ZEOLITES OTHER THAN ERIONITE

1. Exposure Data

Natural zeolites occur in over 40 countries and are mined in 11 of these at a rate of
around 250 thousand tonnes per year. Discovery of the characteristic ion-exchange,
dehydration and selective-adsorption properties of these zeolites, which are related to
their unique honeycomb structure, stimulated the development of several processes for
the manufacture of synthetic zeolites. These synthetic zeolites share and improve upon
these properties of natural zeolites. So far, nearly 100 structural types of synthetic and
natural zeolites have been reported (Meier et al., 1996; Roland & Kleinschmit, 1996):
within these types, a large number of chemically diverse synthetic zeolites and 40 natural
zeolites are now known (Roskill Information Services Ltd, 1988).

Among the natural zeolites, erionite was previously evaluated as a human carcinogen
(IARC, 1987) and is not included in this monograph.

1.1 Chemical and physical data

1.1.1  Nomenclature

Chem. Abstr. Serv. Reg. No.: 1318-02-1

Deleted CAS Nos: 37305-72-9, 50809-51-3, 52349-29-8, 53025-48-2, 53060-43-8,
53569-61-2, 53789-62-1, 54693-40-2, 54824-24-7, 56747-83-2, 61710-45-0,
75216-11-4, 76774-74-8, 85117-23-3, 85117-24-4, 88813-85-8, 91082-97-2,
91082-98-3, 100215-47-2; 128280-69-3

Chem. Abstr. Name: Zeolites

Synonyms and trade names: Abscents 3000; Adsorbents, zeolites; Agrolithe 15/25;
Aid Plus OCMA; Aluminosilicates, zeolites; Bactekiller BM 101A: Bactekiller BM
102A; Bactekiller BM 102B; Bactekiller BM 501A; Bactekiller BM 503; Bactekiller
MB; Baylith AC 6184; Ca EH 4B; Calsit; Coratyl G; Crystal structure types, zeolitic;
Crystals, zeolitic; CS 100; CS 100 (zeolite); CS 100S; EZA Zeolite A: Filtering
materials, zeolites; Filters and Filtering materials, mol. sieves; GRZ 1; Harmony 70;
HSD 640NAD; Ionsiv; JE 15P; KC-Perlkator D 10E; KKh 100; LM 104; LM 108:;
LM 204; LM 208; LM 208 (zeolite); LMS 9611; LP zeolites; Microzeokar 8; Mol.
sieves, zeolites; Molecular sieves, zeolitic; MZ 3; NA 100; NC 300; Neounizeon SP
3000; Radiolite; SGK 1; Sieves, mol.; Silicates, alumino; Siliporite NK 10 Silton B
50; Silton B-MZ 260; Silton CPT 30; T 134 (zeolite); Wessalith NaP; Wessalith P;
Zeolite 1014; Zeolite 1424; Zeolite 24P
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For the natural zeolites, clinoptilolite, mordenite and phillipsite, the current assigned

CAS names and registry numbers, synonyms and some selected properties are given in
Table 1.

1.1.2  Structure of typical mineral

Zeolites may be obtained either from naturally occurring deposits or manufactured
synthetically by one of several different processes.

Zeolites are a group of hydrated, crystalline alumino-silicates containing exchan-
geable cations of group IA and IIA elements such as sodium, potassium, magnesium and
calcium. The zeolite framework consists of SiO, and AlO, tetrahedra joined by shared
oxygen atoms. Metal cations (M) compensate the excess negative charge from the
aluminium-containing tetrahedra. Zeolites can be represented by the empirical formula:

M,,0 . ALO, .ySiO, . wH,0

where n is the cation valence and w represents the water contained in the voids of the
zeolite. Structurally, the minerals are complex inorganic ‘polymers’ based on an indefi-
nitely extending framework of AlO, and SiO, tetrahedra. The channels or interconnecting
voids of this framework, which may amount to as much as 50% of the zeolite by volume,
normally contain the cations and water molecules. However, when a zeolite is reversibly
dehydrated by heating, the cations become coordinated with the oxygen along the inner
surfaces of the cavities, while the crystalline structure remains intact. This leaves a
porous zeolite crystal permeated with cavities; the cavities are interconnected by
channels of diameter 0.3-0.8 nm. Accessibility to the internal channels and cavities of
zeolites 1s generally restricted to very small molecules (Breck & Anderson, 1981; Roskill
Information Services Ltd, 1988).

The structural formula of a zeolite is based on a crystal unit cell which can be
represented by:

M,,[(AO,)(Si0,)] . wH,0

where n is the valence of cation M, w is the number of water molecules per unit cell, and
x and y are the total number of tetrahedra per unit cell. The ratio of y/x usually has values
of 1-5, although zeolites have been prepared where y/x is 10 to 100 or higher; zeolites
containing only silica have been prepared (Breck & Anderson, 1981; Roskill Information
Services Ltd, 1988).

Nominal formulae for most common natural and synthetic zeolites are given in
Table 2.

Natural zeolites that are fibrous include natrolite, tetranatrolite, paranatrolite,
mesolite, scolecite, thomsonite, erionite and mordenite (Wright et al., 1983; Gottardi &
Galli, 1985).

Clinoptilolite in sedimentary rocks occurs as euhedral (idiomorphic) plates and laths,
several micrometres in length and 1-2 um thick. Most crystals display characteristic
monoclinic symmetry and many are coffin-shaped (Mumpton & Ormsby, 1976).



Table 1. CAS names, registry numbers, synonyms and properties of some zeolites

Zeolite CAS names and registry numbers Synonyms and trade Window (O Pore size S10,/A1,0,
names atoms in ring) (nm) ratio
Clinoptilolite Clinoptilolite [12173-10-3] (Deleted CAS  Klinosorb; 1010A 8 0.39x0.54 11.0
Nos: 12321-85-6; 67239-95-6) 10+ 8 0.26 x 0.47
Clinoptilolite (Na(AlSi.O,, . xH,0) 0.30x0.76
[12271-42-0] 0.33 x0.46
Clinoptilolite (AINaH,(SiO,) . 4H,0)
[67240-23-7]
Mordenite Mordenite [12173-98-7] Prilolite; 2020A; Alite 12 0.65x0.70 9.0-35
Mordenite (AINaH,(Si0,),) [12445-20-4]  150; Astonite; Jinyunite; 8 0.26 x0.57
Mordenite (Al,CaH .(S510)),, . H,0) Zeolon 100
[66732-10-3]
Mordenite (Na(AlSi,0,,)) [68652-75-5]
Phillipsite Phillipsite [12174-18-4] 8 042 x0.44 4.0
Phillipsite (CaK[Al,O(SiO,),] . 6H,0) 8 0.28 x0.48
[61027-84-7] 8 0.33
Phillipsite (AINa(Si0,) . 6H,0)
[66733-09-3]
Zeolite A" [68989-22-0] 8 0.41 2.0-6.8
Zeolite L NS 12 0.71 6.0-7.0
Zeolite X [68989-23-1] 12 0.74 2.0-3.0
Zeolite Y NS , 12 0.74 3.0-6.0
ZSM-5 [79982-98-2] 10 0.53%0.56 25-c0
10 0.51x0.55

From Dyer (1988); Vaughan (1988); Holmes (1994); Meier et al. (1996); Roland & Kleinschmit (1996)

“Zeolites 3A, 4A and SA are isostructural with zeolite A. The terms are derived from the pore openings which are changed by

exchanging with different cations. Zeolite 3A is exchanged with K, zeolite 4A with Na and zeolite 5A with Ca.

NS, not specified
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Table 2. Formula of most common zeolites”

Zeolite Typical formula
Natural
Analcime Na, [(AlO)) (Si0,),]. 16H,0
Chabazite Ca.[(AlO,),(Si0,),] . I3H,0
Mordenite Na,[A10,),(5i0,),,] . 24H,0
Ferrierite (Na,Mg).[(AlO,)(Si0,)), ] . I8H.O
Heulandite Ca,[(AlO,)(S10,),, . 24HO
Erionite (Ca,Mg,Na,.K)),.[(AlIO,),Si0,),.] . 27TH,O
Faujasite (Ca,Mg,Na, K,),, .[(AlO,)(Si0)),..] . 235H.0

Clinoptilolite  Na [(Al0,)(Si0,). ] . 24H,0
Phillipsite K,(Ca,Na,),[(AlO)) (Si0,) ] . 12H.O

.

Laumontite  Ca,[(Al0,),(Si0.) ] . 16H,0

Synthetic
Zeolite A Na,,[AlO,),,(8i10,),,] . 27TH,0
Zeolite X Na,[(AlO),(Si0,),.].264H.,0
Zeolite Y Na,_[AlO,)(S10,),.] . 250H,0
Zeolite L K,[(A1O,),(S10,),,] . 22H,0
ZSM-5" (Na,TPA),[(AlO,)(Si0,),,] . I6H,0

“Breck (1975); Griffith (1987); Roskill Information Services Ltd
(1988); Holmes (1994); Hanson (1995); Meier et al. (1996);
Roland & Kleinschmit (1996)
"TPA, tetrapropylammonium

Natural mordenite frequently contains thin, curved fibres, a few tenths of a micro-
metre in diameter. The fibres are extremely delicate; length : width ratios of 100 or more
are common (Mumpton & Ormsby, 1976).

Phillipsite occurs as stout prisms and stubby laths, 3-30 um in length and 0.3-3 pum
thick, generally with pseudo-orthorhombic symmetry (Mumpton & Ormsby, 1976).

Commercial zeolites are generally prepared under conditions such that they are non-
fibrous cage-like structures (Bergk et al., 1991; van Hoof & Roelofsen, 1991; Jansen,
1991) Cation exchange capacities of synthetic zeolites vary considerably from around 2.3
to 5.5 meq/g.

