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Abstract Occupational exposure to crystalline silica
dust is associated with an increased risk for pulmonary
diseases such as silicosis, tuberculosis, chronic bronchi-
tis, chronic obstructive pulmonary disease (COPD) and
lung cancer. This review summarizes the current
knowledge about the health effects of amorphous (non-
crystalline) forms of silica. The major problem in the
assessment of health effects of amorphous silica is its
contamination with crystalline silica. This applies par-
ticularly to well-documented pneumoconiosis among
diatomaceous earth workers. Intentionally manufac-
tured synthetic amorphous silicas are without contami-
nation of crystalline silica. These synthetic forms may be
classified as (1) wet process silica, (2) pyrogenic (‘“‘ther-
mal” or “fumed”) silica, and (3) chemically or physically
modified silica. According to the different physico-
chemical properties, the major classes of synthetic
amorphous silica are used in a variety of products, e.g.
as fillers in the rubber industry, in tyre compounds, as
free-flow and anti-caking agents in powder materials,
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and as liquid carriers, particularly in the manufacture of
animal feed and agrochemicals; other uses are found in
toothpaste additives, paints, silicon rubber, insulation
material, liquid systems in coatings, adhesives, printing
inks, plastisol car undercoats, and cosmetics. Animal
inhalation studies with intentionally manufactured
synthetic amorphous silica showed at least partially
reversible inflammation, granuloma formation and em-
physema, but no progressive fibrosis of the lungs. Epi-
demiological studies do not support the hypothesis that
amorphous silicas have any relevant potential to induce
fibrosis in workers with high occupational exposure to
these substances, although one study disclosed four
cases with silicosis among subjects exposed to appar-
ently non-contaminated amorphous silica. Since the
data have been limited, a risk of chronic bronchitis,
COPD or emphysema cannot be excluded. There is no
study that allows the classification of amorphous silica
with regard to its carcinogenicity in humans. Further
work is necessary in order to define the effects of
amorphous silica on morbidity and mortality of workers
with exposure to these substances.

Keywords Non-crystalline - Amorphous -
Silica, Silicosis - Bronchitis - Emphysema - Airway
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Introduction

Recently, the American Thoracic Society has reviewed a
great number of studies on the adverse health effects of
crystalline silica (American Thoracic Society 1997). The
most prominent effects of exposure to crystalline silica
are silicosis, tuberculosis, chronic bronchitis/chronic
obstructive pulmonary disease (COPD) and lung cancer.
A review of the health effects of amorphous silica with
particular reference to cancer has been published re-
cently (McLaughlin et al. 1997). The authors concluded
that epidemiological investigations for any potential
cancer risk were not informative because the effects of
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crystalline and amorphous silica have not been sepa-
rated. In the same year, amorphous silicas were
considered not classifiable with regard to their carcino-
genicity in humans by the International Agency for
Research on Cancer (1997). Both reviews focused on
carcinogenicity. The present review concentrates on the
definition, classification, uses and pulmonary effects of
amorphous silica and describes in more detail the data
on synthetic amorphous silica not contaminated with
crystalline silica.

Definition and use of amorphous silica

Silica is the common name for silicon dioxide (SiO,).
Silica may have a crystalline or a non-crystalline
(amorphous) structure. In crystalline silica, the silicon
and oxygen atoms are arranged in a fixed geometric
pattern. In contrast, in amorphous silica no spatial or-
dering of the atoms is present. The most common form
of crystalline silica is quartz, but cristobalite, tridymite
and others also have crystalline structures. Amorphous
silica may be divided into (1) naturally occurring silica,
(2) silica obtained under uncontrolled conditions, and
(3) intentionally manufactured synthetic silica.

1. The most important naturally occurring amorphous
silica is diatomaceous earth whose particles are the
fossil skeletons of microscopic marine plants known
as diatoms. Dust from uncalcined diatomaceous
earth was reported to contain between 0.1 and 4%
crystalline silica, whereas processing (particularly
calcining) leads to contamination with crystalline
silica such as cristobalite up to 60% (International
Agency for Research on Cancer 1997; Hughes et al.
1998). Exposure to other naturally occurring biogenic
(originating in living matter) amorphous silicas has
been described in farmers during harvesting, crop
burning or incineration (Rabovsky 1995).

2. “Fused” silica is silica heated to a liquid phase and
cooled down without allowing it to crystallize (silica
glass). The processing of these silicas leads to expo-
sure to crystalline forms of silica. Contamination
with crystalline silica occurs also in fly-ashes from
power stations or silica fumes due to metallurgical
processes such as the production of ferrosilicon.

