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Executive Summary
Silicosis is a debilitating lung disease, believed to be caused by the inhalation of crystalline
silica. Despite the control of exposures in more recent years to levels that are considered to be
below the threshold for onset of respiratory disease, pneumoconiosis in the silicon industry
continues to occur sporadically on a worldwide basis. The fact that levels of exposure to
crystalline silica do not correlate clearly with the manifestation of pneumoconiosis, infers that the
causation and pathogenesis are not completely understood, and the disease can therefore not
be managed effectively. Simply measuring airborne levels of crystalline silica does not appear
to provide all the clues that are necessary to explain the cause-effect relationship. A more
holistic approach is required, taking into consideration not only crystalline silica, but also other
airborne substances that might be causative agents, either as initiators or promoters of the
disease.
To provide these perspectives, SIMRAC Project Health 709 was initiated. The main objective
was to study possible causes for lung disease in silicon smelters, based on the observation that
crystalline silica intrinsically does not appear to be the only agent leading to the development of
pneumoconiosis. The basis for the study was to acquire and document the relevant
background information that is necessary for an understanding of health risks associated with
toxicants in silicon smelters. This involved descriptions of unit processing steps and operational
parameters, identification of sources of chemical hazards, descriptions of toxicology, guidelines
for sampling and chemical analysis for exposure assessment, and a framework for health risk
management. The intention of the study was of a generic nature, not referring to a specific
silicon producing company. Any similarity between descriptions in this document and a specific
company in South Africa is therefore not intentional.
The study highlighted several limitations in the current understanding of health risks in silicon
smelters. It appears to be a fallacy to focus any assessment of silicosis in a smelter
environment on exposure to crystalline silica per se while assuming that silica fume, which is
largely amorphous, has little adverse effect on the lung. Unfortunately, this has been the
approach in the past. When the available toxicological and epidemiological information is
assessed in context, there is convincing support for a link between exposure to silica fume
produced in silicon smelters and the development of silicosis. The available literature indicates
that silica fume cannot be assessed on the same basis as uncalcined diatomaceous earth, as is
done in South Africa. Most of the inconsistencies in the interpretation of health effects relating
to amorphous silica appear to be a result of:
•
•
•

Generalisations between the different forms of amorphous silica;
Disregarding the presence of microcrystalline silica (probably cristobalite) in silica fume, and
Underestimating the role of ultra fine particles in the overall particulate toxicity.

Given the fact that silicosis is occurring in workers in silicon smelters where exposure to
crystalline silica is believed to be below the occupational threshold level, the underlying cause
should be sought elsewhere. This leaves silica fume as a likely candidate for causing
pneumoconiosis. Exposure levels to silica fume can be high, and it is possible that the use of
respiratory protective equipment is not effective under the conditions of extreme heat in the
furnace area. In addition, the type of protective equipment for silica fume needs to be specific.
Furthermore, it is possible that routine X-ray diffraction analysis of ultra fine silica fume fails to
identify crystalline silica, due to peak broadening or for other reasons. The silica fume that
appears to be amorphous might therefore contain crystalline phases.
A fallacy in the current health risk management approach in silicon smelters lies in the
classification of silica fume as general amorphous silica (dust), and consequent management of
exposure against an occupational exposure limit that may be too high for adequate protection.
The toxicological and epidemiological literature is quite convincing in classifying silica fume as a
causative agent for silicosis. It has been shown that particles in the ultra fine range have higher

than expected toxicity when compared to similar particles of a larger size, and silica fume
cannot be managed in the same way as some general amorphous forms of silica.
This SIMRAC study has led to the hypothesis that silica fume is likely to be associated with the
development of silicosis in exposed individuals. Overall, where there is continuing occurrence
of pneumoconiosis in silicon smelters at low levels of exposure to crystalline silica per se, it is
recommended that exposure to silica fume be assessed and managed on a basis that is closer
to guidelines that control exposure to respirable crystalline silica. Concentrations between 0.1
to 0.3 mg/m3 appear to be in the range that should be considered. Setting a standard for
controlling exposure to silica fume in the industry would however require an appropriate
stakeholder participative process, where such factors as technical and financial feasibility, and
socio-economic factors will have to be considered. Also, the standard should be supported by
appropriate implementation and health risk management protocols.
As an additional concern, it should be noted that exposure to coal tar pitch volatiles may lead to
serious health effects, both as a result of direct inhalation of fumes, and also through inhalation
in the particulate-associated form. Because coal tar pitch volatiles as a chemical class consist
of many polynuclear aromatic and phenolic compounds, quantitative assessment of risk
requires that the individual toxicants be determined. This will enable quantification of both
cancer and noncancer risks. The gravimetric analysis of coal tar pitch volatiles is useful for
screening purposes, but the data cannot be used to quantify the actual risk.
Silicon Smelters (Pty) Ltd in Pietersburg (South Africa) has initiated an independent research
project to clarify some of the issues around pneumoconiosis (Project Thuso). This involves new
occupational hygiene studies, as well as a review of the medical records of workers. New
medical examinations may also be conducted in certain cases. It is recommended that the
findings of this SIMRAC project be combined with the research at Silicon Smelters, to test the
hypothesis tabled in this report against available data on exposure to silica fume and associated
health outcomes.
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Glossary of abbreviations, symbols and terms
Abbreviations
American Conference of Governmental Industrial Hygienists
Biological exposure index
Biological limit value
Occupational exposure limit - control limit
Occupational exposure limit - recommended limit
Occupational exposure limit - time-weighted average
Occupational Safety and Health Administration
Threshold limit value
National Institute for Occupational Safety and Health

ACGIH
BEI
BLV
OEL-CL
OEL-RL
OEL-TWA
OSHA
TLV
NIOSH

Terminology
Alveolar macrophages
Phagocytic cells which lie free within the alveoli of the lungs and ingest dust particles and
bacteria.
Alveolar zone
The air sac region of the lungs.
Bioaccumulation
The retention and concentration of a chemical by an organism causing a build-up of a chemical
in a living organism. This occurs when the organism takes in more of the chemical than it can
rid itself of in the same length of time and it stores the chemical in its tissue, etc.
Bioavailability
The proportion of a substance reaching the systemic circulation after a particular route of
exposure.
Bronchioles
Refer to the finest divisions of the bronchial tubes.
Bronchial tubes
Also known as bronchus, the name used to describe the windpipe where it divides, one going to
either lung.
Dyspnoea
Difficulty in breathing.
Endothelial system
Membranes lining various vessels and cavities of the body.
Exertional dyspnoea
Difficulty in breathing provoked by exercise or physical effort.
Full-size chest X-ray
A chest X-ray using a photographic plate measuring 35cm x 35cm x 42cm, or the digital
equivalent.

Fume
Aerosol of solid particles resulting from condensation of the vapour given off from the heating of
metals.
Granuloma
An imprecise term applied to an aggregation of inflammatory cells, initiated by various infectious
or non-infectious agents.
Hazard index (HI)
The sum of several hazard quotients for multiple substances and/or multiple exposure.
pathways.
Hazard quotient (HQ)
The ratio of a single substance exposure level for a specified time period to a reference dose of
that substance derived from a similar exposure period.
Lung function test
Spirometry, which measures the volume of air inspired or expired over a period of time.
Lysosomal enzymes
Enzymes in the lysosomal sacs (see phagolysosome).
Macrophages
A large phagocyte that forms part of the reticuloendothelial system.
Mist
Finely divided liquid droplets suspended in air, formed by bubbling, boiling, foaming, spraying,
splashing or otherwise agitating a liquid that contains heavy metals.
Occupational exposure limit (OEL)
The time weighted average concentration for 8 hours per day or 40 hours per week to which
nearly all employees may be repeatedly exposed without adverse health effects.
PAHs
Polynuclear aromatic hydrocarbons (found in coal tar pitch volatiles).
Phagocytes
Cells, including white blood cells that envelop and digest bacteria, cells, cell debris, and other
small particles.
Phagolysosome
The lysosome is an intracellular organelle. It consists of a membrane-enclosed sac. The sac
contains enzymes, such as lysosymes, that catalyse the digestion of most substances in living
cells, including proteins, nucleic acids, some carbohydrates, and possibly fats. Disruption of the
lysosomal membrane and release of the enzymes result in rapid digestion and dissolution of the
cell. Lysosomes normally digest food stored in the cell or break down foreign particles engulfed
by white blood cells (phagocytes).
Phagolysosomal membranes
Membranes relating to phagolysosome.
Radiographically
Using radiology, X-rays.

Reference concentration (RfC)
A concentration of a chemical substance in an environmental medium to which exposure can
occur over a prolonged period without an expected adverse effect. The medium in this case is
usually air, with the concentration expressed in mg of chemical per m3 of air.
Reference dose (RfD)
The maximum amount of a chemical that the human body can absorb without experiencing
chronic health effects, expressed in mg of chemical per kg body weight per day. It is the
estimate of lifetime daily exposure of a noncarcinogenic substance for the general human
population (including sensitive receptors) that appears to be without an appreciable risk of
deleterious effects, consistent with the threshold concept.
Respiratory questionnaire
A document that contains a set of questions that are aimed at obtaining from the employee a
medical history of possible cardio-respiratory problems currently or in the past, and an
occupational history detailing possible exposure to silica dust.
Response
The reaction of a body or organ to a chemical substance or other physical, chemical, or
biological agent.
Reticulo-endothelial system
A system of highly specialised cells scattered throughout the body, having the ability to ingest
bacteria and foreign colloidal particles.
Sensitisers
Term used for substances that cause a higher-than-normal response when repeatedly exposed
to.
Significant abnormal test
A finding at examination that in the opinion of the occupational medical practitioner indicates
pathology of the cardio-respiratory system, or where the results of the medical tests fall outside
parameters prescribed by legislation.
Skin disease
Coal tar pitch volatiles are defatting agents and can cause dermatitis on prolonged exposure.
Persons with pre- existing skin disorders may be more susceptible to the effects of some of the
agents.
Surfactant
A surface-active agent lining the alveoli of the lungs, preventing the alveoli collapsing at the end
of expiration.
Tachypnoea
Unusual quickness of breathing.
Threshold
The lowest dose or exposure of a chemical at which a specified measurable effect is observed
and below which such effect is not observed. Threshold dose is the minimum exposure dose of
a chemical that will evoke a stipulated toxicological response. Toxicological threshold refers to
the concentration at which a compound exhibits toxic effects.
Threshold limit
The concentration of a chemical above which adverse health and/or environmental effects may
occur.

Toxic
Harmful, or deleterious with respect to the effects produced by exposure to a chemical
substance.
Toxicant
Any synthetic or natural chemical with an ability to produce adverse health effects. It is a
poisonous contaminant that may injure an exposed organism.
Toxicity
The harmful effects produced by a chemical substance. It is the quality or degree of being
poisonous or harmful to human or ecological receptors. It represents the property of a
substance to cause any adverse physiological effects (on living organisms).
Toxicity assessment
Evaluation of the toxicity of a chemical based on all available human and animal data. It is the
characterization of the toxicological properties and effects of a chemical substance, with special
emphasis on the establishment of dose-response characteristics.
Toxic substance
Any material or mixture that is capable of causing an unreasonable threat to human health or
the environment.
Vapour
The gaseous form of a substance that is normally in the liquid or solid state at room temperature
and pressure.
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Introduction

Silicosis has been recognised as a serious pneumoconiosis for centuries. Despite the control of
exposures in more recent years to levels that are considered to be below the threshold for onset
of respiratory disease, pneumoconiosis in the silicon industry continues to occur sporadically on
a worldwide basis (Castranova, Vallyathan and Wallace, 1995:3). The fact that the levels of
exposure to crystalline silica do not correlate clearly with the manifestation of pneumoconiosis,
infers that the causation and pathogenesis are not completely understood, and the disease can
therefore not be managed effectively.
The mechanism by which finely divided inhaled quartz causes silicosis has been the subject of
scientific debate for a long time. In many cases, however, exposure scenarios are not
associated only with crystalline silica, and it is not simply a matter of applying dose-response
correlations for quartz to explain or predict the health effects. Despite the large volume of
toxicological and epidemiological information that is available, and the current understanding of
both the body’s response to silica dust and the mechanisms whereby disease develops, many
key questions still remain to be answered. This SIMRAC study has attempted to provide some
understanding of the issues around pneumoconiosis as they relate to observations in the silicon
industry in the world.