1.1.3  Technical products and impurities

Specifications depend on the uses of the zeolite products and vary widely because of
the broad range of natural and synthetic zeolite products, serving many markets. The
American Society for Testing and Materials Committee No. D-32 sets general testing
methods for zeolites in the United States. Specifications and standards in Europe and
Japan are commonly set by the producing companies in a market-driven setting. Zeolite
producers deal with specifications in the two following ways: on a custom basis to speci-
fications negotiated with the buyer; or on a product-line basis, where each zeolite product
has a name or number designation and specific physical and/or chemical characteristics.
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In the United States, zeolite products are commonly sold under a trade name rather than
as a mineral variety, e.g. clinoptilolite (Holmes, 1994).

Natural zeolites may contain benzo[a]pyrene. For example, zeolite dusts taken from
five deposits in Russia and one deposit in Georgia were determined to contain 1.21—
3.60 ug/kg benzo[alpyrene (Pylev et al., 1984; Valamina et al., 1994).

1.1.4  Analysis

Natural zeolite minerals are identified primarily by their crystalline structure.
Chemical analyses alone are not an effective method of identification, as many zeolites
have similar chemical composition. Macroscopic zeolites, particularly those occurring in
vesicles and fractures in basaltic rocks, may be identified by careful visual examination.
However, virtually all natural zeolite occurrences of commercial value are of micros-
copic grain size. The positive identification and semi-quantitative determination of such
fine-grained materials can be done only in the laboratory. The principal methods of iden-
tification are by X-ray diffraction and scanning electron microscopy; less often, optical
microscopy and differential thermal analysis are used (van Hoof & Roelofsen, 1991:
Holmes, 1994). In special circumstances, other analytical methods may be used. Such
methods include infrared absorption spectrometry, Moessbauer spectroscopy, electron
spin resonance spectroscopy, electron spin echo spectroscopy, solid state nuclear

magnetic resonance, neutron diffraction and synchrotron X-ray diffraction (Holmes,
1994).

In characterizing zeolitic materials for commercial uses, specifications are generally
tailored toward the desired application. The following physical and chemical properties
and tests may be used to characterize a zeolite product: wet chemical analysis; cation
exchange capacity; specific gravity and bulk density; brightness, whiteness, and colour;
hydration/dehydration testing; gas adsorption; attrition in water; and internal and external
surface area (Holmes, 1994).

1.2 Production and use

1.2.1 Production

Zeolites were first discovered in 1756 by Cronstedt, a Swedish mineralogist, who
coined the name from two Greek words, zein (to boil) and lithos (stone), meaning
‘boiling stones’ (Roland & Kleinschmit, 1996). This name refers to the unusual frothing

of zeolite minerals when heated in a blowpipe flame (Roskill Information Services, Ltd,
1988).

Reliable production statistics are not available for natural zeolite minerals. In 1979,
world production was estimated at 280 thousand tonnes and this figure is now probably
around 250 thousand tonnes. Japan is the largest producer with approximately 15
companies mining zeolites, although only two of these produce more than 10 thousand
tonnes per year. In 1985, the United States Bureau of Mines estimated zeolite mineral
production in the United States to be 13 thousand tonnes per year; in Hungary production
was in the order of 40 thousand—50 thousand tonnes per year. Other countries that mine
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zeolite minerals include Bulgaria, Cuba, Italy and South Africa. Many countries such as
Australia, Czechoslovakia, Greece and Turkey have large unexploited reserves of these
minerals (Roskill Information Services Ltd, 1988).

Synthetic zeolites are produced in 13 countries by at least 39 companies (Roskill
Information Services Ltd, 1988). World production in 1994 was about 1 million tonnes
and production capacity was 1.5-2 million tonnes (Smart et al., 1995).

Natural zeolites

Natural zeolite minerals are recovered from deposits by selective opencast or strip
mining methods. The raw material is then processed by crushing, drying, powdering and
screening. Some beneficiation processes for zeolites have been developed but these are
not yet employed commercially. Natural zeolite minerals used for ion-exchange appli-
cations are usually sold as screened products in the —10 to +50 mesh (equivalent to 2 mm
and 0.297 mm, respectively) size range. In Hungary, where zeolite ore is used for
catalysts, ore containing about 70% clinoptilolite and mordenite is ground to the 0.1—
1.6 mm size range and subsequently modified by ion exchange with ammonium ions and
treated with hydrogen. For use in adsorption applications, natural zeolites such as
chabazite or mordenite are ground to + 200 mesh (0.074 mm), mixed with a binder,
extruded or pelletized and activated by heating for 1 h at a temperature of 427 °C. These
activated products are then marketed in sealed drums (Roskill Information Services Ltd,
1988).

Synthetic zeolites

Since the late 1940s, when Union Carbide scientists carried out the first successful
synthesis, more than 150 types of synthetic zeolites have been manufactured. Of these,
many important types have no natural mineral counterpart (and conversely, the synthetic
counterparts of many natural zeolites are not yet known). The conditions at synthesis
have a direct impact on the type and composition of zeolite produced, both in nature and
in commercial production (e.g. mordenite, faujasite, ZSM-5, etc.). However, neither
composition nor crystal type is a good predictor of zeolite crystal morphology. Different
zeolites of identical silicon, aluminium and oxygen contents can have very different
shapes and sizes. Similarly it is possible to synthesize the same type of zeolite in
markedly different sizes and shapes. Control over this morphology can have profound
effects on the applicability of these materials for adsorption and for catalysis (Breck,
1974).

Zeolite synthesis generally requires the following conditions: (i) reactive starting
materials (e.g. freshly co-precipitated gels or amorphous solids); (ii) a relatively high pH
(introduced in the form of an alkali metal hydroxide or other strong base, such as a tetra-
alkylammonium hydroxide); (iii) a low-temperature hydrothermal state with concurrent
low autogenous pressure at saturated water pressure; and (iv) a high degree of super-
saturation of the gel components leading to the nucleation of a large number of crystals
(Roskill Information Services Ltd, 1988).
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Zeolites crystallize from gels in closed hydrothermal systems at temperatures varying
from 20 °C to about 200 °C. The time required for this crystallization varies from only a
few hours to several days. Some of the most significant parameters that influence the
ultimate zeolite crystal morphology are temperature, degree of agitation, crystal growth
inhibitor concentration, solution viscosity and the type of cation or directing agent that is
used (Drzaj et al., 1985; Vaughan, 1988). Temperature strongly influences the crystalli-
zation time of even the most reactive gels; for example, zeolite X crystallizes in 800 h at
25 °Cand in 6 h at 100 °C (Roskill Information Services Litd, 1988).

Typical gels are prepared from aqueous solutions of reactants such as sodium alu-
minate, sodium hydroxide and sodium silicate: other reactants include alumina trihydrate
(ALO, . 3H,0), colloidal silica and silicic acid. When the reaction mixtures are prepared
from colloidal silica, sol or amorphous silica, additional zeolites may also form that do
not readily crystallize from the homogeneous sodium silicate or alumino-silicate gels
(Roskill Information Services Ltd, 1988).

Both mordenite and ZMS-5 are good examples of zeolites with multiple morpho-
logies. Mordenite occurs naturally as a needle-like crystal. However, if high agitation
rates and high viscosities are used in the synthesis, the crystal morphology changes from
needle-like structures to individual crystals that resemble discs (Bodart er al., 1984). If
ZSM-5 is crystallized at low temperatures (e.g. 80 °C) or if a tetrapropylammonium
cation is used as a directing agent, its morphology consists of discrete individual
elongated prisms (Jansen, 1991). Under similar conditions, but with hexapropyl-1,6-
hexanediammonium as the directing agent, the same composition ZSM-5 is produced
(with the same X-ray diffraction pattern); however, the morphology is one of small inter-
grown crystallites, resembling a head of broccoli.

Some zeolites always have the same crystal shape, although the crystal size may be
regulated by synthesis conditions (Barrer, 1985). An example of this is zeolite A which
always has a cubic morphology (Anon., 1981).

See Table 1 for selected properties of synthetic zeolites.

1.2.2 Use
Natural zeolites

Worldwide, the building and construction industry is thought to be the largest
consumer of natural zeolites. Principal uses in this industry include lightweight aggre-
gates, pozzolanas (component of strong, slow-hardening cements) and building stone.
This industry, together with the paper industry in Japan, which uses white clinoptilolite
as a paper filler and coating, and the agricultural industry, which uses zeolites as soil
conditioners and animal feed supplements, accounts for around 80—-90% of total natural
zeolite production worldwide (around 200 thousand—225 thousand tonnes of an estimated
total of 250 thousand tonnes per year) (Roskill Information Services Ltd, 1988).

The remaining 10-20% of natural zeolite output (25 thousand—50 thousand tonnes per
year) is consumed in higher-value industrial applications that utilize the ion exchange,
adsorption and catalytic properties of natural zeolites. It is in these applications that
synthetic zeolites compete with these natural zeolites. Natural zeolites cannot match the
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homogeneous chemistry and increased cation exchange capacity of synthetic zeolites,
although there may be specific markets, particularly in the area of water treatment, where
they can be more cost effective. Other than in the limited treatment of radioactive waste,
there is little overlap in the applications of synthetic and natural zeolites (Roskill Infor-
mation Services Ltd, 1988).

Synthetic zeolites

The three principal uses of synthetic zeolites are in detergents, as catalysts and as
adsorbents or desiccants. Approximately 80-90% of total synthetic zeolite consumption
1s in detergent builders, either as zeolite A powder or slurry. This application makes use
of the ion-exchange properties of synthetic zeolite A to soften washing water and there-
fore increase the effectiveness of a detergent.

