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abstraCt

Chrysotile [Mg3Si2O5(OH)4] and tremolite [Ca2Mg5Si8O22(OH)2] asbestos represent two distinct 
mineralogical categories of regulated asbestos commonly evaluated in epidemiological, toxicological, 
and pathological studies. Human respiratory and gastric systems are sites of asbestos deposition where 
chrysotile and tremolite asbestos are undersaturated with respect to biological fluids and dissolution 
kinetics control the persistence of these minerals in biological environments. Here we examined the 
biodurabilities (i.e., the resistance to dissolution) of chrysotile and tremolite asbestos in simulated body 
fluids as a function of mineral surface area over time. Batch experiments in simulated gastric fluid (SGF; 
HCl and NaCl solution at pH 1.2) and simulated lung fluid (SLF; modified Gamble’s solution at pH 
7.4) were performed at 37 °C over 720 h to evaluate the dissolution of chrysotile vs. tremolite asbestos 
in acidic and near-neutral biological fluids. The rate-limiting step of Si release for both minerals was 
used to obtain rate constants (k) and reaction orders (n) allowing comparisons of mineral dissolution 
rates. Both chrysotile and tremolite asbestos are less biodurable in SGF (low pH) compared to SLF 
(near-neutral pH). Based on equivalent surface area comparisons, the surface chemistry of tremolite 
is more reactive in lung fluid than chrysotile and vice versa in digestive fluid. However, the relative 
biodurabilities of these asbestos silicates (from most to least) are tremolite (SLF) > chrysotile (SLF) 
> tremolite (SGF) > chrysotile (SGF) when accounting for the greater surface area of chrysotile per 
mass or per fiber compared to tremolite. Overall, this study illustrates the importance of surface area 
and fiber morphology considerations when evaluating the biodurabilities of asbestiform minerals.
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introduCtion

Asbestos is a carcinogenic material associated with cancer of 
the lung (lung cancer and mesothelioma), asbestosis (fibrosis of 
the lungs), and gastrointestinal cancer (Rom and Palmer 1974; 
Maresca et al. 1984; Mossman and Churg 1998; Skinner et al. 
1988; Holland and Smith 2001; Yano et al. 2001; Roggli et al. 
2002; Bernstein et al. 2005, 2006; Pfau et al. 2005; Commit-
tee on Asbestos 2006; Plumlee et al. 2006; Gunter et al. 2007; 
Yarborough 2007). These diseases have been primarily ascribed 
to the inhalation and ingestion of airborne asbestos particles. 
Identifying the relationship between asbestos and human toxic-
ity is problematic due to asbestiform minerals having an array 
of compositions, atomic structural arrangements, and fiber 
morphologies (i.e., fiber size, length, diameter, and shape) that 
affect biogeochemical reactions in the body. The multiplicity of 
potential solution-mineral interactions provides an opportunity 
to further explore and comparatively evaluate the biodurabili-
ties (i.e., the extent kinetics controls mineral dissolution in body 
fluids where greater resistance to dissolution makes a material 
more durable) inherent between two common regulated catego-
ries of asbestos: chrysotile (serpentine asbestos; phyllosilicate) 
and tremolite (amphibole; inosilicate) asbestos. One major factor 
complicating comparative biodurability evaluations between 

chrysotile and tremolite asbestos is the greater surface area (per 
mass or per fiber) of chrysotile compared to tremolite. This 
surface area discrepancy is a result of chrysotile’s “curled sheet” 
structure compared to tremolite’s “needle-like” structure. 

The purpose of this study is to develop and compare dis-
solution rates for chrysotile and tremolite asbestos in biological 
fluids utilizing mineral surface area considerations that directly 
reflect bulk mineral-solution interactions governing mineral dis-
solution. Chrysotile and tremolite asbestos dissolution proceeds 
via a series of steps involving Si and Mg; however, Si release 
is the rate-limiting step controlling mineral dissolution rates 
for both phyllo- and inosilicates (Brantley and Chen 1995; La-
saga 1995; Nagy 1995; Hume and Rimstidt 1992; Jurinski and 
Rimstidt 2001). In this study, we investigated biodurabilities by 
monitoring Si release from both chrysotile and tremolite asbestos 
in simulated body fluids as a function of surface area over time. 
Batch dissolution experiments were performed at body tempera-
ture (37 °C) to examine asbestos biodurabilites in a slightly salty, 
acidic digestive fluid [simulated gastric fluid (SGF)] juxtaposed 
to the higher ionic strength, near-neutral pH lung fluid [simulated 
lung fluid (SLF)]. Although these experiments do not replicate 
the complexity of the human body and the multitude of processes 
that may occur, they do provide a benchmark to evaluate the 
biological breakdown of two mineralogical forms of asbestos 
at both acidic and near-neutral pHs.* E-mail: coze@brynmawr.edu
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baCKground

