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(ABSTRACT) 

Chrysotile can be linked to three diseases: lung cancer, asbestosis, and mesothelioma. 

The duration and intensity of exposure along with fiber size appear to play an important 

role in the development of the diseases. Chrysotile is part of the serpentine group which 

has the general composition of Mg3Si205(OH)4. The fluids in lung tissue contain very low 

concentrations of magnesium and silicon. As a result they are quite undersaturated with 

respect to chrysotile and chrysotile will dissolve. Its persistence in lung tissue is simply a 

result of its dissolution kinetics. The purpose of this study was to estimate the lifetime of a 

respirable size fiber of chrysotile in lung tissue. 

The dissolution reaction for chrysotile for pH's less than nine is: 

Mg3Si205(OH), + 6H* = 3Mg2* + 2HySiO,4 + H2O 

This reaction proceeds in two steps. First, the magnesium hydroxide layer of the 

serpentine dissolves leaving behind the silica structure of the fiber. Then the silica 

dissolves. Therefore, the fiber lifetime depends upon the rate of silica release. Over the 

range of undersaturation expected for lung tissue, the rate of silica release was found to be 

independent of pH with the average rate being 5.94 (43.05) x 10-10 moles m-2 sec-!. A 

shrinking fiber model was used to determine the relationship between dissolution time and 

fiber diameter. It was found that the most hazardous sized fiber of chrysotile (1 um) would 

completely dissolve in about 9 months, consideration of one standard deviation above and



below the mean of the rate constant gives estimates of the lifetime of a fiber ranging from 6 

to 19 months.
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INTRODUCTION 

In 1857 the use of asbestos was on the rise with the main consumer being the 

manufacturers of iron safes. Because of its heat resistance it was used for safe linings. At 

that time patents were also being requested for the development of suits for firemen (Dana, 

1857). One hundred years later, asbestos was successfully being used as an stimulant to 

the heart muscle to increase the blood supply to the heart (Brofman, 1956). Because of its 

fibrous texture, tensile strength, and resistance to heat, asbestos has also found numerous 

commercial uses in cement pipes, brake linings, textiles, and insulation. During the last 30 

years however, the beneficial aspects of asbestos have been overshadowed by an 

increasing awareness of the link between asbestos and lung cancer (including cancer of the 

trachea and bronchus), asbestosis (a fibrosis preventing normal movement of the lung), 

and mesothelioma (a tumor which encapsulates the lungs). Today the fear that the 

widespread use of asbestos has created a high risk for people who are nonoccupationally 

exposed has lead to a public outcry to impose regulations regarding the use of asbestos. As 

a result on July 12, 1989, The Environmental Protection Agency issued its latest rule (54 

FR 29460) under the Toxic-Substances Control Act that prohibits the future manufacture, 

importation, processing, and distribution of most asbestos-containing products. The rule, 

which became effective August 25, 1989, is being imposed in three stages. The first stage, 

implemented August 1990, affected asbestos-containing felt products, flat and corrugated 

asbestos-containing sheet, floor tile, and asbestos clothing. The second stage to begin 

August 1994, will affect asbestos-containing friction products and gaskets and the third 

stage as of August 1996 will affect roof and nonroof coatings, paper products, friction 

products, and pipe. House Report 5073, the Asbestos Hazard Emergency Response Act 

of 1986, defines "asbestos-containing material" as any material which contains more than



one percent of the asbestiform varieties of chrysotile (serpentine), crocidolite (riebeckite), 

amosite (cummingtonite-grunerite), anthophyllite, tremolite, or actinolite (Table 1). The 

Environmental Protection Agency and other regulators have, however, been criticized 

because they have failed to recognize the very different physical and chemical properties of 

these various asbestiform minerals in their regulations. 

Many authors have stated that it can be shown within reasonable doubt that all of the 

above minerals are linked to lung cancer (McDonald et al., 1980; Meurman et al., 1974; 

Ross, 1987; Seidman et al., 1979) and asbestosis (Nicholson, 1976; Palekar, 1988; 

Selikoff et al., 1979). However, the duration and intensity of exposure along with the 

mineral type and fiber size appear to play an important role in development of the diseases. 

Often it is difficult to pinpoint a particular mineral as the cause of lung cancer because many 

asbestos workers, upon whom most studies are based, have been exposed to more than 

one type of asbestiform mineral. Further more this problem is compounded by the fact that 

a majority of asbestos workers smoked tobacco products which also appear to increase the 

risk of lung cancer (Ross, 1987; Hammond et al., 1979; Selikoff et al., 1968). Harvey 

(1984) explains that the increase in lung cancer in asbestos workers who smoke is due to 

the binding of smoke-related carcinogens to the mineral fibers in the lung tissue. For 

asbestos workers, death due to lung cancer occurs 10 to 14 years after exposure and peaks 

between 30 to 35 years later (Ross, 1987). 

Asbestosis, a fibrosis of the lung parenchyma caused by the inhalation of asbestos 

fibers, results in restricted air intake because of hardened scar tissue of the lung. The 

fibrosis continues to progress after inhalation of the fibers has been discontinued and 

eventually causes hypoxia which places a strain on the heart leading to heart failure. 

Asbestosis is usually diagnosed approximately 10 years after exposure and the death rate 

peaks 40 to 45 years later.



Table 1. Composition of serpentine and amphibole minerals. 
SERPENTINE 

Chrysotile Mg3Si205(OH)4 

Lizardite Mg3Si205(OH)4 

Antigorite Mg3Si205(OH)4 

AMPHIBOLE 

Riebeckite Na2Fe3+2Fe2+3[SigO72](OH)> 
Cummingtonite (Mg,Fet2)7[Sig022](OH)2 

Grunerite (Fe+2,Mg)7[SigO22](OH)2 
Anthophyllite (Mg,Fet2)7[SigO29](OH,F)2 
Tremolite Ca2(Mg,Fet)s5[SigQ22](OH,F)2 
Actinolite Ca7(Mg,Fet2)5[Sig022](OH,F)2



The third disease related to asbestos is mesothelioma, a rare disease which kills 

approximately 1000 people per year in the United States. Mesothelioma is observed first as 

a thickening of the lining adjacent to the chest cavity and then the lining covering the lungs. 

This develops into a tumor which surrounds the lungs resulting in death approximately 20 

years after exposure with the death rate continuing to rise after 45 years after exposure 

(Ross, 1981). In contrast to lung cancer, mesothelioma does not appear to be related to the 

use of tobacco products (Hammond et al., 1979; Skinner, 1988; Craighead and Mossman, 

1982). A study conducted by Wagner et al. (1960) was one of the first to link 

mesothelioma to asbestos. While researching mesothelioma-related deaths in South Africa 

where crocidolite is mined, he found that all but one patient had been in an area where 

exposure to crocidolite could occur. Since then a wide variety of theories relating asbestos 

and mesothelioma have been advanced (Selikoff, 1977; Newhouse and Berry, 1979; 

McDonald et al., 1973). There is some controversy over which asbestiform minerals are 

most likely to cause mesothelioma. Mossman et al. (1990) has suggested that chrysotile- 

related mesothelioma is due to the contamination of chrysotile by amphiboles. This is 

based upon several studies of miners and millers who work with chrysotile and vermiculite 

containing tremolite, an amphibole mineral (Sebastien et al., 1989; McDonald et al., 1986; 

Churg et al., 1984). Regardless, crocidolite-related mesothelioma occurs at a much higher 

rate than chrysotile-related mesothelioma (McDonald et al., 1980; Ross, 1987, Armstrong, 

et al., 1984). This difference in the death rates suggests the need for additional research. 