3. The group of amorphous silica produced under
controlled conditions may be classified as:

1) Wet process silica, i.e. precipitated silica and silica
gels
i1) Pyrogenic (“‘thermal” or “‘fumed”) silica
iii) After-treated silica, e.g. chemically modified,
surface-coated or physically treated silica.

None of these intentionally manufactured synthetic
amorphous silicas contain crystalline silica.

The wet manufacturing process carried out in aque-
ous solution or dispersion (alkali metal silicate solution)
may provide two different kinds of synthetic amorphous
silicas, namely precipitated silica and silica gels. Pyro-
genic silicas are obtained by decomposition of a
precursor from a vapour or gas phase at elevated
temperature (Legrand 1998). All kinds of synthetic
amorphous silicas can be after-treated either physically,
chemically, or by surface modification. The methods of
after-treatment are various and depend on the product
application (Ferch and Toussaint 1996).

Depending on the manufacturing process, amorphous
silicas have a wide range of physico-chemical properties
(Table 1). The major applications depend upon the silica
type (Table 2). Approximately 60% of precipitated sili-
cas are used as fillers in the rubber industry. Increasing
amounts are used in tyre compounds for reduced rolling
resistance and better wet-grip “‘green” tyres. They are
used as free-flow and anti-caking agents for powder
materials and as carriers of liquids which are trans-
formed into free-flowing powders, particularly in the
manufacture of animal feed and agrochemicals. Tooth-
paste, paints, and silicon rubber represent further im-
portant applications. More than half of the worldwide
pyrogenic silica production is used as reinforcing filler
for silicon rubber, a particularly high and low tempera-
ture resistant elastomer with major applications in wires,
cables and automotive components. High performance
thermal insulation materials utilize the low heat con-
ductivity of pyrogenic silica. These substances are also
used as thickening and anti-setting agents in liquid sys-
tems of coatings, adhesives, printing inks, plastisol car
undercoats, cosmetics and many other systems. The high
purity makes pyrogenic silica a preferred carrier and
free-flow agent for many pharmaceutical and food ap-
plications, for toners or fire extinguisher powders.

The estimated 1995 production of amorphous silica
was about one million tons (Table 3). The table includes
by-products generated in more or less uncontrolled
procedures. About 2,400 subjects worldwide are exposed

Table 1 Properties of synthetic
amorphous silica. Pyrogenic
and precipitated silicas are wet
process manufactured.

Tables 1-3 were adapted with
minor modifications from
Ferch and Toussaint (1996)
(with permission)

Property Form of amorphous silica

Pyrogenic Precipitated Gels
Specific surface area (m?/g) 50400 30-800 250-1000
pH 3.64.3 5-9 3-8
Primary particle size (nm) 7-50 5-100 3-20
Aggregate size (um) <1 1-40 1-20
Agglomerate size (um) 1-100 3-100 not applicable
Pore size (nm) - >30 2-20




to intentionally produced amorphous silica at work
(European Chemical Industry Council 1996). The
number of users exposed to these substances is not
known, but it is obviously large.

Human data

Only few studies have evaluated the effects of synthetic
amorphous silica with respect to airway or lung diseases.
Workplace concentrations were assessed in quite a
number of studies, among them a few older ones. The
ranges of the median total dust concentrations were re-
ported to be <1 to about 10 mg/m? (European Chemical
Industry Council 1996; International Agency for Re-
search on Cancer 1997). The following health effects of
amorphous silica in humans are discussed in the litera-
ture: pneumoconiosis, chronic bronchitis and COPD,
bronchiolitis obliterans (BO), and carcinoma.

Pneumoconiosis

Many older studies reported high numbers of workers
with pneumoconiosis in the diatomite industry
(Table 4). None of these studies can definitely differen-
tiate between crystalline and amorphous silica. Recent
studies in diatomaceous earth workers showed a low
prevalence of radiographic abnormalities (Harber et al.
1998; Hughes et al. 1998). In one study, 5% of the
subjects had profusion scores =1/0 according to the
classification of the International Labour Office of 1980,
and the authors concluded that the lower prevalence of
pneumoconiosis compared to (=nowadays lower prev.)
earlier studies was due to modern dust control measures

Table 2 Major applications of amorphous silica
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(Harber et al. 1998). The hypothesis that contamination
with crystalline silica is causative for pneumoconiosis in
diatomite-exposed workers is strengthened by the find-
ing that exposure to natural diatomite (little contami-
nation) was associated with simple fibrosis while
exposure to calcined diatomite (high contamination) was
associated with progressive pulmonary fibrosis (Smart
and Andersen 1952; Caldwell 1958; Dutra 1965; Beskow
1978; Omura et al. 1978; Brambilla et al. 1980).

