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ABSTRACT
Because lung fluids’ first interaction is with the surface o f inhaled grains, the surface 

properties of inhaled mineral dusts may have a generally mitigating effect on cytotoxicity 

and carcinogenicity (Guthrie 1995). Wendlandt et al. (2007) investigated the surface 

properties of respirable-sized quartz grains in commercial bentonites and recognized 

pervasive montmorillonite surface coatings on silica grains. The purpose of this study was to 

determine the dissolution rate and biodurability of the clay, montmorillonite, in simulated 

lung fluids and to assess its potential to mitigate silica cytotoxicity.

Modified batch reaction experiments were conducted on calcic (SAz-2) and sodic 

(DC-2) montmorillonites for 120 to 160 days of reaction time in both simulated extracellular 

lung fluid (Lu) and simulated lysosomal fluid (Ly). The DC-2 and SAz-2 montmorillonites 

were purified and size fractionated (0.4 -  2 pm and 0.4 -  5 pm, respectively) through iterated 

settling and washing events in 0.25% sodium phosphate solution. Steady state dissolution 

was reached 9 0 -  100 days after the start of the experiment and maintained for 40 -  60 days. 

Reacted Lu and Ly fluid was analyzed for Mg, Al, and Si on an ICP-OE spectrometer.

Measured montmorillonite dissolution rates based on BET surface areas and Si steady 

state release range from 4.1x10-15 mol/m2/s at the slowest to 1.0x10-14 mol/m2/s at the 

fastest with relative uncertainties of less than 10%. The montmorillonites reacting in Ly (pH 

= 4.55) dissolved faster than those in Lu (pH = 7.40), and DC-2 dissolved faster than SAz-2. 

The measured range of biodurabihties was 1,300 to 3,400 years for a 1 pm grain assuming a 

spherical volume and a molar volume equal to that o f illite. The difference in salinities of the 

two fluids was too slight to draw conclusions about the relationship of fluid composition to 

dissolution rate. Bulk mineral dissolution is considered to be incongruent and edge 

controlled.
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CHAPTER 1 INTRODUCTION

Mineral dissolution experiments are conducted for a variety of reasons ranging 

from research on the storage of radioactive waste to the determination of mineral dust 

biodurability (Sato et al. 2003; Jurinski and Rimstidt 2001). With the modification of the 

Clean Air Act in 1997, the results of geochemical experiments testing dissolution rates of 

mineral dusts began to attract the attentions of the general public as well as the biological 

and medical scientific communities (e.g. Hume and Rimstidt 1992).

Mineral dusts created in industrial applications are particularly problematic as 

they are easily inhaled and are demonstrated to cause numerous pulmonary problems 

(Fubini and Areân 1999). Commonly inhaled mineral dusts include silica, olivine, talc, 

and asbestiform minerals (Jurinski and Rimstidt 2001). Clay minerals are particularly 

mephitic due to their very fine grained, pervasive occurrence. Because lung fluids’ first 

interaction is with the surface of inhaled grains, the surface properties of inhaled mineral 

dusts may have a generally mitigating effect on cytotoxicity and carcinogenicity (Guthrie 

1995). Wendlandt et al. (2007) investigated the surface properties of respirable-sized 

quartz grains in commercial bentonites and recognized pervasive montmorillonite surface 

coatings on silica grains.

Wendlandt et al.’s (2007) research on samples from South Dakota and Alabama 

yielded five basic conclusions about the surface coatings: (1) montmorillonite coatings 

are pervasive on quartz grains and sometimes associated with opal-CT lepispheres, (2) 

coatings are resistant to dissolution, (3) coating thickness is variable, (4) coatings are not 

differentiated according to the quartz grain sizes, and (5) coatings from field samples and 

industrially crushed and milled samples are indistinguishable. The purpose of this study 

is to determine the dissolution rate and biodurability of the clay, montmorillonite, in 

simulated lung fluids and to assess its potential to mitigate silica cytotoxicity. 

Biodurability is a particle’s resistance to dissolution in bodily fluids (Jurinski and 

Rimstidt 2001).

1.1 Clay Mineralogy

Clay minerals are phyllosilicates, one of the six classes of silicate minerals. 

Phyllosilicates, also called sheet silicates, include the clay and mica groups of minerals
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and are characterized by a tetrahedral cation to oxygen ratio of 2:5. The clay subgroup of 

phyllosilicates was originally defined by their size fraction (Nesse 2000). Clay minerals 

comprise the phyllosilicates less than 0 .0 0 2  mm in weathered and sedimentary rocks, 

soils, and sediments (Nesse 2000).

1.1.1 Montmorillonite and Montmorillonite-Coated Silica Grains

Montmorillonite is generally white, pink, or grey with yellow or green tints. It 

has perfect basal cleavage, a white streak, and dull luster. It ranks at 1 -  2 on the Mohs 

hardness scale and exhibits a monoclinic crystal system with 2 /m symmetry. 

Montmorillonite usually occurs in very fine-grained crystals making identification 

difficult using transmitted-light microscopic methods. All crystals are optically negative 

and biaxial with small to moderate 2VX and do not display pleochroism (Nesse 2000). 

Along the cleavage direction, grains are length slow and the extinction angle is nearly 

parallel (Nesse 2004).

Montmorillonite is a dioctahedral smectite, a 2:1 clay phyllosilicate comprised of 

two tetrahedral (T) sheets that bound an octahedral (O) sheet. According to the Glossary 

of Mineral Species, the ideal montmorillonite formula is shown in Equation 1-1 where R 

represents interlayer cations, the total charge on the octahedral sheet is approximately 

-0.33, and the total charge on the tetrahedrally coordinated sheets is zero (Moore and 

Reynolds 1997). Substitution of Al3+ for Si4+ in the tetrahedral sheet can also occur (as 

seen in Figure 1-1) creating a charge imbalance in this sheet. Substitution of Mg2+ for 

Al3+ in the octahedral sheet creates the layer charge in montmorillonite, which is 

neutralized by cations (R+) in the interlayer ( . . .T-O-T-R+-T-O-T-R+...). Beidellite and 

nontonite (Equations 1-2 and 1-3, respectively) are two dioctahedral smectite varieties in 

which the layer charge originates mainly from tetrahedral sheet substitution (Moore and 

Reynolds 1997).

(Equation 1-1)
Ro.33+(A1,.67 Mgo.33)VI SL," 0 , 0  (OH) 2 • 11H2O
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STRUCTURE OF 
MONTMORILLONITE

#  OH
• Si, Al

Al, Fe, Mg

EXCHANGEABLE CATIONS 
n H20

M OD IFIED  FROM  GRIM  (1962)

-igure 1-1. Montmorillonite structure (USGS 2001) 

R o .3 3 + A l 2 VI (S Î3 .6 7  A 1 o .3 3 ) IV O i o ( O H ) 2

Ro.33+ Fe3+2VI (Si3.67 Alo33)IV 0 ,0 (OH):

(Equation 1-2) 

(Equation 1-3)

Smectites exhibit the ability to expand in the presence of water or other organic, 

polar substances. The cation exchange capacity (CEC) of a clay describes the layer 

charge by analyzing the exchangeable cations in the interlayer. Expansive clays have 

higher CEC s than non-expansive clays. Exchangeable cations affect physical properties, 

influence chemical interactions, and neutralize layer charges (Moore and Reynolds 1997). 

The stability of cations in the interlayer varies with cation size and charge, external 

conditions, and the clay mineral in question (Moore and Reynolds 1997).

1.1.2 Surface Area

Since montmorillonite is an expansive clay, the reactive surface area is an 

important dissolution quantity. The BET and EGME methods are two common 

techniques for determining the surface area o f clay minerals. The BET method measures 

the volume and mass o f a non-polar, adsorbed gas to calculate specific surface area 

(Brunauer et al. 1938). The EGME method measures the mass of the adsorbed polar
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molecule ethylene glycol monoethyl ether in the clay interlayer giving an internal surface 

area.

The BET method of surface area analysis is an extrapolation of Langmuir’s theory 

of gas adsorption on solids in unimolecular layers. An adsorption isotherm is generated 

from experimental data: equilibrium and saturation pressures and the volume of adsorbed 

gas. The y-intercept, b, and slope, m, are used to calculate the monolayer adsorbed gas 

quantity, vm, and the BET constant, c (see Equations 1-4 and 1-5). The total and specific 

surface areas of the tested sample can then be calculated using Equations 1-6 and 1-7, 

where N is Avogadro’s number, Ax is the cross-sectional absorption area, V is molar 

volume of the absorbed gas, SSp is the specific surface area, STotal is the toal surface area, 

and a is the molecular weight of adsorbed gas.

(Equation 1-4)

Vm ~ m + b

c = 1 + 
b

(Equation 1-5)
m

(Equation 1-6)
vmNA,

Total ~ y

(Equation 1-7)

S sp =
STotal

Ethylene glycol monomethyl ether (EGME), or 2-methoxy-ethanol 

(HOCH2CH2OCH3), is an organic molecule with many industrial and commercial uses 

(OEHHA 2000). The EGME method does not require the complicated apparatus used for 

the BET method. A drying oven, EGME desiccator, and balance are used to determine 

the mass of the adsorbed EGME. Dyal and Hendricks (1950) pioneered the use of 

ethylene glycol (1, 2-diol, HO CH2CH2OH) as an adsorbent for surface area measurement 

and hypothesized that a monolayer of ethylene glycol formed on both interior surfaces of 

the interlayer region of the montmorillonite crystal structure (McMurry 2008). Quirk and
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Murray (1999) studied the EGME generated surface areas of 18 montmorillonites and 

found Dyal and Hendricks’ hypothesis to be correct for montmorillonites.

