Dark brown
CTLA 8.3 M7 140 40 Dark brown
Escopol 10.0 40.0 150 15 Light brown
Escopol 14.5 35.5 140 20 Light brown
RP220 8.3 417 150 15 Dark brown
RP220 125 37.5 140 20 Dark brown
RP020 12.5 37.5 140 15 Dark brown

Table 5.9. Chemical composition of the sulfur bitumen mixture (Mohamed and
El Gamal, 2006)

Composition
Properties
Material Proportion, %
Sulfur 97.4 +£0.48 Specific gravity 1.89 gm/cm?®
Carbon 1.981 + 0.074 Viscosity at 135°C 25 cP
Hydrogen 0.1 £ 0.067

Physico-Chemical Composition

The chemical composition of sulfur bitumen mixture was determined using
Finnigan Flash EA1112 CHN/S elemental analyzer for the determination of C, H,
and S. The results (Table 5.9) indicated that the mixture contains various organic
compounds (related to the presence of C, H). The manufacture’s certification of
sulfur bitumen cement analysis, listed in Table 5.9, agrees with the ASTM C1159
requirements for sulfur polymer cement chemical and physical properties.

Chemical Reactions

The addition of bitumen to sulfur in amounts of 2.5% initiates chemical reac-
tions whose type depends on the bitumen content, heating temperature, and the
time of the reaction. Some competing reactions could occur, including those with
bitumen incorporation into sulfur molecules or dehydrogenation with the libera-
tion of hydrogen sulfide. As discussed in Chapter 3, at T < 95°C sulfur exists as a
cyclooctasulfane crown with an S-S bond length of 0.206 nm and an S-S-S bond
angle of 108 degree; and at T < 119°C sulfur crystallizes. At 119°C (the melting
point of sulfur), liquid sulfur is dispersed thoroughly in bitumen, forming an
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emulsion (role of emulsifying agent) and cyclooctasulfane turns partly into poly-
meric zigzag chains (bond length 0.204 nm) (Voronkov et al., 1979).

The crystallization features are affected by such factors as the chemical reac-
tion of sulfur with bitumen components and its dissolution or dispersion. At the
heating temperature of T < 140°C, elementary sulfur forms polysulfide that initi-
ates formation of a network. Such structures differ considerably in the chemical
and thermal stability from unmodified sulfur. At 119 to 159°C, molten sulfur
essentially exists as cyclooctasulfane (A-S). Above 159°C, an eight-member ring
rapidly breaks down into bi-radicals. In their turn, bi-radicals recombine to form
polymeric chains with the maximal length of approximately 10° sulfur atoms:

S, & 8-5. -8
S-S -S4, &5 ~S-S etc.

However, above 140°C, de hydrogenation of saturated bitumen components can
occur; also linear polysulfide can transform into stable cyclic thiophene structures
(Syroezhko et al., 2003). It is noted that modified sulfur should be produced
within its recommended mixing temperature range of 135 to 141°C.

Composition Analysis via FT-IR

To investigate the nature of chemical interactions between bitumen and sulfur,
the completion of the bitumen sulfur reaction was strongly supported by FT-IR
spectra measurement of the characteristic double bonds in bitumen that is the
main modifying bitumen constituent. Figure 5.18 shows the band at 2975 cm™!
which is consistent with CH stretching. Since C-H is associated with C=C double
bonds, the disappearance of C-H bonds in the modified sulfur spectra suggested
the consumption of aliphatic C=C bonds that generally leads to the polymeriza-
tion of sulfur with bitumen. Negative peak in 2400 cm™ indicates removal of
NC=0 group indicating the presence of chemical reaction sites for polysulfide
formation. An increase in relative intensity in spectra at 584 cm™ is correspond-
ing to disulfide S-S bond between adjacent thiol groups.