The shape, size, and durability of the fiber are important etiological factors in asbestos- 

related diseases. Stanton (1981) concluded that the shape of particles influenced the 

development of tumors in rats because rats exposed to a pulverized non-fibrous form of 

chrysotile and crocidolite did not develop tumors whereas, rats exposed to fibers did 

develop tumors. Stanton found that the degree of tumor development correlates with the



fiber dimensions. In order for asbestos-related respiratory diseases to occur, the fibers 

must be small enough to enter the lungs. A fiber with a diameter smaller than 5 

micrometers can enter the bronchial airways and a diameter of 1.5 micrometers allows the 

fiber to penetrate the smaller bronchioles and the alveolar sac. Fibers longer than 10 

micrometers are not easily phagocytized or engulfed by the macrophage cells. This enables 

the fibers to remain in the lower respiratory track or penetrate the pleural membrane and 

enter the interpleural space (Davis, 1981). There is some controversy over the deposition 

and clearance or expulsion of amphibole and chrysotile fibers in the lungs. Morgan et al. 

(1977) found that the rate of deposition and clearance for chrysotile and amphibole were 

similar, while Middleton et al. (1979) showed the deposition of chrysotile was much lower 

compared to amphibole but the clearance rates were similar. Similar deposition and 

clearance results have been obtained showing that the amount of amphibole deposited in the 

lungs of rats continues to increase as exposure time is increased. However, the amount of 

chrysotile deposited reaches a peak and does not continue to increase (Jones et al., 1989; 

Wagner et al., 1974). Other changes of the fibers in the lungs include longitudinal splitting 

along the x axis of chrysotile whereas, amphibole fibers remained unchanged (Bellman et 

al., 1986). Amphibole fibers apparently are quite resistant to biochemical changes in the 

lungs. The chrysotile fibers are not as durable and tend to change morphologically and 

chemically. Magnesium is easily leached from chrysotile (Morgan and Holmes, 1986) and 

carcinogenicity and the incidence of mesotheliomas are reduced for fibers with more than 

80% Mg depletion (Monchaux et al., 1981). Obviously, the durability or lifetime of the 

fiber in the lung is an aspect well worth researching. 

The mineral chosen for this study is chrysotile, a member of the serpentine group with 

the general composition of Mg3Si205(OH)4. The other minerals in this group are lizardite 

and antigorite. Chrysotile has a sheet silicate structure. The silicate layer is bonded to a



magnesium hydroxide layer. Because the interatomic dimensions of the silicate layer and 

magnesium hydroxide layer are different, the sheets have a tendency to curve with the 

silicon oxygen sheets on the inside and magnesium hydroxide sheets on the outside. A 

good model of chrysotile fiber structure can be found in Goni (1979). Electron- 

microscopic studies (Yada, 1967) perpendicular to the x axis of a chrysotile fiber clearly 

show the hollow nature of the fibers. 

Scope of the present study 

The purpose of this study is to estimate the lifetime of a respirable sized fiber of 

chrysotile in fluids simulating those in human lung tissue. This requires the choice of 

appropriate fiber size and simulation of body fluids. The fiber size considered most 

hazardous to the lung tissue has a diameter of <1 jim and is >10 um long (Davis, 1981; 

Bellman et al., 1986) . The fluids in the lung tissue contain very low concentrations of 

magnesium and silicon (Table 2) and are thus undersaturated with respect to chrysotile. In 

order to determine the amount of time needed to dissolve a respirable chrysotile fiber, a 

dissolution rate constant was determined and applied in a version of the shrinking particle 

model. There have been several previous studies of chrysotile dissolution rates (Table 3) 

however none of them have produced rate constants that can be used to estimate the lifetime 

of chrysotile in lung tissue. Most of the studies involve leaching of magnesium from the 

fibers. Since magnesium is easily leached leaving behind the silica framework, these 

studies cannot be used for the calculation of a fiber lifetime. 

Solubility 

Table 2 shows the concentration of Mg, SiO2, Na, Cl, and the pH range in human 

plasma. Average concentrations for magnesium and silicon are 8.72 x 104 m and 1.48 x



  

Table 2. Composition range of human plasma 
  

  

  

  

    

pH! 4to7 
magnesium2 5.35x104 m to 1.11x10-3 m, avg. 8.72x104 m 
silicon2:3 1.53x10-5 m to 2.81x10~4 m, avg. 1.48x104 m 

sodium? 0.130 m to 0.145 m, avg. 0.138 m 
chloride? 0.092 m to 0.121 m, avg. 0.102 m   
  1. Jaurand et al. (1984); 2. Iyengar et al. (1978); 3. Altman (1961)



Table 3. Summary of previous experiments measuring the rate of chrysotile dissolution 
  

  

  

  

  

  

      

Morgan et Dissolution rate of radioactive labeled chrysotile in vivo estimated from 

al., 1971 rate of excretion of cobalt-60 to estimate the rate of magnesium leaching. 

7% Mg dissolves in 1-2 days and 25-35% dissolves after 1 month. 

Choi and Leaching rate of Mg2+ and OH- measured for T = 5 to 45°C. Initial pH = 

Smith, 1972 | 5.9 to 6.1, Ey (OH- leaching) = 27.2 kJ/mole, Eg (Mg?+ leaching) = 22.9 

kJ/mole. Initial incongruent dissolution. 

Luce et al., | Lizardite variety of serpentine used. T = 24°C pH = 1.53 to 9.58. 

1972 Incongruent dissolution noted. 

Chowdhury, | T = 37°C. Initial pH = 5.9. Batch and mixed flow reactors were used. 

1975 Incongruent dissolution noted. 

Jaurand et ESCA (XPS) analysis of chrysotile fibers from human lungs and 

al., 1977 phagocytosed in vitro by rabbit alveolar macrophages. Showed 

incongruent dissolution. Magnesium removal was not constant along the 

axis of the fibers and varied from fiber to fiber. 

Thomassin, | Leaching rate of Mg?+ in 0.1 N oxalic acid. T = 22 to 80°C, pH = 1.5@ 

1977 22°C. Found evidence of Mg depleted leached layer. Eg = 62.8 to 83.7 

kJ/mol. 