The widespread phasing out of tetraethyl lead in gasoline, together with increased
world demand for motor fuel, has stimulated an increase in the use of synthetic zeolites
as catalysts. The past few years have seen the development of over 30 new refining or
chemical processes involving zeolite catalysts and this area is still in a rapid growth
phase. The largest catalyst market for synthetic zeolites, fluid catalytic cracking (FCC),
recently saw the replacement of rare earth zeolite Y by ultra-stable zeolite Y, to produce
higher octane gasoline. The result is a higher zeolite content (up to 50%) in FCC cata-
lysts due to the lower activity of the ultra-stable zeolite Y (Roskill Information Services
Ltd, 1988).

Adsorbents and desiccants account for the third largest application of synthetic
zeolites worldwide. Their major applications include the following: pressure swing
adsorption gas separators; desiccants, either in combination or competition with silica gel
and activated alumina, for the removal of water, hydrocarbons and other liquids; the
removal of water and hydrocarbons in double glazing and brake systems; and the drying
of industrial gases. These applications account for between 5 and 10% of total synthetic
zeolite consumption (Roskill Information Services Ltd, 1988).

Limited consumption figures are available for western Europe, Japan and the United
States. The demand in western Europe for detergent-grade synthetic zeolites in 1994 has
been estimated at around 500 thousand tonnes. Catalyst applications and adsorbent and
desiccant applications each consumed about 20 thousand tonnes. The demand for
synthetic zeolite in Japan in 1994 was about 160 thousand tonnes; detergent builders
account for 94% of total consumption, catalysts about 4% and desiccants and adsorbents
about 3%. The United States represents a large proportion of the world catalyst market
and therefore a higher proportion of their synthetic zeolite consumption is used in this
application than 1n other countries. In 1994, of the total 320 thousand tonnes of synthetic
zeolites consumed in the United States, about 70% was in detergents, 20% in catalysts
and 10% in desiccants and adsorbents (Smart et al., 1995).
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1.3 Occurrence and exposure

1.3.1  Natural occurrence

Natural zeolites occur over much of the earth’s surface including the sea bed. Until
about 20 years ago, they were considered typically to occur in the cavities of basaltic and
volcanic rocks. However, during the last 20-25 years, the use of X-ray diffraction for the
examination of very fine-grained sedimentary rocks has led to the identification of
several zeolite minerals that were formed by the natural alteration of volcanic ash in
alkaline environments. More common types of natural zeolites include clinoptilolite,
mordenite, chabazite and erionite (see Table 2) (Roskill Information Systems Ltd, 1988).

Of the 40 known types of natural zeolites, at least 20 have been reported from
deposits in zeolitically altered rocks; however, only the following nine are known to
occur in deposits large enough to mine: analcime, chabazite, clinoptilolite (most abun-
dant; Mumpton & Ormsby, 1976), erionite, ferrierite, heulandite, laumontite, mordenite
and phillipsite. These zeolites, which were formed by the natural alteration of volcanic
alumino-silicate ash, occur in either closed-system or open-system deposits. Closed-
system deposits tend to occur when volcanic ash is deposited underwater; over long
periods of time, the alkaline constituents of the ash hydrolyse, the surrounding water
becomes salty and alkaline and the ash crystallizes to form zeolites. Open-system
deposits are created by the deposition of sediments on land in thick beds and the sub-
sequent conversion of these sediments to zeolites by the downward percolation of surface
water (Roskill Information Services Ltd, 1988).

1.3.2  Occupational exposures

In a synthetic zeolite production facility in the United States, Greenberg et al. (1986)
measured exposures to total respirable dust between 1980 and 1984 by means of personal
samples. The results are summarized in Table 3. Of the 577 samples taken in the
production areas, 87% were less than 1.0 mg/m’ total respirable dust.

Table 3. Distribution of personal sampling measurements of
total respirable dust in a United States zeolite production
facility, 1980-84°

Work area Number of  Percentage of readings in
samples following categories (%)

<0.2 <0.2-09 >1.0

mg/m’  mg/m’ mg/m’
Total production 577 345 52.5 13.0
Catalysts 150 25.3 514 233
Adsorbents 263 34.2 544 11.4
Synthesis 164 43.3 50.6 6.1
Maintenance and distribution 42 61.9 35.7 24

“From Greenberg et al. (1986)
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In a German detergent manufacturing facility using synthetic zeolite A, total dust
exposures ranged from 0.2-5.2 mg/m’ (34 samples). The mean exposure to zeolite A in
the ‘fine dust’ was estimated at 0.09 mg/m3 (Gloxhuber et al., 1983).

In western Canada, Green et al. (1990) collected airborne dust samples generated
during farming operations. These samples contained 1-17% quartz (by mass) but had no
detectable fibrous zeolites.

Makhonko et al. (1994) measured the concentration of respirable zeolite dust [type
not identified] in the working area [not specified] of the zeolite deposit in Pegass, Russia.
Respirable zeolite dust was found to range from 31.2 to 127.7 mg/m’.

1.3.3  Environmental occurrence

Although natural zeolites occur widely, no data were available to the Working Group
on levels in ambient air or water.

It has been suggested that synthetic zeolite A does not persist in the environment.
This zeolite hydrolyses rapidly in water at pH < 8, degrading to amorphous aluminates
and sodium silicates (Anon., 1981).

1.4 Regulations and guidelines

Regulations and guidelines for exposures to zeolites other than erionite (Deutsche
Forschungsgemeinschaft, 1996) have not been proposed.

2. Studies of Cancer in Humans

No data were available to the Working Group.

3. Studies of Cancer in Experimental Animals

Clinoptilolite
3.1 Intratracheal administration

Rat: Groups of 50 male (60 male controls) and 50 female Wistar rats (Wistar: Han:
Lati, G6dollo, Hungary), five weeks of age, were treated with a single intratracheal
instillation of 0, 30 or 60 mg/animal respirable clinoptilolite particles (<5 pm; total
silica, 70%; cristobalite, 15-20%; Al,O, 23%; Fe,0O,, 1.38%; TiO,, 0.07%; CaO, 1.42%;
MgO, 0.69%; K,O, 1.35%) suspended in 1 mL saline containing 40 000 IU crystalline
penicillin. [The Working Group noted that it was not stated whether the cristobalite was
present in free form or included within the clinoptilolite particles.] Controls were treated
with 1 mL physiological saline only. Survivors (more than 50% of the test animals) were
killed at the end of the study (104 weeks). All animals were examined macroscopically

for the presence of gross lesions. Histological diagnosis and incidence of tumours were
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determined in each group of both sexes. Various types of tumours were observed in all
treated groups and controls. None of the experimental groups showed a significant
increase in the incidence of any specific tumours compared to the corresponding control
value (Fisher’s exact test), and no positive trend was noted in the occurrence of tumours
(Cochran—Armitage linear trend test). The anatomical sites and histological characte-
ristics of tumours were similar to those of spontaneous tumours, occurring in the strain of
rats studied (Tétrai and Ungvary, 1993).

3.2 Intrapleural administration

Rat: A group of 44 male and 49 female random-bred rats [strain and age unspecified]
was given three intrapleural injections of 20 mg/animal clinoptilolite suspended in
0.5 mL physiological saline at monthly intervals. The authors describe this zeolite as
(Na,K),Ca[AlS1,0,] . 20H,0, with contamination of Cu, Pb, Zn, Ni, Co, Mo, Mn, Ti,
Sr, Ba and Hg. Particle size measurements were as follows: < 3 um, 6.3%; 5 um, 5.9%;
10 pm, 5.9%; > 10-30 um; 20.6%; > 30100 um, 35.1%:; > 100-500 um, 26.1%. Control
animals (23 males and 22 females) were administered 0.5 mL physiological saline only,
and 41 males and 45 females were left as untreated controls. Life span was recorded as
26 months and 11 days. Each animal was given a full histological examination.
Pulmonary lymphosarcomas, pleural and abdominal lymphosarcomas and lymphatic
leukaemias (described collectively as ‘haemoblastosis’) were observed in 5/45 vehicle
controls, 7/86 untreated controls and in 47/93 treated animals. No mesothelioma or
pulmonary tumour was observed in controls, but mesothelioma and bronchial carcinoma
were detected in 2/93 and 1/93 of the treated animals, respectively (Pylev er al., 1986).
[The Working Group noted that a large proportion of the particles were larger than
10 wm. In addition, the authors reported that the incidence of ‘haemoblastosis’ was
significantly higher (p < 0.05) in treated than in control animals, but did not enumerate
the tumour types identified.]

Phillipsite
3.1 Intrapleural administration

Rat: A group of 50 male and 51 female random-bred rats [strain and age unspecified],
weighing 100 g, received three intrapleural injections of 20 mg/animal mixed phillipsite
dust in 0.5 mL saline at monthly intervals. The authors described this zeolite as (Na, .,
K, Cay g Mg, (Si,, o, Al O,,) . 9H,0. Particle size measurements were as follows:
<5 pm, 14.5%; 10-30 um, 32.8%; 50-70 um, 16%; > 100 um, 36.7%. A control group
of 25 males and 27 females was administered with 0.5 mL saline only. Average survival
times were 17-18 months for controls and 13—15 months for treated animals. After death,
each animal was given a full histological examination. In control rats, a total of 16
tumours were identified in 14/52 rats. Of these tumours, seven were pulmonary lympho-
sarcomas, pleural and abdominal lymphosarcomas and lymphocytic leukaemias
(described by the authors as ‘haemoblastosis’), four were mammary tumours and five
were tumours at other sites [undetermined]. Of the rats exposed to phillipsite, 41/101 had
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a total of 50 tumours: one pleural mesothelioma, two pulmonary adenocarcinoma, 29
haemoblastosis, seven mammary tumours and 11 tumours in other sites [unspecified]
(Pylev et al., 1989). [The Working Group noted that a large proportion of particles were
larger than 10 um. In addition, the authors reported that the incidence of ‘haemo-
blastosis’ was significantly higher (p < 0.05) in treated than in control animals but did
not enumerate the tumour types identified.]

