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Iron in amphibole asbestos is implicated in the pathogenicity of inhaled fibers. Evidence includes
the observation that iron chelators can suppress fiber-induced tissue damage. This is believed to
occur via the diminished production of fiber-associated reactive oxygen species. The purpose of
this study was to explore possible mechanisms for the reduction of fiber toxicity by iron chelator
treatments. We studied changes in the amount and the oxidation states of bulk and surface iron
in crocidolite and amosite asbestos that were treated with iron-chelating desferrioxamine,
ferrozine, sodium ascorbate, and phosphate buffer solutions. The results have been compared
with the ability of the fibers to produce free radicals and decompose hydrogen peroxide in a cell-
free system in vitro. We found that chelators can affect the amount of iron at the surface of the
asbestos fibers and its valence, and that they can modify the chemical reactivity of these
surfaces. However, we found no obvious or direct correlations between fiber reactivity and the
amount of iron removed, the amount of iron at the fiber surface, or the oxidation state of surface
iron. Our results suggest that surface Fe3* ions may play a role in fiber-related carboxylate radical
formation, and that desferrioxamine and phosphate groups detected at treated fiber surfaces may
play a role in diminishing and enhancing, respectively, fiber redox activity. It is proposed that iron
mobility in the silicate structure may play a larger role in the chemical reactivity of asbestos than
previously assumed. — Environ Health Perspect 105(Suppl 5):1021-1030 (1997)

Key words: asbestos fibers, iron chelators, iron mobilization, free radical release, hydrogen
peroxide, electron paramagnetic resonance spectroscopy, surface analysis, X-ray photoelectron
spectroscopy, Mdssbauer spectroscopy

Introduction

Iron in inhaled inorganic particulates may
contribute to, or be the direct cause of,
the pathogenicity of inhaled dusts and
fibers. Both iron mobilized from the partic-
ulate and iron at the surface are implicated;

the latter might also originate as iron
redeposited from solution or endogenous
sources (/—8). Many in vivo and in vitro
investigations point to the crucial role
played by free radicals and active oxygen
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species in causing asbestos-mediated tissue
damage (9-14). The highly reactive
hydroxyl radical (*OH) has been invoked
in many of these processes. Asbestos fibers
can catalyze the production of free radicals,
including hydroxyl radicals, in cell-free sys-
tems (15-18), in cell culture (14,19), and
in vivo (12).

Asbestos-related free radical production,
as well as biological damage, can be sup-
pressed or inhibited by iron chelators, such
as desferrioxamine and ferrozine, both
when present in the test system and when
used to pretreat fibers (17,20-24). On the
other hand, other chelators such as ascor-
bate enhance free radical production (25).
Chelators may remove iron from asbestos,
alter iron valence states via oxidation or
reduction, or remain bound at surface iron
sites, thus preventing the participation of
iron in redox reactions (15,26) or altering
the overall redox potential of the asbestos
fibers. In addition, chelators may stabilize
iron that is released into the surrounding
medium and thereby alter the dissolution
kinetics. The mechanisms involved in the
suppression of free radical production by
iron chelator treatments have not been
clearly elucidated. These mechanisms are
key to understanding the specific role of
iron and iron-catalyzed reactions in
asbestos toxicity.

Much attention has been focused on the
role of asbestos-associated iron in the pro-
duction of hydroxyl radicals from H,0, via
catalytic Fenton and Haber-Weiss type
reactions (15,17,22,27,28). Hydroxyl radi-
cals are produced by the reduction of H,O,
by Fe?* in the Fenton reaction, and by the
reaction of H,O, with superoxide anion
(Oy") during the reduction of Fe3* in the
iron-catalyzed Haber-Weiss reaction.
Another free radical of interest is the car-
boxylate radical (CO,™*), which is formed
from the abstraction of hydrogen from for-
mate ions (HCO,™*) on contact with the
solid (17). Recent reviews by Hardy and
Aust (29) and Fubini and Mollo (6) pre-
sent a comprehensive overview of what is
currently believed to be the role of iron in
free radical production. A specific concern
involves the influence and relative impor-
tance of Fe3* and/or Fe?* ions available for
redox-cyclic reactions at fiber surfaces.

Within the amphibole asbestos group,
crocidolite [Naz(Mg*z, Fe*2);Fe*3,
SigO,,(OH),] and amosite [(Mg*z, Fe*?),
SigO,,(OH),] contain equivalent amounts
of iron [27 and 28 wt%, respectively, as
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determined for Union Internationale Contre
le Cancer (UICC) asbestos (30)], but the
iron is found in different valence states and
crystallographic sites in these layered silicate
structures. Iron in crocidolite is present in
both 2* (=55 atomic percent [at%]) and 3*
(=45 at%) valence states, while only the 2*
state of iron is found within the amosite crys-
tal structure. It is important to note that the
majority of iron in the outermost atomic lay-
ers of both asbestos types is oxidized to Fe3*
(8,31), as expected. Cation lattice sites M1,
M2, and M3 in these amphibole structures
have octahedral coordination; M4 is a cubic
site. Site population characterization indicates
that the iron in amosite (as Fe?*) is found in
all cation sites. The Fe?* ions in crocidolite
are located in M1 and M3 sites, while Fe3*
ions are found in the M2 site (32).

Several methods have been employed
to purposely alter surface Fe?* and Fe?*
contents of fibers to study their influence
on the redox reactions mentioned above.
By far the most common technique
involves the use of different iron chelators
that specifically remove Fe2* (e.g., fer-
rozine) or Fe3* (e.g., desferrioxamine) ions
or bind to these sites at the fiber surface.
Asbestos surfaces have also been loaded
with iron of a specific valence state by
incubation in concentrated ferric or ferrous
salt solutions (4,7). In both cases, the abil-
ity of silicates to catalyze DNA damage and
generate oxygen radicals increased. Heat
treatment in a reducing gas atmosphere is
an effective method of producing Fe-
reduced crocidolite with relatively long-
term stability in air (70). Such a reduction
treatment activated crocidolite fibers to
enhance free radical production and lipid
peroxidation. However, in the same study,
Fe?*-loaded crocidolite was shown to have
a detoxifying effect. In general, it is clear
that not all asbestos-associated iron is
involved; it appears that the valence and
location of iron in the lattice, as well as its
availability for mobilization, control the
activity of the fibers. Identification of the
iron-binding sites responsible for fiber
reactivity is yet to be determined.