Gronow, Leaching rate in water buffered at pH 4,7, and 9. T=6to 44°C. At pH 

1987 7, Ea (Mg?* leaching) = 27 kJ mol"! and E, (Si leaching) = 32 kJ mol"!. 
   



10-4 m respectively. It will be shown that lung fluids are significantly undersaturated with 

respect to chrysotile, so inhaled chrysotile fibers should continuously dissolve. The 

dissolution reaction for chrysotile for pH's less than nine is: 

Mg3Si205(OH),4 + 6H* = 3Mg?* + 2H4SiO, + H2O (1) 

Measurement of the equilibrium constant for the above reaction 

_ aig afi SiO, 

abr (2) 

was evaluated by Nordstrom et al., (1990) who selected the best definition of log K as: 

log K = 13.248 + 102171 - 6.1894 log T 3) 

This equation predicts that the equilibrium constant for reaction (1) at body temperature 

(37°C) to be 1039-77, Which clearly indicates that lung fluids are significantly 

undersaturated with respect to chrysotile. 

The silica, magnesium, and hydrogen ion concentrations measured in lung tissues are 

shown in Table 2. The contents of alveolar macrophage cells is comparable to an acid 

solution with a pH of 4 and the mesothelial cells are comparable to a pH 7 solution 

(Jaurand et al., 1984). The average values of magnesium and silicon concentrations in 

blood plasma are 8.72 x 10-4 m and 1.48 x 10 m respectively (Iyengar et al., 1978; 

Altman, 1961). The ionic strength (I) of plasma is about 0.12 as estimated from the average 

concentrations of sodium and chloride where mng*t = 0.138 and mcr = 0.102 (Iyengar et 

al., 1978). 

Figure 1 is a log aMg?* - log 2H4SiO4 diagram contoured in pH for 37°C. The shaded 

area indicates the most likely range of silica and magnesium concentrations for lung tissue. 

Based on this information, equilibrium of chrysotile in the lung tissue would occur
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Fic. 1. Log activity Mg2+ vs. log activity H4SiO4 contoured in pH for 37°C. The shaded 
area to the left indicates the reported ranges of silica and magnesium concentrations for 
plasma. The shaded area to the right indicates the range between two cells types with 

pHs of 4 and 7. 
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approximately at pH 8. Since body fluids are constantly flushed through the system and 

never reach pH 8, the chrysotile in body tissues is expected to constantly dissolve. 

From the equation: 

Q= aig af iSiO, 

ag (4) 
the activity quotient (Q) for chrysotile components in tissue can be calculated. When Q is 

greater than K the solution is saturated and when Q is less than K the solution is 

undersaturated. Based on the average values of Mg and Si found in blood plasma, Q is 

1.45 x 1025 at pH 7 and 1.45 x 107 at pH 4. The degree of saturation S = Q/K at pH 7 is 

2.46 x 10-6 and at pH 4 is 2.46 x 10-24. Thus, solutions in lung tissues are significantly 

undersaturated with respect to chrysotile. Chrysotile will dissolve in lung tissue and its 

persistence is due simply to a slow dissolution rate. 

11



KINETICS EXPERIMENTS 

Experiment design 

Chrysotile, from the Bell Asbestos mine located in Quebec, Canada was cut into lengths 

of approximately one centimeter and ground by placing a 2.5 g sample in an acetone 

washed tungsten carbide shatterbox for 10 minutes. The ground solid was sized by sieving 

and the minus 350 micron fraction was kept for experimentation. 

For experiments at pH 2, two grams of sieved solid were placed into a 500 mL flask 

containing a solution adjusted to the proper pH by the addition of HCL. The chrysotile 

particles remained suspended in the solution and approximately 25 mL of the suspension 

was poured into each of ten 30 mL polyethylene bottles. The bottles were placed in a 

constant temperature water bath set at 37° C. Each of the bottles was attached to a 20.3 cm 

clamp and connected to an arm extending from a Wrist-Action shaker (Fig. 2). Shaking 

occurred at 280 repetitions per minute and the displacement of the sample was 2.5 cm for 

1/2 repetition. At specific time intervals of 10 to 180 minutes, a bottle was removed, the 

solution centrifuged, and the supernatant filtered using a 0.25 micron syringe filter. For 

experiments at pH 3, 4, and 5, 0.002 to 0.200 grams of sieved solid were placed into one 

liter polyethylene bottle containing 500 mL of solution which was adjusted to the proper 

pH by the addition of HCl. The one liter bottles were placed in a constant temperature 

water bath set at 37° C. Each of the bottles was attached to a 20.3 cm clamp and connected 

to an arm extending from a Wrist Action shaker. Shaking occurred at 240 repetitions per 

minute and the displacement of the sample was 2.5 cm for 1/2 repetition. At specific time 

intervals, a bottle was removed, a 20 mL sample obtained, centrifuged, and the supernatant 

filtered using a 0.25 micron syringe filter. The longest reaction time for each experiment 

was three hours. 

12
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The pH of the filtered solution was measured using a Ross combination electrode. Silica 

was determined using the molybdate blue method (Govett, 1961). The magnesium 

concentration was determined by atomic absorption spectrophotometry. The specific 

surface area of the solid was determined to be 33.5 m2 gm! using a Quantachrome surface 

area analyzer. Scanning electron microscope (SEM) observations were also performed on 

the reacted and unreacted solids. 

Results 

Experimental results used in this study are listed in Table 4 and results which were not 

used are located in appendix A. NaCl added to experiments EE and HH to give an ionic 

strength of (0.12) near that of blood plasma did not alter the results. Apparent rates of 

silica release were determined for each experiment by plotting the concentration of SiO in 

solution versus time (Fig. 3). A best fit line was drawn only through the data points 

which had values of Q between the range of 1.45 x 106 and 1.45 x 1026, the ranges of 

values expected in lung tissue. The apparent reaction rates defined by the slopes of the 

lines were then normalized for each experiment using the equation: 

r=r/(4) (5) 

where r' is the apparent rate, A is the surface area of the solid used in the experiment in 

square meters, M is the mass of the solution in kilograms, and r is the rate for a system of 1 

m2/1 kg H2O. Normalized rate data for silica release is shown in Table 5. The most 

general rate law for silica dissolution is: 

_ AMsio, _ Lad d 
T= dt =k my M§io, T™Mp”* (6) 

where k' = Ak. To determine the reaction order for H+, SiO2, and Mg?2+, the logarithm of 

both sides of equation (6) is taken giving: 

log r = log k' + b log my + c log msjo, + d log Mig” (7) 

14



Table 4. Experimental results for chrysotile dissolution experiments. 

