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ABSTRACT: Chrysotile asbestos is a carcinogenic fibrous
mineral. Its pathogenicity is partly governed by the ability of Fe
on the fiber surface to catalyze the Fenton reduction of H2O2
(which is produced during inflammatory processes) to form the
highly toxic hydroxyl radical (HO•). Recently, tetrahedrally
coordinated Fe (Fetet) in the fibers’ Si sheets was identified as
the principal Fe species to catalyze this process. However, as only
ferric Fetet (Fe3+tet) substitutes Si tetrahedra in chrysotile, Fetet
needs to redox cycle to ferrous Fetet (Fe2+tet) to facilitate fiber-
mediated reductions of H2O2 to HO•. This redox cycling has never
been experimentally investigated. Here we demonstrate, by
consecutive ascorbate and O2 treatments, that structural Fetet in
exposed Si sheets of chrysotile fibers can redox cycle between Fe3+tet and Fe2+tet. Reduction, back-oxidation, and rereduction of Fe3+tet
did not labilize the exposed Si sheet and, consequently, did not promote fiber dissolution. However, in the presence of H2O2,
prolonged redox cycling of Fetet increased fiber dissolution, presumably by accelerating Fetet dissolution and subsequent labilization
of the exposed Si sheet. Chrysotile fibers for which the concentration of Fetet surface sites undergoing redox cycling was lowered
through selective Fe removal showed a rebound in Fe3+tet surface site concentration and associated Fenton reactivity once Fe3+tet-
depleted Si sheets were dissolved off from the fiber surfaces. To conclude, our results demonstrate that redox cycling of Fetet on
chrysotile surfaces produces Fe2+tet surface sites, which, as the ultimate Fenton reactive iron species on chrysotile, contribute to the
fibers’ adverse chemical reactivity.
KEYWORDS: Fiber dissolution, tetrahedral iron, carcinogenicity, hydrogen peroxide, hydroxyl radical

■ INTRODUCTION
The term asbestos refers to a group of minerals that share a
fibrous crystal habit and includes one serpentine mineral
(chrysotile) and several amphibole minerals.1 Asbestos has
been used abundantly in industrial and consumer applications2,3

because of its favorable physicochemical properties.3,4 However,
the use of asbestos has been banned in EU countries from the
late 1980s onward5 since, upon inhalation, the minerals can
induce asbestosis, pleural diseases, lung carcinomas, and
mesotheliomas.2,6−8 The WHO-IARC classifies all asbestos
minerals as carcinogenic to humans.9 In 2014, the WHO-IPCS
estimated that more than 100 000 people died of asbestos-
related illnesses each year, mostly after occupational exposure.10

Despite its severe adverse health effects, the use of asbestos has
not yet been prohibited in northern American countries such as
the United States andMexico,5 and it has even increased in some
Asian countries.11,12

The historical use of asbestos is dominated by chrysotile
(>95%), and currently only chrysotile remains in use.13,14

Chrysotile asbestos (Mg3Si2O5(OH)4) consists of octahedral
Mg and tetrahedral Si sheets bundling together to a fiber with an
external Mg hydroxide surface.15,16 At pH 7.4, the positively

charged outermost Mg sheet dissolves within hours to days,
exposing the underlying negatively charged Si sheet.15,17 The
slow dissolution kinetics of this Si sheet controls the dissolution
of deeper Mg sheets.15,17,18 Fe is substituted into the fibers’
crystal structure during petrogenesis (typically 2−4 wt %) and is
the most abundant redox-active metal in chrysotile.19 Both
ferrous and ferric Fe enter into octahedral sites in the Mg sheet
(Fe2+oct and Fe3+oct, respectively), whereas only ferric Fe
substitutes Si in tetrahedral sites of the Si sheet
(Fe3+tet).

18,20,21 As ferrous tetrahedral Fe (Fe2+tet) has a
considerably larger ionic radius (63 pm) compared to Si4+ (26
pm) and Fe3+tet (49 pm),22 it does not enter into the Si sheet22,23

and is consequently not detected in bulk-Fe analyses of
silicates.18,20,21,23 Proton-promoted and ligand-enhanced dis-
solution of Fe3+tet generates vacant tetrahedral sites, which
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labilize the Si sheet of chrysotile and increase Si dissolution and,
subsequently, Mg dissolution from deeper sheets.18

Asbestos fibers are characterized by a high biopersistence in
vivo.8,24,25 Due to the fibrous crystal habit of chrysotile asbestos,
inflammatory phagocytic cells fail to phagocytose and thus
remove the fibers from burdened tissues.26 During frustrated
phagocytosis, elevated amounts of enzymatically produced
reactive oxygen species (ROS) like hydrogen peroxide (H2O2)
and superoxide (O2

•−) are released into the extracellular
environment.8 Fe on fiber surfaces may interact with both
these ROS to catalyze the generation of highly reactive hydroxyl
radicals (HO•), which cannot be enzymatically detoxified and
have a high potency to damage DNA, proteins, and lipids.6,27−31

Fe is catalytically active because it undergoes Haber−Weiss
redox cycles, in which Fe3+ is reduced by O2

•− to Fe2+, and Fe2+
is back-oxidized by H2O2 in the so-called Fenton reaction,
yielding Fe3+ and HO•.6,32 Fe2+ is absent on the surface of
pristine chrysotile fibers.33 However, in the presence of H2O2,
Fe3+ on fiber surfaces may still engage in Haber−Weiss cycles
through the Fenton-like reaction in which Fe3+ reacts with H2O2
to Fe2+ and hydroperoxyl (HO2

•).34 Apart from this direct
reduction of Fe3+ to Fe2+ by H2O2, also HO2

• can reduce Fe3+ to
Fe2+ or decompose into O2

•−, an even stronger reductant.35

Furthermore, physiological reductants such as ascorbate36 may
reduce Fe3+ to Fe2+ and hence enable the Fenton reaction. Of
note, the concentration of ascorbate in bronchoalveolar lavages
is known to increase during pulmonary oxidative stress.37

On dissolving chrysotile surfaces at circumneutral pH, Fe3+tet
was demonstrated to be themost efficient Fe species (on amolar
basis) at catalyzing the decomposition of H2O2 and the only Fe
species capable of catalyzing the generation of HO• from
H2O2.

18,38,39 During fiber dissolution at circumneutral pH,
exposed Fe3+tet remains Fenton-active for weeks as it is
embedded in the fibers’ slowly dissolving Si sheets.18 Addition-
ally, external Fe added to chrysotile exclusively catalyzed fiber-
mediated Haber−Weiss cycling when it became incorporated
into vacancies in exposed Si sheets.38 Apart from chrysotile, the
exceptional redox reactivity of tetrahedral Fe (Fetet) has also
been described for nontronites, in which Fe3+tet is preferentially
reduced over octahedral Fe (Feoct), suggesting a lower redox
potential of Fetet than of Feoct.