The status of iron in asbestos is
conventionally characterized indirectly by
an analysis of how much iron can be
removed from the fiber by valence-specific
iron chelators. Similarly, iron concentra-
tion and valence state at chelator-treated
surfaces are often described by how much
iron of each valence state was removed
from the fiber, rather than what actually
remained at the surface. This description is
questionable because surface reactions can
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rapidly change the valence state of an ion.
Knowledge of what remains at the surface
is particularly important, as interactions
between fibers and the biological system
occur or originate at this interface. For this
and other reasons, it is important to char-
acterize the iron that is actually present at
the surface of native and iron-manipulated
amphibole asbestos. By characterization of
surface and bulk modifications induced by
iron chelator treatments, it should be possi-
ble to better define the action of specific
iron chelators and the role of iron in free
radical production.

In this paper we report the use of X-ray
photoelectron spectroscopy (XPS) and
Maéssbauer spectroscopy (MS) to character-
ize the nature of iron at the surface and in
the bulk, respectively, of crocidolite and
amosite asbestos when treated with desfer-
rioxamine, ferrozine, sodium ascorbate,
and phosphate buffer iron-chelating solu-
tions. The effects of iron chelator treat-
ments were then compared with the ability
of the fibers to produce catalytic decompo-
sition of H,0O, and generate free radicals,
as determined in a cell-free system by the
electron paramagnetic resonance (EPR)
spin trapping method.

Methods

Fiber Preparation
and Iron Mobilization

Samples of UICC crocidolite and amosite
(33) in the nontreated, as received, condi-
tion were analyzed after incubation in one
of the following iron-chelating solutions:
desferrioxamine, sodium ascorbate, fer-
rozine, or phosphate buffer. Ascorbate is
both a reducing agent and chelator: when
Fe3* is reduced to Fe?*, the change in ion
size facilitates its extraction from the sili-
cate matrix. All solutions were prepared at
10-mM concentrations in water. Fibers
were incubated at a concentration of 10
mg fibers/ml chelator solution for 3 days at
37°C and were continuously shaken and
kept in the dark. No attempt was made to
control pH. We believed that the pH
should not change significantly during the
incubation period, except for ferrozine,
which most likely became acidic with incu-
bation time. The use of buffer solutions
can confound results, as buffers affect iron
mobilization from crocidolite (34).

The fibers were centrifuged and the
supernatants were filtered and analyzed for
total iron content by atomic absorption
spectroscopy (AAS) and inductively coupled
plasma-atomic emission spectroscopy

(ICP-AEYS) as a comparative technique.
Fibers were rinsed in distilled water and vac-
uum dried for 48 hr at room temperature. A
portion of each fiber type was packaged and
stored under argon atmosphere until ana-
lyzed by XPS or MS (3 weeks—3 months).
Another portion of fibers was retained for
free radical and H,O, decomposition test-
ing and was stored in air for approximately
4 months prior to testing.

Characterization of Bulk
and Surface Iron and Adsorbates

Méssbauer Spectroscopy. Characterization
of the bulk iron in chelator-treated and
nontreated asbestos fibers was performed
by MS. The fibers were mixed with boron
nitride and loosely packed into a metallic
ring. In the transmission measurements,
the angle between the normal of the
absorber plane and the y-direction was held
at 54.7°, thus no texture effects were seen
in the spectra (35). Accordingly, it was
possible to fit the spectra using symmetrical
doublets for Fe?* and Fe?* at the different
crystallographic positions. The relative
amount of ferrous and ferric iron was cal-
culated from the areas of the doublets. This
method assumes no sample thickness
effects and equal f-factors at the different
cationic binding sites.

X-ray Photoelectron Spectroscopy.
XPS is a surface-sensitive analytical
method in which analysis depth is limited
to the top 5 to 10 atomic layers, or <10
nm. The detection limit of XPS is 0.1 to
1.0 at%, depending on the element.
Changes in the surface chemical composi-
tion of amosite and crocidolite fibers due
to chelator treatments have been evalu-
ated with a PHI 5500C (Perkin-Elmer
Corporation/Physical Electronics, Eden
Prairie, MN) using a monochromatic Al
Ko X-ray source with system spectral reso-
lution approximately 0.5 eV [(31); Gold et
al., in preparation]. Charge compensation
was achieved by the use of low-energy elec-
trons generated in an electron flood gun. A
minimum of four analysis spots on one or
more samples was used to calculate mean
values of surface compositions.

To compare iron concentrations between
samples, relative iron concentrations were
used and were calculated by dividing the
atomic concentration of iron (determined
using the Fe 2p peak) by the atomic concen-
tration of silicon (Si 2p). To determine the
oxidation state of iron, semiquantitative
evaluation of the high resolution Fe 2p3/,
photoelectron peak (obtained at 0.025
eV/step, 2.95 eV pass energy) was performed
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by curve-fitting routines. This is necessary
as there is insufficient resolution to distin-
guish the close-lying, multiplet-split peaks
. from Fe?* and Fe3* valence states. Curve-
fitting procedures were developed to calcu-
late the percentage of total iron in the Fe?*
or Fe3* oxidation states [(31); Gold et al., in
preparation]. Uncertainties in the curve fit-
ting are inherendy large, but we are able to
follow trends that arise due to different
chelator treatments.