The durability of a mineral in any environment, including 
respiratory and gastric systems, is characterized by its solubil-
ity as well as by the rate it will dissolve. Dissolution reactions 
and equilibrium constants calculated using Geochemist’s 
Workbench (Bethke 1994) for chrysotile [Mg3Si2O5(OH)4] and 
tremolite [Ca2Mg5Si8O22(OH)2] asbestos at pH values less than 
9 and 37 °C are

Mg3Si2O5(OH)4+6H+ = 3Mg2++2H4SiO4+H2O K = 1030.0 (1)

Ca2Mg5Si8O22(OH)2+14H++8H2O = 
  5Mg2++2Ca2++8H4SiO4 K = 1058.6 (2)

where the hydrolysis of Mg2+ and Ca2+ is pH dependent. Both 
lung and gastric fluids are continually replenished allowing the 
pHs to be maintained, never exceeding a pH of 8 (Hume and 
Rimstidt 1992). In human respiratory systems, pH values range 
from 4 (alveolar macrophage cells), 7 (mesothelial cells), and ~7 
(blood plasma), and elemental concentrations for blood plasma 
and lung tissue are listed in Table 1 (Hume and Rimstidt 1992). 
Gastric fluid and gastric tissues have pH values ranging from 1.2 
(digestive fluid) to 7 (blood plasma), and elemental concentra-
tions for gastric tissue are listed in Table 1 (Iyengar et al. 1978). 
Note that blood plasma is the most enriched with respect to all 
the elements of interest (Mg, Ca, and Si as shown in Eq. 1 and 
Eq. 2). Sodium and Cl are included in Table 1 for ionic strength 
considerations.

Multiple combinations of fluid-tissue interactions over a 
range of pHs may occur within the body. To determine whether 
body fluids and tissues are under- or oversaturated with respect 
to chrysotile or tremolite asbestos, Visual MINTEQ and its 
Lindsay thermodynamic database was used to calculate Satura-

tion Index (SI) values (Gustafsson 2006). Negative SI values 
denote undersaturated fluids/tissues and that mineral dissolution 
is favorable, whereas positive SI values indicate that fluids are 
oversaturated and that mineral dissolution will not proceed. All 
SIs for both chrysotile and tremolite in blood plasma, lung tissue, 
and stomach tissue using multiple combinations of pH that reflect 
potential gradients in lung and gastric systems are negative. Thus, 
both lung and gastrointestinal systems are undersaturated (i.e., 
mineral dissolution is thermodynamically favorable) with respect 
to chrysotile and tremolite asbestos, agreeing with other studies 
(e.g., Hume and Rimstidt 1992; Wood et al. 2006). Ultimately, 
chrysotile and tremolite asbestos biodurabilities are moderated 
by their rates of dissolution.

MateriaLs and Methods
Chrysotile (Sample 733; Little Britain Township, Lancaster, Pennsylvania, 

U.S.A.) and tremolite asbestos (Sample 5034; Harz Mountains, Germany) used 
in these experiments were obtained from the Bryn Mawr College Rand Mineral 
Collection (Fig. 1). Mineral identification was accomplished by electron microprobe 
microanalysis on an automated JEOL 733A electron microprobe (Stanford Univer-
sity’s Microanalytical Laboratory) operated at 15 kV accelerating potential and a 
15 nA beam current. Calibration was conducted using natural geologic standards. 
The beam spot was ~1 µm and fiber diameters for both minerals were <10 µm 
as viewed in backscattered electron images allowing multiple analyses per fiber 
cross-section. Raw counts were collected over 20 s and were constant with respect 
to the standards over time indicating that elemental drift was negligible. Detec-

Figure 1. Images of (a) chrysotile and (b) tremolite asbestos prior 
to powdering. 