Composition Analysis via XRD

Powder XRD is an effective and accurate method for identifying the various crys-
talline phases in modified sulfur cement samples. The XRD diagrams for pure
elemental sulfur and sulfur modified with a small amount of bitumen (2.5 wt%) is
shown in Figure 5.19. XRD analysis confirms that the modified sulfur crystallizes
in a structure different than the unmodified one. The XRD pattern of the elemen-
tal sulfur and sulfur modified with bitumen crystals are particularly noticeable.
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Figure 5.18. FTIR spectrum showing (a) bitumen spectra and (b) sulfur modified with bitumen at
a loading of 2.5 wt.% and viewing the disappearance of CH characteristic double bond of the
bitumen after the complete reaction with sulfur (Mohamed and El Gamal, 2006).
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Figure 5.19. X-ray diffraction patterns for pure sulfur and sulfur bitumen cement (Mohamed and
El Gamal, 2006).
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Modified sulfur cement shifted to lower 2-theta that, in turn, indicates that the
newly formed structure is finer in its microstructure.

Microstructure

Distribution of bitumen in sulfur and a free sulfur crystal type (orthorhombic or
monoclinic) was evaluated using scanning electron microscopy, JSM-5600 Joel
microscope, equipped with an energy dispersive x-ray detector (EDX). The speci-
men was sputter-coated with 12 nm gold to render them conductive. Scanning
with an electron microscopic has revealed how the bitumen controls the crystal-
lization of sulfur. Pure sulfur crystallizes and forms dense and large alpha sulfur
crystals (S,) with orthorhombic sulfur morphology as shown in Figure 5.20.

Orthorhombic sulfur is the stable form of sulfur at room temperature and
atmospheric pressure. Orthorhombic sulfur is also called rhombic sulfur. With
the addition of bitumen, the crystal growth is limited and controlled by the bitu-
men in such a way that all crystals are plate-like and of micron dimension as
monoclinic sulfur crystal of beta form (S,) as shown in Figures 5.21 to 5.23.

The formed microstructure confirmed the efficiency of bitumen in inhibiting
the formation of orthorhombic sulfur, and the interaction between bitumen and
sulfur gave a mixture of monoclinic sulfur and polysulfide. The presence of uni-
formly dispersed polymeric material in sulfur is evident, as seen by the formation
of uniformly distributed monoclinic sulfur crystals and the bonds between these
crystal plates. The smallest microstructure helps to resist cracking and to tolerate
any thermal expansion. The distribution of organic components of bitumen, due
to sulfur modification, can be detected by means of SEM and x-ray mapping of
the elemental distribution in the hardened mortar as shown in Figures 5.24a and
5.24b. The formed microstructure is homogenous and much like sea shells.

The role of bitumen modification in sulfur modified cement is not one of
stabilizing the crystalline phases, as claimed by McBee et al. (1982 and 1983), but
controlling of the microstructure. The interlocked plate-like micro-sized micro-
structure helps to resist cracking and tolerate any thermal expansion mismatch
in sulfur modified cement.

Degree of Sulfur Polymerization

In the process of producing modified sulfur, an olefin hydrocarbon polymer
(bitumen), in combination with an emulsifying agent, modifies elemental sulfur
by inducing sulfur polymerization. Thus, the resulting modified sulfur cement
comprises polymerized sulfur. When it is present, the sulfur phase transforma-
tion (f to a) still occurs during cooling, but the polymerized sulfur acts as a
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Figure 5.20. SEM of typical crystalline morphology of pure elemental sulfur (Mohamed and El
Gamal, 2006).
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Figure 5.21. SEM micrographs for sulfur modified with 2.5 wt% bitumen at different magnifica-
tions (Mohamed and El Gamal, 2006).
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Figure 5.22. SEM micrographs for sulfur modified with 2.5 wt% bitumen, indicating that plate-
like crystals of monoclinic beta sulfur crystal (S)) were revealed and the polymer was likely pres-
ent between plates and plate joints (interior images). (Mohamed and El Gamal, 2006).
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Figure 5.23. SEM micrographs of sulfur modified with 2.5 wt% bitumen showing interior images
of plate-like crystals of monoclinic beta sulfur crystals (SB) (Mohamed and EI Gamal, 2006).
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Figure 5.24a. SEM and EDX of modified sulfur: (a) secondary electron image at magnification
of X2, 500; (b) back scattered electron image; (c) EDX sulfur distribution map; (d) EDX carbon
distribution map; (e) EDX oxygen distribution map; (f) EDX sulfur, carbon, and oxygen distribu-
tion for the dominant microstructure of modified sulfur, indicating the homogeneity of the formed
microstructure. These are similar to sea shells. (Mohamed and El Gamal, 2006).
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Figure 5.24b. SEM and EDX of modified sulfur: (a) secondary electron image at magnification
of X5, 000; (b) back scattered electron image; (c) EDX sulfur distribution map; (d) EDX carbon
distribution map; (e) EDX oxygen distribution map; (f) EDX sulfur, carbon, and oxygen distribu-
tion for the dominant microstructure of modified sulfur, indicating the homogeneity of the formed
microstructure. These are similar to sea shells. (Mohamed and El Gamal, 2006).
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compliant layer between the sulfur crystal, and serves to mitigate the effect of the
phase transformation.