1.2 Reaction Chemistry and Lung Biochemistry

Particle morphology and size have a direct effect on the deposition of inhaled 

materials in the lungs while mineralogical properties of the particles control the chemical 

interactions. Surface reactivity, ion exchange in the interlayer, dissolution behavior, and 

sorptive properties govern biological reactivity (Guthrie 1997). Fubini and Areân (1999) 

noted that mineral chemistry is not solely responsible for all lung diseases associated with 

mineral dust inhalation; fiber morphology also plays a key role.

Ion exchange occurs readily between a mineral surface and a fluid when a fluid 

species changes places with a species on the mineral surface of a similar charge. Surface 

area controls a mineral’s capacity for ion exchange while chemicals in biological fluids 

may impede cation exchange by blocking ion channels (Guthrie 1997). Mineral structure 

also plays a role in ion exchange and toxicity, acting similarly to an enzyme. For 

example, the compositionally identical left- and right-handed quartz have different 

toxicological effects on mice because of the different reactions of cells to each mineral 

face (Guthrie 1995). Guthrie (1995) also suggests that the toxicity is related to structural 

defects and the presence and density of redox reaction sites on mineral surfaces.

Although oxidation-reduction reactions are the power behind several common 

geochemical processes, silicates are poor conductors at temperatures associated with 

biological processes (Guthrie 1997). Dissolution behavior of minerals affects the particle 

burden of the lungs and is especially important for cases of chronic exposure. Chronic 

exposure to a suite o f minerals will create a particle burden that changes over time. For 

example, a steady-state burden of chrysotile fibers and a steadily increasing burden of 

tremolite was found in a group of chrysotile miners indicating a slow tremolite 

dissolution rate and a chrysotile dissolution rate approximately equal to the rate of 

inhalation (Guthrie 1997). Dissolution rate of individual layers within a mineral may 

vary as well creating layers leached of certain species (Hochella 1993).
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For ideal montmorillonite in acidic conditions, dissolution stoichiometry is 

thought to follow the mass and charge balanced reaction shown in Equation 1-8 (after 

Metz et al. 2005b).

(Equation 1-8)
[M2+]o.33[A1,.67 Mg033]VI SL,™ O 10 (OH ) 2 •(H 20)„  +  6 H+ +  4H20  «  0.33M 2+ +  1,67A13+ +  
0 .33M g2+ +  4 H4S 1O4 + n H 2 0

Although the idealized montmorillonite composition (Equation 1-1) includes only 

Mg and Al in the octahedrally coordinated sheet, iron (as Fe2+ or Fe3+) is a common 

substitution for the aluminum (Cama et al. 2000). Guthrie (1997) suggests that iron 

exchange from a mineral to the fluid occurs to maintain charge balance. Fubini and Areân

(1999) explain that iron in the body reacts according to the Haber-Weiss cycle (Equation 

1-9), the last step of which is the Fenton Reaction, to create free radicals, notorious 

carcinogenetic agents. Glutatione, ascorbate, cystine, and other metabolites in the body 

act as the reductant in the first step. Free radical generation can occur with even trace 

amounts of iron (Fubini and Areân 1999). Other metallic species may act as the electron 

source (instead of iron) if they are near the mineral surface and there is a potential force 

to instigate electron transfer (Hochella 1993).

(Equation 1-9)
Reductant + Fe3+ -» oxidized reductant + Fe2+
Fe2 + O2 —* Fe3+ + *02
•O2 —> 2 H + e— —> H2O2

Fe2+ + H2O2 Fe3+ + -OH + OH-

1.3 Lung Physiology and Chemistry

Physiological factors have a direct effect on particle reactions with the lungs, 

including dissolution, and in turn, the location in the lung where a particle is deposited 

determines what kind of toxic effects it can have. The respiratory tract is generally 

divided into three sections: the nasopharyngeal, the tracheobronchial, and the pulmonary 

regions. The nasopharynx, also called the extrathoracic region, includes the airways of 

the head beginning at the anterior nares through the larynx (see Figure 1-2). The 

tracheobronchial region is the ciliated area that begins below the larynx and extends to 

the terminal bronchioles. The pulmonary, or alveolar, region is functionally defined by
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gas exchange. The parenchyma, or key functional tissues, o f the lung include the 

alveolar ducts, sacs, and capillaries, the alveoli, and the pulmonary lymphatics (Phalen et 

al. 1995). Figure 1-3 is a diagram of the pulmonary region.
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Figure 1-2. Nasopharynx outlined (Kapit and Elson 1993)
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Figure 1-3. Primary parts o f the pulmonary region (Phalen et al. 1995)

The lungs contain 7xl06 alveolar ducts, 8.4x106 alveolar sacs, and 300 million 

alveoli in average adults, providing approximately 70 m2 for gas exchange (Hlastala and 

Berger 2001). Alveoli range in size from 200 to 300 mm with the size gradient 

decreasing inferiorly (Hlastala and Berger 2001). The air-blood interface where gas 

exchange occurs is a 0.36 -  2.5 mm layer located in the alveoli (Phalen et al. 1995). The 

connecting pores (pores of Kohn) between alveolar sacs are 10 -  15 mm in diameter, 

limiting the size of particles moving between alveoli (Hlastala and Berger 2001).

Asbestosis, silicosis, and fibrosis are common conditions associated with inhaled 

mineral dusts and are all categorized as volume reducing diseases (Hlastala and Berger



2001). Secondary effects of inhaled dusts, like tumors that invade large volumes of the 

lung affect overall function and the ability of the lung to repair damage and remove 

foreign particles. Emphysema degrades the tissue separating alveoli, creating larger open 

spaces and allowing larger particles to move freely (Hlastala and Berger 2001). Asthma 

also affects particle movement and alters responses to inhaled dusts.

1.3.1 Particle Interactions with the Lung

The lungs have a myriad of reactions to deposited particulate matter (PM). What 

happens to an inhaled grain in the lung affects the time it has to dissolve, what kinds of 

cells it come into contact with, and what kind of fluids with which it interacts. Actual 

physical mechanisms for removal are common for larger particles deposited in the upper 

lungs. If particulate matter cannot be removed early on, the lymphatic system may 

respond an/or dissolution may result.

Deposition of inhaled PM occurs via five mechanisms: sedimentation, impaction, 

diffusion, interception, and electrostatic precipitation. Each mechanism is shown in 

Figure 1-4. Sedimentation and impaction are functions of the aerodynamic properties of 

the particle. Particle diffusion is determined by individual diffusive properties. 

Interception occurs when particle passes close enough to an airway wall that it adheres to 

the surface. Electrostatic precipitation is usually negligible in the generally neutral fluids 

of the lung. Biological characteristics of airways also affect deposition. Respiration rate 

and air-intake volume are important as well as the dimensional characteristics of the 

respiratory tract. Dimensional characteristics are in turn affected by species, age, and the 

adverse affects of preexisting respiratory conditions like asthma or smoking (McClellan 

2000). The type of airflow, turbulent or laminar, is affected by the inhaled gas 

composition and airway constrictions and in turn, affects deposition (Schulz et al. 2000).

9



J !  Gravity

Figure 1-4. PM deposition mechanisms (McClellan 2000)

Deposition varies in the different respiratory regions. In the superior 1/3 of the 

nasopharynx, 80% of particles 7 mm or larger are deposited. Deposition in the 

tracheobronchial region is predominated by inertial impaction at airway bifurcations, 

sedimentation, and Brownian diffusion (Phalen et al. 1995). Fibers are particularly 

susceptible to interception in this region. During mouth breathing, the tracheobronchial 

region accumulates more particles that would normally be deposited in the nasopharynx 

(Schulz et al. 2000). Particle distribution in the lungs is generally graded according to 

size with larger particles deposited superiorly and smaller particles deposited more 

distally. Figure 1-5 graphs the particle distribution in the lungs by particle size. Particles 

less than 5 mm may reach the alveoli, though the size range of concern in terms of health 

effects is 1 -  5 mm. Although particles less than 1 mm may be deposited in the alveoli, 

the associated dose of pollutant is considered negligible (Hlastala and Berger 2001).
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Figure 1-5. Regional depositional distribution based on particle size (McClellan 2000)

During the day, an average adult human breathes 10,000 to 20,000 L of air. 

Assuming a conservative PM load for air of 10 mg/m3 (0.01 mg/L), humans inhale 

approximately 100 mg per day (Gilmour and Koren 2000). The first respiratory system 

response of the lungs to foreign particles is clearance (see Figure 1-6), which is an 

interplay between mechanical and biological mechanisms (McClellan 2000). There are 

four mechanisms in place to clear particulate matter: dissolution of relatively soluble 

minerals resulting in absorption into the circulatory system, direct passage of particles to 

the interstitium or the blood, phagocytosis with translocation, and removal by the 

lymphatic system. The lungs may also exhibit a carcinogenic response; each response is 

governed by different factors relating to the particle, its location, and the current state of 

the lungs (Snipes 1995). Factors affecting PM retention and biological response are 

shown in Table 1-1.
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Figure 1-6. Schematic of clearance mechanisms (McClellan 2000)

Table 1-1. Factors affecting PM retention in the lungs (Geiser et al. 2000'
Physical Characteristics Size

Morphology
Elastic properties

Chemistry Solubility
Surface structure
Surface composition

Physiologic Considerations Elastic properties of lung surface
Deposition location
Route and distance of clearance pathway

Particle-Lung Interaction Surfactant properties
Air-liquid interface
Aqueous phases
Cells present

Deposition of PM in the nasopharynx triggers serous and mucus secretion and 

flow. The mucus may then move anteriorly to be removed by blowing, dripping, or 

sneezing or posteriorly to the pharynx where it is swallowed (McClellan 2000). The 

larynx is home to several mechanoreceptors (reflex triggers that result in mechanical 

reactions) sensitive to pressure, water, and cold and can cause coughing and apnea 

(Hlastala and Berger 2001). There is a four-minute half-life clearance time for particles 

deposited in the nasopharynx region.
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PM deposited in the tracheobronchial region encounters a layer of mucus moving 

towards the pharynx. The system of beating cilia and moving mucus is called the 

mucociliary escalator. When free and engulfed particles reach the pharynx, they are 

swallowed. Tracheobronchial clearance is on the order of hours with a small fraction 

cleared more slowly and a very small fraction carried to the epithelial cells and other 

underlying tissues (McClellan 2000).