    

  

ELAPSED CONCENTRATION, MOLAL 

SAMPLE TIME 

—NUMBER_MINUTES __pH Si02 Mg**__Q_ 
2.00 grams chrysotile/ 0.50 kg solution 

GO 0 2.06 *3.05x10°5  *4.16x10°5 —0.00x100 
Gl 10 2.76  6.39x104  4.46x10°3 = 7.45x102 
G2 20 2.77 6.58x104  4.50x10°3 —-9.34x 102 
G3 40 2.99  7.89x104  4.83x10-3 = 3.48x 104 
G4 60 3.11 8.87x104  5.00x10°3. =. 2.55x 105 
G5 80 3.44 9.85x104  5.08x10°3 = 316x107 
G6 100 3.82 1.02x10°3. —-5§.17x10-3 —s 6. 83x 109 
G7 120 4.61 1.06x10°3 = 5.92x10°3 —- 6.08x10!4 
G8 140 4.87 1.09x10°3 - 55.67x10°3 —- 2.05x1016 
G9 160 5.25 1.15x10°3. —-5.75x10°3. — 4.50x1018 
G10 180 6.52 1.21x10-3 5.75x10°3 —-.2.09x 1026 

HO 0 2.08  *3.05x10-5 0.00x10® ~—0.00x100 
H1 10 2.58 6.06x104  3.92x10°3 —- 3.78x10! 
H2 20 2.71 6.39x104 4.33x10°3 = 3.43x102 
H3 40 2.87  7.89x104  4.50x10-3  5.35x103 
H4 60 3.13 8.68x104  4.87x10-3 —- 2.98x105 
H5 80 3.47 9.46x104 4.92x10°3 3.99x107 
H6 100 3.94 1.02x10°3 = 55.08x10°3. —- 3.42x1010 
H7 120 4.2 1.06x10°3 = 5.29x10°3—s-1.51x1012 
H8 140 6.18 1.11x10°3 = 55.25x10°3—s: 1.22x1024 
H9 160 6.36 1.15x10°3 —- 5.29x10°3 —s- 11.60x1025 
H10 180 6.93 1.38x10°3.—- 5.37x10°3.—-6.36x1028 

SO 0 2.17 0.00x109 = *1.25x10 —0.00x100 
S1 10 2.72 4.88x104  3.21x10°3 = 9.34x10! 
S2 20 2.9 5.54x104 3.37x10°3 —-1.68x103 
$3 40 3.28 6.60x104  3.79x10°3. —- 6.44x 105 
S4 60 4.05 7.12x104  4.33x10°3  4.68x1010 
$5 80 5.19 8.24x104  4.21x10°3 3.97x1017 
S6 100 6.32 1.04x10°3 = 4.08x10°3.  3.49x 1024 
S7 120 6.48 1.15x10°3 = 4.08x10°3 —- 3.86x1025 
S8 140 6.54 1.19x10°3 — 4.17x10°3 —- 1.00x 1026 
$9 160 6.54 1.27x10°3.— 4.25x10°3 —:1.23x 1026 
$10 180 6.82 1.34x10°3.s- 4.08x10°3.— 5.81x1027 
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0.200 grams chrysotile/ 0.48 kg solution 
  

  

  

U0 0 2.91 ¥*1.98x10°5 _ *4.17x10°5 — 4.66x 10-6 
U1 10 3.35 6.30x10°5. —s 4.17x104 ~—-2.05x10! 
U2 20 3.48 7.50x10°5 = 4.58x104  2.33x102 
U3 40 3.61 9.66x10°5 —--5.00x104  3.03x103 
U4 60 3.71 1.09x104  7.08x104  4.33x104 
U5 80 3.8 1.21x104  5.83x104 = 1.03x105 
U6 100 3.9 1.33x104  5.83x104  4.97x105 
U7 120 4.03 1.45x104  5.83x104 3.56x106 
U8 140 4.1 1.45x104 5.83x104 9.37x106 
U9 160 4.21 1.45x104 5.83x104  4,.28x107 
U10 180 4.4 1.49x104 6.25x104 = 7.77x108 

vo 0 2.99 0.00x109 = *2.10x10-© ~=—-0.00x 100 
V1 10 3.38 5.43x10°5 —-2.96x104 = 8.26x100 
v2 20 3.45 6.87x10°5 —- 3.62x104 6.39x101 
V3 40 3.59 8.43x10°5 —-3.75x104 ~=—S7.37x102 
v4 60 3.69 9.87x10°5 3.85x104  4.37x103 
V5 80 3.81 1.08x104  4.08x104  3.28x104 
V6 100 3.9 115x104  4.17x104 = 1.37x105 
V7 120 4.02 121x104  4.31x104  8.85x105 
V8 1440 4.11 1.35x104  4.39x104 = 4.00x106 
v9 160 4.24 1.42x104 4.52x104 2.91x107 
V10 180 4.4 1.48x104  4.71x104  3.25x108 

0.250 grams chrysotile/ 0.50 kg solution 

wo 0 3.02 0.00x10° 0.00x109 =0.00x100 
wl 10 3.75 6.49x10°5 —-3.52x104  3.30x103 
Ww2 20 4.25 8.55x10°5 —-.3.77x104 ~—-7.04x106 
W3 40 5.11 1.07x104 4.21x104 2.20x1012 
Ww4 60 5.71 1.23x104 4.37x104 = 1.31x10!6 
W5 80 6.68 1.40x104 4.50x104  1.22x1022 
W6 100 7.13 1.57x104 4.67x104 8.56x1024 
W7 120 7.17 1.66x104 4.60x104  1.60x1025 
ws 140 7.15 1.78x104  4.62x104 § 1.41x1025 
Ww9 160 7.21 1.85x104 462x104 3.51x1025 
Ww10 180 7.23 1.93x104  4.69x104  5.22x1025 

YO 0 3.1 0.00x100 0.00x109  0.00x100 
Yl 10 4.08 7.86x10°5 3.71x104  5.40x105 
Y2 20 4.96  9.72x105 3.98x104  1.95x1011 
Y3 40 6.48 1.29x104  4.10x104  4.98x1020 
Y¥4 60 6.93 155x104 412x104 3.64x1023 
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Y5 80 6.94 1.76x104 4.14x104  5.49x1023 
Y6 100 6.95 1.86x104  4.12x104 6.94x1023 
Y7 120 7.01 2.02x104  4.10x104 1.85x1024 
Y8 140 7.06 2.11x104 4.17x104 4.18x1024 
Y9 160 7.13 2.14x104  4.14x104 = 1.11x1025 
Y10 180 7.12 2.17x104  4.04x104  9.23x1024 

0.025 grams chrysotile/0.50 kg solution 

AAO 0 4.01 0.00x109 *2.10x10-© 0.00x100 
AAI 10 4.09 9.79x10 5.62x10°  3.36x10! 
AA2 20 4.16 1.10x10-5 5.83x10°5  —-:1.25x102 
AA3 40 4.18 1.47x10°5 = 6.88x10°5 — 4.80x 102 
AA4 60 4.24 1.60x10°5 7.08x105  1.41x103 
AAS 80 4.38 1.98x10°5 = 7.50x10°5 ~—-1.78x104 
AA6 100 4.5 1.85x10°5  —-7.50x10°5 —s- 8.18x 104 
AAT 120 4.94 1.98x10-5 7.92x10°5  4.80x107 
AA8 140 4.94 2.10x10-5 8.33x10°5 6.33x107 
AA9 160 4.87 2.23x10°5 8.54x10°5 2.92107 
AA10 180 4.6 2.23x10°5—s-8.54x10°5 —- 7.00x105 