1.1

Research problem statement

Silicosis is a debilitating lung disease, believed to be caused by the inhalation of crystalline
silica (ILO, 1991:47). Despite several decades of research and regulatory control of
occupational exposure to silica-containing dust, the disease continues to be a problem in the
silicon industry. The existence of remarkable engineering controls and protective devices has
not eliminated the continuing occurrence of cases of silicosis (Castranova, Vallyathan and
Wallace, 1995:3). These cases are observed despite aggressive enforcement policies by
regulatory agencies based on respiratory dust exposure guidelines and standards that are
believed to be protective. Clearly, the role of silica in the aetiology of lung disease is not simple,
and an assessment of occupational exposure scenarios that are linked to pneumoconiosis
should be conducted with circumspection. Simply measuring airborne levels of crystalline silica
does not appear to provide all the clues that are necessary to explain the cause-effect
relationship. A more holistic approach is required, taking into consideration not only crystalline
silica, but also other airborne substances that might be causative agents, either as initiators or
promoters of the disease.
In providing these perspectives, the following aspects were considered to be of primary
importance in the assessment of pneumoconiosis in silicon smelters:
•
•
•
•
•

To provide an understanding of the paradigm of human health risk assessment in the
occupational environment, and to place the study of silicosis in that context;
To identify the various toxicants that might be of interest relating to lung disease in silicon
smelters;
To review the context of target-organ toxicity of the substances of interest in the
quantification of exposure and health risks;
To investigate the potential of identified toxicants as causative agents in the development of
lung disease, and the possible relationship with pathologies relating to crystalline silica;
To present information on the elements of occupational health risk management, providing
general principles for survey design, sampling philosophies, and interpretation methods
relating to toxicants in silicon smelters.
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1.2
1.2.1

Objectives and aims of this study
Main objective

The main objective of the project was to study possible causes for lung disease in silicon
smelters, based on the observation that crystalline silica per se does not appear to be the only
agent leading to the development of pneumoconiosis. The basis for the study was to acquire
and document the relevant background information that is necessary for an understanding of
health risks associated with toxicants in silicon smelters. This involved descriptions of unit
processing steps and operational parameters, identification of sources of chemical hazards,
descriptions of toxicology, guidelines for sampling and chemical analysis for exposure
assessment, and a framework for health risk management. The intention of the study was of a
generic nature, not referring to a specific silicon producing company. Any resemblance
between descriptions in this document and a specific company in South Africa is therefore not
intentional.

1.2.2

Goals

Process descriptions and exposure assessment
Process flow sheets were developed to show the unit operations, materials, identified toxic
substances, and potential exposure locations in a silicon processing plant.
Literature reviews
The substances of interest were reviewed for their toxic effects on the lung, based on
toxicological and epidemiological data, to put exposures and health risks into context, and to
investigate possible underlying causes for silicosis.
Guidelines for health risk management
Guidelines for health risk management included consideration of regulatory requirements, as
well as criteria for monitoring and medical surveillance.

1.3
1.3.1

Research context and design
Research context

Silica dust as a cause of pulmonary disease (silicosis) is one of the first examples of
understanding the aetiology of occupational lung disease (Castranova, Vallyathan, and Wallace,
1995:11). As far back as 400 B. C., Hippocrates described clinical pneumoconiosis, and
silicosis was first described in 1830. The term “silicosis” was first used in 1885. Historically,
crystalline silica has been known as an agent responsible for pulmonary nodular fibrosis, but
there are many examples where the development of silicosis is unlikely to be attributable only to
silica in the crystalline state. Apparently in some cases silicosis occurs at levels of crystalline
silica where the probability of developing pneumoconiosis is low. It therefore appears that there
may also be other factors that could be associated with the manifestation of lung disease in
silicon smelters, either as initiators or promoters. It is unlikely that extensive monitoring, as has
been done over many years, would clarify the continuing doubt. This SIMRAC project was
therefore initiated to investigate uncertainties around silicosis in silicon smelters at a more
fundamental level, through reviewing and interpreting the available toxicological and
epidemiological background data in context with what is known about exposures in silicon
smelters. The overall objective was to formulate a hypothesis to explain the underlying causes
of silicosis, and to propose management guidance for reducing the risk of lung disease in this
industry.
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1.3.2

Research design

There is no doubt that crystalline silica is causally associated with silicosis. A fundamental part
of the study therefore focused on the current understanding of pneumoconiosis, and the
relationship with exposure to crystalline silica. It is, however, understood that crystalline silica
may not be the only factor in the development of lung disease in silicon smelters. In order to
identify other possible causative agents, process flow diagrams were studied to identify other
toxicants that may lead to exposure at various locations in the processing plant. Toxicological
and epidemiological studies relating to these substances were then studied, and used to
develop a hypothesis for explaining the underlying causes for the development of silicosis in
silicon smelters.
In concert with the findings of the research, additional studies were used as a basis for selecting
guideline airborne concentrations for the substances of interest, to use in occupational exposure
assessment and health risk management. The studies also included guidelines for biological
monitoring, biological effect monitoring, and medical surveillance.

1.4

Deployment of the study

Section 1:
Section 2:
Section 3:
Section 4:
Section 5:
Section 6:
Section 7:
Section 8:
Section 9:
Section 10:

Introduction
Research methodology
Overview of the silicon production process
Principles of health risk assessment
Hazard assessment
Dose-response assessment
Exposure assessment
Risk characterisation
Conclusions and recommendations
References
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Research methodology

The overall paradigm of health risk assessment was followed in the investigations, i.e. according
to the steps of hazard assessment, dose-response assessment, exposure assessment,
and risk characterisation.
The study of process flow diagrams formed the basis for identifying substances that could
possibly be associated with silicosis. The process was divided into three circuits, i.e. handling
of feed materials, materials feed and silicon production, and handling of the finished products.
The identified toxicants were studied for potential health effects, as documented in toxicological
and epidemiological references. This covered the hazard assessment part of the investigation.
The dose-response assessment (toxicological assessment) was based on research into
literature information that describes the relationship between exposure levels and the
manifestation of health effects for the substances of interest. This was required for the
assessment of risk, and also to set guidelines for health risk management.
The exposure assessment part of the studies considered the respiratory tract as the target
organ system for exposure and toxic responses. The significance of particle size as a factor in
exposure and potential risk was also reviewed.
Risk characterisation described the primary risk areas, the paradigm for quantification of
health risk, and guidelines for risk management.
Conclusions and recommendations were based on an interpretation of what is known and
not known about silicosis in silicon smelters, a review of many points of view on this subject,
and the formulation of a hypothesis that attempts to explain the underlying causes for the
disease, based on an integration of the best available information.
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Overview of the silicon production process

Silicon is almost exclusively prepared by carbothermal reduction of quartzite in submerged-arc
furnaces at temperatures above 1700 °C. Silicon obtained by this process is typically 96 to 99
per cent pure. The impurities are mainly iron (±0.5 per cent) and aluminium (±0.4 per cent), as
well as calcium, chromium, magnesium, manganese, titanium, vanadium (±100 to 500 ppm
each), and boron, copper, phosphorous and zirconium (20 to 40 ppm each). Although
reference is often made to “silicon metal” in the industry, it is a semi-metal in the elemental form
with a crystal structure like that of diamond.
Typical process steps are illustrated in Figures 3.1 to 3.2.

3.1

Handling of feed materials

Figure 3.1 illustrates the raw materials handling steps.

Rock
Rock quartz
quartz
mining
mining
Waste
Waste
sand
sand

Stock
Stock pile
pile
Screening
Screening

Crushing
Crushing
Screening
Screening
Scrubbing
Scrubbing
Screening,
Screening,
grading,
grading,
sorting
sorting
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chips
chips

To
To silos
silos for
for
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proportioning

Wood
Wood

Charcoal
Charcoal

Chipper
Chipper

Sorting
Sorting

Silos
Silos

Screening
Screening

Remelts
Remelts
Coal
Coal

Screening
Screening

Petcoke
Petcoke
To
To silos
silos for
for
proportioning
proportioning

Figure 3.1

Handling of feed materials in the silicon production process.
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The on-site activities start with the delivery of quartzite ore to the processing plant. The ore
contains crystalline quartz, typically at a concentration above 90 mass per cent. These are
stock piled, from where it is taken through a process of screening to remove waste sand,
crushing, scrubbing, screening of the crushed material, grading, and eventually to storage in
silos. Although the process is conducted under moist conditions, exposure to crystalline silica
may occur from particles entrained in water spray in some areas.
The other feed materials are wood chips, charcoal, coke (coal- or petroleum-derived), and lowash coal. Wood dust may form at the wood chipper, and charcoal and coal dusts form during
tipping, sorting and screening. This part of the process is normally dry. Some exposure to the
identified substances may also occur at the top of the storage silos.

Substances of interest for respiratory disease, relating to feed
materials
•
•
•
•

3.2

Crystalline silica
Wood dust
Charcoal dust
Coal dust

Materials feed and silicon production

Figure 3.2 illustrates the materials feed and silicon production activities.
The feed to the furnace typically consists of crushed silica ore, coke (coal- or petroleumderived), charcoal, low-ash coal, and wood chips, which are fed to the furnace by conveyor belt.
The most prominent exposures appear to occur in the furnace area.
Smelting is done in a submerged-arc furnace (3-phase AC) typically equipped with Söderbergtype electrodes with a pre-baked core. These electrodes consist of a steel tube filled with a
paste of coal, tar and pitch that is extruded and graphitised in-situ. The feed material from the
storage silos is continuously charged to the furnace where it covers the electrodes and molten
silicon.
The upper part of the furnace is shielded by means of movable vertical metal covers that can be
slid away to allow access to the charge bed for the stoking equipment. A fume hood is installed
above the furnace for the discharge of gas (CO and air) and fumes (SiO, SiO2, carbon fines and
Si fumes) to a bag-house. Molten silicon is tapped continuously from the bottom of the furnace
to a ladle for transport to the casting bay where the silicon ingots are cast.
Furnace areas are characterised by visible dust/smoke, which is likely to consist of silica fume,
silicon, and soot. The possible presence of cristobalite and tridymite should also be considered.
Crane operators may be exposed to all the substances that are released into the work area
during the process. At the charge level, workers are also exposed to fumes that originate from
tapping. At the tapping area some smoke is formed as a result of stinging with carbon lances,
done to enhance flow of the product. This may add polynuclear aromatic hydrocarbons that are
commonly associated with wood burning, to the airborne pollutants. At the top of the furnaces,
the pitch-containing electrode material is fed into the electrode sheaths. This is likely to lead to
the release of coal tar pitch volatiles, which may then condense onto the silica particulates.
Hot metal handling and subsequent steps in the silicon product areas are characterised by the
formation of silicon fumes and dust.
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Figure 3.2
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Proportioning of feed materials, furnace operations, and hot metal
handling in the silicon production process.

Substances of interest for respiratory disease in the silicon
production process
•
•
•
•
•

Silica fume
Cristobalite and tridymite
Soot
Silicon fumes and dust
Coal tar pitch volatiles

3.3

Handling of the finished products

For the silicon product areas, activities include mechanical loading, crushing, screening and
sorting. Exposure is prominently to silicon dust.
At the baghouses, exposure is largely to microsilica, which is the condensed product from the
silica fume produced in the furnaces. The product is described as amorphous silica, probably
consisting of aggregates of the fine particles of silica fume.