In the few epidemiological studies on workers with
long-term exposure to intentionally manufactured syn-
thetic silica (precipitated or pyrogenic), no silicosis was
found (Volk 1960; Plunkett and De Witt 1962; Wilson
et al. 1979; Ferch et al. 1987a; Choudat et al. 1990). In
one study, silicosis caused by amorphous silica obvi-
ously not contaminated with quartz was found in 4 of 28
workers (Mohrmann and Kann 1985). However, the
authors cannot exclude contamination by small amounts
of cristobalite, and detailed information about the
amorphous silica origin is not included. In a further
study, histological examination of lung biopsies of two
subjects with exposure to amorphous silica and a clinical
diagnosis of lung fibrosis disclosed non-birefringent
material in the vicinity of fibrotic lesions, and birefrin-
gent particles were found to a much lesser degree
(Philippou et al. 1992). One worker was also exposed to
1-3% of crystalline silica, and no exposure data were
provided for the second worker.

Chronic bronchitis and COPD

Information about exposure to amorphous silica and the
diagnosis of bronchitis or COPD is sparse. Ferch et al.
(1987b) found obstructive and/or restrictive lung

Form of amorphous silica Application

Important properties

Silicone rubber reinforcement
Heat insulation

Pyrogenic

Rheology control (numerous liquid systems)

Rubber reinforcement
Free flow, anti-caking

Precipitated

Toothpaste: cleaning, rheology control

Paints: matting
Desiccant, adsorbent
Paints: matting

Gels

Toothpaste: cleaning, rheology control

Surface area, purity, structure

Aggregate size, purity

Surface chemistry, aggregate/agglomerate size
Particle size, surface area, structure

Particle size, spherical form
Aggregate/agglomerate size, particle size, structure
Particle size, structure

Porosity

Particle size, pore volume

Particle size, pore volume, hardness

Table 3 Worldwide shares
of amorphous silica products
(estimation for 1995)

Form of amorphous
silica

Production

I e Percentage
1 tons x10~

of total volume

Percentage
of total value

Synthetic, produced under controlled conditions

Pyrogenic
Precipitated
Gels

By-products of technical processes

Silica fume and fly ashes

110 10 35

900 82 50

90 8 15
2000
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function impairment associated with confounding fac-
tors (smoking) but not with exposure to Aerosil, a pyr-
ogenic amorphous silica (Ferch et al. 1987b). Choudat
et al. (1990) reported a reduction of forced expiratory
flow in the group exposed to precipitated amorphous
silica compared to a control group, but there was no
correlation between the extent of exposure and pulmo-
nary function. The authors concluded that smoking and
exposure to amorphous silica have synergistic effects on
the development of small airway diseases. Wilson et al.
(1979) failed to show a significant association between
the degree of exposure to precipitated amorphous silica
and the annual change in lung function.

Bronchiolitis obliterans (BO)

Recently, a case report of BO was published by Spain
et al. (1995). An animal feed worker was exposed to a
large number of agents (microorganisms, proteolytic
enzymes, various organic substances) including possibly
amorphous silica. No information about exposure to
crystalline silica was provided. The authors suspected
amorphous silica as the cause of BO because silica was
found in an open lung biopsy. However, it is not
mentioned whether the silica in the lung tissue was of
crystalline or amorphous origin.

Carcinoma

Two cohort mortality studies in the diatomaceous earth
industry (Checkoway et al. 1993) and a refractory brick
factory (Puntoni et al. 1988) found an increased risk of
bronchial carcinoma. However, neither study examined
mortality by the type of silica (amorphous or crystalline)
or by the exposure level, thus an independent effect of
amorphous silica cannot be determined.

Regulations

The regulatory issue of silica exposure has been reviewed
by the IARC (International Agency for Research on
Cancer 1997). There is a tendency to set separate limits
for the various kinds of amorphous silicas. For inten-
tionally produced synthetic amorphous silicas, the ex-
posure limits in different countries vary between 4 mg/
m’® (Germany) and 10 mg/m® (USA, France). The
threshold limit value (TLV) for amorphous silica has
been set to 10 mg/m> of total dust in the USA, a value
also assigned to nuisance dust (American Conference of
Governmental Industrial Hygienists 1987). In Germany,
two limit values for amorphous silica were stipulated at
the end of the 1980s. The first one of 0.3 mg/m® for
respirable dust applies to silica fume, calcined di-
atomaceous earth and silica produced under uncon-
trolled conditions (Deutsche Forschungsgemeinschaft
1989). For intentionally manufactured amorphous silica

and uncalcined diatomaceous earth, the MAK (Maxi-
male Arbeitsplatz-Konzentration, maximum workplace
concentration) was set to 4 mg/m? for the inhalable dust
fraction. The TLV for the avoidance of skin and eye
irritation has been set to even lower values (0.2 mg/m°,
twice the value for quartz) (Ratney 1988). Whether these
concentrations imply a health risk has to be shown by
further epidemiological studies that are currently being
performed in Germany.