0.031 grams chrysotile/ 0.50 kg solution 

BBO 0 4.17 *1.89x10-° 0.00x109 0.00x109 
BB1 10 5.68 1.18x10°5 4.79x10°5 —:11.04x101! 
BB2 20 5.89 1.44x10°5 - 5.41x10°5  4.08x1012 
BB3 40 6.14 1.77x10°5 6.04x10°5 —- 2.72x1014 
BB4 60 6.4 1.98x10°5 6.46x10°5 —:1.50x 1016 
BBS 80 6.64 2.12x10°5 = 6.88x10°5 —- 5.73x1017 
BB6 100 6.69 2.19x10°5  —-_7.08x10-5 ~—-:1.33x10!8 
BB7 120 6.94 2.40x10°5 = 7.29x10°5 5.55x1019 
BB8 140 7 2.55x10°5  —-7.50x10°5—-1.55x1020 
BB9 160 7.19 2.55x10°5 7.50x10°5 = 2.14x1021 
BB10 180 7.26 2.69x10°5.—s-7.50x10-5 —- 6.30x1021 

0.030 grams chrysotile/0.50 kg solution 

cco 0 4.11 0.00x10° 0.00x109 = 0.00x10° 
CC1 10 4.61 1.18x10°5  5.41x10°5 5.72104 
Ccc2 20 5.2 1.64x10°5 5.83x10°5 — 4.82x108 
CC3 40 5.6 1.77x105  6.67x10°5 = 2.10x1011 
cc4 60 6.05 1.98x10°5 = 7.29x10°5—s:1.72x1014 
CC5 80 6.4 2.19x10°5 —-7.71x10°5 =. 3.13x1016 
CC6 100 6.67 2.26x10°5 = 7.92x10°5—s- 1.51x1018 
CC7 120 6.7 2.55x10°5 = 7.92x10°5 —s- 2.89x 1018 
CC8 140 6.88 2.55x10°5 8.12x10°5 3.76x1019 
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Cc9 160 6.99 2.55x10°5 ss 8.12x10°5 —-1.72x 1020 
CC10 180 7.02 2.69x10-5 8.33x10°5  3.14x1020 

0.004 grams chrysotile/0.50 ke solution 

DDO 0 5.4 *1.82x10°°  0.00x109 = 0.00x100 
DD1 10 6.1 2.49x10-6 1.25x10°5 —_2.75x1010 
Db2 20 6.32 3.70x10-6 1.46x10-5 = 2.00x1012 
DD3 40 6.77 4.91x10°6 1.46x10°5—-1.77x1015 
DD4 60 7.06 3.70x10-6 1.67x10°5 —_ 8.25x1016 
DD5 80 6.82 3.70x10-6 1.67x10°5 — 3.00x1015 
DD6 100 7.12 3.70x10°6 1.67x10°5 —-1.89x10!7 
DD7 120 7.14 3.10x10-6 1.67x10°5 —-1.74x10!7 
DD8 140 7.32 4.31x10-6 1.67x10-5  4.06x1018 
DD9 160 7.17 4.91x10-6 1.88x10°5  9.48x1017 
DD10 180 7.23 5.52x10-6 1.88x10°5 2.74x1018 

0.250 grams chrysotile/ 0.50 kg solution 

**EEQ 0 3.04 *2.60x10°° 0.00x109  0.00x109 
EE1 10 4.03 5.83x10°5 - 4.29x104 =. 231x105 
EE2 20 4.66 6.59x10°5—s 4.73x10 ~—-.2.38x 109 
EE3 40 5.52 9.37x10°5  5.06x104  8.53x10!4 
EE4 60 6.4 1.18x104 5.27x104  2.88x1020 
EE5 80 6.53 1.55x104 5.39x104  3.24x1021 
EE6 100 6.55 1.79x104 5.42x104 5.75x102! 
EE7 120 6.61 1.92x104  5.46x104 = 1.55x1022 
EE8 140 6.6 2.11x104 5.50x104  1.67x1022 
EE9 160 6.61 2.20x104 5.50x104 2.08x1022 
EE10 180 6.66  2.35x104  5.44x104  4.59x1022 

0.003 grams chrysotile/ 0.50 kg solution 

FFO 0 5.69 0.00x10° 0.00x109  0.00x100 
FF1 10 6.24 0.00x10° 4.17x10- 0.00x100 
FF2 20 6.73 0.00x109 8.33x10°6 0.00x10° 
FF3 40 7.08 3.16x10-6 1.46x10°5 —_55.30x1016 
FF4 60 7.17 4.20x10-6 1.67x10°5  4.84x1017 
FF5 80 7.24 4.20x10-6 1.67x10°5 —-1.27x1018 
FF6 100 7.31 3.16x10-6 1.87x10°5  _ 2.70x1018 
FF7 120 7.08 3.16x10-6 1.67x10-°5 —_7.91x1016 
FF8 140 7.28 3.16x10-6 1.87x10°5  —_-1.79x1018 
FF9 160 7.34 3.16x10-6 1.87x10°5 4.09x1018 
FF10 180 7.39 3.16x10-6 1.87x10°5 _ 8.16x1018 

  

0.030 grams chrysotile/0.50 kg solution 
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** HHO 0 4.03 0.00x109 *6.25x10-6 0.00x100 
HH1 10 4.5 8.46x10°6 = 9.58x10°5 357x104 
HH2 20 4.73 1.12x10°5 9.79x10°5 —-: 11.61x 106 
HH3 40 4.95 1.29x10-5 1.02x104  5.04x107 
HH4 60 5.17 1.46x10-5 1.08x104 1.62x109 
HHS5 80 5.38 1.64x10°5 1.12x104  4.13x10910 
HH6 100 5.52 1.76x10°5 1.17x104  3.66x10!1 
HH7 120 5.61 1.87x10°5 1.21x104  1.61x1012 
HH8 140 5.74 2.00x10°5 1.19x104  1.04x1013 
HH9 160 5.85 2.30x10°5 1.19x104  6.36x10!3 
HH10 180 5.92 2.30x10°5 1.21x104  1.76x1014 

0.002 grams chrysotile/0.50 kg solution 

110 0 5.73 0.00x100 0.00x109 0.00x109 
1 10 6.37 4.20x10°6  6.25x10° 4.06x10!! 