Substances of interest in the final product areas
•
•

Silicon as fume or dust
Microsilica, aggregates of silica fume
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4

Principles of health risk assessment

The preceding section has described the silicon production process, and identified the chemical
substances that are likely to be formed, and which may have an effect on human health. At this
stage in the assessment the substances are, however, merely of interest. Those that are of
concern can be identified only after confirmation of the likelihood that they could lead to
significant exposures and health risks. This requires a formal process of risk assessment.
The term risk assessment in general describes the process of data interpretation in order to
assess the potential consequences of risks from human activities and natural events. In the
occupational and environmental protection context, risk assessment examines the potential
environmental and human health consequences related to the release of chemicals into the
environment. It is an interdisciplinary process that encompasses such diverse fields as
environmental chemistry, statistics, toxicology, air physics and chemistry, analytical technology
and engineering.
There are three basic concepts that are important in understanding the risk assessment
process:
A hazard is a source of risk and refers to the inherent capacity of a chemical substance to
cause harm.
Exposure is defined as the amount of chemical or physical agent available for adsorption or
interaction at the exchange boundaries of the organism at risk.
Risk can be defined as the probability that a given hazard will cause harm of a specific nature
to an exposed individual. The pathway of exposure must be complete, i.e. there must be some
quantifiable exposure to a particular hazard to cause a risk.
As outlined above, environmental and occupational health risk assessments include the steps of
hazard identification, dose-response assessment, exposure assessment, and health risk
characterisation. These are normally followed by a statement of risk options for decisionmaking on the basis of financial, political or other relevant factors. Risk assessment provides
the input data for the implementation of a risk management programme. The following
discussions follow these general steps for health risk characterisation.
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5

Hazard assessment

5.1

Silica and silicon compounds

Because this SIMRAC investigation has as its purpose the clarification of the incidence of
pneumoconiosis in silicon smelters and in particular silicosis, it is logical that silica and silicon
would be of primary importance in the study. Other potentially causative substances are
discussed in Section 5.2.
It is common knowledge that silica (SiO2) is the most abundant inorganic component of the
earth’s crust. However,
Silica is not silica, is not silica ….
That is to say, the chemistry of silicon and silica is very complex and after decades of intensive
study, still not completely understood. The following sections will attempt to unravel some of the
complexities around the chemistry and toxicology of silicon oxides.

5.1.1

Structural aspects of silica and silicon compounds

Especially to the layman, the term silica is not always unambiguous. To many readers, even
the concepts of silicon and silica are synonymous. However, the element silicon (Si, number 14
on the periodic table) is readily oxidisable especially to the dioxide, namely SiO2 (silicon dioxide
or silica). This, however, is not the end of the story, since there exist endless variations of silica,
both naturally occurring and synthesised. In addition, when one takes into account that, under
favourable conditions, silica can undergo polymerisation, the aspect of understanding the
terminology of silica becomes very important. In the case of silica, even the term polymerisation
is confusing since, in the silica system, the monomer Si(OH)4 condenses to form a polymer that
ultimately has the structure (SiO2)n. In contrast, normal polymerisation processes imply the
linking together of identical monomer units to form a polymer of the same composition:
nSiO2 → (SiO2)n
Regardless of the processes, in this study, as well as worldwide, the term silica implies that the
silicon content of any given compound is expressed in terms of weight of SiO2, regardless of the
form in which it is actually present.

5.1.2

Classes of silica

The most prevalent form of silica is quartz, the main constituent of common sand. However,
both in nature and in the laboratory, other forms may also be produced or occur and are divided
into the following classes:
•
•
•
•
•

Anhydrous crystalline silica;
Hydrated crystalline silica SiO2.xH2O;
Anhydrous amorphous silica of microporous anisotropic forms such as fibres or sheets;
Anhydrous and hydrous amorphous silica of colloidally-subdivided or microporous isotropic
form such as sols, gels and fine powders, and
Massive dense amorphous silica glass.

The following classes are pertinent to the study of silicon smelters.
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5.1.2.1

Anhydrous, crystalline silicas

Especially with respect to solubility, there are three main phases to be considered:
•
•
•

Quartz;
Tridymite, and
Crystobalite.

The transformations between the above-mentioned three common forms and massive vitreous
silica are as follows (Iler, 1979:16):
870°C

quartz

1470°C

tridymite

1700°C

cristobalite

vitreous silica

Other metastable phases have also been identified lately, namely kealite, coesite, stishovite,
silica W, melanophogite, silica O, silica X and silicalite. However, for the purpose of this study,
these metastable phases will not be considered in detail.

5.1.2.2

Amorphous silica

Microamorphous silica includes sols, gels, powders and porous glasses, which generally consist
of particles less than a µm in size. Amorphous silica may not be truly amorphous, but consists
of regions of local atomic order “crystals” of extremely small size (Vitums, Edwards, Niles,
Borman and Lowry, 1977), which by careful X-ray diffraction studies appear to possess the
cristobalite structure (Iler, 1979: 22;). Nevertheless, by ordinary diffraction procedures this
material exhibits only a broad band with no multiple peaks as are ordinarily obtained with
macroscopic crystals, and is therefore referred to as amorphous. Incidentally, it is known that
heating of amorphous silica to 1 500 °C leads to the formation of cristobalite. This forms the
basis of the NIOSH analytical method for amorphous silica (NIOSH, 2000).
Since microamorphous silica seems to be the most probable species to be encountered under
silica smelter operating conditions, it is appropriate at this stage to concentrate more fully on this
material.
Fibrous silica
A special type of microamorphous silica is obtained when silicon monoxide (SiO) is oxidised,
and results in the formation of fibrous silica. This is typical of material condensed from the
vapour from the reaction between silica and silicon metal.

2SiO + O2

2SiO2

SiO2 + Si

2SiO

This material consists of a mat of hollow fibres and spiral fibres of amorphous silica of less than
0,04 µm in diameter, and many microns in length. Such fibres might very well be present under
the silicon smelter conditions.
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Fumed silica
This amorphous material is prepared by the high-temperature hydrolysis of volatile Si-species,
such as SiCl4, SiHCl3 and SiO4 in a hydrogen/oxygen flame. The resultant silica consists of
very fine spherical particles of an even size (typically in the 7 to 20 nm range). Primary particles
are often joined together in aggregates or chains and, most importantly, hydroxyl groups
populate the outer surface. This material finds a myriad of uses in the food, pharmaceutical,
paint and cosmetic industries. It is generally considered to be innocuous to human health,
whether ingested or inhaled. Although not relevant in this study, fumed silica is mentioned here
to avoid confusion with silica fume that is described below.
Microsilica or silica fume
This largely amorphous material is produced as a by-product during the thermal treatment under
reducing conditions of massive silica, quartzite, etc., to produce silicon metal. The process can
be illustrated as follows in the case of the silicon smelter process:

SiO2 + 2SiO

Si + 2SiO2

SiO2 + C

SiO + CO

The above reaction takes place at above 1 700°C, and as is evident, produces silica as a byproduct, the main aim being to produce silicon metal. In addition, the silica is only moderately
pure (90 to 98 per cent), and as far as known, no commercial process for the sole production of
SiO2 via this route exists worldwide. The small particle size of silica fume is believed to be one
of the most significant factors that determine its toxic characteristics. Although several
statements have been made in the literature about the small particle size distribution, not many
comprehensive studies have been published. Vitums, Edwards, Niles, Borman and Lowry
(1977) described silica fume as opague, round, and smooth particles, ranging from less than
0.05 to 0.75 microns in diameter. They also reported that X-ray diffraction studies by the
powder method indicated the presence of silica and feldspar mineral. More recently, a
significant contribution has been made through emission studies at a silicon smelter in Southern
Tasmania, Australia (Cunningham, Jablonski and Todd, 1996).
The particles were
characterised using optical microscopy. Electron microscope grids were used to collect silica
fume samples from major emission orifices such as baghouses, ridge ventilators, and tapholes.
Optical microscopy was used for the initial assessment of particle density. Transmission
electron microscopy was used for primary particle and aggregate sizing. Arithmetic and
geometric frequency distributions, cumulative frequency distributions, and logarithmic probability
frequency distributions by count and mass were calculated. After derivatisation of varying
frequency distributions of primary particles and aggregates from the three emissions orifices,
the fume could be accurately classified as an ultrafine aerosol, ranging in size down to 0.03 µm.
The authors concluded that the size distributions could be important in the consideration of
health effects from silica fume exposure.

5.1.3

Hazards relating to silica exposure

The oral route of exposure
In the case of orally ingested silica, subsequent effects on human metabolism are highly
dependent on the prevalent polymeric form in which it is likely to be present in human biological
systems. The main issue centres on the solubility of the silica, with special reference to the
solubility regimes where polymerisation might take place. Since crystalline silica is generally
much more insoluble than amorphous silica, there is general concensus that orally ingested
crystalline silica should not pose any biological threat to humans. The soluble form of silica is
essentially monomeric, usually designated as Si(OH)4. This so-called monosilica acid probably
11

involves hydrogen bonding between OH and H2O groups, so that monosilica acid may be
represented as

Si(OH:OH2)4
This species is essentially non-ionic in neutral and weakly acidic solutions, and remains in the
monomeric state for long periods of time in water at 25°C at concentrations of less than 2 x 10-3
Molar. As is amply illustrated in the literature, orally ingested silica or even the monomer
Si(OH)4 is generally non-toxic with respect to the human metabolism, due primarily to rapid
excretion of essentially the monomer. Although the literature also considers that polymeric
silica might be detrimental to the human metabolism, it is very unlikely that polymerisation will
occur in human biological systems. We therefore only have to consider the influence of the
monomer caused by oral ingestion thereof, in one monomeric form or another. In this regard,
the available information leads one to conclude that orally ingested silica, or even the Si(OH)4
monomer, is fairly innocuous with regard to the human metabolism, unless ingested in totally
abnormal quantities. In this regard, laboratory experiments on animals did not illustrate
toxicological effects if Si(OH)4 or silica were ingested in large quantities. What was observed
was silica deposition in certain body sections, for instance urinary tracts. It must, however, be
stressed that the findings were obtained after oral ingestion of abnormal amounts of silica, or
the Si(OH)4 monomer.

The inhalation route of exposure
Numerous studies have indicated that the crystalline state of inhaled silica plays a very
important role in subsequent health issues (Iler, 1979:770; Castranova, Vallyanthan and
Wallace, 1995). There have been suggestions that amorphous silica does not present a serious
health hazard whether ingested or inhaled. However, the crystalline forms of silica pose a
definite health risk. These issues are discussed in more detail in Section 5.1.4 below.

5.1.4

The toxicity of crystalline versus amorphous silica

Crystal-induced lung diseases, such as silicosis, are believed to involve a series of complex
processes (Wiessner, Henderson, Sohnle, Mandel and Mandel, 1988). Critical steps are as
follows:
• The inhaled crystals are coated within the bronchioles with pulmonary proteins and
surfactants;
• Crystals small enough to reach the alveolar zone are rapidly ingested by alveolar
macrophages;
• Once the crystals are inside the phagolysosome, lysosomal enzymes strip the protein and
surfactant coat off the crystals, creating clean crystal surfaces;
• The clean crystals interact with the interior of the phagolysosomal membranes, resulting in
the rupture of the phagolysosome followed by cell death.
The fact that some crystals cause cell death and others with similar chemical composition, size,
and surface area do not, is a fundamental issue in understanding the pathogenesis of silicosis.
Wiessner et al (1988) have studied the effect of crystal structure on mouse lung inflammation
and fibrosis for quartz, tridymite, and cristobalite. Surface molecular topology and the spatial
configuration of the surface oxygen atoms were identified as important parameters in
determining a crystal’s biological activity. In this study and others (Weissner et al, 1988) it was
found that tridymite was most effective in causing lung fibrosis, followed by cristobalite and then
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quartz. Although host factors such as genetics, smoking, and underlying disease may play
roles in the development of silicosis, it has generally been accepted that the primary
determinants for the development of silicosis are the inhaled silica dose, the duration of
exposure, whether the silica is crystalline or not, and the particle size. It has been suggested
that symptoms due to exposure to certain types of amorphous silica can regress or resolve,
implying that the X-ray findings in such cases may not indicate silicosis, but some other short
term non-disabling disease of the lung (Galton-Fenzi, 1998:7).
From the preceding discussion, the reader may rightfully understand that amorphous silica is
innocuous whether ingested orally or via inhalation, although this might represent an-oversimplification of the very complex subject under discussion. It has been demonstrated that
amorphous silica is not truly amorphous, but consists of regions of local atomic order, or crystals
of extremely small size (Cunningham, Jablonski and Todd, 1996; Vitums, Edwards, Niles,
Borman and Lowry, 1977). This is common to most “amorphous” silicas, also for silica fume,
which by very careful X-ray diffraction studies appear to have the crystobalite structure (Iler,
1979: 22). However, by ordinary diffraction procedures this material with extremely small
particle sizes gives only a broad band, with no multiple peaks as are ordinarily obtained with
microscopic crystals, and it is therefore referred to as being amorphous in character. In this
respect therefore, great care needs to be exercised not to adhere too stringently to the
classically defined amorphous and crystalline silica where silica fume is concerned. Wnekowski
(1986) quoted opinions that silica fume is in fact cristobalite coated with amorphous silica. Once
this had been in the human body for sufficient time, the amorphous silica coat could be
dissolved leaving pure cristobalite to exert its effects. In short, whilst there can be no doubt as
to the efficacy of inhaled crystalline quartz as an agent for causing metabolic disorders, normally
described amorphous silica might not be totally amorphous, but might also constitute very finely
divided crystalline silica particles. Wnekowski (1986), however, believed that it was no longer
sufficient to characterise the biological potency of silica fume by its crystalline content alone.
The reason is that silica fume has been shown on numerous occasions to be fibrogenic, some
reports indicating as fibrogenic as crystalline silica.
Whether the crystalline silica content is the underlying reason for pneumoconiosis or not, it has
been shown in various studies that silica fume generated in silicon smelters causes pulmonary
illness in humans. Probably the most comprehensive review of documentation relating to
exposure to silica fume has been published by Galton-Fenzi (1998). Having reviewed 24
primary research papers dating from 1937 to 1997, the author concluded that there is evidence
that thermally generated silica fume is causally associated with respiratory diseases. The
studies documented through six decades have many limitations, and similar to the interpretation
of religious dogma from the Holy Scripts, it is possible to select any number of appropriate
citations to demonstrate a preferred point of view. This is clearly demonstrated by the work of
McKenzie (1985), who stated that the evidence from human epidemiological studies indicated
no risk to workers involved in silicon production for developing silicosis from exposure to
amorphous silica. Wnekowski (1986) subsequently took McKenzie to task with his selective
referencing of research papers. Nevertheless, as the interpretations are developed further in
this SIMRAC report, it will be shown that silica fume should be an important consideration in the
clarification of the occurrence of pneumoconiosis in silicon smelters.
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5.2