Mordenite
3.1 Intraperitoneal administration

Mouse: In a preliminary experiment, two groups of 18 and five male Swiss albino
mice, four to five weeks old, received a single intraperitoneal injection of 10 or
30 mg/animal mordenite, respectively, suspended in physiological saline. The dimen-
sions of the mordenite were as follows: long axis of the granular component, 0.33-5.7
pum (98.6% < 5 um), short axis, 0.27-1.67 um (83.6% < 1 um); fibrous component, 0.4—
6 wm (average length, 1.5 um), 98.2% <5 um) and 0.05-0.067 um in width (average
width 0.18 pm, 96.4% < 0.5 um). A further group of 13 mice served as untreated
controls. Ten months after exposure, no neoplastic changes were observed in the animals
(Suzuki, 1982). [The Working Group noted the small numbers of animals, the short
duration, the lack of information on survival and that the proportion of fibres in the
material was not specified.]

A group of 50 male BALB/c mice, five to six weeks of age, was given a single
intraperitoneal injection of 10 mg/animal mordenite suspended in 1 mL physiological
saline. This sample of mordenite had the following dimensions: length of particles, 94%
<3 um and 4% > 3.8 um; diameter of particles, 89% < 1 um and 6.25% > 1.4 um. A
similar group of 129 controls were treated with saline alone. In these controls, no peri-
toneal tumours were observed (0/1 18). In the mice exposed to mordenite, no peritoneal
tumours were seen (0/44) 7-23 months after injection, and nor were there any tumours in
other organs. Mild peritoneal fibrosis was however observed in treated mice (Suzuki &
Kohyama, 1984). [The Working Group noted the lack of information on survival. ]

Non-fibrous Japanese zeolite
3.1 Intrapleural administration

Rat: Two groups of 20 male and 20 female Fischer 344 rats, about 60 days of age,
received a single intrapleural injection of 20 mg/animal non-fibrous respirable Japanese
zeolite [size unspecified] suspended in 1 mL saline or 1 mL saline alone (controls). Mean
survival time was 715 days in the zeolite-treated group and 720 days in controls. One
pleural and one peritoneal mesothelioma were observed in the non-fibrous zeolite-treated

group, whereas one pleural mesothelioma was found in the saline-treated control group
(Wagner et al., 1985).
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Synthetic zeolite
3.1 Oral administration

Rat: Groups of 50 male and 50 female Wistar rats, 5-6 weeks old, were fed via the
diet 0, 10, or 1000 mg/kg of diet (ppm) synthetic zeolite A (Na,,(AlO,)(Si0,),, . 27TH,0)
for up to 104 weeks. The authors recorded clinical signs and mortality and characterized
gross and microscopic pathology for the presence of neoplastic and non-neoplastic
lesions. Based on feed intake, the synthetic zeolite A intake for the 10-, 100- and 1000-
ppm groups was 0.62, 6.1 and 58.5 mg/kg bw per day for males and 0.65, 6.53 and
62.2 mg/kg bw per day for females. No differences in body weight gain or clinical para-
meters were observed between controls and experimental animals. No significant
treatment-related effects were observed in any of the organs examined histologically, and

there was no treatment-related effect on the types or incidence of any neoplastic changes
seen (Gloxhuber ez al., 1983).

3.2 Inhalation

Rat: Groups of 20 male and 20 female Fischer 344 rats, about 57 days of age, were
exposed by inhalation in chambers to a mean respirable dust concentration of 0 or
10 mg/m" (10.4 X 10’ particles >0.5 um/mL) of a synthetic non-fibrous zeolite (of
chemical composition identical to that of erionite). Exposures were for 7 h per day on
five days a week for 12 months, followed by observation for life span. In addition,
similar groups of rats were exposed to 10 mg/m’ erionite from Oregon or UICC croci-
dolite. Three males and three females per group were killed at three, six, 12 and 24
months after the start of exposure. Mean survival times were 797 days for the rats
exposed to the synthetic zeolite, 504 days for those exposed to erionite from Oregon, 718
days for those exposed to UICC crocidolite and 738 days for the untreated groups. The
investigators diagnosed one pleural mesothelioma and one pulmonary adenocarcinoma in
rats exposed to the synthetic zeolite; no tumours were found in the untreated controls. In
the positive controls, 27 mesotheliomas were found in 28 rats exposed to erionite from
Oregon and one squamous-cell carcinoma of the lung was observed in 28 rats exposed to
UICC crocidolite (Wagner erf al., 1985).

A group of 15 male and 15 female Wistar rats was exposed for 5 h per day, three
times a week to 20 mg/m’ synthetic zeolite A (Na ,(Al),)(S10,),.27H,0O) for 22
months. A group of 30 untreated male rats served as controls. The particle size distri-
bution for the airborne synthetic zeolite A particles was as follows: 0.5-1 um, 15.7%;
1-2 um, 14.8%; 2-5 um, 62% and 5-10 wm, 7.3%. The authors performed histopatho-
logical examinations of the trachea and lung of 10 treated (5 males, 5 females) and five
control (1 male, 4 females) rats. Rats in the treated and control groups showed moderate
to extensive respiratory disease. No treatment-related tumours were observed (Gloxhuber
et al., 1983). [The Working Group noted the small number of animals.]
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3.3 Intraperitoneal administration

3.3.1 Mouse

Groups of 50 male BALB/c mice, five to six weeks of age, received a single intra-
peritoneal injection of 10 mg/animal synthetic zeolite 4A (average particle length,
2.4 um; average diameter, 2.24 um) suspended in 1 mL saline or | mL saline only. No
mesothelioma was observed 7-23 months after injection (Suzuki & Kohyama, 1984).
[The Working Group noted the lack of details on survival.]

3.3.2 Rat

Groups of 20 male and 20 female Sprague-Dawley rats, eight weeks of age, received
a single intraperitoneal injection of 25 mg/animal of the synthetic zeolite MS4A (sodium
aluminium silicate) or MSSA (calcium aluminium silicate) in 1 mL water or 1 mL water v
only (controls). All animals were observed for their life span, and full post-mortem and
histology were performed. At 141 weeks after treatment, the authors found one peri-
toneal mesothelioma in a male treated with zeolite MS4A (Maltoni & Minardi, 1988).
[The Working Group noted the lack of information on either survival or the size of the
test material.]

3.4 Intrapleural administration

Rar: Groups of 20 male and 20 female Sprague-Dawley rats, eight weeks of age,
received a single intrapleural injection of 25 mg/animal of the synthetic zeolites MS4A
or MS5A suspended in 1 mL water or a single intraperitoneal injection of | mL water
only. The authors found no difference in the incidence of tumours between control and
treated animals (Maltoni & Minardi, 1988). [The Working Group noted the lack of
information on survival and on the size of the test material.]

3.5 Subcutaneous administration

Rat: Groups of 20 male and 20 female Sprague-Dawley rats, eight weeks of age,
received a single subcutaneous injection of 25 mg/animal of the synthetic zeolites MS4A
or MS5A suspended in 1 mL water or a single intraperitoneal injection of 1 mL water
only. The authors found no noticeable difference in tumour incidence between treated
and control animals (Maltoni & Minardi, 1988). [The Working Group noted the lack of
information on survival and on the size of the test material.]

4. Other Data Relevant to an Evaluation of Carcinogenicity
and its Mechanisms
4.1 Absorption, distribution, metabolism and excretion
4.1.1 Humans

No data were available to the Working Group.


kajo
Pencil

kajo
Pencil

kajo
Pencil


ZEOLITES OTHER THAN ERIONITE 321

4.1.2  Experimental systems

!

Kinetics

Several studies have attempted to investigate whether the ion-exchange capabilities of
zeolites influence microbial and animal metabolism through the preferential trapping and
release of cations.

In a 148-day feed-lot experiment, 48 cross-bred steers were fed a 70% sorghum diet
with clinoptilolite substituted at 0, 1.25 and 2.5% of the diet dry matter. No differences
were found among treatments in average daily weight gain, feed intake or feed efficiency
(McCollum & Galyean, 1983).

To test the efficacy of clinoptilolite as a feed additive, a total of 120 16-week-old hens
(of three strains) were fed a diet that contained clinoptilolite for 28 days. Sterile river
sand replaced clinoptilolite in control diets. No significant effects of clinoptilolite were
found between treatments with respect to body weight, age at first egg, egg weight,
Haugh scores or food intake per hen. Significant effects in favour of clinoptilolite were
noted with regard to the number of eggs laid per hen, shell thickness, efficiency of food
utilization, droppings moisture content and mortality (Olver, 1989).

Weanling Landrace X Yorkshire pigs were fed a basal diet containing 3% clinopti-
lolite with or without 150 ppm cadmium chloride or 3% sodium zeolite A with or
without 150 ppm cadmium chloride for 31 days. Pigs fed cadmium in the absence of
zeolites had depressed levels of haematocrit and haemoglobin; pigs fed cadmium in the
presence of zeolites did not. Liver cadmium concentration was increased dramatically by
the addition of cadmium to the diet but this effect was significantly reduced in animals
also fed with clinoptilolite. Liver iron and zinc were decreased by dietary cadmium; liver
iron was not affected significantly by clinoptilolite or sodium zeolite A, but liver zinc
was increased by sodium zeolite A (Pond & Yen, 1983a).