112 20 6.9 3.17x10°6  94.17x10°6 =: 11.04x 1014 
13 40 7.02  4.20x106 = 1.04x105 —-1.49x1016 
14 60 7.2 4.74x10°  6.25x10°6 4.92x1016 

115 80 7.26 4.20x106 8.33x10°6 2.10x1017 
116 100 7.28 4.20x10-6 1.04x10°5 5.42x10!7 
7 120 6.72 5.23x10-6 1.46x10°5—-.1.01x1015 

118 140 = 7.36 = 4.74x10°6 = 8.33x10 ~—:1.06x1018 
19 160 7.32 5.77x10-6 1.04x10-5 —-:1.78x1018 

1110 180 7.23 5.23x106 6.25x10 _9.11x1016 
  

*Some of the starting solutions contained minor amounts of magnesium and silica. This 
did not affect the results because the release of silica is zero order with respect to hydrogen 
ions, Magnesium, and silica. 
**The solution contained 3.51 grams NaCl per 0.5 L so I = 0.12.
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FIG. 3. Silica concentration versus time for a typical experiment (run G). The open circles 

were not used in this analysis because they correspond to values of Q greater than 1.45 x 

1026 where silica dissolution rates are not zeroth order. The apparent reaction rate 

calculated from the slope of this line is 3.68 x 10-8 mol kg"! sec"!. 
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Table 5. Summary of dissolution rates for silica. 
  

r' A/M 

Experiment pH mol sec"! kg-! m2 kg"! mol sec"! m2 logr 

G 2.06 3.68x10-08 133.85 

H 2.08 4.15x10-08 133.85 

S 2.17 9.50x10-08 133.85 

U 2.91 1.00x 10-09 13.94 

Vv 2.99 5.42x10-99 13.94 

W 3.02 1.11x10-08 16.73 

Y 3.10 1.21x10-08 16.73 

*EE 3.04 1.78x10-08 16.73 

AA 4.01 7.33x10-10 1.67 

BB 4.17 - 1.37x10-09 2.07 

CC 4.11 1.12x10-99 2.01 

*HH 4.03 1.26x10-09 2.01 
DD 5.40 1.57x10-10 0.27 

II 5.73 1.67x10-10 0.13 

r 

2.75x10-10 
3.10x10-10 
7.10x10-10 
7.17x10-11 
3.89x10-10 
6.64x10-10 

7.24x10-10 
1.07x10-09 
4,38x10-10 
6.60x10-10 
5.56x10-10 
6.27x10-10 
5.85x10-10 

1.24x10-09 

-9.56 
-9.51 
-9.15 
-10.14 
-9.4] 
-9.18 
-9.14 
-8.97 
-9.36 
-9.18 
-9.25 
-9.20 
-9.23 
-8.91 

  

*solution had ionic strength (NaCl) of 0.12. 
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When log of the average rate versus pH data are plotted (Figure 4), a horizontal line fits the 

data best indicating the rate is zero order in hydrogen ions. Using the preceding technique, 

it can be shown that the dissolution of silica is also zero order with respect to silica and 

magnesium. Thus, the rate law for silica release is: 

dmsio, _1:..0 0 0 ; 
T= dt =k My+ Msio, Mg" =k 

(8) 

The average normalized rate of silica release for 14 experiments is 5.94 (+ 3.05) x 10-10 

moles m-2 sec’! (error = 16). Because of the relationship derived in equation 8, the rate 

constant for this reaction is numerically equal to this rate. Magnesium release calculations 

are shown in appendix B. 

The reacted and unreacted fibers were observed using an SEM as shown in Figure 5a 

(unreacted fibers) and figure 5b (fibers which were exposed to a pH 2 solution of HCl at 

37°C for three hours). There are no apparent differences between the reacted and unreacted 

fibers when observed at this scale. 
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FIG. 4. The log of the mean rate of silica dissolution versus the pH of the first point used 

in the analysis. The solid line indicates the log mean rate and the dashed lines represents 

the log of one standard deviation from the mean. Silica dissolution rate is interpreted as 

zero order since a horizontal line fits the data well. 
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(a) 

unalt chrys 

(b) 

  
Fig. 5: Figure a shows unaltered chrysotile. Figure b shows solids remaining from an 

experiment which had an initial pH of 2. The exposure time was 3 hours. 
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DISCUSSION 

Studies show that when chrysotile reacts with acid solutions, magnesium leaches out 

quickly leaving behind a silica structure (Morgan and Holmes, 1986). Clark and Holt 

(1960) were able to show incongruent dissolution of chrysotile when they found that 

chrysotile fibers extracted with water at 25°C resulted in a solution with small amounts of 

silicic acid but more than 10 times that amount of magnesium. Thus, it appears that the 

destruction of chrysotile fibers proceeds via two steps. First the magnesium hydroxide 

layer is removed by rapid leaching, then the silica layer dissolves at a slower rate. 

Therefore, the lifetime of a chrysotile fiber is controlled by the dissolution rate of the silica 

layer. 

I have chosen to model the destruction of a fiber as if it were an infinitely long cylinder 

which is dissolving over its lateral surface. Based on this model the lifetime of a chrysotile 

fiber can be calculated using the equation: 
t=-3—d_ 

4 Vink (9) 

where t is the time (sec) required for a fiber to dissolve, d is the diameter of the fiber (m), k 

is the rate constant (mole m-2sec~!) for silica dissolution as determined above, and Vim is 

the volume (m3 mol!) occupied by one mole of silica in chrysotile as explained below. 

See Appendix A for the derivation of the shrinking fiber equation. The molar volume of 

chrysotile is 1.08 x 104 m3 mol-! (Robie et al., 1979). Because there are two moles of 

silica in one mole of chrysotile, the volume occupied by one mole of silica in chrysotile is 

5.4x 10° m3 mol]. 

Taking the logarithm of both sides of equation (7) 

log t= logs + log d - log Vm - log k (10) 
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gives a function which allows a comparison of fiber diameter versus dissolution time. 

Figure 6 shows that a chrysotile fiber with a diameter of 1 [1m would dissolve completely 

in 9 months; consideration of one standard deviation above and below the mean of the rate 

constant gives estimates of the lifetime of a fiber ranging from 6 to 19 months. In 

comparison, a pure silica glass fiber of the same size would take 438 years based on the 

rate constant for amorphous silica dissolution from Rimstidt and Barnes (1980). 

A rate model developed by Parry (1985) based on dissolution experiments for lizardite 

by Luce (1972) suggest that 30% of a 1 um x 10 um chrysotile fiber would dissolve in 

about 6 months and 100% dissolution would occur in 20 months. This value falls within 2 

standard deviations of our predicted value. The differences found in dissolution rates could 

possibly be due to the difference in the crystal morphology between chrysotile (fibrous) 

and lizardite (platy). It should also be noted that Parry fitted Luce's data to a rate law 

which assumes that the reaction rate is proportional to Q. This assumption was not verified 

by our experimental data. Other serpentine dissolution studies (Morgan et al., 1971; Choi 

and Smith, 1972) only measured the rate at which magnesium is leached from the fibers. 