Characterization of Fiber Reactivity

Free Radical Generation. EPR spec-
troscopy (Varian E109 EPR spectrometer
[Varian, Palo Alto, CA] working in the X
band [9-9.5 Ghz] with a double resonant
cavity) was used to detect the formation of
free radical species in aqueous suspensions
of asbestos fibers via the spin-trapping
method (16,17). The spin-trapping agent
5,5’-dimethyl-1-pyrroline- N-oxide
(DMPO) forms stable radical adducts and
was used to quantitate carboxylate and
hydroxyl free radical release in solution.
Two target molecules were used: sodium
formate (F) and hydrogen peroxide 30%
(P). They form the DMPO-COO"- and
DMPO-"OH adducts, respectively. Each
is characterized by a typical EPR spectrum.
The intensity of the EPR signal is a mea-
sure of the number of radicals trapped by
DMPO, and thus the number of radicals
formed in the solution. These two tests are
referred to as F-C (for carboxylate radical
formation from the abstraction of a hydro-
gen atom from the formate ion) and
P-OH (for hydroxyl radical formation
from the decomposition of hydrogen
peroxide via a Fenton mechanism or
homolytic rupture), respectively.

In the F-C test, 45 mg of fibers was
placed in 2 ml Chelex-treated 0.5 M phos-
phate buffer (Sigma Chemical, St. Louis,
MO) (pH 7.4) containing 1 M sodium for-
mate and 0.05 M DMPO. The suspension
was incubated at 37°C and shaken in a dark
reactor. Aliquots of the suspension were
withdrawn at 55 min, then filtered and ana-
lyzed at room temperature approximately 5
min after the sample was withdrawn. The
EPR spectrum was recorded at microwave
power level 10 mW, scan range 100 G, and
modulation amplitude 1 G. The spectrum
shows six lines with intensity ratios
1:1:1:1:1:1, splitting constants ay=15.2 G,
ay =18.5 G, and gvalue=2002.

In the P-OH test, the protocol is similar
to that of the F-C test, but because of the
lower DMPO adduct stability, incubation

times are shorter. In this case, 45 mg of
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fibers was placed into 2 ml solution
consisting of 0.5 ml 0.5 M phosphate buffer
(pH 7.4), 0.5 ml 30% H,0, (diluted 1:50
in phosphate buffer), and 1 ml 0.05 M
DMPO. The EPR spectrum was recorded
after 30 min incubation. The spectrum
shows four lines with intensity ratios
1:2:2:1, splitting constants ay = ay = 149.9
G, and gvalue =2054.

Because of an intrinsic variability from
one DMPO preparation to another,
blanks were performed in each set of
experiments. Blanks were run with solu-
tion only (no asbestos fibers) and showed
no radical formation. The intensity of the
spectra was reported in arbitrary units cal-
culated by dividing the height of the signal
(in millimeters X 100) by the receiver gain.

Hydrogen Peroxide Decomposition.
The percentage of H,O, decomposed after
300 min incubation (37°C, shaken in dark
reactor) of 50 mg treated or nontreated
fibers with an H,0O; solution (1 ml 0.1 M
H,0; + 30 ml distilled H,O) was deter-
mined by measuring the residual amount
of HO, in 100 pl filtered suspension
(17). Hydrogen peroxide was measured
using an enzymatic assay whereby peroxi-
dase catalyzes the oxidation of leuco crystal

A
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200
150

moj

50

Fe release, nmol Fe/mg fiber

‘m

violet by H,O, via the method described
by Mottola et al. (36).

Results
Iron Mobilization by Chelators

The total amount of iron mobilized from
asbestos fibers into the chelator solutions
was calculated on the basis of fiber weight
or fiber surface and is shown in Figure 1A
and B, respectively. Based on the theoreti-
cal composition and molecular weight of
crocidolite and amosite, it was estimated
that the amount of iron removed from the
fibers due to chelator treatments was on
the order of 1 to 5 at% of the total iron
present in the fibers. The least amount of
iron mobilized was found for the phos-
phate buffer solution. All other chelators
mobilized between 2 to 4 times more
iron, depending on whether iron removal
is compared on the basis of weight versus
surface area. Results obtained with the AAS
and ICP-AES methods are comparable
except in the case of ascorbate-treated cro-
cidolite. The reason for this discrepancy is
not clear.

Except for ferrozine treatments,
slightly more iron could be mobilized

30 AAS (error £ 5%)
EEEE ICP-AES

(m
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Figure 1. Total iron mobilized by desferrioxamine, ascorbate, ferrozine, and phosphate buffer from crocidolite and
amosite, as determined by AAS and ICP-AES. (A) Iron release normalized by fiber weight. (B) Iron release normal-
ized by fiber surface area (only AAS data presented). One set of measurements was made using each method. The

error in the AAS measurement is estimated to be +5%.
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. Table 1. Evaluation of Mdssbauer spectra. Curve fitting parameters and resulting concentrations of iron ions in
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different cationic lattice sites in nontreated and chelator-treated crocidolite and amosite asbestos.

Crocidolite Amosite
D1 D2 D3 D1 D2

Doublet 1 2 3 1 2
Centroid shift? (mm/sec) 113 m 0.39 1.15 1.08
Quadrupole splitting® (mm/sec) 2.88 239 043 2.79 1.56
Lattice site M1 M3 M2 M1, M2, M3 M4
lon Fe? Fe? Fe3* Fe?* Fe?*
Relative concentration®,%

Nontreated 330 251 419 61.6 384

Desferrioxamine 30.6 29.7 39.6 63.4 36.6

Ascorbate 314 28.1 405 61.6 384

Ferrozine 319 26.8 13 60.9 391

Phosphate buffer 291 303 40.7 63.4 36.6

D, doublet. #Relative to metallic iron at room temperature. ®Peak separation in the doublet. “Ratio of the area of

the doublet to the total absorption areax 100%.

from crocidolite (surface area=8.3 m?/g)
than amosite (surface area=5.7 m2/g)
fibers for the same chelator treatment
(Figure 1A), and this might be due to the
greater surface area of crocidolite. If iron
release is normalized by fiber surface area,
as shown for the AAS data in Figure 1B,
the amount of iron released from both
fiber types is equivalent, again except for
ferrozine. Ferrozine caused a significantly

98.0
97.0

96.0

Transmission, %

95.0 1

94.0

T T T T T T T T T
40 -30 -20 10 00 10 20 30 40
Velocity, mm/sec

100.0

98.0

96.0

94.0 1

Transmission, %

92,01

90.0

T 1 T T T T T T T
40 -30 -20 -10 00 10 20 30 40
Velocity, mm/sec

Figure 2. Mssbauer spectra of nontreated (A) crocido-
lite and (B) amosite. Details of the doublet structures
determined by curve fitting can be found in Table 1.
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greater amount of iron mobilization from
amosite than crocidolite.