Stimulated irritant receptors in this region result in a cough responses, changes in 

mucus production, and airway constriction (McClellan 2000; Hlastala and Berger 2001). 

Cough clearance supports the mucociliary escalator, especially in diseased lungs where 

there is extra mucus secretion. Cough receptors are located in the trachea and the larger 

bronchi and trigger an exhalation with a linear air speed of up to 5 m/s (Kreyling and 

Scheuch 2000).

The lymphatic system (LS) plays a role in maintaining homeostasis of 

physiological fluids, respiratory system defenses, clearance of raw and phagocytized PM, 

and removal of excess fluid from tissues. The pulmonary lymphatic system is found in 

superficial areas of the pleura (the epithelial lining of the lung) and deep areas in the 

peribroncho-vascular connective tissue where it lines the pulmonary arteries, veins, and 

bronchi. The pulmonary LS converges at the hilar lymph nodes. While the complicated 

drainage system is beneficial to removal of PM to the hilar lymph nodes, it can also lead 

to the accelerated spread of cancer cells generated in the respiratory region (Phalen et al. 

1995).

The basic components of the LS are common to all mammals but the rates of 

clearance and the maximum bearable loads vary from species to species. The LS of small 

mammals cannot bear as great of a PM load as that of larger mammals. There are two 

lymph tissues in the lungs of mammals: the encapsulated, well-organized tissues of the 

thoracic lymph nodes (TLNs) and the bronchus-associated lymphoid tissue (BALT). The 

role of BALT is not well-known in relation to particle clearance but the tissue may 

facilitate the emplacement of macrophages onto the ciliated epithelium and thus the 

removal of phagocytized material via the mucociliary escalator. Under normal 

conditions, clearance to TLNs is preferential to toxic materials. However, as lung burden 

increases, overall PM clearance to TLNs increases.
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Endocytosis is the engulfment of material in a cell and is divided into 

phagocytosis, the incorporation of solid materials, and pinocytosis, the incorporation of 

fluid materials (Raven 2005). In the pulmonary region, macrophages are the first line of 

defense in PM removal. Pulmonary alveolar macrophages (PAMs) are large, 10 -1 5  pm 

in diameter, nucleated cells that move, engulf foreign particles, and are found on the 

interior surfaces of the alveoli (Coleman 2008). PAMs are not a fixed part of the 

epithelium and help maintain a sterile lung environment. The PAMs undergo 

chemotaxis, movement in response to chemical stimuli. Ingestion of PM is highly 

efficient beginning within minutes of deposition in the pulmonary region. When a PAM 

begins phagocytosis, it releases chemotactic factors, which recruit additional 

macrophages to the site (Snipes 1995). Maximum phagocytotic efficiency is maintained 

when macrophages are engulfing a small number of particles in the 1 .5 -8  mm diameter 

range (Phalen et al. 1995).

A second migratory phagocytotic cell is the polymorphonuclear leucocyte or 

neutrophil (Snipes 1995). Under normal conditions, neutrophils are present in small 

numbers that increase with increasing lung burden. Additional neutrophils are recruited 

from the circulatory system when overwhelming the PAMs triggers an inflammatory 

response. Neutrophil function in the removal of inhaled PM is not well understood and 

further research is indicated (Snipes 1995).

The efficiency of phagocytosis depends on particle size, shape, chemical 

composition, and overall mass. The number of PAMs is related more to the number of 

particles rather than the mass. If the accumulation of PM is high enough, PAMs will be 

rendered immobile and translocation of phagocytized material will slow significantly or 

stop altogether. Lung overload is defined as the point at which “macrophage-mediated 

lung clearance is overwhelmed” (Snipes 1995). Few studies have been conducted on the 

background PM burden of humans so it is difficult to determine the precise overload lung 

burden.

The nervous system in the respiratory system exerts control over several 

functions: directing the muscles used for breathing, adjusting the diameter of bronchi, and 

triggering the cough, gag, and sneeze reflexes. Initiation and control of protective 

breathing patterns are also governed by the nervous system. Nerves adjust blood flow in
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the respiratory system and impart sensory information relating to odor back to the brain. 

Secretion of mucus, a major factor in particle clearance, is also determined by nerves 

(Phalen et al. 1995). So while the nervous system does not directly clear particles, its 

function is vital to the continued health and operation of the lungs.

1.4 Extracellular Fluid Chemistry

Apart from mucous, the first that fluid inhaled particles interact with is 

extracellular fluid (EF). EF comprises the plasma of the blood (5% of body weight) and 

interstitial fluid (15% of body weight), which is the fluid outside cells (Gamble 1954). 

Physiochemical stability and nutrient and waste transport are the primary functions of EF 

and fluid movement is controlled by the cardiovascular system. The overall chemical 

composition of EF is maintained by the kidneys while the respiratory system plays a 

major role in the buffering system of the fluid (Gamble 1954).

Figure 1-7 compares the major components and cation-anion balance of seawater, 

the two types of EF, and intracellular fluid. The protein components of the interstitial 

fluid maintain the cation-anion balance and affect fluid movement through the body. Sea 

waster is included because EF mimics (and has evolved to replace) both the function and 

composition of the environment of early life. The non-electrolyte component is 

comprised of nutrients, glucose, amino acids and other electrically neutral substances.

All values found in the figure are for a healthy human and represent approximate values. 

Small deviations in chemical composition are normal and caused by the intermittent 

ingestion of water, nutrients, and other chemical sources and the lag time for renal 

adjustments (Gamble 1954).
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Figure 1-7. Composition and cation-anion balance in EF, seawater, and intracellular fluid 
(Gamble 1954)

Foreign particles in EF generally interact with ions rather than salts (with the 

exception of carbonic acid). Figure 1-7 shows Gamble’s (1954) division of the acid and 

base components with sodium comprising the vast majority of the base. After chloride, 

carbonic acid is the most abundant acid and vital in the buffer system. The buffering 

system of bodily fluids exerts a tight control on the overall chemistry of the body. In a
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buffer system, a weak acid with little H+ dissociation substitutes for a strong acid with 

nearly complete H+ dissociation (Gamble 1954).

The majority of mineral dissolution studies have concentrated on acid and 

alkaline conditions and found that dissolution rates are heavily dependent on pH. To 

fully understand dissolution in body systems, it is important to understand the buffer 

systems of EF. The pH range compatible with life is 7.0 -  7.8, and the pH range of a 

healthy human is defined as 7.35 -  7.45. Carbonic acid constitutes the largest metabolic 

end product in the body, and its dissociation and equilibrium with bicarbonate precisely 

controls the concentration of H+. The common ion effect governs the equilibrium 

between carbonic acid and bicarbonate (Equation 1-9), and thus H+ (Gamble 1954). The 

body does not have to maintain exact amounts of carbonic acid and bicarbonate, only a 

fixed ratio of 1 :2 0 .

(Equation 1-9)
H H C 0 3 <=>

Base.HC03 <^(Base+)(H C 0f)

The respiratory system rigorously controls the amount of carbonic acid and the 

overall ratio, regulating pH much more effectively than in vitro (Gamble 1954). The first 

control mechanism is the removal of excess carbonic acid. The removal of carbonic acid 

requires no effort on behalf of the respiratory system. The reverse process, increasing the 

carbonic acid levels, changes the tension of alveolar CO2 and requires labor-intensive 

breathing alterations. The greater the amount of bicarbonate present, the more difficulty 

the respiratory system will have maintaining pH (Gamble 1954).

Although the carbonic acid/bicarbonate buffer system gives the body fine pH 

control, the same buffer system becomes difficult to manage in vitro (Gamble 1954). The 

biological simulant fluids of modem dissolution experiments are usually based on 

Gamble’s chemical analysis of EF, but use different ratios of carbonic acid/bicarbonate 

and other chemicals to buffer pH (Jurinski and Rimstidt 2001; Bauer et al. 1997).

Fluid turnover in the human system is an important variable in digestion 

experiments because it affects analyte saturation, sample handling and fluid processing, 

and several extrinsic considerations like solid-to-liquid ratios and fluid storage.
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Complete turnover of an average, healthy adult’s 14,000 cc of EF occurs about every 7 

days with continuous fluid intake and outgo. Water intake comprises three pathways: 

water components of food, water swallowed directly, and water byproducts from food 

metabolism. Fluid outgo is comprised of losses in stool and urine and insensible 

perspiration—evaporation through the lungs and the skin that is not perceptible as 

moisture (Gamble 1954).

1.5 Previous Dissolution Experiments

Dissolution rate experiments have been carried out for a wealth of reasons and 

using a variety of geochemical methods. Batch dissolution experiments, in which the 

samples are placed in isolated containers of solvent, do not perfectly simulate the 

dynamic conditions inside a human lung. In the body, fluids and tissues are continually 

recycled depending on the type o f fluid or tissue. Movement or air into and out of the 

lungs, foreign particle expulsion mechanisms, and immune system responses to foreign 

particles create a dynamic environment in which a particle may dissolve or react in other 

biologically affecting ways. Previous dissolution rate experiments both to determine 

biodurability and dissolution in non-biological solvents simulate semi-dynamic 

environments by conducting flow-through experiments. Even flow-through experiments 

are simple in comparison to actual lung conditions, but they represent the best option for 

in vitro studies.