Modification of sulfur with bitumen depends on the degree to which they
can disperse in each other and on how they interact. Types of interaction are:
pi-pi bonding, polar or hydrogen bonding (polar interactions of hetero atoms),
and Van Der Waals forces. A self-compatible mixture consisting of a variety of
molecular species that are mutually dissolved or dispersed, typically this combi-
nation contains a continuum of polar and nonpolar material. This leads to areas
of order or structure of polysulfides in the modified sulfur, depending on the
amount of the polymer present, the reaction time, the reaction temperature, and
the cooling rate.

Sulfur modified with the bitumen analysis test indicates that modified sulfur
is comprised of 55 wt% monoclinic sulfur and 45% wt polysulfide, based on the
total weight of the sulfur component. The structure of polysulfide was confirmed
by analyzing the fraction that insoluble in CS, by HPLC column chromatograph.
Data analysis indicated the presence of low- and high-molecular weight fractions
of polysulfides with a weight average molecular weight of 17,417 and an average
number molecular weight of 344. The poly-disperseability index that is a reflec-
tion of the broadness of the product molecular weight was determined to be 5.

As a consequence, sulfur’s rheological properties are affected, hence, present
a higher viscosity than an unmodified one. This fact has an important effect in the
crystallization of sulfur. In a more viscous liquid, and one in which the molecules
are more polymerized, the growth of the crystals will be more difficult and, thus,
it will be slower.

Thermal Analysis

Thermal analysis techniques such as TGA and DSC have been used effectively
for determining the temperature history of sulfur and sulfur bitumen mixtures
(Mohamed and El Gamal, 2006). The TGA measures the weight loss of a material
from a simple process such as drying or from more complex chemical reactions
that liberate gases and structural decomposition. A thermal gravimetric analyzer
(Perkin Elmer TGA7) was used to measure weight changes in sample materials
as a function of the temperature. A furnace heats the sample while a sensitive bal-
ance monitors loss or gain of sample weight due to chemical changes and decom-
position. TGA coupled with mass spectrometry and FT-infrared spectroscopy
provides elemental analysis of decomposition products. Weight, temperature,
and furnace calibrations have been carried out for the usable range of the TGA
(100 to 600°C) at a scan rate of 20°C/min .

Figure 5.25 provides a comparison of the TGA curves of pure sulfur and bitu-
men modified sulfur. The maximal thermal effect was observed at 180 to 450°C
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Figure 5.25. Thermal gravimetric analysis for pure sulfur and a sulfur bitumen mixture at a heat-
ing rate of 20 deg/min (Mohamed and El Gamal, 2006).

for pure sulfur that was accompanied by active liberation of hydrogen sulfide,
whereas the maximal thermal effect was observed at 200 to 540°C for modified
sulfur. This effect reflects the increase of thermal stability of modified sulfur.

Differential scanning calorimeter (Perkin Elmer DSC7) was used for the
measurements of heat capacity through phase transitions on heating. The tested
10 mg sample was heated up to 150°C with a heating rate of 5°C/min. The sample
was self cooled to room temperature for 24 hr and then reheated up to 150°C; the
expansion coefficient varied between the first and second runs. DSC results of
both sulfur and modified sulfur cement are shown in Figure 5.26.