40−44

In order to catalyze the generation of HO•, surface Fe3+tet first
needs to be reduced to Fe2+tet to enable the reduction of H2O2 to
HO•. However, so far, the presence of the Fenton-active Fe2+tet
on chrysotile surfaces has only been postulated38 but never
experimentally established. Additionally, it remains unexplored
whether redox cycling of Fetet on chrysotile surfaces accelerates
Fe dissolution kinetics and subsequently promotes the
labilization and dissolution of the exposed Si sheets, as observed
when Fe3+tet undergoes proton-promoted or ligand-enhanced
dissolution.18 Increased dissolution kinetics of Fetet from
chrysotile, e.g. facilitated by chelating ligands, renders fiber
surfaces depleted of Fetet sites and consequently diminishes the
fibers’ Fenton reactivity.18,38,39 However, it is not known
whether surface depletion permanently rids the surface of Fetet
or whether Fenton reactivity is recovered to some extent as fiber
dissolution proceeds.
In this study, we addressed the aforementioned knowledge

gaps. We hypothesized that (a) surface Fe3+tet can be reduced to
Fe2+tet as a prerequisite step for the Fenton reactivity of Fetet in
chrysotile.18,38,39 Additionally, we hypothesized that (b) Fetet in
exposed Si sheets of chrysotile can undergo multiple redox
cycles without promoting Si dissolution. In the presence of the

strong oxidant H2O2 we expect the residence time of Fe2+tet to be
short, preventing reductive Fetet dissolution, the labilization of
the Si surface sheet, and the consequent enhanced Si dissolution.
Finally, we hypothesized that (c) chrysotile surfaces that are
depleted of reactive Fetet sites (e.g., due to Fe3+tet removal with
chelating ligands) can partly recover Fenton reactivity as fiber
dissolution proceeds. This hypothesis stems from the layered
structure of chrysotile fibers and the notion that upon
dissolution of an Fe3+tet-depleted Si sheet, the underlying and
newly exposed Si sheet will again contain reactive Fe3+tet surface
sites.
These hypotheses were tested in batch dissolution experi-

ments at the physiological lung pH of 7.4 (unless mentioned
otherwise); the composition of the solution phase was analyzed
by ICP-OES, and HO• generation by chrysotile fibers was
assessed by EPR spin trapping.

■ EXPERIMENTAL SECTION
Material. Chrysotile was purchased from Shijiazhuang

Mining IMP&EXP Trade Co from China. An extensive material
characterization of this chrysotile specimen has previously been
reported.18,45 Selected bulk characteristics of the Shijiazhuang
chrysotile are summarized in Table 1. All chemical reagents were
of p.a. quality or higher and were purchased from VWR (unless
mentioned otherwise).

Experimental Strategy. The potential for redox cycling of
Fetet sites on chrysotile surfaces was investigated by successively
subjecting fibers to reducing and oxidizing conditions and
analyzing the redox state of the surface Fetet sites by applying an
Fe2+-specific ligand to exclusively dissolve Fe2+ (including
Fe2+tet).

33 Also, the effect of continuous Fetet redox cycling on
the kinetics of proton-promoted and ligand-enhanced chrysotile
dissolution was investigated by comparing dissolution in
treatments with and without H2O2, which can both reduce
and oxidize Fetet in Haber−Weiss cycles. Finally, the recovery of
Fenton reactivity was examined for chrysotile from which
surface-exposed Fetet had been removed through chelating
ligands, by applying treatments to dissolve the exposed Fetet-
depleted Si sheet.

Fiber Preconditioning. To obtain fibers with a specific
surface chemistry, chrysotile was preconditioned in four
different ways in accordance with Walter et al.38,39 During
preconditioning, the outermost Mg hydroxide sheet of

Table 1. Bulk Characteristics of Pristine Shijiazhuang
Chrysotile Fibersa

Bulk Composition

fusion digestion (n = 32) NAAb (n = 2)

Mg (g kg−1) 253 (8.9)
Si (g kg−1) 193 (6.4)
Fe (g kg−1) 19.0 (1.2) 21.4 (0.3)

Bulk Fe Speciation

Mössbauer

Fe2+oct (%) 38.4
Fe3+oct (%) 54.6
Fe3+tet (%) 7.0
total Fe in chrysotile (%)c 68.2

aAs previously reported by Walter et al.45 Values in parentheses
represent the standard deviations. bNeutron activation analysis.
cRemaining Fe is in magnetite impurities.
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chrysotile dissolved, rendering fibers with an exposed Si sheet.
The preconditioned chrysotile specimens mainly differed in
their Fe and Si surface chemistry. Fibers depleted of surface Fe
(including Fe3+tet) were prepared by preconditioning pristine
chrysotile with 1 mmol L−1 desferrioxamine B (DFOB) under
oxic conditions (DFOB-altered fibers). DFOB has previously
been shown to effectively dissolve Fe3+tet from Shijiazhuang
chrysotile18,38,39 and to generate vacant sites in the exposed Si
sheet which promote Si dissolution.18 Fibers for which the
Fe3+tet content of the outermost Si sheet was preserved were
prepared by preconditioning pristine chrysotile in blank
suspensions under oxic conditions (blank-altered fibers).
Blank-altered fibers also host non-Fenton-active secondary Fe
phases, such as iron (hydr)oxides on their fiber surface. These
phases originated from precipitation of the octahedral Fe3+
content of the dissolved outermost Mg sheet. Fibers for which
surface Fe3+ was reduced to Fe2+ were prepared by
preconditioning pristine chrysotile with 1 mmol L−1 ascorbate
under anoxic conditions (ascorbate-altered fibers). Finally,
fibers with surface Fe sites that had undergone one full redox
cycle were prepared by further incubating ascorbate-altered
fibers in blank suspensions under air bubbling (reoxidized
ascorbate-altered fibers). The characteristics of the various
chrysotile fiber types (pristine and preconditioned) used in this

study, including their preconditioning procedure and character-
ization of their surface chemistry, are summarized in Table 2.