Animal experiments

The health effects of amorphous silica with regard to
carcinogenicity were reviewed recently (Lewinson et al.
1994; International Agency for Research on Cancer
1997; McLaughlin et al. 1997). The present review on
animal experiments is therefore restricted to the adverse
non-malignant effects of inhaled amorphous silica on the
lung (Table 5).

Short-term inhalation studies on rats with amor-
phous silica showed transient pulmonary inflammatory
responses at 24 h, but not 8 days after exposure
(Warheit et al. 1995). This was in contrast to crystalline
silica that produced persistent neutrophil recruitment
and cytotoxic effects.

Long-term animal inhalation experiments performed
with amorphous silica showed some differences between
species. Inhalation studies in monkeys, rats and guinea-
pigs with different amorphous silicas for about 1 year at
concentrations of 15 mg/m® showed particle-laden
macrophage and mononuclear cell infiltrates together
with collagen formation in monkeys, but to a much
lower extent in rats or guinea-pigs (Groth et al. 1981).
Differences between animal species were confirmed in
another study showing less macrophage reaction in rats
than in guinea-pigs and rabbits, whereas guinea-pigs
showed less alveolar hyperinflation (Schepers and
Dunnom 1981). In addition, the location of macrophage
accumulation differed between species, rabbits showing
a more perivascular infiltrate and guinea-pigs a more
peribronchial pattern (Schepers and Dunnom 1981).
Few studies compared the effects of different amorphous
silicas, but all found differences between substances
(Klosterkotter 1965; Groth et al. 1981; Reuzel et al.
1991). However, no specific product properties were
defined that may predict adverse effects. There are two
important consistent findings. Firstly, emphysema or
alveolar hyperinflation was present in many animal
studies, and especially in rats, this was the cause of a
high mortality. Interestingly, this process was partially
reversible after discontinuation of exposure (Table 5).
Secondly, inflammation and fibrogenic effects were less
pronounced than following quartz inhalation (Schepers
1962; Reuzel et al. 1991; Warheit et al. 1995), and per-
sistent or progressing silicotic nodules were not found
after the discontinuation of exposure. Regression
of granuloma and connective tissue formation after



discontinuation of exposure was found in all animals
species.

Lung clearance is probably an important factor that
determines the occurrence of silicosis. In contrast to
quartz, a number of amorphous silica products have
been shown to be almost completely eliminated from the
lungs of various animal species after discontinuation of
exposure within months. Also, the finding of amorphous
silica accumulation in the lymph nodes (Klosterkdtter
and Einbrodt 1965; Reuzel et al. 1991) was at least
partially reversible. The difference in clearance between
crystalline and amorphous silica is not yet fully under-
stood. Alveolar macrophages transport phagocytosed
material from the alveoli to the lymph nodes (Lee and
Kelly 1993; Lehnert et al. 1986). Amorphous silica have
a surface area 10-1000 times larger than quartz and can
therefore be expected to dissolve faster. This might ex-
plain that while amorphous silica is accumulated in
macrophages and lymph nodes, it is eliminated much
faster than crystalline silica (Pratt 1983; this study was
performed with fused silica).

Conclusions

In summary, with the exception of few case reports with
poorly described exposure quality, there is no evidence
for a fibrogenic effect of intentionally manufactured
synthetic amorphous silica to the human lung. Animal
studies show no persistent silicotic nodules even in long-
term inhalation experiments with high concentrations of
amorphous silicas that are probably not encountered in
workplaces (reported values in workplaces do not exceed
10 mg/m?). This contrasts with inhalation experiments
using crystalline silica which clearly demonstrated such
effects. Although some collagen formation has been
described in animals exposed to amorphous silica, this is
at least partially reversible after discontinuation of ex-
posure. However, some studies describe a minor persis-
tent interstitial collagen deposition. As the available
information in humans is not sufficient to definitely ex-
clude a fibrogenic effect of amorphous silica in exposed
workers, further epidemiological evidence should be
obtained.

Bronchitis, airway obstruction and emphysema were
considered by few studies as outcome variables. Such
effects in workers exposed to amorphous silica have been
described, but the importance of confounders cannot be
quantified sufficiently in these studies. Inflammatory re-
sponses and emphysema have been described in a num-
ber of animal studies, especially in rats and monkeys.
Thus, parameters assessing bronchitis, airways obstruc-
tion and emphysema have to be considered in further
epidemiological studies as primary outcome variables.
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