As discussed in Chapter 3, for pure sulfur, the melting of S-alpha and S-beta
was detected in the first run, whereas only S-alpha melting was detected in the
second run. For modified sulfur, the melting of S-alpha and S-beta was detected
in the first run, whereas only S-beta melting was detected in the second run. DSC
thermographs, therefore, show the modified sulfur remains in the monoclinic
modification of S-beta form and does not undergo a phase transformation to
the orthorhombic form (S-alpha form) upon solidification. The bitumen does,
however, prevent the growth of macrosulfur crystals. This is important because
sulfur has a relatively high linear coefficient of thermal expansion, 7.4x10°/C
and a low thermal conductivity, 6.1 gcal/cm?/sec (At = 1 C), both at 40°C. When
a material containing adjacent macrocrystals of sulfur is subjected to changing
temperatures, there will be a constant movement between these macrocrystals,
as one example, or contracts relative to its neighbor. This movement will gradu-
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Figure 5.26. Differential scanning calorimetric results for sulfur and modified sulfur (Mohamed
and El Gamal, 2006).

ally break the bonds with other cross-laid crystals, causing microfractures and
the eventual formation of cleavage planes (Vroom, 1998). Because the modified
sulfur does not go through the allotropic transformation upon solidification, it
has less shrinkage and, hence, develops less residual stress on cooling (Lin et al.,
1995).

Durability of Sulfur Bitumen Cement

It is worth noting that when molten sulfur is heated above 159°C, preferably 200
to 250°C, and then rapidly quenched to -20°C, a translucent, elastic dark brown
material (plastic sulfur) is obtained (Tobolsky and MacKnight, 1965). It under-
goes embrittlement, especially above —10°C, because of the rapid crystallization
of octameric sulfur to orthorhombic sulfur. Also polymeric sulfur de-polymerizes
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Figure 5.27. Differential scanning calorimetric results for sulfur bitumen cement, at different
storage time (Mohamed and El Gamal, 2009).

and crystallizes to orthorhombic sulfur, slowly at ambient temperature and rap-
idly above 90°C (Tobolsky and MacKnight 1965).

The molecular weight analysis test of sulfur modified with bitumen indi-
cates that sulfur bitumen cement contained 45% polysulfides and 55% unreacted
sulfur crystallized out as monoclinic. Stability of the sulfur bitumen cement was
studied by following the thermal stability at different times. The thermal stabil-
ity of stored modified sulfur cement samples for 12, 24, and 36 months at room
temperature was evaluated using the DSC thermograms under ambient condi-
tions. The DSC analyses (Figure 5.27) indicated that sulfur bitumen cement is
stable in the monoclinic form (S,) and does not transform to orthorhombic sulfur
(S,) after 36 months of storage. The alpha to beta transition is one of the prime
sources of failure associated with elemental sulfur cement.
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5.5.7 Sulfur Modified with 5-ethylidene-2-norbornene

5-ethylidene-2-norbornene (ENB) is the most widely employed termonomer even
though it is the most expensive. This is because ENB is the most readily incorpo-
rated during co-polymerization, and the double bond introduced has the greatest
activity for sulfur vulcanization. Another unique characteristic of termonomer is
that it makes it possible to prepare linear as well as branched polymers by vary-
ing the conditions under which the polymers are synthesized (Easterbrook et al.,
1971). Branching has an important role in establishing the rheological properties
of a polymer that is beneficial in certain application (Morton, 1987).

ENB is a bicyclic diene compound used as a co-polymer in the production of
ethylene-propylene-diene monomer (EPDM) elastomers. ENB is manufactured
by reacting 1,3-butadiene and dicyclopentadiene in a four-step process. In the
first step, dicyclopentadiene is decoupled to cyclopentadiene and reacted with
1,3-butadiene via Diels-Alder condensation to vinyl-norbornene (VNB). This is
followed by distillation to obtain refined VNB that is catalytically isomerizes to
ENB. Finally, the crude ENB is purified.