Chemical Characterization
of Asbestos

Bulk Iron. The results of the MS analysis
reveal the distribution of bulk iron in the
different cation lattice sites of the asbestos
fibers (Table 1). An example of MS spectra
obtained from crocidolite fibers is shown
in Figure 2A. The room-temperature MS
spectra of crocidolite were fitted by three
doublets with centroid shifts ([CS] relative
to metallic iron) and quadrupole splittings
([QS] peak separation in the doublet), as
indicated in Table 1. The variation in these
parameters was approximately+0.01
mm/sec between samples. The three dou-
blets were assigned to Fe?* at M1 sites,
Fe?* at M3 sites, and Fe3* at M2 sites. The
parameters are in agreement with Pollak et
al. (37). In addition to the two doublets,
there was also diffuse, broad absorption
(not fitted, estimated to be a few percent of
total signal) in the velocity range of 1.0 to
1.9 mm/sec (Figure 2A). Signal intensity in

Fe, at%/Si, at%

this range was not affected by chelator treat-
ments. This signal may emanate from iron
close to or at the fiber surfaces, or from iron
within the fibers in poorly defined locations.

The MS spectra of amosite (Figure 2B),
also measured at room temperature, were
fitted by two Fe?* doublets with CS and QS
as indicated in Table 1, again with a varia-
tion of approximately+0.01 mm/sec
between the samples. These two doublets
were assigned to iron in the M1, M2, and
M3, and M4 crystallographic sites, respec-
tively, as in earlier assignments (32). There
was also a weak, nonfitted absorption in the
interval 0.7 to 1.5 mm/sec that was not
affected by the different chelator treatments.

Based on the results from Table 1,
amosite was found to contain only Fe?*,
whereas crocidolite consisted of approxi-
mately 59 at% Fe?* and 41 at% Fe3+.
Chelator treatments did not significantly
affect bulk ferrous to ferric ratios.

Surface Composition. The primary ele-
mental constituents detected by XPS at the
surface (i.e., within approximately the top
10 atomic layers) of both treated and non-
treated crocidolite and amosite fibers
include O (=40-50 at%), C (= 12-30 at%),
Si (=7-21 at%), and Fe (=4-14 at%). Mg
content of amosite surfaces (= 1-3 at%) was
greater than crocidolite surfaces (typically
<1 at%), as can be expected from theoreti-
cal bulk compositions. Similarly, no Na was
found on amosite surfaces, whereas 1 to 2
at% was detected on crocidolite. Low levels
(typically <1 at%) of Ca, N, P, and K were
also detected.

The amount of iron detected at the
surface of the fibers as a function of chela-
tor treatments is shown in Figure 3. The
iron content has been normalized by the sil-
icon content in order to preclude artifacts
that might arise from compositional varia-
tions in other elements when samples are

Nontreated Desferri- Ascorbate Ferrozine Phosphate
oxamine buffer

Crocidolite

Nontreated Desferri- Ascorbate Ferrozine Phosphate
oxamine buffer

Amosite

Figure 3. Relative surface iron content of nontreated and chelator-treated crocidolite and amosite, as determined
by the ratio of the atomic concentration of iron (Fe 2p) to silicon (Si 2p) detected by XPS. Average values and stan-

dard deviations are shown.

Environmental Health Perspectives = Vol 105, Supplement 5 = September 1997



CHEMICAL CHARACTERIZATION OF CHELATOR-TREATED ASBESTOS

compared. The Fe/Si ratio averaged approx-
imately 0.8 for nontreated crocidolite and
amosite surfaces.

Changes in surface iron content due to
chelator treatments were observed; however,
they differed for the two fiber types. For
crocidolite, significantly lower iron concen-
trations were observed with desferrioxam-
ine- (Fe/Si=0.53) and ascorbate-treated
(Fe/Si=0.64) crocidolite surfaces compared
to nontreated and phosphate buffer-treated
crocidolite surfaces. However, there were no
statistically significant differences in surface
iron content between nontreated, ferrozine,
and phosphate buffer-treated surfaces. For
amosite surfaces, desferrioxamine, ferrozine,
and phosphate buffer-treated fibers had
lower iron content (Fe/Si=0.67) than non-
treated fibers. However, there was no statis-
tically significant difference in iron content
of ascorbate-treated compared to nontreated
amosite surfaces.

The oxidation states of iron present at
fiber surfaces were determined by deconvo-
luting and curve fitting the Fe 2ps/, photo-
electron peak. An example of the curve fit is
shown in Figure 4A for a spectrum obtained
from nontreated crocidolite. (Details on the
specific curve fitting procedure used can be
found in Gold et al., in preparation.) Only
Fe?* and Fe?* oxidation states were detected.
Distinct differences in the Fe 2p3,, peak
shapes of nontreated crocidolite and amosite
were observed (spectra not shown). These
differences were expressed in the curve-fitting
results shown in Figure 4B.

The most significant observation was
that, despite the differing compositions of
bulk iron between the two asbestos types,
the majority of iron at all surfaces was in the
Fe3* state. There was on average approxi-
mately 5 at% more Fe?* on nontreated
amosite than crocidolite. This difference
could be expected considering differences in
Fe?* content of their bulk compositions. It
is surprising that not all surface iron is oxi-
dized to the Fe3* state, considering that
these UICC samples were prepared almost
30 years ago and have been stored in air ever
since (33). An average increase of 6 to 10
at% Fe?* content was measured on chelator-
treated amosite surfaces. There was a slight
increase in Fe?* on some ascorbate-treated
crocidolite samples, but due to the large
spread in the data, this increase was not sta-
tistically significant. The other chelator
treatments did not alter the Fe** content of
crocidolite surfaces.