Because magnesium is leached from chrysotile before the silica (Morgan and Holmes, 

1986), these studies would yield data which are insufficient to accurately to determine the 

lifetime of chrysotile fibers in conditions simulating that of lung tissue. 
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FIG. 6. Dissolution time (seconds) versus fiber diameter (meters) for chrysotile. The 

dashed lines indicate the predicted lifetime found by varying the silica dissolution rate 

constant + 1o. The lifetime of glass fibers calculated using the amorphous silica 

dissolution rate constant of Rimstidt and Barnes (1980) is shown by the top line. 

27



CONCLUSIONS 

This research showed that because of the very low concentrations of dissolved silica and 

magnesium, fluids in the human body are greatly undersaturated with respect to chrysotile. 

The degree of saturation of chrysotile (S = Q/K) is estimated to range between 10-6 and 

10-24, When chrysotile fibers are exposed to solutions that are this undersaturated, the 

magnesium hydroxide layer is rapidly leached from them leaving behind the silica 

framework. This study demonstrated that for this range of undersaturation, the silica 

dissolves according to a simple zeroth order rate law: 

r= Ak 

where the rate constant is 5.94 (+ 3.05) x 10-10 moles m-? sec"! . Note that outside of this 

range the dissolution rate laws are different with dissolution rates slowing greatly as 

equilibrium is approached because of the competing precipitation reaction. 

The lifetime of the most hazardous respirable-sized chrysotile fiber (11m) can be 

estimated from these results using the expression 
t=3_d_ 

4 Vink 

derived in Appendix A. The most probable lifetime for a 1im diameter particle is 9 months 

and the longest estimated lifetime is 19 months (average + 106). This is a remarkably short 

time, although it is of the same magnitude as the estimate of Parry (1985). A fiber of silica 

glass of the same diameter is estimated to have a lifetime more than two orders of 

magnitude greater. It should also be considered that smaller fibers would dissolve in even 

shorter time. 

These results have important implications for understanding asbestos-related diseases. 

On the average, death from lung cancer occurs 10 to 14 years after exposure and death due 

to asbestosis and mesothelioma occurs 40 and 20 years respectively after exposure. It is 
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observed that the time for diagnosis and death is at least an order of magnitude greater than 

the time for fiber dissolution. These are complicated diseases. Tumor growth develops in 

four stages, initiation, conversion, promotion, and malignant progression (Marks, 1989). 

Initiation involves gene mutation and can be related to the breakdown of foreign material in 

the tissue by cells which can produce carcinogens. Conversion can occur before initiation 

and is not well understood but appears to involve the stem cells or those cells which 

promote new cell growth. Promotion is simply a chronic irritation of the cells and can be 

caused by wounds or chemical irritants causing inflammation. The final process is 

malignant progression and is the growth or spreading of altered cells forming a tumor. 

For the mineral chrysotile it is unclear what the cancer causing agent is, however, the 

damage to the lung tissue must take place soon after exposure since chrysotile dissolves 

fairly quickly. Therefore, it can be assumed that the chrysotile is either an initiator or a 

convertor and any model designed to describe disease development must explain the 

discrepancy between fiber lifetime to the onset of disease. 
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APPENDIX A 

Unused data 

The following is a list of data which was not used. Early experiments resulted in data 

exclusion due to a deionizing column failure where the starting solutions were contaminated 

with silica. A second problem encountered was the speed at which the reaction proceeded; 

several experimental runs were needed to adjust the solid-solution ratio. When the 
experiments were run at higher pHs there appeared to be fluctuations of pH due to CO2 

contamination and at this point it was not known if the reaction was dependent on pH. 
Finally, those experiments which did not contain ranges of Q needed for data interpretation 
were also excluded. It should be noted that silica and magnesium concentrations were not 

determined for these runs. 

  

  

sample # _ elapsed time H sample # elapsed time H 

Deionizing column not functioning properly D4 60 3.49 

BO 0 2.15 DS 80 4.24 
Bl 15 2.69 D6 100 5.34 
B2 30 2.81 D7 120 6.29 
B3 60 3.12 D8 140 6.49 
B4 90 3.47 D9 160 6.53 
BS 120 4.41 D10 180 6.58 
B6 150. 5.69 
B7 180 6.23 EO 0 4.67 
B8 210 6.4 El 10 8.97 
B9 240 6.17 E2 20 9.04 
B10 270 6.43 E3 40 9.00 

F4 60 9.02 
CO 0 2.25 E5 80 8.98 
Cl 10 2.63 E6 100 8.96 
C2 20 2.7 E7 120 8.97 
C3 40 2.82 E8 140 8.96 
C4 60 2.91 E9 160 8.94 
C5 80 2.98 E10 180 8.9 
C6 100 3.21 
C7 120 3.11 FO 0 3.57 
C8 140 3.61 Fl 10 8.23 
C9 160 3.89 F2 20 8.79 
C10 180 3.99 F3 40 8.67 

F4 60 9.02 
DO 0 2.12 F5 80 8.97 
Dl 10 2.63 F6 100 8.84 
D2 20 2.79 F7 120 9.08 
D3 40 2.98 F8 140 9.11  



  

  

  

  

  

sample # elapsed time H sample # elapsed time H 

F9 160 8.84 L2 20 7.71 

F10 180 8.82 L3 40 7.8 

L4 60 7.89 

Reaction occurred to fast. LS 80 7.87 

I0 0 4.01 L6 100 7.92 

Il 10 8.2 L7 120 7.94 
12 20 8.51 L$ 140 7.96 

13 40 8.86 L9 160 8.09 

14 60 8.85 L10 180 8.11 

I5 80 8.3 

16 100 8.57 MO 0 4.21 

17 120 8.53 M1 10 7.78 

I8 140 8.7 M2 20 7.84 

19 160 8.76 M3 40 7.88 

110 180 8.56 M4 60 7.96 

M5 80 7.93 

JO 0 4.2 M6 100 8.17 
J1 10 8.08 M7 120 8.23 

J2 20 8.57 M8 140 8.03 

J3 40 8.45 M9 160 8.05 

J4 60 8.48 M10 180 8.21 

J5 80 8.59 

J6 100 8.28 NO 0 3.69 

J7 120 8.1 Nl 10 7.54 

J8 140 8.39 N2 20 7.67 

J9 160 8.61 N3 40 7.75 

J10 180 8.35 N4 60 7.8 

N5 80 7.79 

KO 0 4.18 N6 100 7.78 
Kl 10 7.58 N7 120 7.88 

K2 20 8.1 N8 140 7.8 

K3 40 8.11 N9 160 7.8 

K4 60 8.04 N10 180 7.95 

K5 80 8.23 

K6 100 8.24 CQO? contamination. 

K7 120 8.42 O00 0 7.53 

K8& 140 8.44 Ol 10 7.83 

K9 160 8.4 QO2 20 8.23 
K10 180 8.41 O3 40 8.55 

O04 60 8.72 
LO 0 3.9 O5 80 7.91 

L1 10 7.49 O06 100 8.35   
39



  

sample # elapsed time H sample # elapsed time H 

O7 120 8.49 Reaction occurred to fast. 