The use of ethylidene norbornene or 5-vinyl norbornene as a sulfur modifier
is well known. In a research disclosure by Reynhout et al. (USPTO Application:
20070068422-Class: 106287320, 1983), it was reported that ethylidene norborn-
ene (ENB) may be used as a sulfur plasticizer. Plasticized sulfur was prepared
by reacting elemental sulfur with 40 to 43 wt% olefinic plasticizers (as a blend,
including ethylidene norbornene and 5-vinyl norbornene) based on the weight of
sulfur. The resulting plasticized sulfur was a black, glassy solid and, thus, not suit-
able to be further processed into sulfur-bound products such as cement, mortar,
or concrete.

Recently, Nippon Oil Corporation, Tokyo (JP 105-8412: EP 1961713A1
2008), reported a method for producing a binding material containing modified
sulfur with ENB. The method for producing the binding material includes the
steps of: (a) providing a starting material for modified sulfur composed of 100
parts by mass of sulfur and 0.1 to 25 parts by mass of ethylidene norbornene
(ENB), (b) mixing the starting material in a molten state at 120 to 160°C, and (c)
cooling the molten mixture down to a temperature not higher than 120°C when
the viscosity at 140°C of the resulting molten mixture falls in the range of 0.050
to 3.0 Paes.

It has been reported that if the olefinic modifiers comprise at least 50 wt%
5-ethylidene-2-norbornene or 5-vinyl-2-norbornene and the total concentration
of the olefinic modifier does not exceed 20 wt% of the weight of sulfur at any
stage of the modified sulfur preparation process, a modified sulfur is obtained
that, if used in sulfur-bound products, results in sulfur-bound products that
are both acid and alkaline resistant. According to Shell International research
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(WO/2006/134130), modified sulfur was prepared by admixing molten elemental
sulfur with one or more olefinic sulfur modifiers that satisfy the following two
conditions: (1) at least 50 wt% of the olefinic sulfur modifiers is 5-ethylidene-
2-norbornene and/or 5-vinyl-2-norbornene and (2) the total amount of olefinic
sulfur modifiers is in the range of 0.1 to 20 wt% based on the weight of sulfur. The
use of this method of preparation in the production of sulfur concrete is discussed
in Chapter 6.
The advantages of using ENB as a modifier are:

a. The use of 5-ethylidene-2-norbornene and/or 5-vinyl-2-norborn-
ene as a modifier instead of the most common olefinic modifier, i.e.,
dicyclopentadiene, is that it is easier to process. The dicyclopenta-
diene dimer reverts to its volatile monomer during processing and,
therefore, has to be reacted with sulfur under refluxing conditions.
The reaction of either 5-ethylidene-2-norbornene or 5-vinyl-2-
norbornene with sulfur can take place at a temperature below its
boiling temperature and, thus, the modified sulfur preparation can
be carried out without refluxing of the modifier.

b. The toxicity of either 5-ethylidene-2-norbornene or 5-vinyl-2-
norbornene is much lower than that of dicyclopentadiene. Modified
sulfur prepared with 5-ethylidene-2-norbornene and/or 5-vinyl-2-
norbornene has high-alkaline resistance.

c. The obtained modified sulfur is light in color and can be pigmented
in the desired color.

d. The melting temperature of the processed mixture is below the
melting temperature of elemental sulfur.

The stability of modified sulfur by ENB was studied by x-ray spectroscopy
(WAXS) as reported by Shell International B.V. (PCT/EP2006/063220). The
modified sulfur was prepared by heating elemental sulfur and ENB in an amount
of 5 wt% of the weight of sulfur at 140°C for one hour. The mixture was then
poured into an aluminum mould and allowed to solidify at room temperature.
From 30 min after pouring the mixture into the mould, the crystal structure of
the resulting sample (15 x 10 mm) was analyzed by WAXS for 650 hr. The x-ray
diffraction measurements showed that the modified sulfur has stable monoclinic
crystals. Even after 650 hr, the monoclinic crystals (beta crystallinity) were not
reverted to the orthorhombic form (alpha crystallinity).
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5.6 SULFUR CEMENT