Evidence of Adsorbed Chelators.
Certain elements present in low quantities
(21 at%) on the original asbestos were

Environmental Health Perspectives = Vol 105, Supplement 5 = September 1997

observed in larger quantities at the surface of
chelator-treated fibers. The most significant
findings include elevated levels of nitrogen
on desferrioxamine-treated amosite and cro-
cidolite, as can be seen in Figure 5. Although
the levels are low and fall around 2 at%, they

are significantly greater than the levels of
nitrogen detected on all other surfaces,
which fall around our estimated value for the
detection limit of nitrogen on these surfaces
(=0.5 at%). Nitrogen generally adsorbs on
surfaces from exposure to air, but in this

N(EYE

120 718 716 714 M2 710 708
Binding energy, ev

50

30

Fe?*, % total iron signal

Nontreated Desferri- Ascorbate Ferrozine Phosphate

Nontreated Desferri- Ascorbate Ferrozine Phosphate
oxamine buffer i

oxamine buffer

Crocidolite Amosite

Figure 4. (A) Example of the curve fitting procedure used in this study on the Fe 2p3/; XPS peak obtained from non-
treated crocidolite. Fe3* states were represented by peaks 1 to 3; Fe?* states were fit by peaks 4 and 5. (B)
Percentage of total surface iron in the Fe?* valence state by XPS on nontreated and chelator-treated crocidolite
and amosite. Iron was detected as either Fe?* or Fe3*. Average values and standard deviations are shown.

257
2 -
z
s 157 Estimated
[ detection
= i limit
S imi
= + + [
Z o5 A
0

Nontreated Desferri- Ascorbate Ferrozine Phosphate
oxamine buffer

Amosite

Nontreated Desferri- Ascorbate Ferrozine Phosphate
oxamine buffer

Crocidolite

Figure 5. Evidence for desferrioxamine bound to crocidolite and amosite surfaces by nitrogen XPS spectra.
Nitrogen concentration on desferrioxamine-treated fibers is elevated by approximately 1.5 at% compared to all
other surfaces. Average values and standard deviations are plotted. The estimated detection limit for nitrogen on
these samples (= 0.5 at%) is indicated. '
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‘study it probably also originates from
adsorbed organic molecules such as the
chelating molecules.

Additional evidence for desferrioxam-
ine binding was found in the intensity
and the binding energy position of the
carbon 1s photoelectron peak. Specific
differences were noted in the high-bind-
ing energy peak that typically appears as a
shoulder in the C Is spectra. The high-
binding energy C 1s peak on crocidolite
and amosite surfaces exposed to desfer-
rioxamine was shifted by approximately
3.5 eV with respect to the main saturated
hydrocarbon peak (=285.6 eV), whereas
on all other surfaces the shift was on aver-
age approximately 4.4 eV (crocidolite) or
approximately 4.1 eV (amosite). In addi-
tion, the intensity of this high-binding
energy C 1s peak tended to be higher on
desferrioxamine-treated surfaces than on
all other surfaces (data not shown).

Similar indications of phosphate bound
to phosphate buffer-treated surfaces were
observed by XPS analysis. Average concen-
trations of 0.8 to 1.2 at% phosphorus (as
phosphate) and potassium were detected on
phosphate buffer-treated surfaces, but were
at or below the estimated detection limit
for these elements (= 0.5 at%) on all other
surfaces. Although these signals are small,
with a wide spread in the data, we believe
that this is evidence that phosphate remains
adsorbed to phosphate buffer-treated fibers.

Redox Activity of Asbestos

Results from EPR spin trapping measure-
ments, which detected the release of car-
boxylate (F~C test) and hydroxyl (P-OH
test) free radicals are shown in Figure 6A
and B and Figure 6C and D, respectively.
It should be noted that the EPR signals
have overall low intensities that are at or
near detection levels. In fact, production of
*OH on nontreated amosite surfaces was
below the detection limit. Low signal
intensities are unavoidable, as both fibers
are quite unreactive unless they are
grounded. Nontreated crocidolite has
slightly greater activity in both tests and
generates more free radicals than amosite,
but this could be an effect of the greater
surface area for crocidolite.

Variations in free radical release potential
following chelator treatments were observed
on crocidolite and amosite for most chela-
tors. All chelator treatments eliminated or
reduced fiber reactivity in the F-C test
(Figure 6A, B). This effect was most dra-
matic with amosite fibers (Figure GA), as the
DMPO-CO;™ signal was completely elimi-
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Figure 6. Free radical release from amphibole asbestos showing the effect of chelator treatments on the potential
for free radical release. EPR spectra of the DMPO-CO2~" adduct collected during the F-C test are shown for (A)
amosite and (B) crocidolite. EPR spectra of the DMPO—0OH" adduct collected during the P-0H test are shown for
(C) amosite and (D) crocidolite. The intensity of the EPR peak is proportional to the number of free radicals
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nated with all chelator treatments. However,
only ascorbate was able to eliminate CO,™
generation by crocidolite (Figure 6B).
Interesting results were obtained in the
P-OH test (Figure 6C, D). Although *OH
was not generated by nontreated amosite
fibers, incubation in phosphate buffer stimu-
lated fiber activity to a level whereby
DMPO-OH" could be detected (Figure 6C).
Similarly, enhancement of the phosphate
buffer was observed with crocidolite; the EPR

signal increased 3-fold over nontreated fibers
(Figure 6D). Surprisingly, ferrozine also
caused an increase in *OH activity for
crocidolite fibers. Desferrioxamine eliminated
all *OH release from crocidolite as expected;
ascorbate caused no change in fiber activity.
Indication of the catalytic activity of
asbestos fibers in the decomposition reac-
tion of H,O, was assessed by following the
consumption of H,O, in aqueous fiber
suspensions. The results for nontreated and
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chelator-treated fibers are shown in Figure
7A for crocidolite and Figure 7B for amosite.
The H,O, catalytic activity of both fiber
types is decreased after chelator treatments,
with the exception of ascorbate-treated
amosite. Ferrozine treatments have the great-
est reduction of fiber activity; desferrioxam-
ine and phosphate buffer reduce the activity
of both fibers by approximately one-half.