Pond er al. (1981) carried out experiments to determine the effects of clinoptilolite on
portal blood ammonia concentrations following oral administration of 45 or 90 g/kg bw
ammonium carbonate to Sprague-Dawley rats. The clinoptilolite was administered by
gastric intubation to the rats at 315, 472.5, 630 or 945 g/kg bw and was found to reduce
the portal vein blood ammonia concentrations of the rats. The authors considered that
clinoptilolite had the capacity to bind free ammonia in the gastrointestinal tract and that
the degree of binding was predictable from its known ion-exchange capacity. This
ammonia binding may be related to the improved efficiency of feed utilization reported
in some animals fed diets containing clinoptilolite.

Pond et al. (1989) carried out a study to test the hypothesis that tissue storage of
major and trace elements is altered by the addition of clinoptilolite to diets differing in
concentrations of iron and calcium. Thirty-two castrated growing male pigs were fed
various diets containing calcium, iron or clinoptilolite. On day 84, all of the pigs were
killed and analysed. Dietary concentrations of calcium, iron and clinoptilolite had no
effect on daily weight gain, daily feed intake or the ratio of weight gain : feed intake of

growing pigs.
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One of two groups of five sheep was given a diet containing 0.15 g/kg bw of zeolite
for three months. At the end of the study, no difference in health effects was found
between the two groups; health effects included general behaviour, total and actual aci-
dity, content of volatile fatty acids in rumen contents, blood picture, content of micro-
elements, transaminase activity and acid-base homeostasis in the blood (Bartko er al.,
1983).

Chung et al. (1990) conducted three experiments to evaluate the effects of hydrated
sodium calcium alumino-silicates on zinc, manganese, vitamin A and riboflavin utili-
zation in young broiler chicks. The results suggested that 0.5% or 1.0% dietary calcium
alumino-silicate did not impair manganese, vitamin A, or riboflavin utilization, but that
zinc utilization was reduced.

Frost et al. (1992) conducted three experiments to determine possible mechanisms
involved in the improvement of eggshell quality with dietary supplementation of sodium
zeolite A and cholecalciferol (vitamin D,). It was concluded that sodium zeolite A did
not influence the synthesis of 1,25-dihydroxycholecalciferol or plasma levels of 1,25-
dihydroxycholecalciferol, ionic calcium, total calcium, pH or phosphorus.

Watkins and Southern (1993) designed two experiments to study the effect of sodium
zeolite A on zinc utilization in chicks 5—15 days old. Irrespective of whether chicks were
fed inadequate, adequate or toxic levels of zinc, the addition of sodium zeolite A to the
diet resulted in an increased tissue zinc concentration.

Rabon et al. (1995) conducted two experiments to determine whether serum silicon
and aluminium are increased in hens intubated with sodium zeolite A and whether
dietary cholecalciferol (vitamin D,) influences the absorption of silicon or aluminium by
hens fed sodium zeolite A. It was concluded that silicon and aluminium from sodium
zeolite A are absorbed by commercial Leghorn hens, and that a possible involvement of
silicon or aluminium should be considered in the mechanism of action of sodium zeolite
A associated with improved eggshell quality and bone development.

Roland et al. (1993) considered that the mechanisms by which zeolite affects eggshell
quality could be related either to its ion-exchange properties or to individual zeolite A
elements (aluminium or silicon). To determine whether any zeolite A passes through the
digestive system in its original form and whether any aluminium and silicon absorption
occurs, the authors intubated unfed hens at oviposition with either O or 5 g zeolite A and
intubated fed and unfed hens at oviposition with 0, 1 or 2 g zeolite A. Some zeolite A
was found to pass through the digestive system with its crystalline structure
unchanged — a result that could not rule out a possible ion-exchange mechanism of
zeolite A. However, most of the zeolite A was solubilized and at least some of the silicon
and aluminium was absorbed. Therefore, a mechanism whereby silicon or aluminium are
utilized could also not be ruled out.

Shurson ef al. (1984) evaluated growth, nutrient balance, plasma ammonia levels and
urinary para-cresol excretion in growing pigs fed diets containing various levels of
zeolite A or clinoptilolite. In a six-week growth trial, cross-bred pigs were fed diets
containing no zeolite, 0.3% zeolite A or 0.5% clinoptilolite. Average daily weight gain,
average daily feed intake and feed : weight gain ratio were unaffected by supplemen-
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tation of either zeolite in the diet; metabolizable energy utilization was improved by
feeding diets containing either zeolite.

The administration of the zeolite group of minerals has been suggested as a means of
both decreasing the uptake of radioactive caesium by humans and domestic animals and
accelerating the excretion of radioactive caesium that has already been absorbed. Arti-
ficial mordenite, one of the zeolites being considered for this purpose, was dispersed in
liquid paraffin and the mixture was administered to goats and lambs fed radioactive
caesium-contaminated hay. The animals’ faeces and urine were analysed separately by
gamma spectrometry on each day of the experimental period. At a dose of 10 g per day
mordenite, the amount of radioactive caesium excreted was more than double the amount
ingested with the fodder, due to extraction of the radioactive caesium stored in the body.
Initially, the effect: dose ratio was even higher. It was shown conclusively that
mordenite can reduce the uptake of radioactive caesium by goats and lambs, and also,
without changing the fodder, reduce their body burden (Forberg er al., 1989).

The phyllosilicate clay, hydrated sodium calcium alumino-silicate (HSCAS), has been
shown to prevent aflatoxicosis in farm animals by reducing the bioavailability of
aflatoxin. Sarr et al. (1995) determined the effects of HSCAS on the metabolism of
aflatoxin B, in an aflatoxin-sensitive species. Male Fischer 344 rats were administered
orally 0.125, 0.25, 0.5 or 1 mg/kg bw aflatoxin B, alone or in combination with 0.5%
HSCAS; urine samples were collected after 6, 24, 36 and 48 h. The metabolites aflatoxin
M, and aflatoxin P, were detected in most urine samples, with or without HSCAS;
aflatoxin M, was the major metabolite. Metabolite concentrations were significantly
decreased in the presence of HSCAS, and no additional metabolites were detected.

Cefali et al. (1995) compared the oral bioavailability of silicon and aluminium from
zeolite A, sodium alumino-silicate, magnesium trisilicate and aluminium hydroxide in
dogs. Twelve female dogs received each compound as a single oral dose separated by
one week in a randomized four-way crossover design. Plasma samples, drawn at time O
and 24 h after dosing, were analysed for silicon and aluminium concentrations by
graphite furnace atomic absorption. The authors found that, after administration of the
silicon-containing compounds, the mean silicon area under the curve (AUC) and C__
values were elevated when compared to a baseline; only the AUC from zeolite A was
significantly elevated (p = 0.041). There was no statistically significant absorption of
aluminium from the other aluminium-containing compounds.

Cefali er al. (1996) carried out a study in beagle dogs to estimate the bioavailability of
silicon and aluminium from zeolite A administered as either a capsule, an oral
suspension or an oral solution relative to an intravenous bolus infusion administered over
a 1-1.5-min period. Twelve dogs were given single doses of zeolite A after a one-week
control period in a randomized five-way crossover design. Plasma samples, drawn at
time 0 and 36 h after dosing, were analysed for silicon and aluminium concentrations by
graphite furnace atomic absorption. The results showed that the extent of absorption of
aluminium from the oral dosage forms was less than 0.1%, relative to the intravenous
infusion. The plasma aluminium AUC values from the oral capsule and suspension
showed no statistical difference from those during the control period, but the aluminium
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AUC of the oral solution was statistically greater than the AUC of the corresponding
control period.

4.2 Toxic effects
4.2.1 Humans

No data were available to the Working Group.

4.2.2  Experimental systems

(a) Inhalation studies

Gloxhuber er al. (1983) carried out a number of safety assessments and toxicology
tests using zeolite A, a sodium aluminium silicate developed as a substitute for
phosphates in detergents. The test programme included oral studies (acute, subchronic
and long-term carcinogenicity tests), and dermal, ocular and inhalation studies on the
silicate alone and on appropriate detergent formulations. For the acute oral, dermal and
eye studies, rats tolerated a single oral dose of 10 g zeolite A without any overt reaction;
the acute LD_, (50% toxicity) values exceeded 5 g/kg. In addition, the cytotoxicity of
zeolite A was compared to that of DQ 12 quartz. With concentrations of 0.25,1.0 and 3.0
mg/mL zeolite A, haemolysis following an incubation period of 60 min was negligible
when compared with the cytotoxicity of DQ 12 quartz. Release of lactate dehydrogenase
by alveolar macrophages was significantly less following exposure to zeolite A relative
to DQ 12 quartz (test concentration, 150 ug/mL). Finally, a chronic inhalation study was
carried out in which groups of 15 male and 15 female hamsters and 15 male and 15
female rats were exposed to zeolite A batch F 325 dust for 5-h periods, three times a
week. The rats were exposed for 22 months and the hamsters were exposed for 12
months. Groups of 30 male rats and 15 male and 15 female Syrian hamsters exposed to
untreated air under similar conditions served as controls. The trachea and lungs from
each animal were examined microscopically. The hamster study was terminated after 12
months following a considerable incidence of deaths due to a specific infection. Histo-
logical examination of trachea and lung was limited to 10 treated hamsters (four males
and six females) and eight controls (four males and four females) and to 10 treated rats
(five males and five females) and five controls (one males and four females). Both
species showed moderate to extensive signs of respiratory disease in the treated animals
and controls. In the treated hamsters, macrophages containing accumulations of foreign
material were found, mainly in the alveoli, but no signs of inflammation or connective
tissue reactions were seen. In the rat lungs, greyish-white deposits were seen in the
phagocytes of the alveoli or the peribronchiolar lymph nodes near the hilus. Isolated
deposits were also seen in the mediastinal lymph nodes. No connective tissue reactions
or other reactions were seen around these deposits.