Other causative agents

Another aspect which should be very seriously considered at this stage is whether toxicological
damage is only caused by silica per se (whether crystalline or amorphous), and whether other
silica species, or even non-silicon species originating from contaminants in the silica smelter
process, might not eventually prove to be of an additional or even more of a toxicological
problem.

5.2.1

Wood dust

Exposure to wood dust has long been associated with adverse health effects, including
dermatitis, allergic respiratory effects, mucosal and nonallergic respiratory effects, and cancer,
mostly nasal cancer. Toxicity data in animals are limited, but there are a large number of
studies in humans. Although the data are conflicting, several epidemiological studies of workers
in the USA reported an increase in Hodgkin’s disease, in particular among carpenters (OSHA,
2000).

5.2.2

Coal dust

Although the interest in coal dust is largely related to its quartz content when this exceeds 5 per
cent, exposure to dusts with lower quartz content is also regulated (OSHA, 2000). Under South
African regulations, the time-weighted average recommended limit for respirable coal dust is 2
mg/m3. Attempts to distinguish the contribution of crystalline silica to the pathogenic potential of
mixed-composition dusts are not without ambiguity. In many cases, studies have shown a
correlation between lung disease and total respirable dust exposure and coal rank, but not with
the crystalline silica content. Nevertheless, coal dust is a substance that should be considered
in the overall exposure scenario at silicon smelters.

5.2.3

Soot

Soot is defined as a brown-to-black substance incidentally produced during the incomplete and
uncontrolled combustion of any carbonaceous material. It is a mixture of colloidal carbon,
organic tars, and refractory inorganics whose composition depends on combustion conditions.
It can be distinguished from carbon black on the basis of differences in physical and chemical
properties. Soot is a confirmed human carcinogen. Carbon black is a generic term applied to a
family of high-purity colloidal carbons commercially produced by carefully controlled pyrolysis of
gaseous or liquid hydrocarbons. It is not clear whether the carbon dust that forms in the furnace
areas of the silicon production process is soot or carbon black, but it is probably on the side of
caution to assume that the dust can be associated with polynuclear aromatic hydrocarbons, as
is common in certain carbon combustion processes, and that an exposure assessment should
not focus only on the carbon particles.

5.2.4

Coal tar pitch volatiles

Coal tar is used as a binder in carbon electrodes, and under the high-temperature conditions at
the smelter furnaces, a wide range of coal tar pitch volatiles can be released into the air. Coal
tars contain polynuclear aromatic hydrocarbons (PAHs), and also various phenolic compounds
(cresols and others). NIOSH has listed anthracene, phenanthrene, pyrene, carbazole and
benzo(a)pyrene as the primary constituents of coal tar pitch volatiles. The list of compounds in
coal tar fumes is actually much wider, as is shown in Section 6.4.7 below. Repeated exposure
to these compounds has been associated with an increase in the risk of developing bronchitis
and cancer of the lungs, skin, bladder, and kidneys.
The ultrafine particles in silica fume is an ideal substrate for PAHs to condense on, and they are
subsequently inhaled into the pulmonary region of the lungs from where they exert their toxic
effects. In addition to pneumoconiosis caused by the inhalation of silica fume, there is therefore
an increased risk of developing lung cancer as a result of exposure to certain PAHs.
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6
6.1

Dose-response assessment
Theories and classification of lung disease

Malfunction of the lung is conveniently divided into two broad categories, i.e. obstructive and
restrictive diseases (Douglas, 1984: 251).
Obstructive diseases are characterised by prolongation of airflow on expiration, and represent
asthma, chronic bronchitis, and emphysema.
Restrictive diseases are entirely the consequence of changes in the parenchyma. These
result in stiff, fast emptying lung. The vital capacity and carbon dioxide transfer are both
reduced, and there may be tachypnoea.
Asthma is a disorder of function characterised by widespread partial obstruction of the airways
that varies in severity, is reversible either spontaneously or as a result of treatment, and is not
due to cardiovascular disease.
Chronic bronchitis is a respiratory tract disorder characterised by the excess production of
mucus sufficient to cause cough and sputum production. The bronchitis may be present alone
or may be accompanied by chronic airways obstruction or limitation, with or without a reversible
component. There are four categories of chronic bronchitis: chronic simple bronchitis, chronic
mucopurulent bronchitis, asthmatic bronchitis and chronic bronchitis with pulmonary obstruction.
Chronic bronchitis is a clinical definition of a condition comprising productive cough (from
bronchial secretions) on most days for 3 months/year for 2 consecutive years. The mucus
hypersecretion is from hypertrophy of the bronchial glands.
Emphysema is diagnostically confirmed at necropsy by dilatation of alveolar spaces and
destruction of their walls.
Pneumoconiosis is the accumulation of dust in the lungs and the tissue reaction to its presence
(ILO, 1972). Pneumoconioses have been classified into four types, i.e.
• coalworker’s pneumoconiosis;
• silicosis;
• mixed dust pneumoconiosis, and
• diffuse interstitial fibrosis.
In humans, silicosis manifests as four pathologically distinct outcomes, i.e.
• Acute silicosis (silicoliproteinosis);
• Accelerated silicosis;
• Chronic simple silicosis, and
• Complicated silicosis, which develops to progressive massive fibrosis by the conglomeration
of nodular lesions.
Acute silicosis and accelerated silicosis have short latency periods (several months to several
years) and are associated with intense, brief exposures. Chronic simple silicosis and
complicated silicosis are more likely to occur a decade or more after first exposure, and are
associated with lower levels of exposure over long periods of time.
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6.2
6.2.1

Pathologic responses to inhaled silica
Acute silicosis

Acute silicosis (silicolipoproteinosis) is an aggressive, rapidly progressive form of silicosis with a
high mortality rate. It normally occurs as a result of short duration exposures to high
concentrations of respirable free silica. The condition is characterised by disabling chest
symptoms and severe respiratory impairment, leading to respiratory failure and death.
Symptoms usually begin one to three years after the initial exposure, although rare examples
have been documented where symptoms occurred less than a year after the first exposure.
Irritated, sometimes productive, cough, weight loss, fatigue, and occasionally, pleuritic pain,
have been associated with acute silicosis.

6.2.2

Chronic simple silicosis

This is the most common form of lung disease associated with inhalation of silica, and together
with progressive massive fibrosis, it is known under the term classic silicosis. It may take
several decades of low exposure to develop and show on the chest radiograph. Workers with
simple silicosis are usually without chest symptoms, although some may develop a chronic
productive cough that is likely due to dust-induced bronchitis.

6.2.3

Progressive massive fibrosis

Silicotic progressive massive fibrosis is a large fibrotic lesion, understood to be a lesion greater
than 1 to 2 cm in diameter (Castranova , Vallyathan & Wallace, 1996). It is formed by the
coalescence and agglomeration of smaller nodules. The condition is characterised by
destruction of the lung parenchyma and broncho-vascular structures, leading to progressive
respiratory impairment. Marked distortion of the lung occurs as a result of contraction of the
fibrosis. Respiratory symptoms vary from only chronic productive cough to exertional dyspnea,
and in some cases ultimately to respiratory failure.
Progression of the disease is directly related to the duration and level of silica exposure, as well
as the presence or absence of mycobacterial infection.

6.2.4

Accelerated silicosis

Accelerated silicosis is radiographically similar to classic silicosis, except that initial exposure
and the development of radiographic diagnosis of silicosis and the associated pulmonary
function changes occur over a shorter time, and the pathology is often exaggerated.
Accelerated silicosis is characterised by a relatively rapid progression from the diagnosis of
simple silicosis to progressive massive fibrosis, leading to severe respiratory impairment and
shortened life span.

6.3

Silicosis and lung cancer

The evidence that silica may present a carcinogenic hazard has been developing over the past
few years and is continuing to receive considerable attention by investigators.
The relationship between exposure to silica, silicosis, and lung cancer is controversial and
existing data are not adequately robust to be conclusive. Possible effects of confounding
factors such as cigarette smoking, asbestos, and carcinogenic organic substances have not
always been accounted for in the epidemiological studies. Where positive data sets were
available, no clear dose-response relationship has been demonstrated. Experimental evidence
for the role of silica in the pathogenesis of bronchogenic carcinomas in animals is also
considered to be incomplete and controversial (NIOSH, 2000). There has even been
speculation that silica exposure may impede clearance of inhaled carcinogens, thereby
promoting lung cancer rather than causing it (Castranova, Vallyathan & Wallace, 1996:54).
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On balance, however, it has been observed that workers in industries exposed to silica, and
individuals suffering from silicosis, have a higher mortality from lung cancer than control
populations. Despite the inadequacies of the scientific information, the consideration of silica as
a causative agent in carcinogenesis has been widely accepted. The International Agency for
Research on Cancer (IARC) has classified silica into Group 1: Carcinogenic to humans (IARC,
1997).

6.4
6.4.1

Dose-response correlations and exposure guidelines
Crystalline silica

Threshold limit values (TLVs) as used by the American Conference of Governmental Industrial
Hygienists (ACGIH) refer to airborne concentrations of substances and represent conditions
under which it is believed that nearly all workers may be repeatedly exposed day after day
without adverse health effects (ACGIH, 2000). The current ACGIH TLV for respirable quartz
dust is 0.1 mg/m3. For cristobalite and tridymite the guideline concentration is 0.05 mg/m3. The
ACGIH TLV for crystalline silica is based on early work on the exposure of granite workers to
dust containing quartz (OSHA, 1988). The term “respirable” generally refers to airborne dust of
sizes that can be carried into the lung alveoli.
In deriving exposure limits for crystalline silica in respirable dust, ACGIH followed the additivemixture formula, as follows:

Where:

C1/TLV1 + C2/TLV2 + …..+ Cn/TLVn ≤ 1
Ci is the concentration of species i, and
TLVi is the threshold limit value for species i.
Ci/TLVi is the hazard quotient for substance i.

`

(6.1)

The fundamental objective is that the sum of the hazard quotients of the individual substances
should not produce a number that exceeds 1. This is called a hazard index.
With the aim of controlling crystalline silica below 0.1 mg/m3, while maintaining exposure to
respirable dust below 5.0 mg/m3, the guideline (upper limit) for respirable dust can be calculated
by substitution in Equation 6.1.

Where:

Cq/0.1 + CD/5.0 = 1
Cq is the concentration of crystalline quartz in the dust in mg/m3, and
CD is the concentration of airborne respirable dust in mg/m3.