Sulfur cement is generally produced after the addition to the modified sulfur of
a physical stabilizer such as fly ash or other fine substances. Therefore, sulfur
cement production employs two complementary stabilizers:

a. The chemical stabilizer (sulfur modifying chemical reagent) such
as DCPD, DCPD plus oligomer of cyclopentadiene, styrene, DCPD
plus styrene, bitumen, RP220, RP020, CTLA, bitumen, and ENB.

b. The viscosity-increasing, surface-active stabilizer such as fly ash,
furnace slag, cement kiln dust, talc, mica, silica, graphite, carbon
black, pumice, insoluble salts (e.g., barium carbonate, barium sul-
fate, calcium carbonate, calcium sulfate, magnesium carbonate,
etc.), magnesium oxide, and mixtures. Such fillers typically have a
particle size less than 100 mesh (U.S. Standard Testing Sieves) and
preferably less than 200 mesh. Such fillers generally act as thick-
ening agents and improve the hardness or strength of the sulfur
cement product.

Typically, the chemical stabilizer is used in amounts up to 14% by weight of
the total sulfur, and in the proportion of 1 to 5% of the total sulfur by weight.
The amount of such chemical stabilizer required depends on the end use of the
cement and the properties desired.

The chemical stabilizer can be incorporated into the final cement mix by
several reaction routes. Preferably, the chemical is pre-reacted at approximately
140°C for approximately 30 min with a smaller proportion of sulfur than is
required in the final mix. The resulting concentrate can be either stored for future
use or dissolved in the residual sulfur required for the final mix at the mixing
temperature.

Fly ash from the burning of hydrocarbon fossil fuels and generally in the
form of tiny hollow spheres called cenospheres consists of major amounts of
silicon oxide and aluminum oxide, e.g., 55.61% silicon oxide, 26.30% aluminum
oxide with smaller quantities of ferric oxide, calcium oxide, magnesium oxide,
sodium oxide, potassium oxide, and carbon. It is particularly effective due to
its small particle size, shape, and surface texture. It has been found to impart an
extra measure of durability to the final sulfur cement, independent of its source,
and serves the dual function of viscosity increaser and sulfur cement stabilizer.
Depending upon the degree of fineness of the fly ash and the consistency desired,
an amount up to one and one-half times the total weight of the sulfur may be
added beneficially.
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A notable feature of the sulfur cement thus modified is that it does not
require high-purity sulfur and can be made with off-grade sulfur containing
hydrocarbon impurities, blow dirt, and other contaminants.

The viscosity-increasing, surface-active stabilizers or fillers generally act as
thickening agents and improve the hardness or strength of the sulfur cement
product. When fillers are used, the sulfur cement typically contains 1 to 15% by
weight and more generally, 5 to 10% of the filler based on the total weight of the
sulfur. Various other additives can be added as desired to alter various properties
of the sulfur cement. See for example, U.S. Pat. No. 4,188,230 (durability altered
by the addition of certain petroleum products (Gillot et al., 1980) and U.S. Pat.
No. 4,210,458 (viscosity altered by the addition of polyhydric alcohols (Simic,
1980).

5.7 FACTORS CONTROLLING FORMATION
OF SULFUR CEMENT

The amorphous content plus the S-alpha and S-beta crystalline phase content in
the sulfur modified mixtures are affected by many factors such as the type and
percentage of modifiers as well as the thermal history, including the reaction and
curing temperature, the curing time, and the cooling rate and storage.

Factors such as type, loading, heating time, and storage are discussed in the
preceding sections and in the following section we discuss the effect of the cooling
rate on the crystal formation and particle size.