(b) Intratracheal instillation

To determine pulmonary pathological reactions, mordenite (60 mg respirable sample;
no data given on dimensions) was instilled intratracheally into the lungs of male CFY
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rats. Groups of 10 rats were killed one week, one month, three months, six months and
12 months after exposure. At one week after exposure, non-specific confluent broncho-
pneumonia was observed, followed by sequestration in macrophages after one month. At
later time points a mild fibrosis was observed, and, at the end of 12 months, transmission
electron microscopy and microanalysis verified that the aluminium : silicon ratio in
macrophages was similar to the ratios found in natural zeolites (Tatrai et al., 1991).
Tatrai et al. (1992) examined the lung cervical and hilar lymph nodes of these same
animals at 1, 3, 6 and 12 months after exposure, using routine histology, histochemistry
and electron microscopy. Dust-storing macrophage foci developed in the interstitium,
showing minimal fibrotic tendency by the end of the first year. At this time point, 3/10 of
the treated rats had atypical hyperplasia. Electron microscopic examinations showed that
the dust was stored in macrophages without structural changes. However, energy
dispersive X-ray microanalysis indicated that, in intracellularly stored dust, the ratio of
the two main elements, aluminium and silicon, changed in favour of aluminium as
compared to the original mordenite sample.

Kruglikov et al. (1992) studied the phagocytosis of clinoptilolite in lungs of white
random-bred male rats (120-150 g bw), after a single intratracheal injection of 50 mg
clinoptilolite in saline to each rat; on days 1, 3-5 and 18 after injection, lungs were
examined histopathologically. On the first day, the smallest clinoptilolite particles were
phagocytized by neutrophils in addition to the more general particle size range
phagocytized by macrophages. Only 25% of macrophages had phagocytized more than
six dust particles per cell; less than 2% of macrophages were degenerated. On days 3—5
after injection, the pattern of phagocytosis had changed. There were no more particles
observed in neutrophil cells and the number of these cells had decreased. However, the
proportion of macrophages with more than six dust particles in the cytoplasm had
increased to 90%; 7% of the macrophages had degenerated. Electron microscopy study
of the phagocytized particles showed that they were mostly oval form. On day 18, the
pattern of phagocytosis was similar to that on days 3-5, but the proportion of
degenerated macrophages had decreased to 4%.

Time-dependent increases in the phagocytosis of zeolite dust were observed in white
random-bred male rats (120-150 g bw), following a single intratracheal administration of
50 mg/animal natural zeolite dust, at one and three days and one and three months after
injection. Morphological changes in lungs after the exposure to zeolite dust was
described as exogenous fibrous alveolitis (Kruglikov et al., 1990).

(¢) Other routes

Kosarev and Tkachev (1994) examined the toxicity of 15 natural zeolites from nine
deposits in Russia using 610 random-bred white rats and 20 rabbits. No acute toxic
effects of zeolite dust were observed in rats after bral administration of 10 g/kg bw or
after 4 h inhalation at concentrations ranging from 374 to 416 mg/m’. After a single intra-
peritoneal injection of zeolite dust in saline, the LD, for the zeolite dusts was found to
range from 2290 mg/kg bw to 10 270 mg/kg bw. After daily intraperitoneal injections of
zeolite dusts at a dose of 1% of the LD_, with a 1.5 X increase in the dose after every four

50
injections, reduced body movement and feed consumption, lethargy, swelling of the belly



326 IARC MONOGRAPHS VOLUME 68

and diarrhoea were observed. A significant decrease in red blood cells and haemoglobin
was found. Animals started to die from day 11 of injections. After three months inha-
lation of the zeolite dusts by rats at concentrations of 13.9, 1.83 and 0.21 mg/m’, toxic
effects such as decreased body weight, coagulation of blood and cholinesterase in blood,
liver and brain and increased total lipids in lungs and phospholipids in blood were
observed.

(d) In-vitro studies

Treatment of normal human osteoblast-like cells for 48 h with zeolite A at concen-
trations of 0.1-100 pg/mL induced a dose-dependent increase in DNA synthesis and in
the proportion of cells in mitosis. The mitogenic action of zeolite A was dependent on
cell seeding density. Alkaline phosphatase activity and osteocalcin release were also
increased but did not significantly affect collagen production per individual cell.
Zeolite A treatment increased the steady-state mRNA levels of transforming growth
factor 3 (Keeting et al., 1992).

Total degradation of peritoneal macrophages of random-bred white male rats was
observed during 15 min incubation with natural clinoptilolite dust (particles < 5 pm) at a
concentration of 1 mg/mL, and during 30 min at a concentration of 0.5 mg/mL. At a
concentration of 0.25 mg/mL, 38% of the macrophages were killed within the first 30
min and 55.7% of red cells were also degraded (spontaneous degradation, 8.9%). When
the peritoneal macrophages were mixed with the clinoptilolite dust in the presence of
luminol, dose-dependent chemiluminescence was observed in the first 10-20 s of incu-
bation. The cytotoxic effects of clinoptilolite dust were found to be decreased signi-
ficantly (30-50%) by catalase; ethanol, sodium azide or mannitol had no effect (Korkina
et al., 1984).

Syrian hamster and rat alveolar macrophages were exposed in vitro to non-toxic
concentrations of mordenite and other fibrous particulates. By measuring the reduction of
cytochrome c in the presence and absence of superoxide dismutase, the amount of O;
released by cells in response to the various dusts was determined. Mordenite particles
were less active than fibres at comparable concentrations (Hansen & Mossman, 1987).

Palekar er al. (1988) compared the cytotoxicity to Chinese hamster lung V79 cells of
non-fibrous erionite (mordenite), two preparations of fibrous erionite from Rome,
Oregon, United States, erionite with a mean length of 2.2 pm, and erionite ¢ prepared by
ball milling and with a mean length of 1.4 um; UICC crocidolite, with a mean length of
1.3 um; and UICC chrysotile, with a mean length of 2.4 pum. For a comparative
measurement of cytotoxicity as a function of mass dose, the minerals that achieved at
least 50% toxicity within the dose range from 10 to 100 ug/mL were considered toxic.
The dose in numbers of fibres was determined by multiplying the fibre concentrations by
mass of dose. Mordenite was non-toxic while the tumorigenic minerals were toxic —
they showed more than 50% toxicity for at least one dose between 10 and 100 pg/mkL.

Chinese hamster V79-4 and A579 cells were incubated with concentrations of dusts in
the range 5-100 pg/mL. The concentrations inhibiting plating for non-fibrous Japanese
zeolite, erionite from Oregon, erionite from New Zealand, and as a positive control,
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UICC crocidolite were estimated using the LD, . The non-fibrous Japanese zeolite had a
substantially higher LD, value (that is, a lower toxicity) relative to the two fibrous
erionite samples and crocidolite. Also, this sample of non-fibrous Japanese zeolite was
not toxic in the A549 cell assay (Brown et al., 1980).

4.3 Reproductive and developmental effects

Pond and Yen (1983b) examined the effects of long-term ingestion of clinoptilolite on
reproduction in female rats and on the postnatal development of the progeny of these
rats; concurrently, the authors investigated whether or not clinoptilolite offers protection
against the toxic effect of long-term cadmium ingestion. Four groups of female Sprague-
Dawley rats were fed the following diets: (i) control; (ii) control plus clinoptilolite;
(1i1) control plus cadmium; and (iv) control plus cadmium and clinoptilolite; at about 13
weeks, a young adult male rat was placed in each cage until mating. Subsequent results
showed that reproductive performance of the female rats had been unaffected by the
various diets. Dietary cadmium level had no effect on body weight gain during growth,
gestation or lactation. Although the supplemental level of clinoptilolite resulted in
reduced body weight during gestation, body weight at parturition and postpartum was
similar for rats in all diet groups.

Nolen and Dierckman (1983) tested synthetic zeolite A (Arogen 2000) containing
15.8% sodium, 19.0% silicon and 20.1% aluminium for its teratogenic potential in
Sprague-Dawley rats and New Zealand rabbits. The zeolite was givben in distilled water
by gavage to the test animals. The rats received doses of 74 or 1600 mg/kg bw on days
6-15 of gestation and the rabbits doses of 74, 345 or 1600 mg/kg bw on days 6-18 of
gestation. Vehicle controls were included in each study. The synthetic zeolite A
produced no adverse effects on the dam, the embryo or the foetus in either species at any
of the doses tested.

4.4 Genetic and related effects
44.1 Humans

No data were available to the Working Group on the genetic effects of natural or
synthetic zeolites in exposed humans.