(6.2)

Equation 6.2 can be rearranged to reflect the percentage quartz, i.e. (Cq/ CD) x 100:
[(Cq/0.1CD) x 100] + 100/5.0 = 100/CD
or
[(Cq/CD) x 100] + 2 = 10/ CD
or
% quartz + 2 = 10/ CD

(6.3)
(6.4)

The guideline for total respirable dust is determined from:
CD = 10/(% quartz + 2)

(6.5)

The National Institute for Occupational Safety and Health (NIOSH) recommended an exposure
limit (REL) of 0.05 mg/m3 for all crystalline forms of silica, among others based on work where
no new cases of silicosis occurred in workers in Vermont granite sheds who were generally
exposed to 0.05 mg/m3 or less of granite dust. It was shown that the dose-response
relationship between chronic silica exposure and the development of silicosis extends
downward below the guideline of 0.1 mg/m3, even to levels of exposure below the NIOSH REL
of 0.05 mg/m3. The NIOSH recommendation has however not been accepted by ACGIH, and
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also not by the Occupational Safety and Health Administration (OSHA) of the U.S.. This
conclusion was reached on the basis of interpretation of pulmonary function tests by other
investigators on the same cohort that was studied by NIOSH, and also through assessment of
other work (OSHA, 1988). OSHA subsequently proposed a value of 0.1 mg/m3 for respirable
quartz dust. For cristobalite and tridymite, guidelines of 0.05 mg/m3 have been listed, similar to
ACGIH.
The South African occupational exposure limit – control limit (OEL-CL) for respirable crystalline
silica according to the Regulations for Hazardous Chemical Substances under the Occupational
Health and Safety Act, 1993 is 0.4 mg/ m3. This Act is enforced by the Department of Labour.
The Department of Minerals and Energy adopted the OSHA guideline for respirable dust with
crystalline silica contents above 5 per cent. For lower free silica levels, the respirable dust is
controlled at levels between 2 and 3 mg/m3. No distinction is made between quartz, cristobalite
and tridymite.
The South African OEL-CL for respirable crystalline silica according to the Regulations for
Hazardous Chemical Substances under the Occupational Health and Safety Act is 0.4 mg/m3.
This is four times higher than the ACGIH and OSHA values, and eight times the NIOSH REL.
Tridymite is also listed at 0.4 mg/m3, and no value is given for cristobalite. Considering the
rationale for the ACGIH and OSHA recommendations, the higher guideline concentrations for
South Africa do not appear to have a logical scientific basis. On the other hand, the timeweighted average TLV for respirable quartz approved by the Department of Minerals and
Energy is the same as the value adopted by the American agencies.

6.4.2

Silica fume

Silicosis was frequently described in findings on chest X-ray surveys at silicon smelters.
However, in most cases it was acknowledged that exposures were mixed, with both amorphous
and crystalline silica being present in the dusts/fumes (Galton-Fenzi, 1998:8). A major limitation
in most of the studies is that exposure levels were not known accurately and, where dust levels
were measured, the crystalline content was uncertain. Furthermore, many of the studies
considered other types of amorphous silica, and not silica fume.
The German Commission for the Investigation of Health Hazards of Chemical Compounds in
the Work Area (DFG, 1991) set a guideline (MAK) value for several amorphous silicas together,
at 0.3 mg/m3 for fine dust.
Under current guidance of ACGIH, silica fume has a TLV of 2 mg/m3. This value was changed
in 1992 from 0.2 mg/m3 to 2 mg/m3, a tenfold increase. Cunningham, Todd and Jablonski
(1998) reviewed the documentation used to support the initial decision in setting the 0.2 mg/m3
guideline in 1989, and compared those with the data used to support the revised 2 mg/m3 TLV.
Additional information was also considered. A major consideration by Cunningham et al. (1998)
was the fact that silica fume in a smelter is an ultrafine aerosol, which would have a very
different and far more serious deposition pattern in the respiratory system than the substance
described in the documentation considered by ACGIH in their revision. It has been shown that
particles in the ultrafine range have higher than expected toxicity when compared to similar
particles of a larger size. Furthermore, Cunningham et al. (1988:220) highlighted several other
disagreements with the interpretations of ACGIH. Overall, the authors concluded that there was
insufficient justification for the tenfold increase in the TLV for silica fume. This work of
Cunningham et al., as well as previous work in which she reviewed reports considered to
represent among the best scientific work available (as concluded by Galton-Fenzi (1998)), are
quite convincing. Cunningham herself conducted a survey of children living in close proximity of
a silicon smelter. Sinus problems, pneumonia, asthma and eczema were significantly greater
amongst individuals exposed to smelter dust than the control group from another area. X-ray
diffractrometry showed that the dust collected from the main smelter contained 90 to 99 per cent
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amorphous silica. Crystalline silica varied between 0.5 and 8 per cent, averaging 2.1 per cent.
In summary, it was concluded that several epidemiological studies relating to silica fume all
indicated increased incidence in what is described as generalised obstructive lung disease.
She supported the German MAK of 0.3 mg/m3 as a reasonable level to use for protection of both
workers and communities in the proximity of a smelter.
In earlier work by Vitums et al. (1977:67), it was recommended that the TLV for silica fume be
based on that described for quartz. They concluded that silica fume appears to cause nodular
and fibrotic lung disease. More information on the deposition of particulates in the respiratory
tract is presented in Section 7.
Both NIOSH and OSHA have set guidelines for various amorphous forms of silica, but not for
silica fume as is formed in silicon smelters. The guideline concentration used in South Africa for
respirable amorphous SiO2 is 3 mg/m3, which is actually at the level recommended for
diatomaceous earth in the ACGIH TLVs.
When assessing the available information in context, there is convincing support for a link
between exposure to silica fume produced in silicon smelters and the development of silicosis.
Most of the inconsistencies in the interpretation of health effects relating to amorphous silica
appear to be a result of generalisations between the different forms of amorphous silica,
disregarding the presence of microcrystalline silica (probably cristobalite) in silica fume, and the
role of ultrafine particles. The TLV of 2 mg/m3 recommended by ACGIH appears to be
inadequately justified, and the guideline of 3 mg/m3 for respirable amorphous silica dust as used
in South Africa is also not justifiable in this context. The original ACGIH TLV of 0.2 mg/m3, and
even a TLV for silica fume similar to the value for crystalline quartz (0.1 mg/m3), could be more
appropriate to use for protection against lung fibrosis in silicon smelters. The German MAK is
close to these values at 0.3 mg/m3.

6.4.3

Silicon

ACGIH has set a TLV for silicon at 10 mg/m3, the same as for inhalable particulates not
otherwise classified (nuisance particulates). Similarly, OSHA has set a limit of 10 mg/m3 for
total silicon particulates, and 5 mg/m3 for the respirable fraction. The South African OEL-RLs
for silicon are the same as the OSHA values, and there are no obvious reasons to question
these values.

6.4.4

Wood dust

The ACGIH has a TLV-TWA of 1 mg/m3 for hard wood dust, and a TLV-TWA of 5 mg/m3 and a
STEL of 10 mg/m3 for soft wood dust. OSHA has found that the distinction between hard and
soft woods is not warranted, and concluded that an 8-hour PEL of 5 mg/m3 and a 15-minute
STEL of 10 mg/m3 for all wood dusts would substantially reduce the risk of exposure.
Incidentally, Western Red Cedar dust is regulated in the U.S. at a lower level, because of its
ability to cause immune-system-mediated allergic sensitisation (OSHA, 2000).
South Africa has adopted an OEL-CL of 5 mg/m3 for hard wood of under the Occupational
Health and Safety Act (1993), based on its carcinogenic potential.

6.4.5

Coal and charcoal dust

The ACGIH has a TLV-TWA of 2 mg/m3 for respirable coal dust with a crystalline silica content
below 5 per cent, and 0.1 mg/m3 for coal with more than 5 per cent crystalline silica. OSHA has
promulgated the same guidance, but NIOSH believes that the limit for quartz bearing dust
should be reduced to 0.05 mg/m3 based on the potential carcinogenicity of respirable crystalline
silica. This is in agreement with the NIOSH philosophy for crystalline silica outlined in Section
6.4.1 above. OSHA did not agree with NIOSH on this matter.
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6.4.6

Soot

As described in Section 5.2.3, the carbon particles that form in the furnace areas may be
classifiable as soot and/or carbon black. The ACGIH has proposed a TLV TWA of 3.5 mg/m3
for total carbon black dust. The South African OEL-RL for total inhalable carbon black dust has
been set at the same level. The pure dust is probably of concern only where high
concentrations inhibit the clearance capacity of the lungs. Soot, on the other hand, contains
substances that may be carcinogenic, and exposure should be based on those compounds.
Polynuclear aromatic hydrocarbons (PAHs), discussed in Section 6.4.7 below, are of central
importance in this regard.

6.4.7

Polynuclear aromatic hydrocarbons (PAHs)

It has been indicated in previous sections that PAHs constitute the primary hazardous
components of coal tar pitch volatiles, and that they are likely to be associated with soot. If it is
not recognised that PAHs have quite different toxicities, to the extent that some of them are
carcinogenic and others are not, calculated risks might be quite wrong. The classification of
carcinogens according to the International Agency for Research on Cancer (IARC, 2000) was
used in this report.
Carcinogenicities relative to benzo[a]pyrene are presented in Table 6.4.7.1 (Collins, Brown and
Dawson, 1991). There are more PAHs that are carcinogenic according to the International
Agency for Research on Cancer, but Table 6.4.7.1 represents those that have the highest
cancer potency. Table 6.4.7.2 explains the IARC carcinogen classification.

Table 6.4.7.1
Relative carcinogenicity of PAH compounds.
Polynuclear aromatic hydrocarbon

Carcinogen classification

Coal tar pitches and coal tars as a group

Relative carcinogenicity

1

Dibenzo[a,h]anthracene

2A

1.11

Benzo[a]pyrene

2A

1.0

Anthranthracene

3

0.320

2B

0.232

Indeno[1,2,3-cd]pyrene
Benzo[a]anthracene

2A

0.145

Benzo[b]fluoranthene

2B

0.141

Benzo[k]fluoranthene

2B

0.066

Benzo[j]fluoranthene

2B

0.061

Pyrene

3

0.081

Cyclopenta[cd]pyrene

3

0.023

Benzo[ghi]perylene

3

0.022

Chrysene

3

0.0044

Benzo[e]pyrene

3

0.004
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Table 6.4.7.2
The IARC classification for carcinogenicity
Group 1
Human carcinogen
Sufficient evidence of carcinogenicity in humans.
Group 2A
Probable human carcinogen
Limited human data and sufficient animal data.
Only limited human data, or only sufficient animal data in the presence of other supporting data.
Group 2B
Possible human carcinogen
Limited human data in the absence of sufficient evidence in animals.
Sufficient animal data with inadequate or no human data.
Limited animal data with other supporting data, and inadequate or no data in humans.
Group 3
Not classifiable
Data do not fit into any of the above groups.
Group 4
Probably not a human carcinogen
Evidence suggests lack of carcinogenicity in humans and animals.
The PAH compounds listed in Table 6.4.7.3 below have not been demonstrated to be
carcinogenic.

Table 6.4.7.3
Noncarcinogenic PAH compounds.
Polynuclear aromatic hydrocarbons
Acenaphthalene

Fluoranthene

Acenaphthene

Fluorene

Anthracene

1-Methylchrysene

Benz[a]acridine

3-Methylfluoranthene

Benz[a]fluorene

1-Methylphenanthrene

Benz[b]fluorene

1-Methylnaphthalene

Benz[c]fluorene

3-Methylnaphthalene

Benzo[g,h,i]perylene

Naphthalene

Benzo[c]phenanthrene

Perylene

Benzo[e]pyrene

Phenanthrene

Coronene

Pyrene

Dimethyl naphthalenes

Triphenylene

1,4 Dimethylphenanthrene

The chemical structures of some of the PAHs are presented in Figure 6.4.7.1.
The South African guideline concentration of 0.14 mg/m3 for total inhalable fumes is very similar
to the ACGIH TLV of 0.2 mg/m3 for total benzene soluble compounds. This guideline is
however not suitable for health risk quantification, and should be used for screening only. The
World Health Organisation’s unit cancer risk factor for PAHs based on benzo(a)pyrene is 8.7 x
10-2 (µg/m3)-1. This is for community exposure, but it can be adjusted for occupational (lessthan-lifetime) exposure, following Hallenbeck (1993:102) in equation 6.1:
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Risk factor (occupational) (µg/m3)-1
= WHO risk factor (µg/m3)-1 x (Worker inhalation rate/Average population inhalation rate)
x (Worker days per year/356 days per year) x (Worker exposure years/Lifetime years)
Where:

(6.1)

Worker inhalation rate is assumed at 13.9 m3/day against 10.8 for the general
population;
Worker days per year can be assumed as 250, and
The occupational lifetime can be taken at an upper limit of 45 years.