Discussion

Iron Mobilization
by Chelator Treatments

Chelator treatments are responsible for the
mobilization of iron from crocidolite and
amosite: in the absence of chelators, no
iron is removed from these fibers. As
shown in Figure 1A, all chelators used in
this study except ferrozine mobilized more
iron from crocidolite than amosite fibers
when compared on the basis of fiber
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Figure 7. Catalytic decomposition of hydrogen perox-
ide by (A) crocidolite and (B) amosite and the effect of
iron chelator pretreatments. The percentage of H,0,
decomposed after incubation for 300 min with non-
treated or chelator-treated fibers is shown.
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weight. However, when normalized by sur-
face area, the two fiber types released simi-
lar amounts of iron, except in the case of
ferrozine treatments. In this case, signifi-
cantly more iron was mobilized from
amosite than crocidolite. This can be
expected, as ferrozine is Fe?*-specific and
amosite contains more surface and bulk
Fe2* ions than crocidolite. However, the
corollary was not true: Desferrioxamine is
Fe3*-specific but did not remove more iron
from crocidolite than amosite when com-
pared on the basis of surface area. One
explanation for this contradiction is that
the chelator solutions were not buffered.
Ferrozine becomes acidic under such condi-
tions, whereas the desferroxamine solution
is not as sensitive to the absence of buffer.
The pH of chelator solutions can influence
the solubility of iron and hence the amount
of iron mobilized. It has been shown by
Lund and Aust (34) that greater quantities
of iron were mobilized by ferrozine at lower
pH than neutral or basic pH. Because fer-
rozine only mobilizes Fe?* ions, we observed
more iron mobilized from amosite than cro-
cidolite due to the larger reserve of Fe?* in
amosite. This would also be the case if Fe?*
ions were easier to remove from the silicate
structure than Fe3* jons.

The two analytical methods used to
measure the total amount of iron in super-
natant solutions give qualitatively similar
results for different treatment solutions. The
largest discrepancy occurs for ascorbate-
treated crocidolite. Previous results also
show larger amounts of iron released from
ascorbate-treated crocidolite compared to
other chelators (25). The general trend in
iron release for different chelator solutions
is in agreement with the literature after
consideration of differences in incubation
conditions (e.g., fiber and chelator concen-
trations, chelator solvent, pH, temperature,
and time) (8,17,25,34).

Our estimation of the amount of iron
removed during chelator treatments is on
the order of 1 to 5 at% of the total iron pre-
sent in the fibers. When the amount of iron
removed per unit surface area, the number
of unit cells per unit surface area, and the
number of iron ions within each unit cell
are considered, the iron removed from these
asbestos fibers could have originated within
one to a few unit cell layers below the sur-
face. This estimation depends on how many
iron ions were removed from each unit cell
(assumed 50-100%). The depth of the sur-
face modified region observed on desferriox-
amine-treated crocidolite and amosite fibers
by Mollo et al. (25), measured by high

resolution transmission electron microscopy
(HRTEM), was on the order of 2 to 10 nm.
Hence, this surface modified region could
represent the depletion of iron, and possibly
other M-site cations, from one to a few unit
cell layers below the surface.

Iron Associated with Asbestos Fibers
after Chelator Treatments

Chelator treatments did not affect the
relative concentrations or lattice positions of
Fe?* and Fe3* ions in the bulk of crocidolite
and amosite fibers. Our average measure-
ment of 59% of the total iron in crocidolite
in the Fe?* valence state is in agreement with
expectations based on the theoretical compo-
sition (=55%). However, Pollak et al. (37)
measured an Fe?* concentration of only
46% on UICC crocidolite by MS. The rea-
son for this disagreement is most likely due
to their use of an extra doublet in the curve-
fitting procedure around + 1 mm/sec in the
MS spectra, which was assigned to Fe3* in
the M1 lattice site. We could not fit an addi-
tional doublet in this region, perhaps due to
a better signal-to-noise ratio in our data. We
believe that iron contributing to the MS
spectrum in this region probably resides at
the surface of the fibers or in poorly defined
lattice sites, or possibly originates from a
highly mobile iron species, and cannot be
clearly identified.

Because of the surface sensitivity of the
XPS method, we were able to selectively
probe the composition and binding states of
elements only on the surface of the fibers.
This corresponds to the modified surface
region that was observed by Mollo et al. (25)
after chelator treatments. It is not surprising
that the iron content within the surface
region is similar for nontreated crocidolite
and amosite fibers, as their total iron contents
are also similar to each other. However, the
Fe/Si ratio of 0.8 measured in this and other
recent studies (Gold et al., unpublished data)
is significantly higher than the values of
approximately 0.6 that we measured on the
same fibers in previous years (31) and that
were reported by Werner et al. (8). Different
sample preparation and XPS analysis meth-
ods can explain this discrepancy (Gold et al.,
in preparation). Despite the higher Fe/Si
ratio, we are still able to follow relative
changes in Fe/Si ratio due to chelator treat-
ments. Because the iron content is measured
with respect to the silicon content, it is
important to keep in mind that simultaneous
and/or faster dissolution of the supporting sil-
icate structure will clearly affect measure-
ments of surface iron content by XPS, as
postulated by Werner et al. (8).
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We measured reductions of up to 20 to
30% in relative surface iron content (Fe/Si
ratio) on certain chelator-treated crocidolite
and amosite fibers that were stored under
inert atmosphere and for short time periods
(3 weeks—3 months) after treatments. In
some cases, the change in actual surface iron
content may be larger or smaller due to pos-
sible differences between Fe and Si dissolu-
tion rates. Since relative surface iron content
either decreased or remained unchanged,
this is an indication that there is a net loss of
iron from the fiber after most chelator treat-
ments. This gives additional support to the
claim that the modified region observed on
desferrioxamine-treated asbestos surfaces by
HRTEM (25) is a surface-depleted zone
rather than a deposited surface film.