Jusrinski and Rimstidt (2001) conducted flow-through experiments with several 

biological solvents to determine the biodurability of talc. Saldi et al. (2007) also studied 

talc using mixed flow-through reactors to examine CO2 sequestration. Plumlee and 

Ziegler (2004) studied the physiological effects of dusts and aerosols collected in the 

debris from the World Trade Center. Forsteritic olivine dissolution at low pH was 

studied by Rosso and Rimstidt (2000) using recycled mixed flow reactors. Hume and 

Rimstidt (1992) tested the biodurability of chrysotile asbestos. The surface reactivity of 

galena was studied by Cama et al. (2004). Rimstidt and Newcomb (1993) studied 

reaction rates of ferric iron with pyrite in batch and plug flow reactor experiments. 

Kaolinite dissolution rates were studied by Ganor et al. (1995), Bauer and Berger (1998), 

and Huertas et al. (1999). Rimstidt and Barnes (1980) studied high temperature quartz
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dissolution in batch experiments to test the use of quartz as a geothermometer.

Dissolution of man-made vitreous fibers in rat alveolar macrophages was studied by 

Luoto et al. (1994). Chemical durability of siliceous fibers (including man-made vitreous 

fibers) was studied by Scholze and Conradt (1987). Bauer et al. (1997) studied 

biodurability of wool fibers. A summary of non-smectite mineral dissolution studies with 

experimental set-up and conditions is shown in Table 1-2.

Metz et al. (2005) studied the stoichiometry of smectite (SAz-1, STx-1, and SWy- 

1) dissolution reaction using flow-through reactors. According to Metz et al. (2005), 

distinct trends in the concentrations for Si, Al, Ca, Na, K, and Mg should emerge from 

the start of dissolution to steady state. Steady state conditions may be identified by 

constant concentrations of A1 and Si that do not indicate a dependence on experimental 

conditions (Metz et al. 2005). Metz et al.’s (2005) dissolution rates were calculated for 

each dissolved component over time. When each constituent produced the same 

dissolution rate, the system had reached the steady state dissolution rate of the mineral as 

a whole. Smectite dissolution kinetics were studied by Cama et al. (2000) using batch 

experiments. Cama et al. (2000) determined that bulk mineral dissolution rates were a 

function of Si release and not inhibited by A1 release. The smectite samples Cama et al.

(2000) used were comprised of 85-90% montmorillonite, 15-10% illite, and 3% quartz, 

cristobalite and feldspars.

Researchers interested in the sealant properties of montmorillonite and other 

smectites for use in the storage of radioactive nuclear wastes have studied dissolution 

under high pH and subsurface conditions. Huertas et al. (2001) studied the dissolution of 

montmorillonites (comprised of 96% smectite and 4% cristobalite, quartz, calcite, and K- 

feldspar) in granitic solutions. Si release was used to calculate dissolution rates (Huertas 

et al. 2001). Sato et al. (2003) studied smectite dissolution under alkaline conditions 

using flow-through reactors and atomic force microscopy. Sato et al. (2003) concluded 

that dissolution was dominant along edges despite the appearance of etch pits on the basal 

plane.

Bauer and Berger (1998) studied the dissolution of two smectites (one pure 

montmorillonite and one 65% montmorillonite/3 5% biedellite) in KOH solutions to 

examine their behavior in the alkaline flooding of fine-grained sandstone reservoirs. The
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Bauer and Berger (1998) study also included comparison with dissolution of kaolinite 

under the same conditions. They concluded that the difference in dissolution rates 

between the two smectites was due primarily to the substitution of A1 in the tetrahedral 

layer (Bauer and Berger 1998). A summary of smectite mineral group dissolution 

experiments is listed in Table 1-3.

While several other minerals dissolution rates have been studied under body 

conditions, there is a dearth of experimentation with montmorillonite. In this study, a 

modified batch experiment was used to determine the dissolution rate and biodurability 

for montmorillonite in simulated lung fluid (pH 7.4) and lysosomal fluid (pH 4.55) at 

37°C.
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Table 1-2. Summary of non-smectite mineral dissolution experiments
Mineral pH T(°C) Solvent Exp. Setup Source
Talc 2 - 8 37 PB* Saline, 

MG**
Mixed flow- 

through
Jurinski and 
Rimstidt 2001

Talc 1 .7 -1 2 2 5 -
150

Ionic strength* Mixed flow- 
through

Saldi et al. 2007

Olivine F092 1 .8 -
3.8

2 5 -
45

Mg, HNO3 
sltns.

Recycled 
mixed flow

Rosso and 
Rimstidt 2000

Galena 1,3 25 0.01 M Fei+ Flow-through Cama et al. 2004
Pyrite 25 Ferric chloride 

solutions
Batch, mixed- 
flow, and plug- 
flow reactors

Rimstidt and 
Newcomb 1993

Kaolinite 2 - 4 .2 25, 
50, 80

HCIO4
solutions

Stirred flow 
reactors

Ganor et al. 1995

Kaolinite 11 .47-
13.92

35, 80 KOH solutions Batch Bauer and Berger 
1998

Kaolinite 1 - 1 3 25 PH tl
maintenance^

Batch Huertas et al. 
1999

Quartz 0 -
300

NaOH and 
H2SO4

Batch Rimstidt and 
Barnes 1980

MMVF1 -7.4 37 MG with rat 
PAMs

Batch; short 
exposures

Luoto et al. 1994

MMVF1 7.6 37 Simulated EF Flow-through Scholze and 
Conradt 1987

Wool fibers ?? 37 MG Bauer et al. 1997
* PB Saline = Phosphate suffered saline solution
** MG = Modified Gamble’s solution 
t  MMVF = Man-made vitreous fibers
#  Heurtas et al. used a variety of solution compositions for pH maintenance purposes: 

NaCl, NaaCOg, NaOH, HAcO, and NaAcO 
± Saldi et al. used a variety of solution compositions for ionic strength maintenance

purposes: HC1, NaOH, NaCl, NH4CI, NH4OH, NaHaPO  ̂KH2PO4, and MgCla
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Table 1-3. Summary of smectite group mineral dissolution experiments
Mineral pH T(°C) Solvent Exp. Setup Source
SAz-1, STx-1, 
SWy-1

2 ,3 50 HC104
solutions

Flow
through

Metz et al. 
2005

Smectite/illite
mixture*

8.8 80 Borax + 
NazSiOs sltns.

Batch; flow
through

Cama et al. 
2000

Smectite* 7 .6 -8 .5 20, 40, 
60

Granitic
solutions

Semi-batch Huertas et al. 
2001

Purified smectite1 1 3 -
13.5

30, 50, 
70

NaOH
solutions

Flow
through

Sato et al. 
2003

2
Montmorillonites**

11.47-
13.92

35, 80 KOH
solutions

Batch Bauer and 
Berger 1998

* 85-90% montmorillonite, 15-10% illite, 3% quartz, cristobalite and feldspars 
** 96% smectite, 2% cristobalite, 1% quartz, 1% calcite and K-feldspar
J Kunipia-p smectite from Kunimine Industry Co. Ltd.
#  1 “pure” montmorillonite; 1 65% montmorillonite/3 5% biedellite
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CHAPTER 2 METHODOLOGIES

2.1 Sample Preparation

Careful sample preparation ensured that all clay samples and fluid mediums were 

well characterized. The procedures detailed in this section were used to standardize the 

generation of fluids and the pretreatment of the montmorillonite.

2.1.1 Previous Work

A variety of sample pretreatment methods have been used in previous dissolution 

rate experiments. In the determination of the biodurability of talc, Jurinski and Rimstidt

(2001) did not pretreat talc samples before placing them in the reaction chamber.

Scholze and Conradt (1987) also opted not to pretreat silica fibers they studied. Metz et 

al. (2005a) followed a 24-hour Nz degassing procedure before BET analysis to decrease 

microporosity of their smectite samples. Metz et al. (2005b) completed a 5-month, two- 

stage heated soaking (in 0.001M HC104 and subsequently in water) pretreatment for 

smectite samples. Cama et al. (2000) soaked smectite samples in a borax solution for two 

months before a short drying period. Amram and Ganor (2005) soaked smectite samples 

in a 0.001M HN03 solution following an earlier procedure used by Gànor (2005). Bauer 

et al (1997) completed a short drying and degassing pretreatment on natural and man- 

made glass fibers.

The goal of pretreatment for this experiment was to purify and homogenize the 

montmorillonite as much as possible by removing accessory minerals and size separating 

the fraction of interest. A dispersant, sodium phosphate, was the only chemical the 

mineral contacted in pretreatment and thorough rinsing in DI after size separation 

prevented chemical contamination.

2.1.2 Montmorillonite

The montmorillonites used in the dissolution experiments described here-in are 

DC-2 and SAz-2. DC-2 is a sodium montmorillonite similar to SWy-1 provided by 

American Colloid Compamy, and SAz-2 is a calcium montmorillonite from Apache 

County Arizona and a Clay Minerals Society Standard. Both clays were subjected to the
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same pretreatments with variations only in the number of size-separating settling 

iterations determined to provide a “pure” montmorillonite for the dissolution rate 

experiments (see Section 2.2.1).