Experimental Procedure. All dissolution experiments and
fiber preconditioning treatments were conducted at a
fiber:solution ratio of 1 g L−1. 50 mmol L−1 of the non-metal-
complexing tertiary amine (“Better”) buffers46 3-(N-
morpholino)propanesulfonic-acid (MOPS) and 1,4-piperazine-
dipropanesulfonic acid (PIPPS) were used tomaintain the pH of
experimental treatments at 7.4 ± 0.3 or 3.0 ± 0.3, respectively.
To compare the results of this study with previously published
studies on Shijiazhuang chrysotile,18,38,39 the ionic strength of all
samples was adjusted to 300 mmol L−1 by addition of NaCl. In
addition to the “blank” treatment (only buffer and electrolyte),
other treatments included 1mmol L−1 of DFOB (Novartis),18,38

the Fe2+-specific ligand Ferrozine (Sigma-Aldrich), or the
reductant ascorbate. Additionally, Ferrozine and ascorbate
were also applied in combination. Importantly, the pH range
for which Ferrozine effectively complexes Fe2+ ranges from pH
3.0 to 8.0 and hence includes the pH that was used in the
dissolution experiments in which Ferrozine was applied (pH
7.4).47 In treatments involving H2O2, a 30%H2O2 stock solution
(Sigma, for trace analysis) was spiked to a starting concentration
of 3.3 g L−1 (∼0.3%, i.e. ∼100 mmol L−1). Prior to the
experiment, the concentration of the H2O2 stock was

Table 2. Overview of the Various Fiber Types Used in This Study, the Corresponding Preconditioning Procedures, and a
Characterization of the Fiber Surface Chemistrya

Chrysotile fiber type Preconditioning procedure Surface chemistry of fibers

pristine fibers not applicable unaltered−intact exposed Mg sheet
blank-altered fibers pristine fibers incubated for 336 h in oxic blank

suspensions
exposed Si sheet with Fe precipitates from the dissolved outermost Mg sheet;
unaltered exposed Fetet content

DFOB-altered fibers pristine fibers incubated for 336 h in oxic 1 mmol L−1

DFOB suspensions
exposed Si sheet with depleted Fe content (including Fe3+tet)

ascorbate-altered fibers pristine fibers incubated for 336 h in anoxic 1 mmol L−1

ascorbate suspensions
exposed Si sheet with reduced Fe surface content

reoxidized ascorbate-
altered fibers

ascorbate-altered fibers incubated for 24 h under air
bubbling

exposed Si sheet with reoxidized Fe surface content

aAll preconditioning procedures were conducted at pH 7.4 at a fiber to solution ratio of 1 g L−1.

Table 3. Overview of the Conducted Experimentsa

Fiber types Treatment applied to each fiber type (per experiment) Oxygen regime Figure

Anoxic Dissolution Experiment
pristine fibers blank anoxic 1, 2, S1
blank-altered fibers 1 mmol L−1 Ferr
DFOB-altered fibers 1 mmol L−1 Asc

1 mmol L−1 Asc + Ferr
Reoxidation and Rereduction Experiment
reoxidized ascorbate altered fibers blank anoxic 4

1 mmol L−1 Ferr
1 mmol L−1 Asc
1 mmol L−1 Asc + Ferr

H2O2 Incubation Experiment
pristine fibers blank oxic 5
blank-altered fibers 3.34 g L−1 H2O2

DFOB-altered fibers 1 mmol L−1 DFOB
1 mmol L−1 Ferr, 3.34 g L−1 H2O2

1 mmol L−1 DFOB, 3.34 g L−1 H2O2

Fe3+tet Recovery Experiment
DFOB-altered fibers blank oxic 6

blank (pH 3.0)
aAll experiments were carried out at a fiber:solution ratio of 1 g L−1 and at pH 7.4 (unless mentioned otherwise). The denoted H2O2
concentrations are the starting concentrations. Ferr refers to Ferrozine, and Asc refers to ascorbate.
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determined in three KMnO4 titrations to be 334 g L−1 (standard
deviation of 2 g L−1).
Preconditioning of all chrysotile types was conducted in fiber

suspensions buffered at pH 7.4. The preconditioning of DFOB-
altered, blank-altered, and ascorbate-altered fibers was carried
out for 336 h, and the oxidation of ascorbate-altered fibers was
conducted for an additional 24 h (Table 2). Table S1 lists the
metal and Si concentrations mobilized during all precondition-
ing procedures.
In dissolution experiments and preconditioning incubations,

chrysotile fibers were incubated in an end-over-end shaker at 15
rounds per minute (RPM) at 20 ± 2 °C in the dark. An
exception to this was the preconditioning of reoxidized
ascorbate-altered fibers, which was carried out under air
bubbling and magnetic stirring at 500 rpm in a volumetric
borosilicate flask. Dissolution experiments were carried out in
duplicates in 15 mL PP-tubes (VWR) under anoxic or oxic
conditions. Anoxic dissolution experiments were conducted in a
vinyl anaerobic chamber (Coy Laboratory) filled with forming
gas (with ≤3% of H2 and O2 contents below 1 ppm throughout
the experiments). Suspensions of pristine, blank-altered, and
DFOB-altered fibers were incubated at pH 7.4 in the absence
(blank) or the presence of ascorbate, Ferrozine, or ascorbate +
Ferrozine to examine the reduction of Fe3+tet surface sites on
chrysotile surfaces. Additionally, also reoxidized ascorbate-
altered fibers were subjected to the same treatments to examine
1 or 1.5 full redox cycles of Fetet surface sites on chrysotile fibers.
Under oxic conditions, suspensions of pristine, blank-altered,
and DFOB-altered fibers were incubated for 96 and 336 h at pH
7.4 in the presence of 3.3 g L−1 H2O2 (starting concentration),

with or without DFOB or Ferrozine addition to examine the
effect of Fetet redox cycling by H2O2 on proton-promoted or
ligand-enhanced fiber dissolution kinetics. Additionally, oxic
dissolution experiments were conducted with pristine, blank-
altered, and DFOB-altered fibers at pH 7.4 without H2O2
addition. Finally, the anoxic ascorbate + Ferrozine and the
oxic DFOB incubations of DFOB-altered fibers were also used
to examine the kinetics of Fe dissolution from chrysotile fibers
with exposed Si sheets depleted of Fe surface sites. Also, DFOB-
altered fibers were incubated for 336 h at pH 3.0 and 7.4 in blank
treatments to examine the recovery of the fibers’ HO• yield after
dissolution of the exposed Fe3+tet-depleted Si sheet. Table 3
presents an overview of the experiments conducted for this
study.
Both solution and fiber sampling were done destructively.

Samples were taken after 0.5, 1, 4, 8, 24, 48, 96, 168, and 336 h.
Fiber suspensions were filtered over 0.45 μm Sartorius cellulose
acetate syringe filters (VWR). Aliquots of the filtrate were
acidified with trace metal grade HNO3 to 0.14 mol L−1. Fibers
were sampled by vacuum filtration, retained by 0.47 μm Nylon
membranes (Magna) in Büchner funnels, and washed with
ultrapure water to remove adsorbed free ligands or metal
complexes. Subsequently, the fibers were vacuum-dried and kept
in an evacuated desiccator for follow-up experiments or EPR
analyses. Vacuum filtration and drying of ascorbate-altered fibers
were carried out inside the anoxic glovebox to avoid oxidation of
the ferrous Fe species on the chrysotile surface.