Table 1. Saturation Index (SI) values for chrysotile and tremolite in 
blood plasma and human lung and stomach tissues over a 
variety of pH values

Elements Weighted Mean* (mg/L) Saturation Index†
Blood Plasma

Chrysotile
pH 1.2: –44.8

Na 3162 pH 4: –27.9
Cl 3610 pH 7:–10.0

Mg 21.2 Tremolite
Si 0.43 pH 1.2: –103.7
Ca 96 pH 4: –64.3

pH7: –22.3
Lung Tissue

Chrysotile
Na 2220 × 10–6 pH 4: –44.7
Cl 2120 × 10–6 pH 7: –26.3

Mg 9.84 × 10–3 Tremolite
Si 57 × 10–6 pH 4: –116.8
Ca 10.5 × 10–3 pH 7: –74.7

Gastric-Intestinal Tract Tissue (Stomach)
Chrysotile

Na 1000 × 10–6 pH 1.2: –60.9
Cl 1400 × 10–6 pH 7: –25.2

Mg 15 × 10–3 Tremolite
Si 110 × 10–6 pH 1.2: –154.9
Ca 11 × 10–3 pH 7: –71.5

* Weighted mean values are from Iyengar et al. (1978).
† Saturation Index (SI) for each mineral was calculated using Visual MINTEQ 
(Gustafsson 2006) and the Lindsay database.
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tion limits for probe analyses were ~0.02 oxide wt%. The average composition 
of chrysotile (no. 733) was Mg2.85Fe0.13Al0.02Si2O5(OH)4 and the average composi-
tion of the tremolite asbestos (no. 5034) was Ca1.97Mg4.69Fe0.28Mn0.02Al0.02Na0.02Si8

O22(OH)2 based on 10 fiber analyses for each sample. Sample mineralogy was 
confirmed by X-ray diffraction (XRD) using a Rigaku Ultma IV base system with 
Bragg-Brentano/monochromator capabilities and operating at 40 kV and 40 mA 
and the JADE software package. 

In preparation for the dissolution experiments, chrysotile and tremolite asbestos 
specimens were ground and powdered in ultrapure water (18.2 MΩ) using an agate 
mortar and pestle. The ground samples were dried and then rinsed with ultrapure 
water, rinsed (<30 s) with a 0.01 N hydrochloric acid (HCl) solution, and finally 
rinsed with ultrapure water three more times before drying at room temperature. The 
acid rinse was performed to minimize high reactivity mineral surface sites created 
during grinding. Surface area for the prepared chrysotile was 6.14 ± 0.02 m2/g and 
for tremolite asbestos, 0.73 ± 0.01 m2/g as determined using a multipoint N2 BET 
isotherm analysis conducted by Micromeritics Analytical Services (MAS). 

The simulated lung fluid (SLF) and simulated gastric fluid (SGF) were prepared 
without enzymes and according to methods used in previous dissolution experi-
ments [(SLF): Moss 1979; Fisher and Briant 1994; Kabe et al. 1996; Heffernan et 
al. 2001; Jurinski and Rimstidt 2001; LaMont et al. 2001, 2006; (SGF): Polovic et 
al. 2004; U.S. Department of Health and Human Services 2000; Astwood 2006]. 
The SLF was composed of 0.101 g/L magnesium chloride (MgCl2·6H2O), 6.019 
g/L sodium chloride (NaCl), 0.298 g/L potassium chloride (KCl), 0.268 g/L sodium 
phosphate (Na2HPO4·7H2O), 0.071 g/L sodium sulfate (Na2SO4), 0.184 g/L calcium 

choride (CaCl2·2H2O), 0.952 g/L sodium acetate (NaH3C2O2·3H2O), 2.604 g/L so-
dium bicarbonate (NaHCO3), and 0.097 g/L sodium citrate (Na3H5C6O7·2H2O). The 
SGF was composed of 0.1 M hydrochloric acid (HCl) and 2 g/L sodium chloride 
(NaCl). Silica values were below detection limits (~0.010 mg/kg) in SGF and SLF 
as determined using inductively coupled plasma optical emission spectrometry 
(ICP-OES) at Stanford University’s Microanalytical Laboratory. Additionally, 
pHs of the SLF and SGF were ~7.4 and ~1.2, respectively, and did not change 
throughout the duration of the experiments. 