Cooling Rate

Previous studies conducted at the Pacific Northwest National Laboratory (PNNL)
revealed an effect of the thermal history and cooling rate on the crystalline struc-
ture independent of the chemical modifiers that are added. They claim that the
role of the polymer modification is to assist in the control of the microstructure
on cooling by facilitating the formation of plate-like microcrystals found in beta
sulfur rather than the larger crystals found in alpha sulfur. They found that slow
cooling (< 1.5°C/min) resulted in the formation of alpha sulfur regardless of the
polymer modification, whereas more rapid cooling (> 1.5°C/min) yielded the
more desirable beta form (Sliva et al., 1996; Spence, 2004).

Figure 5.28 shows the effect of cooling rate on the formation of the beta
sulfur phase (Sliva et al., 1996). The cooling rate from the sulfur molten stage to
solidification had a profound effect on the final phases present in sulfur cement.
The normal equilibrium crystallization path from a higher temperature is from
the melt to beta phase then to the alpha phase. Slower cooling rates (< 1.5°C/min)
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Figure 5.28. Beta formation as a function of cooling rates for sulfur polymer cement lot 030695
(adapted from Sliva et al., 1996).

resulted in nearly all alpha phases being at room temperature. Faster cooling rates
increased the beta to alpha ratio; however, the amorphous content also increased
due to the super-cooling nature of sulfur.

Studies related to the combined effect of the cooling rate and the polymer
modification on the final phase in sulfur cement formation suggest that to
preserve sulfur in the beta form, polymer modification is necessary; for pure
elemental sulfur, no beta phase was detected using the cooling rates that ranged
from 25°C/min to 0.05°C/min. When the polymers were fully reacted with sulfur
in sulfur cement, a cooling rate approximately 8°C/min stabilized the beta sulfur
phase so no alpha phase was present at room temperature. The polymer modi-
fication of sulfur has controlled the crystalline morphology and microstructure.
Without polymer modification, alpha sulfur crystal was at least several millime-
ters. With polymer modification, the dominant microstructure was plate-like
crystals of micron size (Sliva et al., 1996).

The effect of the cooling rate and the polymer modification on peak crys-
tallization temperature was also significant. For a cooling rate near 25°C/min,
pure sulfur showed a peak crystallization temperature at approximately 102°C,
whereas polymer modified cement (SPC lot 030695) showed a peak crystalliza-
tion temperature of about 56°C (a 46°C difference). The difference was even
greater when the same sulfur cement was cooled at 1.5°C/min (Figure 5.29).
Because chemical stability of various sulfur phases may differ significantly, know-
ing the degree of the polymer modification and controlling the cooling rates
accordingly may result in optimized long-term stability through sulfur phase
formation and control.
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Figure 5.29. The effect of cooling rate on peak crystallization temperature (adapted from Sliva
et al., 1996).

5.8 STANDARD TESTING OF SULFUR CEMENT

Testing procedures for sulfur modified mixtures as determined by ACI 548.2R
are summarized:
a. Sulfur and carbon are determined by combustion of the sulfur
modified mixtures using a carbon/sulfur analyzer
b. Specific gravity measurements are made in accordance with ASTM
D70. Measurements are made at 25°C
c. Viscosity is determined at 135°C using a rotating spindle-type vis-
cometer equipped with an electrically heated cell and temperature
controller
d. The test material (0.040 g) is melted on a microscope slide at 130°C
and is then covered with a square microscope slide cover slip. The
slide is transferred to a hot plate and is kept at a temperature of 70 £
2°C, as measured on the glass slide using a surface pyrometer. One
corner of the melt is seeded with a crystal of test material. The time
required for complete crystallization is measured. Thus, the rate of
crystallization is determined.
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5.9 ADVANTAGES AND DISADVANTAGES
OF SULFUR CEMENT

5.9.1 Advantages

a.

Sulfur cement has been used as a construction material because of
its excellent resistance to acid and salt environments and its supe-
rior water tightness as compared with Portland cement concrete
(McBee et al., 1985; Mattus and Mattus, 1994; Mohamed and El
Gamal, 2006, 2009).

It has emerged as a possible alternative as a binding and stabilizing
agent for the solidification and stabilization of hazardous and mixed
wastes (Lin et al., 1995).