4.4.2 Experimental systems (see also Table 4 and Appendices 1, 2 and 3)

Durnev et al. (1993) tested the clastogenic potential of zeolite particles < 10 pm in
length obtained from Chonguruu, Russia, in peripheral blood lymphocytes prepared from
healthy human volunteers. Chrysotile fibres < 10 um long from Bazhenov, Russia, were
used as a positive control. Both fibre types produced statistically significant increases in
the percentage of aberrant metaphases, mostly resulting from chromatid breaks.
Superoxide dismutase (50 pg/mL) protected against induction of aberrant metaphases by
chrysotile asbestos, but not by zeolite. Catalase (20 pg/mlL) protected against induction
of aberrant metaphases by zeolite, but not by chrysotile asbestos.
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Table 4. Genetic and related effects of natural zeolites

Test system Result’ Dose” Reference
(LED/HID)

Without With
€X0genous  exogenous

metabolic metabolic

system system
CHL, Chromosomal aberrations, human + NT 50 Durnev et al.
whole blood cultures (1993)
CBA, Chromosomal aberrations, mouse (+) 50ipx1 Durnev ef al.
bone-marrow cells in vivo (1993)
CLA, Chromosomal aberrations, mouse + 50ipx 1 Durnev er al.
leukocytes (peritoneal lavage) in vivo (1993)

“ +, positive; (+), weak positive; —, negative; NT, not tested: 7, inconclusive
" LED, lowest effective dose; HID, highest ineffective dose: in-vitro tests, pug/mL; in-vivo tests, mg/kg
bw/day; NG, not given

Durnev et al. (1993) also studied chromosomal aberrations in cells of C57Bl/6 mice.
The cells, collected by peritoneal lavage and from the bone marrow of mice weighing
20-22 g, were sampled at one, two, seven and 28 days after intraperitoneal injection of
either 50 mg/kg (approximately 100 ug/mouse) natural zeolite particles from Chonguruu,
Russia, or chrysotile asbestos from Bazhenov, Russia. The peritoneal lavage sample
contained 20% lymphocytes, 20-30% macrophages and 50-60% polymorphonuclear
leukocytes. Aberrant metaphases were scored in 50 cells collected by peritoneal lavage
or 100 bone marrow cells from each mouse. Intraperitoneal injection of zeolite induced a
statistically significant increase in aberrant metaphases after seven and 28 days in peri-
toneal lavage cells. Chrysotile asbestos induced a statistically significant increase in
aberrant metaphases at all time points in both peritoneal lavage and bone marrow cells.
[The Working Group noted the unconventional design of this in-vivo genotoxicity
assay.]

No data were available to the Working Group on the genetic and related effects of
synthetic zeolites in experimental systems.

S.  Summary of Data Reported and Evaluation

5.1 Exposure data

Zeolites are crystalline alumino-silicate minerals with cage-like crystal structures.
Zeolites have been used ex‘ensively since the late 1940s in a variety of applications.
Naturally occurring zeolites, some of which are fibrous, occur worldwide and many are
used in materials for the construction industry, in paper, in agriculture and in other appli-
cations. A large number of zeolites have been synthesized for use in detergents, as
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catalysts and as adsorbents and desiccants. Exposures may occur during the mining,
production and use of zeolites.

5.2 Human carcinogenicity data

No data were available to the Working Group.

5.3 Animal carcinogenicity data

Clinoptilolite with a particle size in the respirable range was tested for carcinogenicity
in rats by intratracheal instillation. No significant increase in the incidence of tumours
was found.

No adequate study was available to the Working Group on phillipsite.

Mordenite was studied for carcinogenicity in one experiment in mice by intra-
peritoneal injection. No peritoneal tumours were found.

Non-fibrous Japanese zeolite was tested for carcinogenicity in one experiment in rats
by single intrapleural injection. No increase in pulmonary tumours was found.

Synthetic zeolite A was tested for carcinogenicity in one experiment in rats by oral
administration in the diet. No increase in tumour incidence was found.

Synthetic non-fibrous zeolite was tested for carcinogenicity in rats by inhalation
exposure. No increase in pulmonary tumours was found.

Synthetic zeolite 4A was tested for carcinogenicity in mice by single intraperitoneal
injection. No abdominal tumour was observed.

Synthetic zeolites MS4A and MS5A were tested for carcinogenicity in rats by intra-
peritoneal, intrapleural and subcutaneous injection. No increase in the incidence of
tumours was found.

5.4 Other relevant data

Oral administration of natural and synthetic zeolite particles produced little toxicity in
a variety of species. Intratracheal instillation of mordenite in rats produced mild fibrosis
and hyperplasia.

Inhalation studies in rats and hamsters of synthetic zeolite A produced no significant
pulmonary inflammation or interstitial fibrosis

Mordenite exhibited low cytotoxicity in vitro. A sample of natural zeolite particles
from Chonguruu, Russia, induced aberrant metaphases in human whole blood cultures in
vitro. This zeolite sample also induced aberrant metaphases in cells collected by peri-
toneal lavage of mice after intraperitoneal injection.

No data were available to the Working Group on the genetic and related effects of
synthetic zeolite.
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5.5 Evaluation'

There is inadequate evidence in humans for the carcinogenicity of zeolites other than
erionite’.

There is inadequate evidence in experimental animals for the carcinogenicity of
clinoptilolite, phillipsite, mordenite, non-fibrous Japanese zeolite and synthetic zeolites.

Overall evaluation

Clinoptilolite, phillipsite, mordenite, non-fibrous Japanese zeolite and synthetic
zeolites cannot be evaluated as to their carcinogenicity to humans (Group 3).

6. References

Anon. (1981) Health Implications of non-NTA Detergent Builders. Report to the Great Lakes
Science Advisory Board of the International Joint Commission, Task Force on the Health
Effects of non-NTA Detergent Builders, 1980, Ontario, Windsor

Anon. (1991) Refining catalyst market’ 91. Appl. Catalysis, 74, N18

Anon. (1994) FCC cracking catalyst. Chem. Week, March 16, 31

Barrer, R.M. (1985) Synthesis of zeolites. In: Drzaj, B., Hocevar, S. & Pejovnik, S., eds,
Zeolites. Synthesis, Structure, Technology and Application (Stud. Surf. Sci. Catal., Vol. 24),
Amsterdam, Elsevier, pp. 1-26

Bartko, P., Vrzgula, L., Prosbovd, M. & Blazovsky, J. (1983) The effect of the administration of
zeolite (clinoptilolite) on the health condition of sheep. Veter. Med., 28, 481-492 (in Czech)

Bergk, K.-H., Schwieger, W., Furtig, H. & Hadike, U. (1991) Zeosorb HS 30. A template-free
synthesized pentasil-type zeolite. In: Ohlmann, G., ed., Caralysis and Adsorption by Zeolites
(Stud. Surf. Sci. Catal., Vol. 65), Amsterdam, Elsevier, pp- 185-201

Bodart, P., Nagy, J.B., Derouane, E.G. & Gabelica, Z. (1984) Study of mordenite crystallization.
In: Jacobs, P.A., ed., Structure and Reactivity of Modified Zeolites, Amsterdam, Elsevier,
pp- 125-132 ‘

Breck, D.W. (1974) Zeolite Molecular Sieves, Structure, Chemistry and Use, New York, John
Wiley & Sons

Breck, D.W. (1975) Synthetic zeolites: properties and applications. In: Lefond, S.J., ed.,
Industrial Minerals and Rocks, New York, American Institute of Mining, Metallurgical, and
Petroleum Engineers, Inc., pp. 1243-1274

Breck, D.W. & Anderson, R.A. (1981) Molecular sieves. In: Grayson, M., Mark, H.F., Othmer,
D.F., Overberger, C.G. & Seaborg, G.T., eds, Kirk-Othmer Encyclopedia of Chemical
Technology, 3rd Ed., Vol. 15, New York, John Wiley & Sons, pp. 638—-669

Brown, R.C., Chamberlain, M., Davies, R. & Sutton, G.T. (1980) The in vitro activities of
pathogenic mineral dusts. Toxicology, 17, 143—147

'For definition of the italicized terms, see Preamble, pp. 24-27
*Erionite was evaluated previously as being carcinogenic to humans (Group 1); see IARC (1987).



ZEOLITES OTHER THAN ERIONITE 331

Cefali, E.A, Nolan, J.C., McConnell, W.R. & Walters, D.L. (1995) Pharmacokinetic study of
Zeolite A, sodium aluminosilicate, magnesium silicate, and aluminum hydroxide in dogs.
Pharm. Res., 12,270-274

Cefali, E.A., Nolan, J.C., McConnell, W.R. & Walters, D.L. (1996) Bioavailability of silicon
and aluminum from Zeolite A in dogs. Int. J. Pharm., 127, 147-154

Chung, T.K., Erdman, J W, Jr & Baker, D.H. (1990) Hydrated sodium calcium aluminosilicate:
effects on zinc, manganese, vitamin A, and riboflavin utilization. Poultry Sci., 69, 1364—
1370

Deutsche Forschungsgemeinschaft (1996) List of MAK and BAT Values 1996 (Report No. 32),
Weinheim, VCH Verlagsgesellschaft mbH, p. 53

Drzaj, B., Hocevar, S. & Pejovnik, S., eds (1985) Zeolites. Synthesis, Structure Technology and
Application (Stud. Surf. Sci. Catal., Vol. 24), Amsterdam, Elsevier

Durnev, A.D., Daugel-Dauge, N.O., Korkina, L.G. & Seredenin, S.B. (1993) Peculiarities of the
clastogenic properties of chrysotile-asbestos fibers and zeolite particles. Mutar. Res., 319,
303-308

Dyer, A. (1988) An Introduction to Zeolite Molecular Sieves, New York, John Wiley & Sons

Forberg, S., Jones, B. & Westermark, T. (1989) Can zeolites decrease the uptake and accelerate
the excretion of radio-caesium in ruminants? Sci. total Environ., 79, 3741

Frost, T.J., Roland, D.A,, Sr, Barnes, D.G. & Laurent, S.M. (1992) The effect of sodium zeolite
A and cholecalciferol on plasma levels of [,25-dihydroxycholecalciferol, calcium, and
phosphorus in commercial leghorns. Poultry Sci., 71, 886-893

Gloxhuber, C., Potokar, M., Pittermann, W., Wallat, S., Bartnik, F., Reuter, H. & Braig, S.
(1983) Zeolithe A — a phosphate substitute for detergents: toxicological investigation. Food
chem. Toxicol., 21, 209-220

Gottardi, G. & Galli, E. (1985) Natural Zeolites, Berlin, Springer-Verlag

Green, F.H.Y., Yoshida, K., Fick, G., Paul, J., Hugh, A. & Green, W.F. (1990) Characterization
of airborne mineral dusts associated with farming activities in rural Alberta, Canada. Int.
Arch. occup. environ. Health, 62, 423430

Greenberg, H.L., Ott, M.G., Lewinsohn, H.C. & Hanlon, R.G. (1986) Spirometric and radio-
graphic surveillance of men assigned to a synthetic zeolite production facility (Personal
Communication).