The Clay Minerals Society defines the SAz-2 source clay as chemically and 

structurally identical to SAz-1. The SAz sample is a calcic montmorillonite that 

originates from the Pliocene Bidahochi Formation in the Chambers and Cheto district 

near Sanders, Arizona (Moll 2001). The Bidahochi Formation was formed by stream 

action with contemporaneous volcanism and subsequent erosional periods (Moll 2001). 

Borden and Giese (2001) studied the CECs of the Clay Mineral Society standards and 

found SAz-1 to have the highest CEC of all the clays and the montmorillonites at 123 ± 3 

meq/100 g. Mermut and Cano (2001) conducted chemical analyses of eight Clay 

Minerals Society standards including SAz-1. The results of those analyses produced the 

stoichiometric ratios shown in Table 2-1 (after Mermut and Cano 2001).

Table 2-1. Stoichiometric results of chemical analyses of SAz-1 (Mermut and Cano 
2001)___________

Tetrahedral
Si 7.86
A1 0.14

Octahedral
A1 2.82
Ti 0.02
Fe3+ 0.18
Mg 1.32

Interlayer
Ca 0.88
Na 0.01
K 0.05
O 22

The CEC of DC-2 is 104 -  126 meq/100 g calculated by the Methylene Blue 

method (personal communication, Alfred Williams, American Colloid Company 2003). 

No chemical analyses were available specifically for the DC-2 used in this study. 

Structural formulas were calculated from two DC-2 analyses (AM Col 2008). The 

Volclay HPM 20 is the most similar to DC-2 but the granular Na Bentonite Volclay
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provided the best chemical analysis from which to calculate the stoichiometric ratios (see 

Table 2-2). The resulting Na Bentonite Volclay and Volclay HPM 20 are shown in 

Equations 2-1 and 2-2, respectively.

Table 2-2. Stoichiometric results from chemical analyses of DC-2 (AM Col 2008)
Volclay HPM 20 Granular Bentonite

Tetra ledral
Si 4.05 Si 3.91

A1 0.09
Octa ledral

A1 1.42 A1 1.33
Fe3+ 0.21 Fe3+ 0.21
Mg 0.23 Mg 0.23

Fe2+ 0.02
Interlayer

Ca 0.08 Ca 0.04
Na 0.27 Na 0.31
O 12 O 12

(Equation 2-1)
(Cao.o4 Nao.31) (Ah.33 Fe3+o.i5 Fe2+o.02 M g o .2 5 )  (Ah.33 Si3.9i) O10 (OH)] (H20)n

(Equation 2-2)
(Cao,o8 Nao.27) (Ah.42 Fe3+o.2i M g o .2 3 )  Si4.os O10 (OH)] (H20)n

2.1.3 Sample Purification

Particle size separation was completed with gravitational settling. The first step 

was to create a high-concentration suspension. Percent recovery from settling events 

varied with the desired particle size and the dispersing solution. A dispersing solution of 

0.25% Sodium Phosphate Dibasic (Na]HP0 4 ) was used for size separation. 

Approximately 3.0 g of raw (un-size separated and powdered) sample was added to 1 L 

of dispersant solution and stirred for 5-10 minutes until fully dispersed. Raw sample was 

added in 3.0 g increments following the above addition and stirring procedure until the 

total solid material added reached approximately 10.0 g. The high-concentration 

suspension container was filled to the 1 L mark and covered. The thoroughly mixed 

suspension was allowed to equilibrate for 24 hours before starting timed gravitational 

settling events. Adding more than 3.0 g raw sample at a time tended to require increased

25



stir time. The concentration of 10.0 g/L was used to avoid excessively loading the 

suspensions. Extreme concentration of raw material in a suspension would cause 

particles to behave in a non-Brownian manner, which is important for the reasons 

described below.

After the 24-hour equilibration period, the suspension was stirred for 5-10 

minutes to re-suspend all particles. The height of the column of suspended particles was 

measured and recorded and the time noted when agitation of the suspension stopped. 

Table 2-3 lists the particle settling times (calculated from Stokes’ Law) in deionized 

water (DI) based on column height and particle dimension. After the allotted time 

determined from the application of Stokes’ Law, the supernatant was decanted and the 

settled material (and remaining supernatant) was disposed of. The reserved supernatant 

was then gravity settled again following the same process. The number of iterated 

gravity settling events was determined by the elimination of contaminating minerals and 

the percent recovery (see Section 2.2.1).

Table 2-3. Gravity settling times for particles in DI water
Column Height Particle Size Settling Time

Cm pm hh:mm
5 2 03:27
5 5 00:33
5 10 00:08
10 2 06:54
10 5 01:06
10 10 00:17

Stokes’ Law makes four assumptions: (i) particles reach terminal velocity 

immediately, (ii) the settling and resistance are due entirely to the viscosity of the fluid, 

(iii) particles are smooth and spherical, and (iv) there are no particle-particle interactions. 

According to Gee and Bauder (1986), assumptions (i) and (ii) are met if the particles in 

suspension are less than 80 pm in diameter. At first glance, assumption (iii) appears the 

most problematic as clay mineral grains are more closely modeled by a disk rather than a 

spherical geometry. However, the greatest resistance seen by a sphere may be modeled 

by a disc shape (see Figure 2-1). If the particles were to settle vertically with the widest 

measurement parallel to the direction of settling, the particles would settle out faster and
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the size fraction would not be contaminated with particles larger than the desired range. 

But disc shaped particles will not settle completely in a single orientation. Problems with 

assumption (iv) can be overcome by avoiding the maximum concentration of suspended 

particles and by fully dispersing the raw material in the DI. Others have done 

calculations to account for deviations from Stokes’ assumptions, but the approximation 

for these experiments is sufficiently precise.

\|z  Nk

Figure 2-1. Particle geometries in Stokes’ Law assumption (iii)

After the gravitational settling events, the final supernatant was placed into clean 

centrifuge tubes and centrifuged for 50 minutes at 1000 rpm to separate out particles less 

than 0.4 pm, leaving a grain size range of 0.4 -  2 pm and 0.4 -  5 pm for DC-2 and SAz- 

2, respectively. The supernatant was decanted and disposed of and the settled portion 

reserved. The solids were resuspended in DI water using a vortex mixer. The new 

suspension was centrifuged for an additional 50 minutes and the supernatant decanted to 

remove any of the dispersant from the settling events. The reserved material was 

resuspended and centrifuged a third time following the same process.

The vortex mixer and a squirt bottle of DI water were used to remove the settled 

material from the centrifuge tubes. The final suspension was placed in a clean beaker 

(with a known mass) and left in a drying oven at 50°C for a week to bake off the water. 

When dry, the beaker of material was placed in a desiccator and allowed to cool to room 

temperature. The final weight of the sample was then used to calculate the percent 

recovery (see Equation 2-3).
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(Equation 2-3)
R = ™ÊaLx m

m in itia l

The dried samples from several different series of settling events were powdered 

and homogenized to produce the final clay sample for characterization and use in the 

modified batch dissolution experiments.

2.1.4 Surface Area

Surface area analysis is necessary to calculate a dissolution rate for both clays. 

Both BET and EGME methods were used to determine the external and internal surface 

areas, respectively. The Richards Research Group in the Chemistry Department 

conducted the BET surface area analysis on approximately 200 mg each of DC-2 and 

SAz-2 using N2 gas.

To obtain the EGME surface area, the size-separated, homogenized 

montmorillonites were dried to a constant weight at 50°C. Less than 200 mg of dry, 

room temperature clay was then added to a weigh boat of known mass. The sample was 

then placed an EGME desiccator and allowed to adsorb the EGME into the interlayer for 

72 hours. The saturated sample was then weighed to determine the mass of the adsorbed 

EGME and the interior surface area was calculated using Equation 2-4 where SA is 

specific surface area in m2/g, madsorbed is the mass of adsorbed EGME in g, nisampie is the 

mass of dried sample in g, and hiegme is 0.000286 g/ m2, the mass of a monomolecular 

layer o f EGME on 1m2 of surface (Carter et al. 1986).

(Equation 2-4)
£4 _ m adsorbed

m sample x m EGME

2.1.5 Fluids

The simulant fluids used for the modified batch dissolution experiments were 

prepared following the formulas used by Stefaniak et al. (2005) and Bauer et al. (1997). 

The same recipes are used by the USGS in the Geochemical Group’s studies of asbestos, 

soils, and aerosols.

28



The lung extracellular simulant fluid (Lu) is made from the ingredients listed in 

Table 2-4. The chemical and biological components of extracellular lung fluid were 

originally determined by Gamble (1954) so the fluid is often called Gamble’s solution. 

The recipe used in this experiment is modified from the Bauer et al. (1997) recipe with 

the addition of the Penicillin-Streptomycin (an anti-bacterial) and the mercury chloride 

(HgCb). The solution differs from the original Gamble’s solution because it contains 

only one protein, Glycine. Bauer et al. (1997) eliminated most organic components to 

prevent filtration problems. The Bauer et al. (1997) version also introduces the sodium 

phosphate as a solution rather than a solid. Problems with the dissolution of the solid 

sodium phosphate in 100 mL of DI water were circumvented by adding the equivalent 

amount of solid (based on the concentration) to the Lu solution.

Amounts of the solids were weighed out to within ± 0.0005 g of the desired mass. 