For ferrozine- and phosphate buffer-
treated crocidolite, there was no reduction in
surface iron content, despite the fact that iron
was released into the chelating solutions. One
explanation for this is that, in these two cases,
iron ion diffusion from the bulk to the sur-
face has occurred. Diffusion probably
occurred in all chelator-treated crocidolite
fibers and in amosite, but only in these two
cases (which had the least iron release of the
four chelators) was the initial surface concen-
tration attained by the time of XPS analysis.
Another explanation is that there was some
reprecipitation of iron from solution to the
surface, but not so much as to cause a net
increase in surface iron content.

We would like to note here that in our
previous studies, ho changes in surface iron
content were observed when chelator-
treated fibers were allowed to age for long
time periods (up to 1 year) in air prior to
XPS analysis (31). It is known that oxygen-
induced segregation takes place in metals.
This suggests, again, the possibility of iron
diffusion through the subsurface lattice at
room temperature.

The majority of iron at both crocidolite
and amosite surfaces is in the Fe3* valence
state, despite the fact that bulk concentra-
tions of Fe?* and Fe3* determined by MS
differ significantly for the two asbestos
types. This agrees with the findings of
Werner et al. (8) and is probably the result of
oxidation of surface iron due to exposure
to air both before and after chelator treat-
ments. However, because our fibers were
stored in an inert atmosphere prior to XPS
analysis after chelator treatments, we were
still able to detect differences in Fe?* and
Fe3* concentrations at the fiber surfaces. In
our previous studies of chelator-treated
fibers stored in air (31), as in the study by
Werner et al. (8), no significant changes in
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surface iron oxidation states due to chelator
treatments were observed.

Curve fitting of different valence states
in the iron photoelectron peak is difficult
and questionable due to overlapping multi-
plet split states for the Fe?* and Fe3* ions
(31,38,39). However, it can be successfully
used to follow changes in peak shapes due
to chelator treatments, especially if com-
parisons with reference spectra are avail-
able. We observed significant increases of
up to 10% in surface Fe?* concentrations
on chelator-treated amosite and ascorbate-
treated crocidolite. We observed significant
differences that followed the same trend
with more than one curve-fitting routine
(data not shown). However, changes in the
oxidation state of surface iron due to chela-
tor treatments did not correlate with the
amount and type of iron assumed to have
been removed from the surface. For exam-
ple, ferrozine, which specifically chelates
Fe?*, mobilized the most amount of iron
from amosite, yet the concentration of sur-
face Fe?* increased by almost 10% after
treatment. A possible explanation for this is
that Fe?* reprecipitates onto the surface
from the solution (although no evidence of
the ferrozine molecule was detected) or
that Fe?* diffuses up to the surface from
the subsurface region.

A comparison of Figures 1, 3, and 4
reveals no correlation between iron mobiliza-
tion into chelator solutions and the amount
and valence of iron remaining at the surface
after chelator treatments. This agrees with
results from Werner et al. (8), who con-
cluded from similar types of experiments
that it was not possible to correlate XPS
results with iron mobilization data. The pos-
sibilities for rapid iron diffusion/migration to
the surface, oxidation of surface iron due to
exposure to ambient atmosphere, and simul-
taneous erosion of the silicate structure,
complicate the analysis and do not allow
such correlations to be made.

Detection of Adsorbed Chelators

Evidence for the adsorption of small quan-
tities of desferrioxamine to crocidolite and
amosite surfaces includes the following:

* A higher N content (1-2 at%) on
desferrioxamine-treated surfaces.
Nitrogen is a component of the desfer-
rioxamine molecule and is part of the
functional unit (hydroxamic acid) that
binds to Fe3* during chelation (40).

* The high-binding energy C 1s photo-
electron peak has a peak shift of approxi-
mately 3.5 eV from the saturated
hydrocarbon peak, which is smaller than

the peak shift observed on all other sur-

faces (=4.2 eV). Organic carbon bound

within a N—C =0 type of environ-
ment would experience a binding energy
shift between 3 to 4 eV, while carbon

functional units such as O—C—O,

O—C=0 would shift typically

between 4 and 4.5 eV (41). The latter is

generally observed on oxide surfaces
exposed to air. The observed change in
peak shift on desferrioxamine-treated
surfaces can be indicative of the presence
of carbon bound in the N—C=0 type
of environment. This functional group
also forms the active Fe3* chelating cen-

ter of the desferrioxamine molecule (40).
* The high-binding energy C 1s peak

also has slightly greater intensity on
desferrioxamine-treated surfaces com-
pared to all other samples, which indi-
cates the presence of a greater quantity
of organic molecules on this surface
than on the others.

Despite the fact that these XPS peaks
have low intensity (1-2 at%), we feel that
these three observations are significant and
indicate that desferrioxamine molecules have
adsorbed and remained adherent to fiber
surfaces. Desferrioxamine bound at surface
iron sites might prevent the participation of
iron in redox reactions or alter the overall
redox potential of the surface. If this is the
case, desferrioxamine treatments would
reduce the ability of asbestos fibers to gener-
ate free radicals and induce tissue damage.

XPS analysis has also shown low levels
of phosphate adsorbed at phosphate buffer-
treated fiber surfaces, either as reprecipi-
tated iron phosphates or as surface adsorbed
phosphate groups. We propose that this
phosphate is associated with the elevated
fiber activity observed in the production of
*OH from H,0, in the P-OH test.