Elemental and EPR Analyses. Metal (Mg and Fe) and Si
solution concentrations in preconditioning samples and samples
from the dissolution experiments were determined by ICP-OES

Figure 1. Mobilized Fe concentrations in anoxic incubations of pristine, blank-altered and DFOB-altered fibers at pH 7.4 in blank (a), 1 mmol L−1

Ferrozine (b), 1 mmol L−1 ascorbate (c) or 1 mmol L−1 ascorbate + Ferrozine (Asc + Ferr, d) suspensions. Error bars indicate standard deviations (n =
2). The Fe3+tet content of the chrysotile fibers in this experiment underwent half a redox cycle (reduction only) in suspensions to which ascorbate was
added (c, d). The data for this figure are presented in Table S2.
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(Optima 5300-DV, PerkinElmer). Calibration standards were
matrix-matched with the samples.
The generation of HO• by pristine and incubated fiber

specimens in the presence of H2O2 was analyzed at pH 7.4 with
5,5′-dimethyl-1-pyrroline N-oxide (DMPO) as the spin trap
using a X-band EPR-spectrometer (Bruker EMX) and a split
ring resonator (Bruker MD5). 4 replicates per treatment were
analyzed. This method has been frequently applied be-
fore18,38,39,45,48−51 and was carried out according to Walter et
al.18 The mean signal intensity (specifically the peak-to-peak
intensity (Ipp) at the second lowest G value in the DMPO/HO•

quadruplet) of altered fibers (≙ the decreased HO• yield) was
expressed as the percentage of the mean Ipp of a quadruplicate of
pristine fiber replicates, which were included in each measure-
ment session.
Data Analysis and Supplementary Data. For the

statistical analysis of the EPR spin trapping results, an F-test
was used to determine equal or unequal variances between
samples. The analyzed samples had equal variance. Therefore, a
one-way ANOVA (α = 0.05) was used to determine whether
there were significant differences in EPR signal among the
treatments. No subsequent posthoc tests were required.
The dissolution stoichiometry of preconditioned fibers at pH

7.4 was determined by calculating Mg and Si dissolution rates in
accordance with Walter et al.18 The surface area of the
Shijiazhuang chrysotile (20.3 m2g−1) used for these calculations
was reported in the same study. Only data points collected
between 24 and 336 h were included for these calculations, as
dissolution was closer to a steady state after the first day of the
dissolution experiments. Fiber dissolution stoichiometry was

evaluated by comparing the Mgrate/Sirate ratio with the
stoichiometric bulk Mg/Si ratio of 1.5 in pristine chrysotile.
For pristine fiber dissolution, no congruency calculations were
performed, as dissolution of the outermost Mg sheet and Mg-
containing impurities (e.g., brucite, Walter et al.18) introduced a
bias. Finally, all analyzed data reported in Figures 1, 2, and 4−6
can be found in Tables S2−S6, respectively.

Safety Statement. No unexpected or unusually high safety
hazards were encountered during the experimental work.

■ RESULTS
Reduction of Fe3+tet on Dissolving Chrysotile Surfaces.

In the anoxic dissolution experiments, we studied the reduction
of Fe3+tet to Fe2+tet in exposed Si sheets of chrysotile. Only
submicromolar Fe concentrations were mobilized in anoxic
blank suspensions of pristine, blank-altered, and DFOB-altered
fibers (Figure 1a). Addition of the Fe2+-specific ligand Ferrozine
to these anoxic fiber suspensions did not result in a relevant
increase in Fe mobilization; mobilized Fe concentrations
maximally reached 2.1 μmol L−1 (after 336 h, for pristine fibers,
Figure 1b). Addition of ascorbate to reduce the available ferric
Fe surface sites on chrysotile moderately increased mobilized Fe
concentrations in a pristine fiber suspension up to 8 μmol L−1

after 336 h of incubation (Figure 1c). However, no relevant Fe
mobilization was found in anoxic suspensions of blank-altered
and DFOB-altered fibers, to which ascorbate was added. Finally,
Fe3+ reduction by ascorbate and subsequent ligand-enhanced
dissolution of Fe2+ surface sites by Ferrozine considerably
increased Fe mobilization in comparison to the previous
treatments; 29.5, 23.5, and 3.5 μmol L−1 Fe were mobilized in

Figure 2. Mobilized Mg and Si concentrations in anoxic incubations of pristine, blank-altered, and DFOB-altered fibers at pH 7.4 in 1 mmol L−1

ascorbate or 1 mmol L−1 ascorbate + Ferrozine (Asc + Ferr) solutions. Mobilized Mg (a) and Si (b) concentrations by the ascorbate treatment are
presented in subpanels 1 and 2 and by the ascorbate + Ferrozine treatment in subpanels 2. Error bars indicate standard deviations (n = 2). Results for
the blank and 1 mmol L−1 Ferrozine treatments are presented in Figure S1. The data for this figure are presented in Table S3.
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pristine, blank-altered and DFOB-altered anoxic chrysotile
suspensions after 336 h of incubation, respectively (Figure 1d).
Mg dissolution from pristine fibers under anoxic conditions at

pH 7.4 followed the two-stage dissolution model of chrysotile
proposed by Walter et al.18 In the presence of ascorbate, Mg
rapidly dissolved from pristine fibers (Figure 2a1) until the
outermost Mg sheet (corresponding with 406 μmol g−1 Mg in
Shijiazhuang chrysotile18) had dissolved between 48 and 96 h of
incubation (first stage fiber dissolution). Further Mg dissolution
was hampered by the low solubility of the first exposed Si sheet
(second-stage fiber dissolution). Therefore, under anoxic
conditions in the presence of ascorbate, mobilized Mg
concentrations from blank-altered fibers (from which the
outermost Mg sheet had already dissolved during precondition-
ing, Table S1) remained low throughout the experiments
(Figure 2a1). However, for DFOB-altered fibers, fromwhich the
outermostMg sheet had also been dissolved, Mg dissolution was
considerably higher than that for blank-altered fibers under these
same conditions (Figure 2a1). This results from the labilization
of the exposed Si sheet during preconditioning by DFOB-
promoted Fe3+tet dissolution. Like for Fe mobilization (Figure
1), Ferrozine application in addition to ascorbate increased Mg
dissolution from all three fiber types (Figure 2a2). Si
mobilization in the presence of ascorbate was equally low
from pristine and blank-altered fibers, whereas mobilized Si
concentrations were clearly higher in DFOB-altered fiber
treatments due to labilization of the Si sheet by DFOB
preconditioning (Figure 2b1). However, when Ferrozine was
additionally added to the suspensions, mobilized Si concen-
trations considerably increased in all three fiber treatments
(Figure 2b2). For Si, this enhancing effect on dissolution of
additional Ferrozine applications was more pronounced than for
Mg. Mg and Si concentrations mobilized from pristine, blank-
altered, and DFOB-altered fibers in anoxic pH 7.4 blank and
Ferrozine-only treatments were comparable to or lower than
those observed in ascorbate-only treatments (Figure S1 and
Figure 2).
Congruent fiber dissolution (i.e., Mg and Si solution

concentrations increasing in the stoichiometric Mg/Si ratio of
chrysotile: 1.5) was observed for all anoxic incubations of
preconditioned chrysotile fibers (i.e., all mineral preparations
except pristine fibers) with a labilized exposed Si sheet.
Specifically, dissolution was (close to) congruent for all
incubations with DFOB-altered fibers (Figure 2 and Figure
S1), as well as for blank-altered fibers to which ascorbate and
Ferrozine were coapplied (Figure 2 and Table S7).
Finally, the addition of ascorbate to anoxic chrysotile

suspensions changed the color of the fibers from brownish (as
observed with pristine and blank-altered fibers) to a pale pinkish
color (Figure 3 and Figure S2). DFOB-altered fibers had a
whitish color, as already reported by Walter et al.38