For the batch dissolution experiments, chrysotile and tremolite asbestos were 
loaded into 50 mL polypropylene sample vials. Each vial contained 0.01, 0.1, or 
1.0 g of solid material producing three suspension densities (defined in this study 
as the surface area per volume of solution, m2/L; Table 2). A calibrated pipette 
delivered 20 mL of SGF or SLF into each vial. All variations of suspension density 
and simulated bodily fluid (SBF) were run in triplicate to obtain the average and 
standard deviation at one time period. The filled vials were capped and placed in 
a 37 °C oven to simulate human body temperature. The asbestos-simulated body 
fluid interactions occurred over four time periods: 24, 120, 360, or 720 h. At the 
end of each time period the pH of the fluid was analyzed and the fluid was removed 
using a syringe (terminating the dissolution run/sample) and filtered using a 0.2 µm 
filter into a clean vial. Samples were acidified using either one drop of concentrated 
trace metal grade nitric acid (SLF) or concentrated trace metal grade hydrochloric 
acid (SGF) to suppress surface complexation and precipitation within the fluid. The 
samples were diluted appropriately and analyzed for Si via ICP-OES at Stanford 
University’s Microanalytical Laboratory.

Figure 2. Silica release (µM) from chrysotile and tremolite asbestos in simulated gastric fluid (SGF) and in simulated lung fluid (SLF) 
over time (h) is reported in the following combinations: (a) chrysotile-SGF, (b) tremolite-SGF, (c) chrysotile-SLF, and (d) tremolite-SLF. Three 
suspension densities (m2/L) for chrysotile (3.07, 30.7, and 307 m2/L) and tremolite asbestos (0.366, 3.66, and 36.6 m2/L) were used in both SGF 
and SLF. Rates of Si release in undersaturated conditions are shown with dashed lines for each suspension density/simulated body fluid run and 
all R2 values for linear regressions are >0.9. 
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Figure 3. Silica release rates (Fig. 1) and surface areas values (Table 1) are incorporated into these logarithmic plots [(a) chrysotile-SGF, (b) 
tremolite-SGF, (c) chrysotile-SLF, and (d) tremolite-SLF] to calculate rate constants (k; µmol m–2×n/h), reaction orders (n), and R2 values for line 
fits as shown in Table 4.
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Table 2. Experimental design for chrysotile and tremolite asbestos batch dissolution experiments
Asbestos Mass (g) Surface area Total surface Simulated body Suspension Time periods 

(m2/g) area (m2) fluid (SBF) density (m2/L) evaluated (h)
Chrysotile 0.01 6.14 0.0614 20 mL 3.07 0, 24, 120, 360, 720

0.10 6.14 0.614 simulated gastric 30.7 0, 24, 120, 360, 720
1.00 6.14 6.14 fluid (SGF) 307 0, 24, 120, 360, 720

Tremolite 0.01 0.732 0.00732 per sample 0.366 0, 24, 120, 360, 720
0.10 0.732 0.0732 3.66 0, 24, 120, 360, 720
1.00 0.732 0.732 36.6 0, 24, 120, 360, 720

Chrysotile 0.01 6.14 0.0614 20 mL 3.07 0, 24, 120, 360, 720
0.10 6.14 0.614 simulated lung 30.7 0, 24, 120, 360, 720
1.00 6.14 6.14 fluid (SLF) 307 0, 24, 120, 360, 720

Tremolite 0.01 0.732 0.00732 per sample 0.366 0, 24, 120, 360, 720
0.10 0.732 0.0732 3.66 0, 24, 120, 360, 720
1.00 0.732 0.732 36.6 0, 24, 120, 360, 720

resuLts

Results for Si release from chrysotile and tremolite asbestos 
in SGF and SLF over time are shown in Figure 2. Generally, as 
suspension densities (m2/L) increased, the rate of Si release also 
increased. Rates of Si release were determined in the undersatu-
rated region (0 to 120 h for the highest suspension densities) of 
each run to obtain the fastest Si release rate using linear regres-
sions and these rate determinations are shown using dashed 

lines in Figure 2. Rate values (µM/h) are included in Figure 
2. Generally, only the highest suspension densities (chrysotile, 
307 m2/L and tremolite, 36.6 m2/L) reached saturation (or near-
saturation) after 300 h with respect to quartz or amorphous SiO2

when evaluated using Visual Minteq. 
The rate of asbestos dissolution may be assessed using the 