As an approximation, the unit cancer risk factor for occupational exposure therefore is 4.6 X 10-2
(µg/m3)-1, based on benzo(a)pyrene.
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Figure 6.4.7.1 Configurations of some of the most significant polynuclear
aromatic hydrocarbons.
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7

Exposure assessment

The respiratory tract is a very complex system, divided into three primary regions:
• The nasopharyngeal region, including the nose, nasopharynx and larynx;
• The tracheobronchial region, containing trachea, bronchi, and bronchioles with diameter 1
mm or less;
• The pulmonary region, comprising the respiratory bronchioles with diameters of about 0.06
mm, alveolar ducts, alveolar sacs, and alveoli surrounded by blood capillaries and lymphatic
vessels.
A schematic diagram of the respiratory system is presented in Figure 7.1.

Figure 7.1

Schematic diagram of the respiratory system (after McGrath and
Barnes, 1982:197)

When a particle of an aerosol comes into contact with the bronchial or alveolar wall, it can
adhere to it and be deposited in the lung. Particles are deposited in the respiratory system
mainly according to their aerodynamic diameter, which is a function of their size, shape and
mass. Figure 7.2 illustrates the likely deposition zones of particulates in the respiratory system
in terms of a fraction as a function of their aerodynamic size. Particles with a diameter above 50
µm are rarely inhaled, because the air velocity of inspiration is too low to allow particles to be
sucked into the nose. Smaller particles down to approximately 10 µm are usually deposited in
the upper airways. The upper limit for deposition in the alveoli is considered to be 10 µm, but
most of the particles in this range will be deposited in the bronchial tree. Penetration and
deposition into the alveoli occur to an increasing extent as particles size decreases to 1 µm and
smaller. This obviously also depends on the lung ventilation. There is no doubt that ultra fine
particles, as present in silica fume, would lead to high exposure in the pulmonary zone of the
lung.
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Figure 7.2

Deposition as a function of particle size for a typical respiration
rate and tidal volume (after ILO, 1991: 13)
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8
8.1

Risk characterisation
Methodologies

Human health risk characterisation is generally divided into the evaluation of carcinogenic and
non-carcinogenic risks.
Carcinogenic risks are interpreted in terms of excess lifetime cancer risks. In the occupational
exposure range, the estimated cancer risk is assumed to be linear and proportional to dose.
Risks are assumed to be additive per target organ across chemicals and pathways, unless data
are available that would support synergistic or antagonistic effects. Risks are expressed as
excess cancer risk, i.e. risk not taking into account any existing risk as a result of background
exposure to substances that have the same carcinogenic properties. Unit cancer risk factors
derived for lifetime exposure (70 years) are adjusted for 45 years’ exposure, following the
approach outlined by Hallenbeck (Hallenbeck, 1993: 102). This is based on the assumption
that exposure over an occupational lifetime of 45 years covers the latency period of the
carcinogen. The excess cancer risk is calculated as follows:
Excess risk = C1(URF1) + C2(URF2) + ...........+ Cn(URFn)
where the excess risk refers to a particular target organ, and Ci(URFi) refers to the exposure
concentration of substance i multiplied by the unit risk factor for that compound, URFi. It is
assumed that substances 1 to i all have carcinogenic effects on the same endpoint.
Noncarcinogenic risks are evaluated by comparison with reference concentrations. If the ratio
of the air concentration to the reference concentration (hazard quotient) exceeds one, there is a
potential that adverse health effects may occur. For multiple chemical exposures, hazard
quotients are summed per target organ, unless data are available to demonstrate synergistic or
antagonistic effects. This is based on the assumption that the response of a target organ to
multiple toxic agents is additive in a linear relationship. It is measured in terms of a hazard
index (HI), which is the sum of the hazard quotients (HQ’s) for the individual substances, (i).
Hazard Index (HI) = HQ1 + HQ2 + ......... + HQn
where the hazard quotients
where i = 1, 2, ........ , n.

8.2
8.2.1

HQi = Intake of substance i / reference dose for substance i,

Primary risk areas
Crystalline silica

Crystalline silica may be released during mechanical handling of quartzite, for example at
crusher areas, although operations under wet conditions should reduce the potential for dust
generation. Road dust may also be a source of airborne crystalline silica.

8.2.2

Silica fume

Silica fume levels should be monitored at various locations at furnaces and hot-metal areas.
High-temperature working conditions would make it difficult for workers to wear protective
equipment at all times. Frequent blocking of filters of this equipment as a result of the high load
of ultrafine particles may also occur.

8.2.3

Polynuclear aromatic hydrocarbons

PAHs are likely to be deposited in the pulmonary region of the lung together with silica fume. In
areas where coal tar pitch volatiles are formed, the risk of lung disease including cancer could
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be high, particularly if a worker smokes. The exposure scenario in this context highlights a
priority to address in the health risk management strategy at a silicon smelter.

8.3

Guidelines for risk management

Quantitative exposure assessment is fundamental to the health risk management process. An
exposure assessment estimates the magnitude and frequency of actual or potential exposures
to characterised substances, and identifies the pathways by which exposure occurs. The
complete exposure assessment also identifies the routes through which the hazardous
substances may enter the human body.
Exposure under normal working conditions is determined through physical monitoring of the
workplace, personal monitoring using monitoring equipment carried by the workers, or biological
monitoring where exposure is estimated from the analysis of body fluids. A medical surveillance
programme identifies deterioration of health in employees at an early stage, when such effects
may still be reversible when the source of exposure is removed.

8.3.1

Ambient monitoring

Ambient monitoring assesses the health risk by measuring external exposure to the chemical.
In industry, ambient monitoring usually means monitoring the airborne concentration of the
chemical. Sampling can be stationary, i.e. at selected positions in the workplace. This is known
as area monitoring. Personal sampling is the technique followed when the sampling equipment
is carried on the person to be monitored, to measure exposure as a time-weighted average over
an entire shift. Sampling is usually conducted in the breathing zone, and covers all the work
areas in which the person has to perform tasks.

8.3.1.1

Categories of sampling

Sampling can be conducted in three categories, as described below.
Full-period, continuous single sampling
This sampling approach is defined as sampling over the entire sampling period, to collect only
one sample. The sampling may be for a full-shift sample or for a short period ceiling
determination.
Full-period, consecutive sampling
The sampling strategy in this case is to use multiple consecutive samples of equal or unequal
time duration, which, if combined, equal the total time duration of the required sample. An
example would be to take four two-hour samples and combine these for assessment of an
eight-hour shift. Advantages of this approach are:
•
•
•

If one of the samples were lost due to pump failure, contamination or other reason, at least
some data would have been acquired to assess the situation.
The use of multiple samples has statistical advantages. If a sufficient number of samples
are taken, this may lead to lower errors of observation.
Collection of several samples may indicate how exposures vary over the workday, and how
this would affect overall exposure.

Grab sampling
Grab sampling is defined as collecting a number of short-term samples at various times during
the sampling period which, when combined, provide an estimate of exposure over the total
period. A typical example would be a number of high-volume air samples collected on filters
over a period of time.
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8.3.1.2

Selection of appropriate positions for monitoring

All the areas with a potential to release a toxic substance of interest have to be identified. In the
case of many potential release points, it is sometimes not practical to sample at every point
during all the surveys. A decision has to be taken on the overall frequency of monitoring, based
on the level of risk and the cost of monitoring. A selection (subgroup) of the sampling points
has to be taken for each survey (NIOSH, 1977: 33). On a statistical basis, this subgroup has to
be of adequate size, so that there would be a high probability that the random sample will
contain at least one area with a high exposure level, assuming that such high level is possible.
The sample size drawn from a group is listed in Table 8.3.1.2.a. The philosophy is to ensure
with 90 per cent confidence that at least one sampling point from the highest ten per cent
potential release areas is included in the sample.

Table 8.3.1.2.a
Size of partial sample for the top 10 % potential release points at a confidence
level of 90 %
Size of potential release points (N)

Number of points to measure (n)
7
8
9
10
11
12
13
14
15
16
17
18

8
9
10
11 to 12
13 to 14
15 to 17
18 to 20
21 to 24
25 to 29
30 to 37
38 to 49
50

N = original equal risk group size.
n = sample size or subgroup size.
n = N if N is less than 7.
To limit any bias to certain positions by the sampler, it is recommended that a system of random
sampling be followed. Table 8.3.1.2.b lists a selection of random numbers. Of course, where
information about specific positions has to be obtained, these can be done as separate surveys.
The procedure for random sampling is as follows:
•
•

Assign each potential area of toxicant release a number from one to N, where N is the total
number of areas in the facility. During a particular sampling session, a subgroup of n
samples has to be taken.
Arbitrarily choose a column in Table 8.3.1.2.b and read down the list. Ignore zero and all
values larger than N. If necessary, proceed to the next column until a partial sample of n
numbers has been selected.

Areas that have been assigned the selected numbers will form the randomly selected area
subgroup for monitoring.
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Table 8.3.1.2.b
Table of random numbers after NIOSH (1977)

8.3.1.3

Personal sampling

Selection of the maximum exposed individual
Following a positive indication that an employee or employees may be exposed at
concentrations of a toxic substance at or above the action level, then the employer is required to
determine the exposure level of an employee who would be expected to have the highest
exposure. The approach is known as exposure assessment of the maximum exposed
individual. The assessment is an approximate one, and those employees that are expected to
have lower exposure than those at maximum risk are not sampled initially.
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The best information for selection is normally obtained from a preliminary survey of the work
environment, so that a well-informed person can make a valid judgement as to the employee
with the highest exposure. If there are work situations in which the exposures in the
assignments vary, either because of the work patterns of employees or the varying nature of the
production process, the most severe situations are selected for initial sampling.
The employee closest to the source of the hazardous substance would most likely be the
person at maximum risk. Air movement patterns within a workroom should be observed to
determine the risk potential of employees. The locations of ventilation systems, open doors and
windows, and the size and shape of the work area, would all be factors that could affect air flow
patterns and result in higher contaminant concentrations further away from the source.
Employee work patterns should also be observed to get an idea of time-concentration
exposures. Differences in work habits of individuals with the same work patterns can affect
exposure levels significantly.
If a maximum-risk worker cannot be identified for an operation with reasonable certainty, the
approach of random sampling of the group of workers has to be followed.
Random sampling of a homogeneous risk group
The procedure is to sample the group of workers with similar work patterns randomly. The
approach is similar to that outlined in Section 8.3.1.2 for statistical selection of monitoring
positions. A subgroup of adequate size is selected, so that there would be a high probability
that the random sample will contain at least one person with high exposure, assuming that such
high exposure is possible. Initial sampling should begin with at least six (preferably nine)
personal samples collected on at least three different days for each job assignment.
The sample size drawn from a group is listed in Table 8.3.1.3. The philosophy is to ensure with
90 per cent confidence that at least one individual from the highest ten per cent exposure group
is included in the sample.
Random sampling is conducted with the use of a table of random numbers (see Table 8.3.1.2.b
above).
The procedure for random sampling is as follows:
•
•

Assign each employee a number from 1 to N, where N is the total number of employees in
the group.
Arbitrarily choose a column in Table 8.3.1.2.b and read down the list. The subgroup that
has to be selected has a size n. Ignore zero and all values larger than N. If necessary,
proceed to the next column until a partial sample of n numbers has been selected.