Reoxidation of Fe2+tet and Subsequent Rereduction of
Fe3+tet on Dissolving Chrysotile Surfaces. Figure 4 presents
results from an incubation experiment in which the back-
oxidation of Fe2+tet to Fe3+tet (1 redox cycle) and the subsequent
rereduction of Fe3+tet to Fe2+tet (1.5 redox cycles) on chrysotile
fiber surfaces were investigated. For that purpose, reoxidized
ascorbate-altered fibers were incubated at pH 7.4 in either blank
or Ferrozine treatment (1 redox cycle of Fe3+tet) and in ascorbate
or ascorbate + Ferrozine treatment (1.5 redox cycles of Fe3+tet),
respectively. The oxidation of ascorbate-altered fibers changed
their color from pale pinkish to brown grayish (Figure S2b). The

subsequent rereduction of reoxidized ascorbate-altered fibers by
ascorbate changed the fiber color back to pale pinkish.
No Fe was mobilized in the blank treatment, and also, only a

small amount of Fe was mobilized in the Ferrozine treatments
(maximally 1.7 μmol L−1 after 336 h), as Fe2+ sites on the fiber
surfaces had been back-oxidized by air bubbling during fiber
preconditioning (Figure 4a). For the ascorbate treatment in
which the available Fe surface sites were rereduced, a moderate
increase of mobilized Fe concentrations was observed,
amounting up to 3.7 μmol L−1 after 336 h (Figure 4a). Finally,
rereduction of Fe3+ surface sites by ascorbate and subsequent
ligand-enhanced dissolution of Fe2+ by Ferrozine considerably
increased Fe mobilization, up to 21.8 μmol L−1 after 336 h
(Figure 4a).
Mobilizations of Mg (Figure 4b) and Si (Figure 4c) were

comparable in blank, Ferrozine, and ascorbate treatments of
reoxidized ascorbate-altered fibers. In contrast, in suspensions to
which ascorbate and Ferrozine were concomitantly added,
considerably increased Mg and Si dissolutions were observed
(Figure 4b,c, respectively). This is consistent with the increased
Fe mobilization observed in this treatment (Figure 4a).
Finally, Mg dissolution in these experiments was moderately

higher than that observed for blank-altered fibers incubated at
pH 7.4 in anoxic (Figure S1a1) and oxic (Figure S3a)
suspensions; the difference in mobilized Mg concentration
after 336 h was approximately 30−40 μmol L−1. This difference
was also reflected in the clearly nonstoichiometric fiber
dissolution for all treatments presented in Figure 4; the Mg/Si
ratio was larger than 1.5, indicating an excess of Mg dissolution
(Table S7).

Dissolution of Fetet from Chrysotile Surfaces by Redox
Cycling. To examine whether prolonged redox cycling of Fetet
in the exposed Si sheets in the presence or absence of ligands
enhances chrysotile dissolution, pristine and preconditioned
fibers were incubated at pH 7.4 in a ∼ 100 mmol L−1 H2O2
solution (starting concentration) with or without DFOB or
Ferrozine. Under these conditions, Fetet is presumed to undergo
a large number of full Haber−Weiss cycles. Mobilized Fe, Mg,
and Si concentrations after 96 and 336 h were considered to
establish whether the presence of H2O2 enhanced overall fiber

Figure 3. Observed fiber colors after different experimental
incubations. From left to right: pristine fibers, DFOB-altered fibers,
and ascorbate-altered fibers. The pale pinkish color of ascorbate-altered
fibers was observed by incubating pristine, blank-altered, and DFOB-
altered fibers at pH 7.4 in 1 mmol L−1 ascorbate solutions under anoxic
conditions for 336 h. The color change of DFOB-altered fiber
treatments from whitish to pale pinkish, however, only occurred in later
stages of the incubation. Blank-altered fibers had the same color as
pristine fibers (Figure S2a).
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dissolution by increasing proton-promoted and/or ligand-
enhanced Fetet dissolution.
Mobilized Fe only exceeded low micromolar concentrations

in treatments involving DFOB, and the mobilized Fe
concentration was higher if in addition to DFOB also H2O2
was applied, except for pristine fibers after 96 h (Figure 5a1,2).
Dissolved Fe concentrations in DFOB treatments increased with
increasing incubation time except in pristine fiber suspensions.
They were highest in suspensions of pristine fibers, which had an

unaltered Fe surface content and speciation, and lowest in
suspensions of DFOB-altered fibers, which were depleted in
surface Fe. Fe mobilization by DFOB and H2O2 + DFOB in
suspensions of blank-altered fibers, which contained secondary
Fe phases originating from precipitation of the Fe content of the
dissolved Mg sheet, was lower than in suspensions of pristine
fibers. Mobilized Fe concentrations in H2O2 + Ferrozine
treatments were as low as the concentrations in blank and
H2O2 treatments; only in pristine fiber suspensions after 336 h
was the Fe concentration mildly increased (2.7 μmol L−1)
(Figure 5a,b).
Mg concentrations mobilized from pristine fibers after 96 h of

incubation (Figure 5b1) were largely similar in blank, H2O2,
H2O2 + Ferrozine, DFOB and H2O2 + DFOB treatments
(∼400−600 μmol L−1). In all treatments, the outermost Mg
sheet (corresponding with 406 μmol g−1 Mg in Shijiazhuang
chrysotile18) had fully dissolved. However, after 336 h,
mobilized Mg concentrations were clearly elevated in the
H2O2 + DFOB treatment (983 μmol L−1) compared to all other
treatments (∼600 μmol L−1) (Figure 5b2). Mg concentrations
mobilized from blank-altered and DFOB-altered fibers
successively increased from blank to H2O2 and H2O2 +
Ferrozine to DFOB and ultimately to H2O2 + DFOB treatment;
concentrations increased with the reaction time (Figure 5b1,2).
Mobilized Si concentrations from pristine, blank-altered, and
DFOB-altered fibers after 96 h were similar for blank, H2O2, and
H2O2 + Ferrozine treatments but clearly higher in DFOB
treatments and highest in H2O2 + DFOB treatments (Figure
5c1). After 336 h, Si dissolution of all three fiber types
successively increased from blank to H2O2 and H2O2 +
Ferrozine to DFOB and ultimately to H2O2 + DFOB treatment
(Figure 5c2). Mobilized Si concentrations in the H2O2 + DFOB
treatment exceeded 200 μmol L−1 in suspensions of all three
fiber types.
Finally, similarly to those under anoxic conditions (Figure 2