equation,

d
dt

k kF
n

r

m(Si) {Asbestos} Si= − 


 (3)
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where d(Si)/dt is the rate (µmol/h) of Si release into solution, kF

is the rate constant (µmol m–2×n/h) of Si release in SGF or SLF, 
{Asbestos} is the surface area (m2) for either chrysotile or tremo-
lite asbestos, kr is the rate constant for a potential back reaction 
(secondary mineral precipitation, Si adsorption, etc.) involving 
the concentration of Si, [Si] in solution, and n and m are reaction 
orders. Figure 1 shows no evidence of Si as a back reactant in 
the undersaturated region under these experimental conditions; 
therefore, Equation 3 simplifies to the equation below.

d
dt

k n(Si) {Asbestos}SBF= . (4)

To assess rate constants (k) and reaction orders (n) for Si 
release in relation to surface area, logarithmic rate values of 
Si release were plotted against their corresponding logarithmic 
surface areas. Figure 3 uses rates from Figure 2 (converted to 
units of µmol/h via the 0.020 L solution volume) and surface 
areas (m2) from Table 2 to evaluate Si release from both chrysotile 
and tremolite asbestos in SGF and SLF. Each plot is linearly fit 
where the slope is equal to the reaction order (n) and the inter-
cept is the log of the rate constant. Rate constants and reaction 
orders for Si release are reported accordingly in Table 3 with 
rate constants (k) also being reported in units of mol m(–2×n)/s
and reaction orders (n) at ~1. Additionally, line fit values (R2) for 
Figure 3 are reported in Table 3 where all R2 values are greater 
than 0.93. When accounting for error associated with surface 
areas and linear regressions, we estimate error for rate constants 
(k) to be <10%.

disCussion

Using Equation 4 and the rate values reported in Table 3, we 
are able to compare chrysotile and tremolite asbestos dissolu-
tion rates and to evaluate their relative biodurabilities. Overall, 
Si release rates based on reaction rate constants are ~1 order 
of magnitude faster in the low pH SGF compared to the near-
neutral pH SLF. Based on equivalent surface areas, chrysotile 
releases Si ~2× faster than tremolite asbestos in SGF; however, 
tremolite asbestos releases Si ~5× faster than chrysotile in SLF. 
If comparing Si release rates based on equivalent masses (not-
ing that the surface area per mass of chrysotile is 8.3× larger 
than that of tremolite; Table 2), chrysotile releases Si faster by 
a factor of ~1.3 in SLF and by a factor of ~9 in SGF compared 

to tremolite. These comparisons reflect two different biodurabil-
ity interpretations where the order and magnitude of chrysotile 
and tremolite reactivity are dependent on whether equivalent 
surface areas or masses are considered. If asbestos dissolution 
is considered at the mesoscopic scale, the most important factor 
is the difference in morphology between chrysotile and tremolite 
where the larger surface area per mass of chrysotile dominates 
the dissolution kinetics. However, dissolution processes at the 
atomic scale reveal that there is a difference in the reactivity 
between chrysotile and tremolite surfaces where tremolite is more 
reactive than chrysotile in SLF and chrysotile is more reactive 
in SGF. Of more interest, these initial interpretations do not take 
into account how a fiber may dissolve, which may provide a more 
robust evaluation of their relative biodurabilities due to including 
stoichiometric and molar volume considerations.

Presently, fiber dissolution models do not realistically account 
for how a shrinking fiber dissolves with respect to specific crys-
tallographic axes and to preferential dissolution sites capable of 
modifying fiber morphologies and surface areas. Approximate 
fiber lifetimes in respiratory and gastric systems can be estimated 
and compared to distinguish their relative rates of dissolution in 
respiratory and gastric systems. For assessing fiber dissolution, 
we use the rate of Si release in relation to number of Si moles 
present in a 1 µm diameter and 10 µm long fiber. Treating a 
tremolite fiber as a cylinder will result in a surface area of 33 
µm2 (3.3 × 10–11 m2). Due to chrysotile typically having a surface 
area approximately an order of magnitude greater than fibrous 
tremolite, the chrysotile fiber surface area for this calculation 
will be 330 µm2 (3.3 × 10–10 m2). Additionally, molar volumes 
and stoichiometries where tremolite is Si-rich (8 Si moles per 
mole of tremolite) compared to chrysotile (2 Si moles per mole 
of chrysotile) need to be accounted for to calculate the Si moles 
in a single fiber. By considering all these factors, fiber lifetimes 
may be calculated using the equation below:

Fiber lifetime
Rate of Si release (Eq. 4)
with c

=
yylinder surface area

Si mol in a si










 �
−1

M nngle fiber� 	
(5)

using values shown in Table 4. Using Equation 5 and values in 
Table 4, a 1 × 10 µm chrysotile fiber will completely dissolve 
in SLF in ~19 months. A tremolite fiber of equal shape will dis-
solve in SLF in ~4 years. In SGF, a chrysotile fiber of the same 
dimensions will dissolve in ~33 h and a tremolite fiber will dis-
solve in ~9 months. Note, reaction orders (Table 3) used in these 
calculations have a significant impact on fiber lifetimes where 
true first-order considerations will alter fiber dissolution rates 
in Equation 4 and fiber lifetime estimates. Again, these values 
represent approximate fiber lifetimes and do not account for a 
shrinking fiber, changes in surface area with respect to time, or for 
preferential dissolution sites such as crystal defects or edges. 

Whether fibers fully dissolve or undergo dissolution for a 

Table 3. Chrysotile and tremolite asbestos dissolution rate constants 
(k) and reaction orders (n) based on Si release

Asbestos Simulated Si rate constant Si rate constant Reaction R2 value
bodily (k) [µmol (k) [mol order (n) for line
fluid m(–2×n)/h] m(–2×n)/s] fit

Chrysotile Gastric 0.16 4.5 × 10–11 0.8 0.99
Lung 0.0034 9.3 × 10–13 0.9 0.98

Tremolite Gastric 0.095 2.6 × 10–11 0.9 0.97
Lung 0.018 4.9 × 10–12 0.9 0.94

Table 4. Fiber lifetime estimate of a 1 µm (diameter) × 10 µm (length) cylindrical chrysotile or tremolite fiber (using Eqs. 4 and 5 and Table 3)
Asbestos Simulated Surface Si µmol/h Cylinder Molar volume* Si µmol in Approx. fiber lifetime

bodily fluid area (m2) using Equation 4 volume (m3) (m3/mol) a single fiber Hours Days Months
Chrysotile Gastric 3.3 × 10–10 4.2 × 10–9 7.9 × 10–18 1.1 × 10–4 1.4 × 10–7 33 1 0

Lung 3.3 × 10–10 1.0 × 10–11 7.9 × 10–18 1.1 × 10–4 1.4 × 10–7 14 000 583 19
Tremolite Gastric 3.3 × 10–11 3.5 × 10–11 7.9 × 10–18 2.7 × 10–4 2.3 × 10–7 6571 274 9

Lung 3.3 × 10–11 6.6 × 10–12 7.9 × 10–18 2.7 × 10–4 2.3 × 10–7 34 848 1452 48
* Robie and Hemingway (1995).
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short period of time, the relative dissolution rates will hold true 
if fiber dissolution is assumed to be simple (i.e., dissolution 
occurs at the ends or sides of the fiber and the fiber surface 
area decreases over time). Overall, a chrysotile fiber will dis-
solve ~200× faster in SLF and ~2.5× faster in SGF compared 
to tremolite asbestos. Based on our rate constant values and our 
evaluation of fiber dissolution rates, the relative biodurabilities 
(resistance to dissolution) of these asbestos silicates (from great-
est to least) are tremolite (SLF) > chrysotile (SLF) > tremolite 
(SGF) > chrysotile (SGF). 

Rate constants in Table 3 may also be used to assess particle 
lifetimes as proposed by Jurinski and Rimstidt (2001) utilizing 
their spherical shrinking particle model equation

t d
kVm

=
2 (6)

where t is time (s), d is the diameter of the spherical particle 
(m), Vm is the molar volume (m3/mol), and k is the rate constant 
(mol m–2 s–1). This model overestimates the lifetime of a particle 
due to the assumption that dissolution occurs evenly over the 
particle’s surface. Using Equation 6 and rate constants (Table 3), 
a 1 µm spherical particle of chrysotile will have a lifetime of 3.3 
years in SGF and 157 years in SLF. A 1 µm spherical particle of 
tremolite will have a lifetime of 2.3 years in SGF and 12 years 
in SLF. Using this model, a tremolite sphere will dissolve ~13×
faster in SLF and ~1.5× faster in SGF compared to chrysotile. The 
relative rates at which chrysotile and tremolite dissolve using this 
model compared to our earlier relative dissolution comparisons 
are not compatible, especially where tremolite dissolves faster 
(not slower) in both SLF and SGF. Based on the assumptions and 
limitations of the shrinking spherical model, this method does not 
provide an attractive alternative to our earlier fiber dissolution 
calculations and biodurability comparisons. 