Individuals who have been assigned the selected numbers will form the randomly selected
subgroup for monitoring.
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Table 8.3.1.3
Size of partial sample for the top 10 % exposure subgroup
at a confidence level of 90 %
Size of group (N)
8
9
10
11 to 12
13 to 14
15 to 17
18 to 20
21 to 24
25 to 29
30 to 37
38 to 49
50

Number of individuals (n)
7
8
9
10
11
12
13
14
15
16
17
18

N = original equal risk group size
n = sample size or subgroup size
n = N if N is less than 7
Selection of employees for periodic monitoring
If any of the measurements on the maximum exposed individual or the selected subgroup
shows exposures to a toxicant at or above the occupational exposure limit (OEL), the employer
has to follow the guidelines presented below:
•
•

•

Identify all employees who may be exposed at or above the OEL.
Measure the exposure levels of all the identified employees. The purpose of this approach
is to restrict measurements to those employees with significant exposures. It is not
adequate to sample a subgroup and assign the average value to all the employees in the
exposure scenario.
If the exposure level of the maximum exposed individual or those of the selected subgroup
were below the OEL, it is reasonable to assume that exposure levels of the other employees
would also be lower than the OEL. No further action should be necessary until some
change in the operation or control measures is introduced.

Personal monitoring
Sampling should be conducted for an entire shift, minus not more than two hours for equipment
set-up and dismantling, i.e. at least six hours of an eight-hour shift or ten hours of a 12-hour
shift. Good occupational hygiene judgement should be used to interpret exposures during the
period not sampled.
Under regulations of the U.S. Occupational Safety and Health Administration (OSHA), minimum
legal requirements have been proposed, i.e.:
•

•

The exposure of an employee whose measurement is at or above the action level, but not
above the permissible exposure (or occupational exposure limit), must be measured at least
every two months. The action level of exposure is usually half or one third of the
permissible level, and necessitates the application of specified precautionary measures.
These measures may include biological monitoring and medical examinations. More
frequent measurements may be made on the basis of professional judgement of the
exposure situation.
For an employee whose exposure measurement exceeds the permissible level, the
employee’s exposure must be measured at least every month until the exposure is reduced
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•
•

to below the standard by appropriate control measures. More frequent measurements may
be made on the basis of professional judgement of the exposure situation.
If two consecutive exposure measurements on an employee taken at least one week apart
reveal that each of the measurements is less than the action level, exposure monitoring on
the particular individual may be terminated.
In situations of infrequent (non-routine) exposure, the question of how often to monitor
infrequent operations is best answered with professional judgement. The physiological risk
from the chemical and its toxicological profile should be important considerations in
determining the need to monitor employees with infrequent exposure.

8.3.1.4

Summary of sampling and analytical methods

Available methods for sampling and analysis are summarised in Table 8.3.1.4. Other methods
may be used, as long as those methods are formally validated. The methods have been listed
with some reservation, because sampling of ultrafine particles (< 0.1 µm) is not trivial. It will
probably be necessary to investigate and validate sampling techniques such as low-pressure
inertial impactors, or alternative techniques (Health Canada, 1999:3-1). NIOSH has published
guidance on the validation of analytical methods (NIOSH, 2000:36).

Table 8.3.1.4
Sampling and analytical methods of occupational hygiene surveys.
Substance to determine
Amorphous silica
Charcoal dust
Coal dust
Coal tar pitch volatiles
Crystalline silica
Silicon metal dust
Particulates not otherwise classifiable (PNOC)(total)
Particulates not otherwise classifiable (PNOC) (respirable)
Polynuclear aromatic hydrocarbons
Soot
Wood dust

8.3.2

Method reference
NIOSH Method 7501 (NIOSH, 2000)
Use methods for PNOC
Use methods for PNOC
OSHA Method 58 (OSHA, 2000)
NIOSH Method 7500 (NIOSH, 2000)
Use methods for PNOC
NIOSH Method 0500 (NIOSH, 2000)
NIOSH Method 0600 (NIOSH, 2000)
NIOSH Method 5506 (NIOSH, 2000)
NIOSH Method 5515 (NIOSH, 2000)
Use methods for PNOC
Use methods for PNOC

Medical evaluation

Medical evaluation refers to a specific part of a planned programme of health risk management,
which may include clinical examinations, biological monitoring, or medical tests of employees by
an occupational health practitioner or, in prescribed cases, by an occupational medicine
practitioner.

8.3.2.1

Medical surveillance

The purpose of a medical surveillance programme is to prevent or detect a disease at the
subclinical or presymptomatic stage, in order to take appropriate action to reverse the effects, or
to slow down the progression of the disease towards the clinical status. In industry the objective
is not only to detect adverse effects in employees, but also to relate the findings to the
effectiveness of exposure control measures.
The number of validated screening tests associated with exposure to hazardous chemicals is
smaller than that of tests available in general preventive medicine. Target-organ toxicity
associated with these substances is important to guide appropriate medical surveillance.
Although interpretation criteria are available for some of the tests, in many cases occupational
health practitioners have to develop pragmatic approaches in the context of the specific
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exposure scenario.
The Regulations for Hazardous Chemical Substances under the
Occupational Health and Safety Act provide some guidance for medical surveillance. The
programme should include education of employers and employees about occupational hazards,
placement of staff in positions that do not jeopardise their safety and health, early detection of
adverse health effects, and referral of individuals for diagnostic confirmation and treatment.
Pre-placement medical evaluation
Prior to placing a worker in a job with a potential for exposure, the occupational health
practitioner or occupational medical practitioner should evaluate and document the worker’s
baseline health status with thorough medical, environmental, and occupational histories, a
physical examination and physiological and laboratory tests appropriate for the anticipated
occupational risks. This is important even though the exposure may be within the regulatory
guidelines. A pre-placement medical evaluation is recommended in order to detect and assess
pre-existing or concurrent conditions that may be aggravated or result in other increased risks
that may be associated with the exposure.
Periodic medical evaluation
Workers with potential exposures to chemical hazards should be monitored in a systematic
programme of medical surveillance intended to prevent or control occupational injury and
disease. Additional examinations may be necessary should a worker develop symptoms that
may be attributed to exposure. The interviews, examinations and appropriate biological effect
monitoring and/or biological monitoring tests should be directed at identifying abnormal results
or adverse trends in the integrity and function of the target organs. The baseline health status of
the individual, trends in the occupational group, and data on a suitable reference population,
serve as references for comparison and interpretation. Again, the organs of the body that are
vulnerable to the exposure determine the elements of the medical screening.
Intrinsic to a medical surveillance programme is the dissemination of summary data to those
who need to know, including employers, occupational health professionals, potentially exposed
workers, and regulatory and public health agencies.
The occurrence of disease (a “sentinel health event”, SHE) or other work-related adverse health
effects should prompt immediate evaluation of primary preventive measures, e.g. engineering
controls through to personal protective equipment. An occupational health surveillance
programme is intended to supplement, not replace such measures. An occupational health
surveillance programme should include ongoing systematic collection and evaluation of
measurements of disease occurrence (disease surveillance) or exposure (hazard surveillance)
(i.e. relevant environmental and biological monitoring, medical screening, and morbidity and
mortality data). The analysis may provide information about the relatedness of adverse health
effects and occupational exposure that cannot be discerned from results in individual workers.
Sensitivity, specificity, and predictive values of biological monitoring and medical screening tests
should be evaluated on an industry-wide basis prior to application in any given work group.
Job transfer or termination evaluation
The medical, environmental and occupational history interviews, the physical examination, and
selected physiological and laboratory tests that were conducted at the time of placement,
should be repeated at the time of job transfer or termination. Any changes in the worker’s health
status should be compared to those expected for a suitable reference population. Because
occupational exposure may cause diseases of prolonged induction-latency, the need for
medical surveillance may extend well beyond termination of employment.

8.3.2.2

Biological effect monitoring

Biological effect monitoring determines the intensity of biochemical or physiological change due
to exposure. X-ray and lung function tests will be most relevant in the case of pneumoconiosis.
These are referred to in the proposed medical surveillance programme in Sections 8.3.3 and
8.3.4 below.
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8.3.2.3

Biological monitoring

Traditionally, exposure to hazardous substances in industry has been controlled by setting
standards for the concentration of pollutants in ambient air. This monitoring method considers
only exposure by the pulmonary route. Even for chemicals that enter the human body mainly
with the inspired air, this approach does not always reflect the true uptake of the exposed
workers. Biological monitoring of exposure attempts to estimate the internal dose. It takes into
account absorption by routes other than the lungs and individual biological variation in
absorption. The greatest advantage of biological monitoring is the fact that the biological
parameter of exposure is more directly related to the adverse health effect which one attempts
to prevent than any environmental measurement. Therefore, it may offer a better estimate of
risk than ambient monitoring. Because of its capability to evaluate the overall exposure,
whatever the route of entry, biological monitoring presents the advantage that it can be used to
test the efficiency of various protective measures such as gloves, masks, and barrier creams.
Another advantage is the fact that non-occupational background exposures may also be
expressed in the biological level. Unfortunately, biological monitoring is often not possible,
because exposures are not reflected quantitatively in substances that can be determined in
body fluids.
Practical considerations and regulatory aspects relating to biological monitoring
Biological monitoring of exposure is of practical value only when relationships between external
exposure, internal dose, and adverse effects are known. Figure 8.3.2.3 provides a useful
illustration of relationships between monitoring approaches and the types of information
obtained (Lauwerys and Hoet, 1993: 9).

Figure 8.3.2.3 Types of monitoring in occupational health protection (after
Lauwerys and Hoet, 1993: 9)
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If the relationship between external exposure and internal dose is known, the biological
parameter can be used as a measure of exposure, but it will not give an indication of the
associated health risks (situation ‘a’ in Figure 8.2.2.3). Most of the published studies on
chemical exposure have focused on the relationship between external exposure and internal
dose, and little is known about the relationship between internal dose and health effects. A lot
more is known about the relationship between external exposure and adverse effects, as
reflected in regulatory standards, i.e. threshold limit values (TLVs) in Figure 8.3.2.3, which have
the same underlying philosophy as the OELs in South Africa. If internal dose-response
relationships are known, biological monitoring allows for a direct health risk assessment.
Unfortunately, for many chemicals this relationship has not been established, and the biological
limit values (BLVs) have been derived indirectly from exposure limits in air, and the relationship
between external exposure and internal dose.
The Regulations for Hazardous Chemical Substances under the Occupational Health and
Safety Act (No 85 of 1993) are quite explicit for biological monitoring of exposure (RSA, 1995).
Biological exposure indices (BEIs) have been listed as reference values intended as guidelines
for the evaluation of potential health hazards in risk management. A BEI in this context
represents the level of a hazardous chemical substance or metabolite most likely to be
observed in a biological sample from a healthy individual who has been exposed to the
substance to the same extent as another person with inhalation exposure to an OEL-TWA
(occupational exposure limit - time-weighted average). This is a simplified approach, because
many physicochemical and biological factors preclude the existence of such clear relationships.
Great individual variation exists in the absorption rate of a chemical through the various
exposure routes.
Application of biological monitoring methods
A complete overview has been published by the U.S. National Institute for Occupational Safety
and Health (NIOSH) (1998: 52). Normally, if relevant, pre-placement or baseline samples
should be taken from all employees that may be exposed to hazardous substances in their work
environments. Total body burdens of all employees that may be exposed have to be
determined annually
NIOSH recommends that biological monitoring be performed at regular intervals, for example an
interval not exceeding every three months for at least 25 per cent of all employees who may be
subject to the exposure. Participating workers with the same exposure level, selected in
subgroups for monitoring, should be rotated to provide all workers the opportunity for analysis
every year.
Depending on the particular scenarios, sampling may be conducted in sets on a totally random
basis, to include all possible events, some of which may be scheduled only on certain days. A
set of samples is understood to be one pre-shift and one post-shift sample of biological fluid
from a particular person. Three sets of samples from unexposed workers (also pre-shift and
post-shift) have to be collected as controls, and submitted for analysis with each batch of
samples from exposed workers. The assessment of occupational exposure is difficult, because
workers are sometimes exposed to a mixture of compounds with similar chemical and physical
properties, and exposure may also occur outside the work environment.
Biological monitoring for exposure to silica
There is no easy biological monitoring method to assess exposure to silica. Sweeney and Brian
(1996) have done work on bronchoalveolar lavage as a biomarker in the prediction of lung
fibrosis, but much refining will be required to extend the usefulness of this technique from a
diagnostic tool to a quantitative technique for health risk management. Although silicotic
nodules have not been described in the kidneys, minor abnormalities in renal function or
histological findings have long been reported in association with silicosis (Rosenstock and
Cullen,1994). Silica exposure of experimental animals has induced a variety of nephrotoxic
effects, including glomeruloslerosis. In addition, in at least a dozen reported cases involving
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renal biopsies in patients with chronic silica exposure (either without pulmonary disease or with
silicosis or acute silicoproteinosis), there has been evidence of glumerulonephritis, most
commonly proliferative. Immunofluorescence studies in three of four reported biopsy specimens
revealed granular deposition of immunoglobin M an C3 on glomerular basement membrane. It
has been suggested, therefore, that silica inhalation may cause glomerulonephritis and that
immune complex formation may be involved. The associated clinical condition has been
reported to progress to chronic renal failure and even death despite steroid treatment and
hemodialysis. In one reported case, aggressive immunosuppressive therapy was judged to be
helpful. One recent study reported higher than average excretion of selected proteins in urine
(albumin, alpha-1-microglobulin and N-Acetylglucoseminidase (NAG)) among a small group of
granite quarry workers and silicotic former workers in comparison with nonexposed controls.
Biological monitoring for exposure to polynuclear aromatic hydrocarbons
A practical approach in the assessment of exposure to PAHs requires the use of a marker
compound, such as a major metabolite of a PAH that is representative of the class of
compounds. The assessment should however always be correlated with the relative
concentrations of the various PAHs in the mixture. No biological monitoring methods have been
proposed by ACGIH, and South Africa does not have a BEI for measuring exposure to PAHs.
Lauwerys and Hoet (1993) have summarised the status of knowledge in this field.
1-Hydroxypyrene has been shown to be a specific and sensitive index compound for the
assessment of human exposure to pyrene, which is commonly present in coal tar pitches. In
workers from a coke oven plant and a graphite electrode producing facility, a good correlation
was found between pyrene or total airborne concentration of 13 PAHs and the hydroxypyrene
concentration in urine collected at the end of a work shift. Hydroxypyrene excretion doubled
when exposure to pyrene in air increased tenfold. It was found that a urinary concentration of 1hydroxypyrene of 2.3 µmol/mol creatinine after a 3-day working period corresponds to the
ACGIH TLV of coal tar pitch volatiles of 0.2 mg/m3 (Lauwerys and Hoet, 1993:159).