and Figure S1), preconditioned fibers with a labilized exposed Si
sheet generally dissolved congruently at pH 7.4 under oxic
conditions (in the presence or absence of H2O2). Specifically,
congruent dissolution of DFOB-altered fibers was observed in
the H2O2, DFOB, H2O2 + DFOB, and H2O2 + Ferrozine
treatments (Figure 5 and Figure S3b3 and Table S7). Also,
congruent dissolution of blank-altered fibers was observed for
the DFOB and H2O2 + DFOB treatments (Figure 5 and Figure
S3b2 and Table S7). On the contrary, dissolution of blank-
altered fibers in the blank, H2O2, and H2O2 + Ferrozine
treatments was incongruent (Figure 5 and Figure S3a and Table
S7). Interestingly, as an exception to the notion that fibers with a
labilized Si sheet dissolve congruently at pH 7.4, dissolution of
DFOB-altered fibers was incongruent in oxic blank treatments
(Figure S3a and Table S7).

Recovery of Fenton Reactivity at Dissolving Chrysotile
Surfaces. The potential recovery of the Fenton reactivity of
chrysotile fibers upon dissolution of Fe3+tet-depleted surface Si
sheets was investigated (Figure 6). Specifically, DFOB-altered
fibers, which are characterized by an Fe-depleted fiber surface,
were incubated at pH 7.4 and pH 3.0 in blank treatments to
(partially) dissolve the exposed Fe3+tet-depleted Si sheet. Newly
exposed Fe3+tet sites on the fiber surface were then indirectly
identified by their Fenton reactivity in an EPR spin trapping
analysis.
DFOB-altered fibers had a HO• yield of 9% relative to pristine

fibers, which is in accordance with published values for the same
fiber type.18,38,39 However, after further incubation of DFOB-

Figure 4. Fe (a), Mg (b), and Si (c) concentrations mobilized from
reoxidized ascorbate-altered fibers. Fibers were incubated under anoxic
conditions at pH 7.4. Blank, 1 mmol L−1 Ferrozine (Ferr), 1 mmol L−1

ascorbate (Asc), and 1 mmol L−1 ascorbate + Ferrozine (Asc + Ferr)
treatments were applied. Error bars indicate standard deviations (n =
2). The number of redox cycles of Fe3+tet is noted for each treatment.
The data for this figure are presented in Table S4.
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altered fibers for 336 h at pH 7.4, the fibers’ relative HO• yield
significantly increased to 13%. However, when DFOB-altered
fibers were incubated for 336 h at pH 3.0, even a 2-fold increase
in relative HO• yield, to approximately 20%, was measured.

■ DISCUSSION
Redox Cycling of Fetet on Dissolving Chrysotile

Surfaces. Under anoxic conditions at pH 7.4, Ferrozine alone
did not increase Fe mobilization above the very low micromolar
or submicromolar range in suspensions of pristine and
preconditioned fibers (Figure 1a,b), suggesting that the redox

speciation of Fe sites on the surface of these chrysotile
specimens was dominated by ferric Fe. The ascorbate treatment
only led to a moderate increase of mobilized Fe2+ in suspensions
of pristine fibers (Figure 1c). However, the concomitant
addition of ascorbate and Ferrozine markedly increased Fe
mobilization in suspensions of all fiber types, including DFOB-
altered fibers that had been largely depleted of surface Fe during
preconditioning (Figure 1d). This clearly supra-additive
increase in Fe mobilization demonstrates that ascorbate reduced
the Fe sites on fiber surfaces and thereby enabled ligand-
enhanced Fe2+ dissolution by Ferrozine. The concomitant

Figure 5. Fe (a), Mg (b), and Si (c) concentrations mobilized from pristine, blank-altered, and DFOB-altered fibers after 96 h (subpanels 1) and 336 h
(subpanels 2) of incubation at pH 7.4 under oxic conditions in blank, 3.34 g L−1 H2O2, 3.34 g L−1 H2O2 + 1 mmol L−1 Ferrozine (Ferr), 1 mmol L−1

DFOB, and 3.34 g L−1 H2O2 + 1 mmol L−1 DFOB solutions. 3.34 g L−1 was the starting concentration of all H2O2 incubations. Dashed lines indicate
the concentrations in the blank treatment. Error bars indicate standard deviations (n = 2). Blank and DFOB treatment data for pristine fibers were
taken fromWalter et al.,18 and data for H2O2 treatments were taken fromWalter et al.38 The data for this figure are presented in Table S5. Mobilization
of Fe, Mg, and Si by 1 mmol L−1 Ferrozine alone (without 3.34 g L−1 H2O2) under oxic conditions at pH 7.4 was exclusively examined for pristine fiber
suspensions (1 g L−1); no notable differences compared to the mobilized concentrations in the 3.34 g L−1 H2O2 + 1 mmol L−1 Ferrozine treatment
were found (Table S8).
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addition of ascorbate and Ferrozine led to increased and
stoichiometric Si andMg dissolutions of all examined fiber types
(Figure 2, Table S7). This suggests that also surface Fe3+tet sites
were reduced to Fe2+tet, and that�in analogy to dissolution of
Fe3+tet by DFOB18�Ferrozine dissolved Fe2+tet from chrysotile
fiber surfaces, thereby labilizing the exposed Si sheet. This
observation supports our hypothesis (hypothesis a) that Fe3+tet
can be reduced to Fe2+tet on chrysotile surfaces.
The absence of enhanced fiber dissolution in anoxic ascorbate

treatments implies that the surface-exposed Fe2+tet remained in
the exposed Si sheet throughout the experiment (Figures 1c and
2a1,b1). This notion is supported by a supplementary EPR
experiment in which we measured the HO• yield of blank-
altered fibers that were incubated for 336 h at pH 7.4 in blank or
ascorbate solutions under anoxic conditions (Figure S4). The
fibers had the same HO• yield, demonstrating that reduction of
Fe3+tet by ascorbate did not lead to the depletion of Fenton-
active Fetet on the fiber surface. Also, blank-altered fibers
incubated with Ferrozine under anoxic conditions had a
comparable HO• yield (Figure S4), indicating that Ferrozine
did not notably deplete the fiber surface from reactive Fe3+tet (as
analogously inferred from our dissolution experiments in
Figures 1 and 2 and Figure S1).
After exposing ascorbate-altered fibers with reduced Fe