A small amount of DI water was added to a 1 L Erlenmeyer flask and the ingredients 

were added in the following order:

1. Ammonium chloride solution

2. Sodium chloride

3. Sodium bicarbonate

4. Sodium carbonate

5. Sodium phosphate dibasic

6. Sodium citrate solution

7. Glycine

8. Sulfuric acid solution

9. Calcium chloride solution.

Small amounts of DI water were added continuously to ensure the solids completely 

dissolved. The Penicillin- Streptomycin was then added, and the flask was filled to the 1 

L mark with DI water. The solution was then heated to 37°C in a water bath and titrated 

to a pH of 7.40 with 9.1% HC1 solution. The HgCb was then added to the final, titrated 

solution. If the mercury chloride was added before titration, a white precipitate formed 

and would not dissolve. All chemicals used were reagent or higher grade.
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Table 2-4. Simulated lung fluid ingredients (1L)
Amount (mL) Amount (g) Reagent

a 5 10.701 Ammonium chloride
b 0.166 Sodium phosphate dibasic
c 2.5 2.36 Sodium citrate dihydrate
d 2.5 2.03 Sulfuric acid
e 2.5 1.16 Calcium chloride dihydrate
f 6.78 Sodium chloride
g 1.77 Sodium bicarbonate
h 0.629 Sodium carbonate
i 0.45 Glycine
j 5 Penicillin- Streptomycin
k 100 ppm Mercury chloride

The lysosomal simulant fluid (Ly) is made from the ingredients listed in Table 

2-5. The recipe is modified from the Stefaniak et al. (2005) recipe with the addition of 

the Penicillin-Streptomycin and the mercury chloride.

Amounts of the solids were weighed out to within +/- 0.0005 g of the desired 

mass. A small amount of DI water was added to a 1 L Erlenmeyer flask and the first six 

ingredients listed were added in any order. Small amounts of DI water were added 

continuously to ensure the solids completely dissolved. The HgCh and Penicillin- 

Streptomycin was then added, and the flask was filled to the 1 L mark with DI water.

The solution was then heated to 37°C in a water bath and titrated to a pH of 4.55 with 0.5 

M KOH solution. The salinities calculated based on the compositions of each simulant 

fluid are listed in Table 2-6.

Table 2-5. Simulated lysosomal fluid ingredients
Amount (g) Reagent

0.1420 Sodium phosphate dibasic
6.6500 Sodium chloride

.0.0710 Sodium sulfate anhydrous
0.0290 Calcium chloride dihydrate
0.4500 Glycine
4.0846 Potassium hydrogen phthalate
5 mL Penicillin- Streptomycin

100 ppm Mercury chloride
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Table 2-6. Comparison of simulant fluid salinities and pH
Salinity

PH g/L mol/L
Ly 4.55 10.98 0.136
Lu 7.40 10.47 0.161
Freshwater 6-8 5
Seawater 7.5-8.4 35
Blood 7.4 0.09

2.1.6 Safety and Hazards

When working with the powdered clays, a mask was worn to prevent inhalation. 

Goggles and nitrile gloves were worn at all times working with chemicals. All chemical 

waste and unused simulant fluids were disposed of in specially marked waste containers. 

Strong acids and bases were handled in a fume hood. All work involving the autoclave 

was conducted carefully to prevent bums from hot glass, liquids, or steam.

2.2 Preliminary Experiments

Preliminary experiments were conducted to determine how to conduct 

pretreatments and how to proceed with the main batch dissolution experiments. The 

purpose of the iterated settling time experiments was to optimize the purity and material 

recovery. The purpose of the simulant fluid shelf-life experiments was to determine the 

long term viability of the fluids under body conditions.

2.2.1 Iterated Settling Time Experiments

Tests were conducted on iterated settling events to determine the optimum 

preparation to minimize impurity contamination and maximize material recovery. XRD 

was conducted on iteratively settled samples of size fractions less than 5 pm and less than 

2 pm. Five iterations of settling for clay sample DC-2 are depicted in Figure 2-2 through 

Figure 2-5 with the contaminating quartz peaks at approximately 26.67° 20 (3.342Â) 

labeled (Moore and Reynolds 1997). All experiments were conducted twice to test 

reproducibility identified by the Trial A or Trial B notation. In each figure, the iteration 

events proceed from the first at the bottom to the fifth at the top.

31



Figure 2-2. XRD of iterated DC-2 <5 pim settling events for Trial A
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Figure 2-3. XRD of iterated DC-2 <5 pirn settling events for Trial B
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Figure 2-4. XRD of iterated DC-2 <2 pirn settling events for Trial A
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Figure 2-5. XRD of iterated DC-2 <2 pirn settling events for Trial B

For clay DC-2, three iterations of size separation settling optimized purity and 

recovered material. A similar test determined two iterations of settling were optimal for
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clay SAz-2. XRD patterns of the final separated material (<0.5 pm) are shown in Figure
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Figure 2-6. XRD of final SAz-2 material (<5 pm)

2.2.2 Simulant Fluid Shelf-Life Experiments

A batch of the Lu fluid was divided into a two parts: one without the anti-bacterial 

additive and one with the anti-bacterial additive. The two fluids were sampled (15 mL 

volumes removed from each) and placed in a water bath at body temperature. Two sterile 

Petri dishes were filled with autoclaved Tryptic Soy Agar and allowed to gel. An 

inoculating needle was dipped into the removed samples and swiped across the hardened 

agar. The two fluids were sampled and plated following the above process periodically 

for a month. The results for both fluids are summarized in Table 2-7 and Table 2-8. The 

anti-bacterial did inhibit bacterial growth in simulant fluid for a minimum of one month 

at 37°C.
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Table 2-7. Shelf-Life experiment results for simulated lung fluid without anti-bacterial
Time

Elapsed Lu results and analysis

0 Pseudomonas variety from other experiments in the same lab (the growth in 
this image is nearly dead as compared to the image from 6 days)

3d20h No growth
7d0h Pseudomonas variety from other experiments in the same lab

25d21h Growth following path of inoculating needle swipe— indicating bacterial 
growth is from sample rather than external contamination

31d20h Growth following path of inoculating needle swipe—confirmation of sample 
bacterial infection

Table 2-8. Shelf-Life experiment results for simulated lung fluid with anti-bacterial
Time

Elapsed Lu + anti-bacterial results and analysis

0 Pseudomonas variety from other experiments in the same lab (the growth in 
this image is nearly dead as compared to the image from 6 days)

3d20h No growth
7d0h Pseudomonas variety contamination from other experiments in the same lab

25d21h No growth
31d20h No growth

2.3 Time Series Modified Batch Dissolution Experiments

The modified batch dissolutions were completed in a series of digestions 

averaging 7 days in length and totaling 158 days of elapsed digestion time. Sample 

materials were re-used from one time segment to the next so that materials were 

sequentially digested. Table 2-9 lists the types and names of the 12 experimental series.
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Table 2-9. Sample breakdown for time series batch reactors
dandling Group 1

Batch Name Simulant Batch Type
SAz Lu-1 Lu
SAz Lu-2 Lu replicate
SAz Ly-1 Ly
SAz Ly-2 Ly replicate

B Lu-1 Lu procedural blank
B Ly-1 Ly procedural blank

Handling Group 2
Batch Name Simulant Batch Type

DC Lu-1 Lu
DC Lu-2 Lu replicate
DC Ly-1 Ly
DC Ly-2 Ly replicate
B Lu-2 Lu procedural blank
B Ly-2 Ly procedural blank

2.3.1 Preparation of Experimental Batch Reactors

To prepare experimental reactors, the masses of 12 plastic reactor vials were 

recorded. To 4 of the clean reactor vials, 0.5 g of pretreated SAz-2 was added, and to 4 

other reactor vials, 0.5 g of pretreated DC-2 was added. Four reactor vials were left 

empty as procedural blanks. Lu fluid (40 mL) was added to 6 reactor vials: 2 DC-2, 2 

SAz-2, and 2 blanks. Ly fluid (40 mL) was added to the other 6 vials: 2 DC-2, 2 SAz-2, 

and 2 blanks. The twelve experimental reactors were shaken vigorously for five minutes 

to disperse the solid material in the solvent. Since the centrifuge cannot hold 12 vials at 

once, the reactors were divided into 2 handling groups. Each group of batches was 

placed in two layers of watertight plastic bags and placed in a water bath at body 

temperature, 37°C.

For the first 88 days of the DC-2 group time series, the average digestion period 

was 7.4 days. For the first 114 days o f the SAz-2 time series, the average digestion 

period was 8.7 days. After 88 and 114 days, respectively, the average digestion period 

for the DC and SAz groups were increased to approximately 2 weeks to minimize lost 

time from centrifuging and handling. During the weeklong digestions, the reactors were 

agitated every 24 -  48 hours. When the digestion periods were extended after the 88 and
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114 day marks, the time between agitations was extended to 3 -  4 days. An agitation log 

and the detailed records of the modified batch experiments can be found in Appendix A.

When batch containers were removed from the water bath, they were agitated 

thoroughly and moved to the centrifuge. The elapsed 88 days of the DC-2 group of 

reactors marks the point at which filtration difficulties necessitated extending the 

centrifuging time. For the first 88 days of the DC time series, the centrifuging between 

digestion periods was approximately 20 -  24 hours. The supernatant became 

increasingly difficult to filter so the centrifuge time was increased to 36 — 40 hours for the 

remaining digestions periods. For the first 114 days of the SAz time series, the 

centrifuging between digestion periods was approximately 3 hours. Although the 

supernatant was not as difficult to filter as that of the DC group, the centrifuge time was 

increased to 6 hours for the remainder of the experiment. For all data analyses, the 

centrifuge time for each handling was included in the total reaction time.

Centrifuging does not fully separate the solid from the liquid. Because of this 

gradual and incomplete separation, the centrifuge time was considered reaction time 

when calculating dissolution rates. The incomplete separation also affected the SLR. For 

the DC sample batches, there was 5 - 1 0  mL of saturating fluid remaining with the solid 

after centrifuging. For this reason, 30 to 35 mL of fresh fluid is added to the batches. 