Griffith, J. (1987) Zeolites cleaning up. From the laundry to three mile island. Ind. Min., Jan.,
19-33

Hansen, K. & Mossman, B.T. (1987) Generation of superoxide (O;) from alveolar macrophages
exposed to asbestiform and nonfibrous particles. Cancer Res., 47, 1681-1686

Hanson, A. (1995) Natural zeolites: many merits, meagre markets. Ind. Miner., Dec., 40-53

Holmes, D.A. (1994) Zeolites. In: Carr, D.D., ed., Industrial Minerals and Rocks, 6th Ed.,
Littleton, CO, Society for Mining, Metallurgy, and Exploration, pp. 1129-1158

van Hoof, JH.C. & Roelofsen, JW. (1991) Techniques of zeolite characterization. In: van
Bekkum, H., Flanigen, E.M. & Jansen, J.C., eds, Introduction to Zeolite Science & Practice
(Stud. Surf. Sci. Catal., Vol. 58), Amsterdam, Elsevier, pp. 241-283

IARC (1987) IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, Supple-
ment 7, Overall Evaluations of Carcinogenicity: An Updating of TIARC Monographs
Volumes I to 42, Lyon, p. 203



332 IARC MONOGRAPHS VOLUME 68

Jansen, J.C. (1991) The preparation of molecular sieves. A. Synthesis of zeolite. In: van
Bekkum, H., Flanigen, E.M., & Jansen, J.C., eds, Introduction to Zeolite Science and
Practice (Stud. Surf. Sci. Catal., Vol. 58), Amsterdam, Elsevier, pp- 77-128

Keeting, P.E., Oursler, M.J., Wiegand, K.E., Bonde, S K., Spelsberg, T.C. & Riggs, B.L. (1992)
Zeolite A increases proliferation, differentiation, and transformin growth factor 8 produc-
tion in normal adult human osteoblast-like cells in vitro. J. Bone Min. Res., 7, 1281-1289

Korkina, L.G., Suslova, T.B., Nikolova, S.I., Kirov, G.N. & Velichkovsky, B.T. (1984) The
mechanism of cytotoxic action of the natural zeolite clinoptilolite. Farmakol. Toksikol., 47,
63—67 (in Russian)

Kosarev, V.P. & Tkachev, P. G. (1994) The hygienic effects of zeolite dusts. Gig. Sanit., 4, 10—
12 (in Russian)

Kruglikov, G.G., Velichkovsky, B.T. & Garmash T.I. (1990) Morphology of pneumoconiosis
induced with the natural zeolite. Gig. Tr. prof. Zabol., 5, 14—17 [in Russian]

Kruglikov, G.G., Velichkovsky, B.T., Garmash T.I. & Volkogonova, V.M. (1992) Functional
and structure changes in macrophages of lungs during the phagocytosis of the natural zeolite
clinoptilolite. Gig. Tr. prof Zabol., 11-12, 44—46 (1n Russian)

Makhonko, N.I., Naumov, D.V. & Adamov O.A. (1994) Hygienic aspects of use of the natural
zeolites. Gig. Sanit., 7, 26-30 (in Russian)

Maltoni, C. & Minardi, F. (1988) First available results of long-term carcinogenicity bioassay on
detergency zeolites (MS 4A and MS SA). In: Maltoni, C. & Selikoff, I.J., eds, Living in a
Chemical World, Vol. 534., New York, New York Academy of Sciences, pp. 978-985

McCollum, F.T. & Galyean, M.L. (1983) Effects of clinoptilolite on rumen fermentation, diges-
tion and feedlot performance in beef steers fed high concentrate diets. J. Anim. Sci., 56, 517~
524

Meier, W.M., Olson, D.H. & Baerlocher, C. (1996) Atlas of Zeolite Structure Types, 4th rev.
Ed., London, Elsevier

Mumpton, F.A. & Ormsby, W.C. (1976) Morphology of zeolites in sedimentary rocks by
scanning electron microscopy. Clays Clay Miner., 24, 1-23

Nolen, G.A. & Dierckman, T.A. (1983) Test for aluminosilicate teratogenicity in rats [Letter to
the Editor]. Food chem. Toxicol., 21, 697

Olver, M.D. (1989) Effect of feeding clinoptilolite (zeolite) to three strains of laying hens. Br.
Poultry Sci., 30, 115-121

Palekar, L.D., Most, B.M. & Coffin, D.L. (1988) Significance of mass and number of fibers in
the correlation of V79 Cytotoxicity with tumorigenic potential of mineral fibers. Environ.
Res., 46, 142-152 :

Pond, W.G. & Yen, J.-T. (1983a) Protection by clinoptilolite or zeolite NaA against cadmium-
induced anemia in growing swine. Proc. Soc. exp. Biol. Med., 173, 332-337

Pond, W.G. & Yen, J.-T. (1983b) Reproduction and progeny growth in rats fed clinoptilolite in
the presence or absence of dietary cadmium. Bull. environ. Contam. Toxicol., 31, 666—672

Pond, W.G., Yen, J-T. & Hill, D.A. (1981) Decreased absorption of orally administered
ammonia by clinoptilolite in rats. Proc. Soc. exp. Biol. Med., 166, 369-373

Pond, W.G., Yen, J-T. & Crouse, J.D. (1989) Tissue mineral element content in swine fed
- clinoptilolite. Bull. environ. Contam. Toxicol., 42, 735-742



ZEOLITES OTHER THAN ERIONITE 333

Pylev, L.N., Krivosheeva, L..V. & Bostashvili, R.G. (1984) Possible carcinogenicity of zeolite
clinoptilolite. Gig. Tr. prof. Zabol., 3, 48-51 (in Russian)

Pylev, L.N., Bostashvilli, R.G., Kulagina, T.F., Vasilyeva, L.A., Chelishchev, N.F. &
Berenstein, B.G. (1986) Assessment of carcinogenic activity of zeolite clinoptilolite. Gig. Tr.
prof. Zabol., S, 29-34 (in Russian)

Pylev, L.N., Kulagina, T.F., Grankina, E.P., Chelishchev, N.F. & Berenstein, B.G. (1989) Carci-
nogenicity of zeolite phillipsite. Gig. Sanit., 8, 7-10 (in Russian)

Rabon, HW_, Ir, Roland, D.A., Sr, Bryant, M.M., Smith, R.C., Barnes, D.G., Laurent, S.M.
(1995) Absorption of silicon and aluminium by hens fed sodium zeolite A with various
levels of dietary cholecalciferol. Poultry Sci., 74, 352-359

Roland, D.A., Sr, Rabon, HW., Jr, Rao, K.S., Smith, R.C., Miller, JW., Barnes, D.G. &
Laurent, S.M. (1993) Evidence for absorption of silicon and aluminum by hens fed sodium
zeolite A. Poultry Sci., 72, 447-455

Roland, E. & Kleinschmit, P. (1996) Zeolites. In: Ullmann’s Encyclopedia of Industrial
Chemistry, Vol. A28, Weinheim, VCH Berlagsgesellschaft mbH, pp. 1-30

Roskill Information Services Ltd (1988) The Economics of Zeolites, 1st Ed., London

Sarr, A.B., Mayura, K., Kubena, L.F., Harvey, R.B. & Phillips, T.D. (1995) Effects of phyllo-

silicate clay on the metabolic profile of aflatoxin B, in Fischer-344 rats. Toxicol. Lett., 75,
145-151

Shurson, G.C., Ku, P.K., Miller, E.R. & Yokoyama, M.T. (1984) Effects of zeolite A or clinop-
tilolite in diets of growing swine. J. Anim. Sci., 59, 1536—1545

Smart, M., Willhalm, R. & Mori, S. (1995) CEH Marketing Research Report — Zeolites,
Chemical Economics Handbook — SRI International, Menlo Park, CA

Suzuki, Y. (1982) Carcinogenic and fibrogenic effects of zeolites: preliminary observations.
Environ. Res., 27, 433-445

Suzuki, Y. & Kohyama, N. (1984) Malignant mesothelioma induced by asbestos and zeolite in
the mouse peritoneal cavity. Environ. Res., 35, 277-292

Tatrai, E. & Ungviry, G. (1993) Study on carcinogenicity of clinoptilolite type zeolite in Wistar
rat. Pol. J. occup. Med. environ. Health, 6, 27-34

Tatrai, E., Wojndrovits, 1. & Ungvary, G. (1991) Non-fibrous zeolite induced experimental
pneumoconiosis in rats. Exp. Pathol., 43, 41-46

Tatrai, E., Bacsy, E., Karpati, J. & Ungvary, G. (1992) On the examination of the pulmonary
toxicity of mordenite in rats. Polish J. occup. Med. environ. Health, S, 237-243

Valamina, LE., Pylev, L.N. & Lemjasev M.F. (1994) Mutagenicity of the zeolite dusts. Gig.
Sanit., 4, 65-67 [in Russian]

Vaughan, D.E.W. (1988) The synthesis and manufacture of zeolites. Chem. Eng. Prog., 84, 25—
31

Wagner, J.C., Skidmore, J.W., Hill, R.J. & Griffiths, D.M. (1985) Erionite exposure and meso-
theliomas in rats. Br. J. Cancer, 51, 727-730

Watkins, K.L. & Southern, L.L. (1993) Effect of dietary sodium zeolite A on zinc utilization by
chicks. Poultry Sci., 72, 296-305

Wright, W.E., Rom, W.N. & Moatamed, F. (1983) Characterization of zeolite fiber sizes using
scanning electron microscopy. Arch. environ. Health, 38, 99—-103