surface sites to oxygen (by air-bubbling) for 24 h, Ferrozine
did not mobilize any Fe from the fiber specimens (reoxidized
ascorbate-altered fibers). This demonstrates that after consec-
utive reduction and oxidation, the Fe at the chrysotile fiber
surfaces again comprised ferric Fe (Figure 4a). Importantly, the
Si mobilization rates for reoxidized ascorbate-altered fibers
(Figure 4c) were comparable to the rates for (other) fiber types
with a nonlabilized exposed Si sheet at pH 7.4, under both oxic
and anoxic conditions (Table S718). This indicates that one full
redox cycle of the fibers’ Fe3+tet surface sites did not lead to
enhanced dissolution of Fetet with subsequent Si sheet
labilization and increased Si dissolution. By incubating
reoxidized ascorbate-altered fibers in anoxic ascorbate suspen-
sions, only a moderate increase in Fe2+ mobilization was
detected (Figure 4a). However, the combination of ascorbate +

Ferrozine led to a considerable increase in Fe dissolution (Figure
4a), as the rereduction of Fe surface sites by ascorbate enabled
ligand-enhanced Fe2+ dissolution by Ferrozine. The Fe2+tet
dissolution from fiber surfaces thereby induced Si sheet
labilization, as signified by the considerably increased Si and
Mgmobilization in this treatment (Figure 4b,c and Table S7). In
contrast, no Si sheet labilization was observed when reoxidized
ascorbate-altered fibers were subjected to only ascorbate (Figure
4b,c, Table S7), demonstrating that also after 1.5 redox cycles
Fetet was still located in the fibers’ exposed Si sheet. This
supports our hypothesis (hypothesis b) that Fetet can fully redox
cycle in exposed Si sheets of chrysotile, without promoting Si
dissolution.
It should be noted that for reoxidized ascorbate-altered fibers

dissolution was not stoichiometric; the Mg/Si dissolution rate
ratio was larger than 2 (Figure 4 and Table S7). Possibly, the
comparatively large Mg dissolution rates were caused by
accumulation of labile Mg on the fiber surfaces during the
preconditioning incubations.
In the Haber−Weiss cycle, H2O2 both reduces and oxidizes

Fe.32 Therefore, in analogy to the observed redox cycling of Fetet
induced by ascorbate and O2, surface-exposed Fetet presumably
also undergoes redox cycling in the presence of H2O2 at pH 7.4.
This redox cycling continuously replenishes Fe2+tet on fiber
surfaces, which, based on this and earlier studies, can be
discerned as the ultimate Fenton-reactive metal species on
chrysotile fiber surfaces.18,38,39 Consequently, redox cycling of
the low-abundant Fetet surface sites drives the fibers’ high
catalytic activity in generating HO•.18,38,39,48−51 Apart from Fetet
redox cycling by H2O2, also a physiological reductant such as
ascorbate (as demonstrated in this study at supra-physiological
concentrations), glutathione, or NADH/NADPH might reduce
Fe3+tet sites on the surface of inhaled chrysotile fibers to Fe2+tet
and thereby facilitate fiber-mediated Fenton reductions of H2O2
to HO•.
Finally, apart from structural Fetet sites on chrysotile surfaces,

also other Fe species in or Fe liberated from the dissolving
chrysotile surface structure may undergo redox cycling. These
redox cycles presumably involve reduction of Fe3+oct surface sites
by ascorbate and precipitation of secondary Fe minerals upon
oxidation.18,38 Since only a small amount of (pristine fibers) or
no Fe (blank-altered fibers) dissolved in anoxic ascorbate
treatments (Figure 1c), Fe2+ was largely retained, most likely by
adsorbing onto the negatively charged exposed Si sheet.15 This is
supported by the approximately 20 μmol L−1 higher Fe
concentrations in ascorbate + Ferrozine treatments after 336 h
compared to the corresponding ascorbate-only treatments
(Figures 1c,d and 4a).

Dissolution of Fetet from Chrysotile Surfaces through
Redox Cycling. Redox cycling of Fetet up to 1.5 cycles by
ascorbate and O2 did not lead to Fetet dissolution and
subsequent fiber dissolution (vide supra). However, an
unknown but supposedly larger number of Fetet redox cycles
by H2O2 increased Mg and Si dissolution, specifically in
suspensions of blank-altered and DFOB-altered fibers (Figure
5b2,c2, Table S7). This falsifies our hypothesis (hypothesis b)
that the redox cycling of Fetet does not increase fiber dissolution.
The cause for the increased fiber dissolution in the presence of
high H2O2 concentrations could not be established from our
results. Possibly, fiber dissolution was a function of the residence
time of H2O2 in suspension. H2O2 decomposition kinetics were
fastest in pristine fiber suspensions and slowest in DFOB-altered
fiber suspensions.38 Correspondingly, the difference in dis-

Figure 6. HO• yield in % relative to pristine fibers (≙ 100%). DFOB-
altered fibers (“2w pH 7.4 DFOB”) were incubated for 336 h at pH 7.4
(“2w pH 7.4 DFOB → 2w pH 7.4”) and at pH 3.0 (“2w pH 7.4 DFOB
→ 2w pH 3.0”) in blank treatments under oxic conditions. * indicates a
statistically significant increase determined in an ANOVA with p = 0.05
relative to DFOB-altered fibers. Error bars indicate standard deviations
(n = 4). The Mg, Si, and Fe concentrations mobilized during these
incubations are presented in Table S1. The data for this figure are
presented in Table S6.
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solution between suspensions with and without H2O2 was
smallest for pristine fibers and largest for DFOB-altered fibers,
particularly after 336 h (Figure 5b,c). Consequently, Fetet
dissolution from fiber surfaces, Si sheet labilization, and overall
fiber dissolution may have scaled with the number of H2O2-
induced Fetet redox cycles.
Under the oxic conditions of the H2O2 incubation experiment

(Figure 5), no Fe mobilization was observed, presumably
because dissolving Fe rapidly precipitated as secondary Fe
minerals, as supported in a previous study with Shijiazhuang
chrysotile.18 However, precipitation of secondary Fe phases
does not appear to affect redox cycling of Fetet on chrysotile
surfaces; the hydroxyl radical yield of blank-altered Shijiazhuang
chrysotile (which is generated by redox cycling of Fetet) did not
change upon precipitation of approximately 10-fold the amount
of Fe hosted in the outermost Mg and Si sheet.38