After each of the first three digestions (~20 days) for the DC reactors, 30 mL of fluid was 

added to reactors to replace the removed supernatant.

For the SAz sample batches, approximately 5 mL of fluid saturated the material 

left after removal of supernatant. After the first 4 digestion periods (22 days), 35 mL of 

fresh fluid was added for the next 2 digestion periods, then 30 mL of fresh fluid became 

the standard addition to all reactor vials. The mass lost over the entire experiment was 

amortized out over the entire elapsed digestion time for each of the 8 reactors that 

contained montmorillonite.

After centrifuging, the clear supernatant is removed from each batch reactor with 

a disposable pipette. Approximately 20 mL of fluid was filtered using a disposable 20 

mL syringe and 0.45 pun pore nylon syringe filter. Approximately 13 mL of the filtered 

fluid was placed in a 15 mL plastic conical bottom centrifuge tube and acidified with 6-7 

drops of concentrated nitric acid (HNO3). The remaining filtered fluid was used to
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measure the pH and then disposed of in waste containers. The unfiltered remainder of the 

fluid was placed in a clean 40 mL plastic container. The remainder fluid served as 

backup in case o f contamination or ICP problems and was also tested for bacterial and 

fungal growth before storage.

The samples for ICP analysis and the reserved samples were stored frozen to 

prevent any further reaction. After being thawed, the Ly ICP samples contained an 

unknown white precipitate. Since the unknown precipitate was only present in the Ly 

samples, the chemical reaction most likely involved one of the components not common 

to both simulant fluids. The difference in pH does not support this conclusion, however. 

The XRD analysis of an evaporation mount was inconclusive. Vigorous shaking re

dispersed and dissolved the precipitate. The precipitate did not reform at room 

temperature so samples were analyzed 1 day to 1 week after thawing and shaking.

Addition o f new simulant fluid to each batch was completed with a vortex mixer 

and titrated, refrigerated simulated Lu and Ly fluid. Simulant fluids were kept 

refrigerated between additions to inhibit bacterial and fungal growth. The 3 0 - 3 5  mL (as 

discussed above) o f simulant fluid was measured, and a small portion of the fluid was 

added to the centrifuged, saturated material. The reactor vials were vortexed with the 

small volume of simulant fluid until the solid material was completely suspended. Then 

the remainder of the measured fluid was added, and the batch was vortexed again. The 

time was recorded when the first small volume of fluid was added.

2.4 Data Analysis

The data analysis for this experiment follows the methods outlined by Huertas et 

al. (2001) in their study of montmorillonite dissolution kinetics. Dissolution rates were 

calculated for the steady state release of Si and Mg. Silica concentration is used to 

represent bulk mineral dissolution because silica release is considered to be the slowest 

(i.e. rate-determining) step in montmorillonite dissolution (e.g. Cama et al 2000; Huertas 

et all 2001 ; Sato et al. 2003; Bauer and Berger 1998). Steady state is determined by the 

total silica release curve becoming linear. Early silica concentrations are highest and 

misleading because they are the result of initial dissolution of fine-grained accessory 

minerals (Huertas et al. 2001; Metz et al. 2005).
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The concentration data from the ICP-OE was matched to the reaction duration and 

plotted versus elapsed time. Figure 2-7 shows schematically how Si concentration and 

cumulative released Si vary versus elapsed time. The section where the cumulative 

release curve becomes linear defined the steady state release rate. Equation 2-5 was used 

to calculate the dissolution rate, k, in mol/m2/s, where dc(Si)/dt in mol/L/s is the steady 

state slope, n is the stoichiometric Si coefficient, SLR in g/L is the solit-to-liquid ratio, 

and SA in m2/g is the specific surface area (Huertas 2001). The coefficient n was 

calculated from the montmorillonite formula when the oxygen/hydroxide ratio is 

02o(OH)4 ( m = 8 for Si). The negative sign indicates silica release. The SLR was an 

average over the steady state period based on the volume of simulant fluid added before 

each digestion and introduced the greatest error due to the mass loss average and the 

volume of saturated material.

§
•  S i R elease

 Sum  Si
—  —  Steady State

Elapsed Time

Figure 2-7. Idealized Si release data and desired trend

(Equation 2-5)
-1 dc(Si)

K —

n x SLR x SA dt
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The dissolution rate equation (Equation 2-5) is based on the method for 

calculating dissolution rate in a flow-through experiment as shown in Equation 2-6, 

where R is the dissolution rate, Q is the fluid flow rate, SAf is the final surface area, mi is 

the initial mass, and c0 and Ci are the analyte concentrations for outgoing and ingoing 

fluid, respectively (Brantley and Chen 1995). Equation 2-5 combines the mass and the 

volume part of the flow rate into the SLR term and the analyte concentration and time 

components are determined by the steady state slope.

(Equation 2-6)
R QiCp-Cj)

SAf x mi

The absolute uncertainties of the solid-to-liquid ratio, the surface area, and the 

slope of the steady state total concentration versus time (ÔSLR, ÔSA, and ôm, 

respectively) were used to calculate the absolute uncertainty of the dissolution rate, 6k. 

Since n is a stoichiometric coefficient rather than a measurement, it does not contribute 

uncertainty to the dissolution rate.

The series of calculations shown in Equation 2-7 were used to determine the 

equation for the uncertainty in dissolution rate following Baird’s (1995) method for 

calculating absolute uncertainty for functions with two or more variables. Baird’s 

method was used to account for the propagation of error through several steps of

calculations. In these calculations m is substituted for — . Although some functions
dt

give negative derivatives, only positive values are used to calculate uncertainty. Taking 

the absolute value of each term in the uncertainty calculation yields a maximum 

uncertainty.
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k = f(SLR,SA,m) =

(Equation 2-7)
-m

n x SLR x SA

ôk = - ^ — ÔSLR + -^ -0SA  + ^ -ôm  
dSLR dSA dm

df m
dSLR n x  SA x (SLR)2 
âf m

ÔSLR

M X ^ X ( ^ A )

âf _1 ôm

ÔSA

dSA n x SLR x SA

ôk --------------------- t ôSLR+    =-ôSA----------!------- ôm
n x SA x (SLÆ)2 nxSLRx (SA) nxSLRxSA

la i --------------------- t ÔSLR + ---------  yàS’A + --------  dm
n x S A x  (SLR) nxSLRx(SA)2 nxSLRxSA

The absolute uncertainty for the surface area could be calculated two ways: the 

standard deviation for the experimental data collected or the absolute uncertainty 

derivative method used above. The calculations for the later method are shown in 

Equation 2-8 where ma is the mass of the adsorbed EGME, ms is the mass of the sample, 

and mg is the mass of a monomolecular EGME layer, a constant. Similar calculations are 

shown in Equation 2-9 for the absolute uncertainty of the solid-to-liquid ratio where ms is 

the mass o f the sample and V is the added volume. The uncertainty for all mass 

measurements is the same (±0.0001 g).

41



(Equation 2-8)

SA = ma
m,, x m,

ÔSA = ---   ôma ---------y ôm.
mc x m.

<5raa = = ômass

{ms) x m.

ÔSA = 1 m.

1 m.
m, x ( m , /  x

ômass

ômass

(Equation 2-9)

V

ÔSLR = -1 ôm -  rn̂ r ÔV
V V‘

\ÔSLR\ = -Ô m  + ^ Ô V
1 1 y  v 2

The absolute uncertainty for the slope of the steady state total concentration 

versus time (see Equation 2-10) was calculated similarly to the previous uncertainties. 

The concentration uncertainty was the calculated standard deviation from the metals 

standards run intermittently throughout the ICP-OE analyses. The time uncertainty was 

estimated from general lab practices. The calculated elapsed time is a combination of the 

recorded reaction duration and the time the samples were centrifuged prior to removal of 

the supernatant.

m = Ac(Si) 
At

(Equation 2-10)

At

\ôm\ = — ôc
At

(Af)"
Ac(Si)
(Af)^

ÔAt
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Throughout the ICP-OE analyses of the reacted fluids, a set of metal and non- 

metal standard solutions was analyzed. The data from the metals standards were used to 

calculate the concentration uncertainty for each analyte of interest. The resulting 

standard deviations, a, were used to create the concentration error bars in Chapter 3 and 

to calculate the final dissolution rates.

2.5 Experimental Design and Physiological Experimental Considerations

There were a multitude of experimental design options to consider when planning 

these experiments. When at all possible, the parameter that would best mimic conditions 

within the human body was chosen. In some cases, sample handling required certain 

experimental design components. In general, flow-through experiments mimic dynamic 

body systems better than batch experiments. Flow-through experiments, however, 

require in-line filtration, which is prohibitively difficult with the chosen montmorillonite 

samples and desired grain sizes. Time series modified batch experiments minimized 

problems due to filtration and allowed use of the desired grain size range while still 

progressively digesting samples.

Several aspects o f lung physiology helped determine key experimental design 

parameters including the types of solvents, particle sizes, pH’s, fluid changes, and reactor 

agitation. Inhaled mineral dusts first come into contact with extracellular lung fluid and 

may be ingested by macrophages as part of the body’s defense mechanism from foreign 

particles, leading to the selection of two solvents, Lu and Ly, to test dissolution rates.