O8 140 8.5 TO 0 2.94 

O09 160 8.6 Tl 10 6.88 

O10 180 8.58 T2 20 7.76 

T3 40 7.66 

PO 0 6.62 T4 60 7.16 

Pi 10 6.8 T5 80 8.18 

P2 20 7.09 T6 100 8.16 

P3 40 6.85 T7 120 8.15 
P4 60 6.89 T8 140 7.68 

PS 80 6.95 T9 160 8.04 

P6 100 8.26 T10 180 8.03 

P7 120 8.35 
P8 140 8.34 XO 0 4.2 

P9 160 8.1 X1 10 7.51 

P10 180 8.38 X2 20 7.77 

X3 40 7.79 

QO 0 6.29 X4 60 7.82 

Ql 10 6.71 X5 80 7.82 

Q2 20 6.96 X6 100 7.84 

Q3 40 7 X7 120 7.89 

Q4 60 7.75 X8 140 7.84 

Q5 80 8.11 X9 160 7.78 

Q6 100 7.19 X10 180 7.79 
Q7 120 7.7 
Q8 140 7.93 ZO 0 4.31 

Q9 160 8 Zl 10 7.73 

Q10 180 8.03 Z2 20 7.71 

Z3 40 7.86 

RO 0 7.8 ZA 60 7.78 

Rl 10 6.97 Z5 80 7.78 

R2 20 7.5 Z6 100 7.78 

R3 40 7 Zi 120 7.81 

R4 60 7.69 Z8 140 7.79 

R5 80 8.42 Z9 160 7.74 

R6 100 8.25 Z10 180 7.74 

R7 120 8.51 

R8 140 8.46 Q ranges were not in the data set. 

R9 160 8.52 FFO 0 5.69 

R10 180 8.28 FF1 10 6.24 
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sample # elapsed time pH 

FF2 

FF3 
FF4 

FF5 
FF6 

FF7 

FF8 

FF9 
FF10 

20 
40 
60 
80 
100 
120 
140 
160 
180 

6.73 
7.08 
7.17 
7.24 
7.31 
7.08 
7.28 
7.34 
7.39 

Reaction occurred to slow. 

GGO 
GGl 
GG2 
GG3 
GG4 
GG5 
GG6 
GG7 
GG8 
GG9 
GG10 

0 
10 
20 
40 
60 
80 
100 
120 
140 
160 
180 

4.26 
4.3 
4.32 
4.32 
4.33 
4.34 
4.35 
4.36 
4.36 
4.39 
4.37 
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APPENDIX B 
Magnesium release rate 

Normalized rate data for magnesium is shown in Table 1. The effect of hydrogen ion 

concentration on the rate of leaching of magnesium is: 
dmmp* 

= Mg = k' mi   r 
(1) 

To determine the reaction order for H+, the logarithm of both sides of equation (1) is taken 

giving: 

log r = log k' + n log my = log k' - n log pH (2) 

Log rates versus pH are plotted (Figure 1); and shows a line having a slope of 0.20 + 0.05 

fits the data best with log k being equal to -9.34 + 0.23. This indicates the reaction order is 

0.20 with respect to hydrogen and can be written as: 

r =k! [H+]0.20 (3) 

These results are comparable to the results of Bales (1985) who found that the reaction 

order with respect to hydrogen ion concentration is 0.24. 

Table 1. Summary of dissolution rates for magnesium. 
  

  

      

r' A/M r 

Experiment PH _molsec! kg"! m? kg! mol sec”! m-2 logr 
G 2.76 2.45x10-07 133.85 1.83x10-09 -8.7 
H 2.58 3.05x10-07 133.85 2.28x 10-09 -8.64 

S 2.72 3.20x 10-07 133.85 2.39x10-09 -8.62 

U 3.35 5.58x10-08 13.94 4.00x10-99 -8.40 

Vv 3.38 2.42x 10-08 13.94 1.73x10°09 -8.76 
W 3.75 3.12x 19-08 16.73 1.86x10-09 -8.73 
Y 3.1 1.20x 10-08 16.73 7.19x10Q-10 -9.14 

*EE 4.03 3.25x10-08 16.73 1.94x10-09 -8.71 
AA 4.09 5.23x10-09 1.67 3.13x109-09 -8.50 
BB 5.68 6.30x 10-09 2.07 3.04x 10-09 -8.52 

CC 4.61 7.00x10-09 2.01 3.49x 109-09 -8.46 

*HH 4.5 5.90x10-09 2.01 2.94x 10-09 -8.53 

DD 6.1 8.27x10-10 0.27 3.09x 10-09 -8.51 

i 6.37 2.15x10-09 0.13 1.61x10-08 -7.79 
FF 6.24 3.87x 10-09 0.20 1.93x 109-08 -7.71 
  

*solution had ionic strength (NaCl) of 0.12. 
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Fic. 1. The log of the rates of magnesium dissolution versus the pH. Magnesium 

dissolution rate is interpreted as having a reaction order of 0.20 with respect to hydrogen. 

The best fit line is described by log r = (0.20 (+0.05))(-log pH) - 9.34 (+0.23). 
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APPENDIX C 
Derivation of the shrinking fiber model 

by J. Donald Rimstidt 

The lateral surface area (A ) of a cylinder is given by 

A=2nrl (1) 

and its volume (V ) is given by 

V=anr2l (2) 

where r is the radius of the cylinder and / is its length. The aspect ratio (z ) of the cylinder 

is defined as 

z=l 
f (3) 

so that 

r=1z (4) 

and equations (1) and (2) can be recast as 

A=2n)*2 (5) 

and 

Y= mr 

a (6) 

Equations (5) and (6) can be substituted into the general relationship between the surface 

area of a solid and its volume 

A=bv2/s (7) 

to determine that 
1/3 

b =22— 
z1/3 (8) 

Furthermore, the volume of material (V ) can be defined as 

where n is the number of moles of substance in the cylinder and V,, is its molar volume. 

Equations (7), (8), and (9) can be combined to give 
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1/3, 2/3 12/3 

71/3 (10) 

The rate measurements show that the rate of silica release from the fibers is given by the 

rate law 

dn —_ 
dt Ak (11) 

and when (10) is substituted into (11) the rate law becomes 
dn — 92 PV, 2/3 kn 2/3 

dt z1/3 (12) 

0 t 
1/3 2/3 

layne 7h Vink dt 
12/3 23, 

3718 = gt PV AP kt 
zs, (14) 

which can be integrated 

(13) 

to give 

Equation (14) can be rearranged to 
pa niBz13 

2 ql By2/3~ (15) 

and the definitions of n, from equation (9) and z, from equation (3), are substituted into 

(15) to give 

  

Vink (16) 

which gives the time to dissolve a fiber of radius r. This equation can be made somewhat 

more compatible with current practice of defining particle dimensions by realizing that 

2 (17) 

so (16) can be rewritten in terms of the diameter of the fiber to give 
t= 3_d_ 

4Vmk., (18) 
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