The thermal expansion coefficient for the modified sulfur is
approximately one third that of the unmodified sulfur. Because the
modified sulfur does not go through the allotropic transformation
on solidification and has a lower thermal expansion coefficient, it
has less shrinkage and, hence, has less residual stress upon cooling.
(Lin et al., 1995).

Sulfur cement operational characteristics have greater flexibility that
results in easier operations compared with Portland cement. Once
water is added to Portland cement, only a few hours are available
before the mixture becomes hard and cannot be used. With sulfur
cement, even if the material is heated, it could remain hot in the
mixer for extended periods. Cleaning of the mixer after one job
should be easier than when using Portland cement. Even if some
material remains in the mixer, it will be re-melted during the next
job. Also, no contaminated rinse water is generated from cleaning
operations (Darnell, 1991).

5.9.2 Disadvantages

a.

b.

Sulfur cement material will melt if exposed to temperatures above
the melting point of 119°C and will lose its integrity (McBee and
Weber, 1990).

The optimum processing temperature range of sulfur cement is
between 127 and 139°C (McBee and Weber, 1990). Above the tem-
perature range, a sharp rise in viscosity occurs because of additional
polymerization within sulfur cement that makes material gummy
and unpourable (Darnell el al., 1992). Hydrogen sulfide gas, which
is poisonous and flammable, also forms. Additionally, if the pro-
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cessing temperature is too low, the sulfur will be incompletely or
partially melted.

c. Sulfur cement is not recommended for use with strong bases and
oxidizing agents, aromatic or chlorinated hydrocarbons, or oxygen-
ated solvents because of the risk of chemical corrosion due to H,S
formation (Van Dalen and Rijpkema, 1989). Sulfur cement dete-
riorates in hot, concentrated chromic acid solutions, hot organic
solvent solutions, sodium chlorate-hypochlorite copper slimes, and
strong alkalis (> 10%) (Darnell, 1991).

d. Operational disadvantages of sulfur cement include the follow-
ing: an off-gas treatment system is needed to scrub vapors and gas
released during mixing operations; handling, mixing, and the use of
sulfur cement are more sensitive than for Portland cement; the mix-
ing equipment is more complex than for standard Portland cement
mixers; the mold that receives the molten mixture and its contents
must be heated prior to and during the processing to control the
cooling rate.

5.10 SUMMARY AND CONCLUDING REMARKS

In this chapter we have defined terminologies used in manufacturing sulfur
cement. Clear distinctions have been between sulfur modifiers and sulfur cement.
Sulfur modifiers were defined as materials or mixtures of materials that, when
added to elemental sulfur, lower its melting point and increase its crystallization
time. Sulfur modifying chemical reagents such as DCPD, DCPD plus oligomer
of cyclopentadiene, styrene, DCPD plus styrene, bitumen, RP220, RP020, CTLA,
etc., are generally used and reported in the literature.

Sulfur cement is produced via the addition of viscosity-increasing, surface-
active stabilizer such as fly ash, furnace slag, cement kiln dust, talc, mica, silica,
graphite, carbon black, pumice, insoluble salts (e.g., barium carbonate, barium
sulfate, calcium carbonate, calcium sulfate, magnesium carbonate, etc.), magne-
sium oxide, and mixtures. Such fillers typically have a particle size less than 100
mesh and preferably, less than 200 mesh. Such fillers generally act as thickening
agents and improve the hardness or strength of the sulfur cement product.

The proportions of the chemical stabilizers/additives may vary depending
on the end use of the sulfur cement. Typically, the chemical stabilizer is used
in amounts up to 14% by weight of the total sulfur, and more especially in the
proportion of 1 to 5% of the total sulfur by weight. The amount of the chemical
stabilizer required depends on the intended use of the cement as well as the prop-
erties desired. It is generally incorporated into the final cement mix by several
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reaction routes. Preferably, the chemical is pre-reacted at approximately 140°C
for 30 min with a smaller proportion of sulfur than is required in the final mix.
The resulting concentrate can be stored for future use or dissolved in the residual
sulfur required for the final mix at the mixing temperature.

Controlling parameters such 