Interestingly, concomitant addition of H2O2 and DFOB to
fiber suspensions led to supra-additive mobilized Fe concen-
trations after 336 h for all three investigated fiber types as
compared to suspensions to which only H2O2 or DFOB was
added (Figure 5a2). This suggests that redox cycling by H2O2
facilitated the ligand-enhanced dissolution of Fetet. This is in
accordance with recent studies which demonstrate that
coapplication of a reductant (ascorbate or Fe2+) and DFOB to
mineral suspensions facilitates ligand-controlled Fe(hydr)oxide
dissolution.52−54 The faster ligand-enhanced dissolution of Fetet
by DFOB and H2O2 also translated into increased (and for
preconditioned fibers stoichiometric) fiber dissolution rates due
to increased Si sheet labilization (Figure 5b2,c2, Table S7). In
contrast, redox cycling of Fetet by H2O2 under oxic conditions in
the presence of Ferrozine did not increase the level of ligand-
enhanced Fetet dissolution (Figure 5a2). Hence, it is proposed
that Fe2+tet on chrysotile surfaces was too short-lived to enhance
ligand-enhanced dissolution during H2O2-induced redox
cycling. Our findings suggest that the reduction of Fe3+tet
surface sites is the rate-limiting step in Haber−Weiss redox
cycling in systems containing H2O2 and chrysotile fibers. This is
in line with the much slower kinetics of the Fenton-like reaction
(reduction of Fe3+) compared to the Fenton reaction (oxidation
of Fe2+) as reported for other systems containing Fe and
H2O2.

34,55,56

Fiber dissolution by Fetet redox cycling in the presence of
H2O2 proved slower than fiber dissolution induced by ligand-
enhanced Fetet dissolution (Figures 1, 2, and 5) or by proton-
promoted Fetet dissolution at more acidic pH.18 Furthermore, a
rather high H2O2 concentration was applied in our experiments
(3.3 g L −1 as the starting concentration), because (patho)-
physiological H2O2 concentrations in inflamed tissues are at
least 2 orders of magnitude lower than at the beginning of our
experiments.57 Therefore, the dissolution of Fetet by H2O2-
stimulated redox cycling is likely much slower in vivo than is
observed in our experiments.
Recovery of Fenton Reactivity at Dissolving Chrysotile

Surfaces.When suspending DFOB-altered fibers at pH 7.4 in a
DFOB solution under oxic conditions (Figure S3b1) or in an
ascorbate + Ferrozine solution under anoxic conditions (Figure
1d), initially no Fe was mobilized because the fiber surfaces had
been depleted of Fe during preconditioning (Table S1).
However, eventually mobilized Fe concentrations gradually
increased up to approximately 4 μmol L−1 after 336 h. Because of
the substantial mobilized Si and Mg concentrations in DFOB-
altered fiber treatments (Figure 2 and Figure S3), we propose
that Fe from deeperMg and Si sheets became surface-exposed as

dissolution proceeded and was consequently mobilized by the
ligands. This newly surface-exposed Fe included redox-active
Fe3+tet from deeper Si sheets, as can be inferred from our EPR
spin trapping analyses (Figure 6): by dissolving Fe3+tet-depleted
surface sheets from DFOB-altered fibers at pH 7.4 or 3.0, the
HO• yield of the fibers increased 1.4-fold or even 2.1-fold,
respectively. This demonstrates that redox-active Fe3+tet sites
were newly exposed at the fiber surfaces. The larger increase in
relative HO• yield of DFOB-altered fibers that had been
incubated at pH 3.0 before the EPR measurements is possibly
related to higher fiber dissolution rates under acidic conditions
(Table S118), causing a more rapid surface exposure of Fenton-
active Fe3+tet from deeper Si sheets. Additionally, dissolution of
Fe from deeper Mg sheets and subsequent incorporation into
vacancy sites in exposed Si sheets may also partly account for the
observed increase in radical yield in the experiments presented
in Figure 6. This is supported by a reported increase in hydroxyl
radical yield upon addition of external Fe to DFOB-altered
fibers.38

The aforementioned findings support our hypothesis
(hypothesis c) that depletion of redox-active Fetet from
chrysotile surfaces might only be a transient condition. This
indicates that the potential of chrysotile fibers with low or
depleted Fe3+tet surface contents (e.g., due to fiber weathering
processes) to generate HO• can increase again as new Fe3+tet
surface sites become exposed while fiber dissolution proceeds.
Therefore, Fe3+tet-depleted chrysotile fibers also remain a source
of risk.

■ CONCLUSIONS
In this study, we demonstrate that Fetet on chrysotile surfaces
can redox cycle. The ability of Fetet to fully redox cycle drives its
high potency in catalyzing Haber−Weiss cycles.18,38,39 Fur-
thermore, our results demonstrate that redox cycling of Fetet
enhances dissolution of the fibers’ exposed Si sheets, but to a
much smaller extent than ligand-enhanced or proton-promoted
Fetet dissolution. Therefore, Fetet may redox cycle for an
extended period of time in the presence of H2O2 in asbestos-
burdened tissues, which allows fiber surfaces to continuously
catalyze the generation of highly toxic HO• from H2O2. For
chrysotile fibers depleted in Fetet surface sites (e.g., due to
selective Fe removal), our results demonstrate that new reactive
surface Fe3+tet sites can become freshly exposed as fiber
dissolution proceeds. This implies that the reduced Fenton
reactivity related to a low Fetet surface content is transient and
that chrysotile remains a source of HO• production as long as
the fibers are present in vivo.
Apart from chrysotile, Fe3+tet has also been detected in other

pathogenic minerals such as quartz, amphiboles, and zeo-
lites.58−63 Hence, the redox cycling of Fetet on the mineral
surface in the presence of H2O2 and the subsequent generation
of HO• may be a common intrinsic hazard of these pathogenic
minerals. In addition to other properties such as crystal habit, the
ability to generate radicals plays a key role in the toxicological
potency of pathogenic minerals. In order for mineral particles to
be Fenton active, tetrahedral coordination of Fe in a crystalline
Si lattice may be a requirement, as illustrated by the different
toxicity potentials of silica polymorphs: crystalline silica is toxic
and carcinogenic to humans (WHO-IARC group 1), while
amorphous silica is clearly less potent (WHO-IARC group
3).9,64 Additionally, the crystalline and high-pressure silica-
polymorph stishovite, in which Si is octahedrally coordinated, is
not capable of producing radicals and seems to be non-
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pathogenic in vitro and in vivo.65−67 In amorphous silica and
stishovite, Fe3+tet can crystallographically be excluded, which
may, apart from other particle properties, contribute to the lesser
pathogenicity of these minerals.
In conclusion, this study together with previous studies18,38,39

supports the notion that Fetet in the exposed Si lattice of
pathogenic silicate minerals such as chrysotile asbestos is the
principal Fe species catalyzing particle-mediated HO• gener-
ation at the physiological pH of 7.4, through cycling between its
ferric and ferrous redox states.
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