8.3.3

Biological effect monitoring and medical surveillance for
exposure to silica of all forms (NIOSH 1978)

The following medical procedures should be made available to each employee who is exposed
to crystalline silica at potentially hazardous levels (almost verbatim from NIOSH, 1978):

8.3.3.1

Initial medical examination

A complete history and physical examination
The purpose is to detect pre-existing conditions that might place the exposed person under
increased risk, and to establish a base line for future health monitoring. Examination of the
respiratory system and the cardiovascular system should be stressed.
14” by 17” chest roentgenogram
Crystalline silica causes human lung damage. Surveillance of the lungs is indicated.
FVC and FEV (1 sec)
Crystalline silica is reported to cause decreased pulmonary function.

8.3.3.2

Periodic medical examination

Periodic surveillance is indicated. Periodic medical examination should be repeated on an
annual basis.
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8.3.4

Biological effect monitoring and medical surveillance for
exposure to polynuclear aromatic hydrocarbons

The following medical procedures should be made available to each employee who is exposed
to coal tar pitch volatiles at potentially hazardous levels).

8.3.4.1

Initial medical examination

A complete history and physical examination
The purpose is to detect pre-existing conditions that might place the exposed employee at
increased risk, and to establish a baseline for future health monitoring. Examination of the oral
cavity, respiratory tract, bladder and kidneys should be stressed. The skin should be examined
for evidence of chronic disorders, for pre-malignant and malignant lesions, and evidence of
hyper pigmentation or photosensitivity.
Urinalysis
Coal tar pitch volatiles are associated with an excess of kidney and bladder cancer. A urinalysis
should be obtained to include at a minimum specific gravity, albumin, glucose, and a
microscopic on centrifuged sediment, as well as a test for red blood cells.
Urinary cytology
Coal tar pitch volatiles are associated with an excess of kidney and bladder cancer. Employees
having five or more years of exposure or who are 45 years of age or older should have a urinary
cytology examination.
Sputum cytology
Coal tar pitch volatiles are associated with an excess in lung cancer. Employees who have ten
or more years of exposure or who are 45 years of age or older should have a sputum cytology
examination.
14” by 17” chest roentgenogram
Coal tar pitch volatiles are associated with an excess in lung cancer. Surveillance of the lungs is
indicated.
FVC and FEV (1 sec)
Coal tar pitch volatiles are reported to cause an excess of bronchitis. Periodic surveillance is
indicated.
A complete blood count
Due to the possibility of benzene exposure associated with coal tar pitch volatiles, a complete
blood count is considered necessary to search for leukemia and aplastic anemia.

8.3.4.2

Periodic medical examination

The aforementioned medical examinations should be repeated on an annual basis, and semiannually for employees 45 years of age or older or with ten or more years’ exposure to coal tar
pitch volatiles.
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8.3.5

Biological effect monitoring and medical surveillance for
exposure to silica of all forms (Mine Health and Safety Act,
Regulations for medical surveillance for silica dust exposure)

8.3.5.1

System of medical surveillance

The employer must establish and maintain a system of medical surveillance as contemplated in
Section 13 of the Mine Health and Safety Act, 1996 (Act 29 of 1996) for all employees who
perform work in any working place where exposure to silica dust occurs in excess of 50 per cent
of the OEL for silica dust.

8.3.5.2

Types of examinations to be performed

The medical surveillance comptemplated in regulation 1 shall consist of an initial examination,
periodic examinations and an exit examination.
The initial examination
The employer must ensure that all employees required to undergo medical surveillance in terms
of regulation 1, have an initial examination which must consist of the following:
•
•

A respiratory questionnaire;
A cardio-respiratory examination including a full-size chest X-ray, and a lung function test.

Periodic examinations
The employer must ensure the following periodic examinations are conducted on all employees
required to undergo medical surveillance in terms of regulation 1:
•
•

A lung function test one year after the initial examination, and
A cardio-respiratory examination at three-yearly intervals, which include a full-size chest Xray and a lung function test.

The exit examination
The employer must ensure that every employee who leaves his employment, and who has been
subject to medical surveillance in terms of Regulation 1, has an exit examination.
In addition to the medical examination for purposes of Section 17 of the Mine Health and Safety
Act, 1996 (Act 29 of 1996) the employees shall also have:
•
•
•

A cardio-respiratory examination;
A full-size chest X-ray, unless such an X-ray has been done within the last year, and
A lung function test, unless a lung function test has been done within the past year.

9
9.1

Conclusions and recommendations
Pneumoconiosis risk assessment in silicon smelters:
facts and fallacies

Silicosis has been recognised as a serious pneumoconiosis for centuries. Many studies have
reached consensus that crystalline silica is causally associated with the disease. Despite the
control of exposures to crystalline silica in more recent years to levels that are considered to be
below the threshold for onset of respiratory disease, pneumoconiosis in the silicon industry
continues to occur sporadically on a worldwide basis. The fact that exposure levels to
crystalline silica do not correlate clearly with the manifestation of pneumoconiosis in this
38

industry, infers that the causation and pathogenesis are not completely understood and
therefore the disease cannot be managed effectively.
This SIMRAC study has highlighted several limitations in the current understanding of health
risks in silicon smelters. It appears to be a fallacy to focus any assessment of silicosis in a
smelter environment solely on exposure to crystalline silica, assuming that silica fume, which is
largely amorphous, has little adverse effect on the lung. When assessing the available
toxicological and epidemiological information in context, there is convincing support for a link
between exposure to silica fume produced in silicon smelters and the development of silicosis.
The available literature indicates that silica fume cannot be assessed on the same basis as
uncalcined diatomaceous earth, as is current practice in South Africa.
Most of the
inconsistencies in the interpretation of health effects relating to amorphous silica appear to be a
result of:
•
•
•

Generalisations between the different forms of amorphous silica;
Disregarding the presence of microcrystalline silica (probably cristobalite) in silica fume,and
Underestimating the role of ultrafine particles in the overall particulate toxicity.

Given the fact that silicosis is occurring in workers in silicon smelters where exposure to
crystalline silica is believed to be below the occupational threshold level, the underlying cause
should be sought elsewhere. This leaves silica fume as a likely candidate for causing
pneumoconiosis. Exposure levels to silica fume could be high, and it is possible that the use of
protective equipment would not be effective under the conditions of extreme heat in furnace
areas.
Furthermore, it is possible that routine X-ray diffraction analysis of ultrafine silica fume fails to
identify crystalline silica in the fume, due to peak broadening or for other reasons.
The presence of coal tar pitch volatiles together with silica fume in certain areas of the silicon
production plant creates a situation of increased risk of respiratory impairment, and also lung
cancer. The fact that these substances will adsorb onto ultrafine SiO2 particles that have a
serious deposition pattern in the lung increases overall risk.

9.2

Recommended basis for health risk management

The South African OEL-CL for respirable crystalline silica according to the Regulations for
Hazardous Chemical Substances under the Occupational Health and Safety Act is 0.4 mg/m3.
This is four times higher than the ACGIH and OSHA values, and eight times the NIOSH REL.
Tridymite is also listed at 0.4 mg/m3, and no value is given for cristobalite. Considering the
rationale for the ACGIH and OSHA recommendations, the higher guideline concentrations for
South Africa do not appear to have a logical scientific basis. On the other hand, the timeweighted average TLV for respirable quartz approved by the Department of Minerals and
Energy is the same as the value adopted by the American agencies, i.e. 0.1 mg/m3. It is
recommended that the TLV-TWA guidance of 0.1 mg/m3 for respirable quartz be adopted at
silicon smelters, and that respirable cristobalite and tridymite be assessed at 0.05 mg/m3,
similar to the approach followed by the reputable American agencies.
A fallacy in the current health risk management approach in silicon smelters lies in the
classification of silica fume as general amorphous silica, similar to diatomaceous earth. The
South African OEL-RL of 3 mg/m3 for respirable amorphous silica dust is the same as the
ACGIH TLV-TWA for uncalcined diatomaceous earth. Both NIOSH and OSHA have set
guidelines for various amorphous forms of silica, but not for silica fume as is formed in silicon
smelters. Under current guidance of ACGIH, silica fume has a TLV of 2 mg/m3. This was
changed by ACGIH in 1992 from 0.2 mg/m3 to 2 mg/m3, a tenfold increase. The change has
been criticised convincingly, saying that there was insufficient justification for the tenfold
increase in the TLV for silica fume. It has been shown that particles in the ultrafine range have
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higher than expected toxicity when compared to similar particles of a larger size. In previous
work by other authors, it was recommended that the TLV for silica fume be based on that
described for quartz, i.e. 0.1 mg/m3 (Vitums et al., 1977:67). The German MAK for silica fume is
0.3 mg/m3.
This SIMRAC study has led to the hypothesis that silica fume is likely to be associated with the
development of silicosis in exposed individuals. Overall, where there is continuing occurrence
of pneumoconiosis in silicon smelters at low levels of exposure to crystalline silica per se, it is
recommended that exposure to silica fume be assessed and managed on a basis that is closer
to guidelines that control exposure to respirable crystalline silica. Concentrations between 0.1
to 0.3 mg/m3 appear to be in the range that should be considered. Setting a standard for
controlling exposure to silica fume in the industry would however require an appropriate
stakeholder participative process, where such factors as technical and financial feasibility, and
socio-economic factors will have to be considered. Also, the standard should be supported by
appropriate implementation and health risk management plans.
As an additional concern, it should be noted that exposure to coal tar pitch volatiles may lead to
serious health effects, both as a result of direct inhalation of fumes, and also through inhalation
in the particulate-associated form. Because coal tar pitch volatiles as a chemical class consist
of many polynuclear aromatic and phenolic compounds, quantitative assessment of risk
requires that the individual toxicants be determined. This will enable quantification of both
cancer and noncancer risks. The gravimetric analysis of coal tar pitch volatiles is useful for
screening purposes, but the data cannot be used to quantify the actual risk.
Silicon Smelters (Pty) Ltd in Pietersburg (South Africa) has initiated an independent research
project to clarify some of the issues around pneumoconiosis (Project Thuso). This involves new
occupational hygiene studies, as well as a review of the medical records of workers. New
medical examinations may also be conducted in certain cases. It is recommended that the
findings of this SIMRAC project be combined with the research at Silicon Smelters, to test the
hypothesis tabled in this report against available data on exposure to silica fume and associated
health outcomes.
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