Catalytic Reactivity of Asbestos

The measurements of free radical produc-
tion by asbestos fibers using EPR and the
DMPO spin trapping method resulted in
low signal intensities, as both crocidolite
and amosite produce few radicals unless
they are ground (7). In general, signal
intensities were higher from crocidolite than
amosite, and it could be argued that this is
due to the larger surface area of crocidolite.
In the F—C test, it has been proposed
that an oxidized surface site is reduced dur-
ing the reaction [see Fubini et al. (17)]. In
this study, all chelators decreased or elimi-
nated (CO,™) production in the F-C test,
as was also reported by Fubini et al. (17);
this effect was most pronounced on all
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treated amosite samples and on ascorbate-
treated crocidolite. This could be related to
the diminished quantity of oxidized iron
sites at these surfaces (increased Fe?* con-
centration), as measured by XPS analysis,
which indicates that Fe3* is used in the
hydrogen extraction reaction with carboxy-
late. The usual effect of desferrioxamine,

i.e., elimination of CO,™* release from cro-

cidolite (17), was not observed. This might
be due to the fact that, although the rela-
tive surface iron content was reduced, the
relative amount of Fe3* ions at the surface
was not altered by chelator treatment
(Figure 4B). Hence, there appears to be
some correlation between the relative con-
centration of Fe3* ions in the surface region
and fiber activity in the F-C test.

In the P-OH test, it has been proposed
that a reduced surface site is oxidized and
drives the Fenton reduction of H,O, to
hydroxyl ion and hydroxyl radical (17).
Phosphate buffer treatments enhanced the
production of *OH in the P-OH test for
both asbestos types. This behavior is possi-
bly influenced by the ability of adsorbed
phosphates or precipitated iron phosphates
to enhance reactivity. This seems likely,
considering that phosphate strongly cat-
alyzes the autoxidation of Fe?* in solution
(42). It is relevant to note that Fe?* mobi-
lization from crocidolite by ferrozine is pre-
vented if phosphate buffer is used as the
solvent but is not prevented if NaCl solu-
tion is used instead (34). Phosphate buffer
might enhance hydroxyl radical production
by enhancing the oxidation of Fe?* to Fe3*
at asbestos surfaces. Note that phosphate
buffer was present in both F-C and P-OH
test solutions.

It is difficult to draw general conclusions
about the effect of chelators on surface iron,
the effects that changes in surface iron have
on the catalytic reactivity of asbestos fibers,
and the active sites responsible for fiber reac-
tivity. For example, ferrozine treatments
were most effective in diminishing H,O,
decomposition by crocidolite and amosite
fibers; however, ferrozine-treated crocidolite
fibers had twice as much ‘OH release than
nontreated fibers. It is clear that the catalytic
decomposition of HyO, does not coincide
with *OH (or CO,™) release, nor is it related
to the surface iron content or its oxidation
states. The activities found must be ascribed
to iron present at the surface when these
measurements were performed, assuming
that iron is the active constituent of the
mineral. We can conclude that fiber activity
must be dependent on iron that has attained
particular locations at the crystal surface, or
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surface iron that has bound a chelator mole-
cule (thus exhibiting a different redox
potential), or on any iron that might have
diffused from the near-surface region to the
surface in the elapsed incubation time.

Summary

Under our experimental conditions, we
estimate that 1 to 5 at% of the total iron
contained in asbestos fibers was released into
solutions of desferrioxamine, ascorbate, fer-
rozine, and phosphate buffer; iron mobiliza-
tion was least in phosphate buffer solutions.
There was no apparent correlation between
the amount of iron mobilized by chelator
treatments and the amount of iron remain-
ing at fiber surfaces, which either decreased
or remained unchanged compared to non-
treated fibers. Although there was no signifi-
cant change in the relative concentration of
bulk Fe?* and Fe3* due to chelator treat-
ments, the relative concentration of surface
Fe?* species increased on ascorbate-treated
crocidolite and all chelator-treated amosite
samples. Hence, iron mobilization data can-
not be used to predict XPS results, and vice
versa. However, XPS results have indicated
that low levels of desferrioxamine and phos-
phate remained bound to both crocidolite
and amosite surfaces.

Most, but not all, chelator treatments
reduced the reactivity and catalytic activity
of crocidolite and amosite asbestos.
However, phosphate buffer treatments
enhanced hydroxyl radical production by
both crocidolite and amosite, as did fer-
rozine treatment of crocidolite. The usual
effect of desferrioxamine, the elimination of
free radical release from crocidolite, was not
observed in the case of CO,™ generation.
However, the interpretation of the free rad-
ical release data may be complicated by low
signal intensities.

Our results indicate that Fe3* is impor-
tant for the hydrogen extraction reaction
from carboxylate functional groups. No
other correlations were found between iron
mobilized by chelator treatments, iron
detected by XPS at the treated surface, and
the effect of iron chelators on chemical
reactivity of crocidolite and amosite asbestos.
We propose that iron mobility in the sili-
cate structure may play a larger role in the
chemical reactivity of asbestos fibers than
previously assumed.

Conclusions

X-ray photoelectron spectroscopy has
confirmed that iron chelators can modify
the amount and valence states of iron at
the surface of crocidolite and amosite

asbestos in addition to mobilizing iron from
the fibers. However, we found no direct cor-
relation between the amount of iron
removed from fibers and changes in surface
iron content (Fe/Si ratio). Observations
could be complicated by: 4) iron ion diffu-
sion from the bulk to the surface, 4) pre-
cipitation of iron complexes from the
solution, and ¢) simultaneous dissolution
of the supporting silicate structure. The
valence state of iron found at chelator-
treated fiber surfaces does not reflect the
amount of Fe?* or Fe3* mobilized into
solution, as assumed by the specificity of
each chelator for iron in a particular oxi-
dation state. This can be expected because
of the reactivity of surface iron with oxy-
gen when exposed to air, although it does
not explain all of our observations. We
cannot exclude the possibility of iron
migration from subsurface layers and the
precipitation of iron or iron complexes
from the solution.

Few correlations were found between
free radical release and H,O, decomposi-
tion activities of iron chelator-treated
fibers, and between these quantities and
the amount of iron removed, the amount
of iron remaining at the surface, and its
oxidation state. Interpretations become
complicated by adsorbed chelator species:
Desferrioxamine and phosphate detected
by XPS at fiber surfaces may play a role in
diminishing and enhancing, respectively,
iron activity in hydroxyl radical produc-
tion. It is most likely that the catalytic
activity of asbestos fibers is governed by
several factors, such as iron mobility through
the structure and the arrangement of iron
ions at the surface, rather than the total
quantity of iron at the surface and its
oxidation state as analyzed by XPS.
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