These experiments demonstrate that the pH and the solvent 
chemistry are significant factors affecting the rate of dissolution 
between chrysotile and tremolite. Our results are in contrast 
to observations made by Hume and Rimstidt (1992) where 
chrysotile dissolution rates were independent of pH and solvent 
chemistry. Additionally, Si release rate constants (k) for chrysotile 
dissolution are smaller (i.e., slower Si release) for SLF and SGF 
compared to the average Si release rate constant (5.9 × 10–10 mol 
m–2 s–1) for chrysotile reported by Hume and Rimstidt (1992). The 
pHs (1.2 and 7.4) and ion-rich solvent (SLF: a modified Gambel’s 
solution) used in our experiments in relation to the more limited 
pH range (2.06–5.73) of dilute HCl solutions (ionic strengths of 
0.12 m using NaCl) used by Hume and Rimstidt (1992) possibly 
account for these discrepancies.

Chrysotile has been noted to be less biodurable than tremolite 
asbestos in respiratory systems (e.g., Holland and Smith 2001; 
Fattman et al. 2004; Sporn and Roggli 2004; Plumlee et al. 2006; 
Wood et al. 2006) and our results agree with these studies when 
taking into account the greater surface area per mass and per fiber 
of chrysotile. Data needed to assess the kinetic mechanisms of 
Si release for chrysotile compared to tremolite, such as analyses 
from atomic force microscopy (AFM), were not acquired in this 
study. The overall faster dissolution rates of asbestos in the SGF 
compared to the SLF may be related to the enhanced effects of 
H+ breaking Si-O-Mg connecting O atoms in conjunction with 

water producing Si-OH and hydrated Mg2+ as described by Rosso 
and Rimstidt (2000). As for ions in solution, the elevated ion 
concentration in the SLF could potentially minimize the slightly 
expandable tetrahedral-octahedral (T-O) interlayer spacings (not 
probable), overwhelm terminal bond sites, or physically affect 
the “curled” nature of chrysotile, thereby decreasing the reac-
tive surface area and limiting depolymerization reactions. For 
a concise discussion relevant to evaluating the complexities of 
magnesium silicate dissolution processes (i.e., the relationship of 
Mg/Si ratios, mechanisms of dissolution, the effects of mineral 
structure), please see Jurinski and Rimstidt (2001). Overall, 
chemical and geometric models do not provide a simple or 
straightforward way to correlate dissolution rates of magnesium 
silicates and their respective solutions.

Biological molecules such as proteins not included in these 
experiments have the potential to modify dissolution reactions for 
both minerals in lung and digestive fluids potentially shortening 
fiber lifetimes; however, Jurinski and Rimstidt (2001) determined 
that organic chelators and proteins did not significantly affect 
talc dissolution rates. Alternatively, the formation of secondary 
minerals and chemical adsorption on the fiber’s surface will 
increase the lifetime of a fiber. Ultimately, the duration of fibers 
to physically remain in the body and react with fluids plays a 
significant role with regards to how fibers breakdown in the 
human body and their biodurabilities. 

ConCLuding reMarKs

The biodurability assessment of chrysotile and tremolite 
asbestos developed here from surface area reaction kinetics 
demonstrates the differences inherent between these two forms 
of asbestos. These experiments reveal that the rates of chryso-
tile and tremolite dissolution are dependent on pH and solvent 
chemistry. Both minerals are less biodurable in SGF (low pH) 
compared to SLF (near-neutral pH). Provided equivalent surface 
areas, tremolite is less biodurable compared to chrysotile in lung 
fluid and vice versa in gastric fluid; however, chrysotile is less 
biodurable in either fluid when taking into account the greater 
surface area of this mineral or equivalent fiber dimensions. 
Overall, this study provides supplementary information to aid the 
future evaluation of naturally occurring asbestos and to provide 
the relative rates at which they may dissolve in respiratory and 
gastric systems.
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