The approximate digestion duration of 7 days was chosen partially due to handling ease 

and moderating use o f chemicals and other lab materials. The 7-day changeover also 

mimics a healthy adult body’s recycling of extracellular fluid, which is recycled 

gradually over the week. The shorter time period also prevents saturation of analytes in 

the solvents. Even when reaction durations were extended during the last two months, it 

was to minimize the loss o f time due to handling, dissolved Si concentrations were still 

well below the saturations limits, 120 ppm Si at 25°C (Her 1995). The highest Si 

concentration for all analyses was less than 13 ppm. Agitating reactor vials had two 

benefits: it mimics an ambulatory human and disperses grains in the fluid to ensure 

continuous, even dissolution.
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The pH range of a healthy human’s EF was also considered. The Lu pH of 7.40 

falls within the healthy range. Although the Ly fluid, at a pH of 4.55, is much more 

acidic than even a sick person can bear, the macrophage keeps the lysosomal fluid 

separate from the surrounding tissues. If a macrophage dies unnaturally (as can happen 

when it attempts to ingest a particle that is too large), the lysosomal fluid can kill 

surrounding cells and damage alveolar membranes.

The most important physiologically based variable was grain size. Grain size 

controls the depth of penetration into the pulmonary region (<7 pm), movement between 

alveoli (<15 pm), normal ingestion by macrophages (<8 pm), and the minimum grain 

size to deliver an adverse dose of pollutant ( 1 - 5  pm). When conducting the iterated 

settling events to purify the montmorillonite prior to the onset of experiments, 10 pm 

represented the upper limit of grain sizes that were separated, and the final selection of <5 

pm grains for the SAz-2 sample and <2 pm grains for the DC-2 sample falls within the 

physiologically determined ranges.

In theory, the solid-to-liquid ratio (SLR) should be determined by the severity of 

the exposure to be modeled by the experiment and the fluid used. The experimental 

SLRs for this experiment were approximately 1:40, which would indicate extreme 

exposure at the alveolar (deep lung) level. The dimension of an alveoli is approximately 

250 pm in diameter (Gray’s Anatomy 1995). Assuming a fully expanded interlayer of 

16.9 Â and 2 pm diameter disc-like grains, the SLR for a single grain contamination is 

approximately 1:109 (Moore and Reynolds 1997). A 1:40 SLR indicates the average 

alveolar sac contains approximately 400,000 grains and the lungs as a whole (-300  

million alveolar sacs) contains approximately 1016 grains (6x10‘5 m3). These SLR 

calculations apply to the extracellular Lu fluid, which fills the alveoli.

The lysosomal fluid is contained within macrophages, 1 0 - 1 5  pm in diameter 

(Coleman 2008). The SLR for a 2 pm diameter grain with a fully expanded interlayer in 

a 10 pm macrophage is 1:105. Such small SLRs in a laboratory setting would produce 

analyte concentrations undetectable even by ICP-MS. SLR was chosen for ease of 

handling, conservation of laboratory materials, and detectible analyte concentrations in 

removed fluids.
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CHAPTER 3 RESULTS

3.1 Surface Area

The results of the two methods of surface area analysis are summarized in Table

3-1 and Table 3-2. The BET external surface areas for DC-2 and SAz-2 are 

approximately 35 m2/g and 78 m2/g, respectively, showing a distinct difference between 

the two samples. The EGME total surface area means are approximately 942 m2/g and 

945 m2/g, respectively

Table 3-1. BET method externa surface area results
DC-2 SAz-2

Sample Mass (g) 0.2160 0.1549
Adsorptive n 2 n 2

BET Surface Area (m2/g) 34.8 78.2
±5%  uncertainty (m2/g) 1.7 3.9

Table 3-2. EGME method total surface area results
DC-2 SAz-2

A B C D E F
Dry sample mass 

(g) 0.16914 0.17339 0.16302 0.15433 0.1856 0.17605
EGME (g) 0.045 0.04693 0.04433 0.0421 0.05036 0.04688

Specific SA (m2/g) 930.3 946.4 950.8 953.8 948.7 931.1
Mean (m2/g) 942 945

Standard Deviation 11 12

3.2 Modified Batch Time Series Experiments

The montmorillonite samples were progressively dissolved in the two lung fluids 

and the resultant fluids analyzed via ICP-OE. The ICP-OE data for Mg, Al, and Si are 

shown in Figure 3-1 through Figure 3-12. The points represent individual concentrations 

in the lung fluids while the lines represent the cumulative analyte released (the sum of 

preceding individual concentrations). Any reported ICP-OE concentration values below 

the detection limits listed in Table 3-3 were not used during analysis. The standard 

deviations for each analyte of interest are shown in Table 3-4. The concentration-axis 

error bars on all following graphs represent 2a. Error bars apply to both the sum curves
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and the individual concentrations; errors are only shown on the summation curves to 

simplify the figures.
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Figure 3-12. Time series modified batch procedural blank data in Ly fluid replicate

Table 3-3. Analytical detection limits

Analyte Name
Detection Limit 

(mg/L)
Al 308.215 0.0180
Mg 279.553 0.0003
Si 251.611 0.0040

Mg 279.077 0.0110
Mg 285.213 0.0003

Table 3-4. Concentration standard deviations for analytes of interest
a 2 a a

(mg/L) (mg/L) (mol/L)

Al 0.535 1.070 1.98x10"
Mg 0.845 1.690 3.48 xlO'"
Si 0.348 0.696 1.24x10'3

3.2.1 Steady State Si Release

For Si, the individual concentrations reach steady state after 90 -  100 days with 

the samples in Ly reaching steady state prior to those in Lu. The linear trends in the total
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Si release curves and R2 terms are shown with trendlines in Figure 3-13 through Figure

3-20. The calculated average slopes are listed in Table 3-5.
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Figure 3-13. Steady state Si release trend for DC-2 in Lu
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Figure 3-14. Steady state Si release trend for DC-2 in Lu replicate
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Figure 3-15. Steady state Si release trend for DC-2 in Ly
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Figure 3-16. Steady state Si release trend for DC-2 in Ly replicate
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Figure 3-17. Steady state Si release trend for SAz-2 in Lu
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Figure 3-18. Steady state Si release trend for SAz-2 in Lu replicate
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Figure 3-19. Steady state Si release trend for SAz-2 in Ly
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Figure 3-20. Steady state Si release trend for SAz-2 in Ly replicate 

Table 3-5. Average slopes from DC-2 and SAz-2 steady state Si trends
DC SAz

Lu Slope (mg/L/d) 0.1196 0.1561
Ly Slope (mg/L/d) 0.1953 0.3711

Lu Slope (mol/L/s)
4.92873E-

11 6.4329E-11

Ly Slope (mol/L/s)
8.04834E-

11 1.5291E-10

The BET specific surface areas from Table 3-1, the average slopes from Table

3-5, the Si stoichiometric constant of n = 8 (see 2.4), and Equation 2-5 were used to 

calculate the dissolution rates for each solid-to-liquid ratio shown in Table 3-6. The 

absolute uncertainties of each quantity used to calculate dissolution rate uncertainties are 

shown in Table 3-7.
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Table 3-6. Dissolution rate results and uncertainties based on Si release for BET surface 
area

SLR (g/L) k (mol/m2/s) uncertainty
DC Lu-1 28.5 -6.2E-15 ± 7.7E-16
DC Lu-2 27.8 -6.4E-15 ± 8.0E-16
DC Ly-1 31.3 -9.2E-15 ± 1.0E-15
DC Ly-2 29.8 -9.7E-15 ± 1.1E-15
SAz Lu-1 30.5 -3.4E-15 ± 4.3E-16
SAz Lu-2 25.7 -4.0E-15 ± 5.5E-16
SAz Ly-1 29.2 -8.4E-15 ± 1.0E-15
SAz Ly-2 27.8 -8.8E-15 ± 1.1E-15

Table 3-7. Uncertainty values for dissolution rate uncertainty calculation
Absolute Uncertainty

Variable DC-2 SAz-2 Source
time (days) ± 0.083 Approximated from lab practices
mass (g) ± 0.0001 Propagated Error Calculation
V(mL) ± 0.7 Calculated from lab tests
EGME SA (m2/g) ± 2.6 2.6 Propagated Error Calculation
EGME SA <m2/g) ± 10.8 11.9 Standard Deviation
BET SA (m2/g) ± 1.7 3.9 Estimated 5%
SLR (g/L) ± 1.4 1.8 Standard Deviation
Lu m (mol/L/s) ± 1.4E-12 1.3E-12 Propagated Error Calculation
Ly m (mol/L/s) dr 1.5E-12 1.4E-12 Propagated Error Calculation

Mass loss data is unavailable for the experiment, but a 10% loss over the lifetime 

of the experiment is estimated based on sample handling. The SLR’s used to calculate 

the dissolution rates and dissolution rate uncertainties for Si release data (see Table 3-12) 

are an average of steady state SLRs for each batch and analyte. In the above calculations 

when no mass loss is assumed, batch SLRs were the same for each reaction duration. In 

the calculations below, the amortized mass loss caused the SLR to change with every 

reaction duration. A comparison between the 10% mass loss and no mass loss SLRs is 

shown in Table 3-9. As elapsed reaction time increases from segment k to segment n, the 

loss of mass is evident in the decreasing solid-to-liquid ratios.
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Table 3-8. Si based disso ution rates assuming a 10% mass loss over experiment lifetime
SLR (g/L) k (mol/m2/s) uncertainty

DC Lu-1 25.8 -6.9E-15 ± 5.8E-16
DC Lu-2 25.2 -7.0E-15 ± 6.0E-16
DC Ly-1 28.4 -1.0E-14 ± 7.9E-16
DC Ly-2 27.1 -1.113-14 ± 8.2E-16
SAz Lu-1 27.8 -3.7E-15 ± 2.9E-16
SAz Lu-2 23.4 -4.4E-15 ± 3.4E-16
SAz Ly-1 26.7 -9.2E-15 ± 6.5E-16
SAz Ly-2 25.3 -9.6E-15 ± 6.8E-16

Table 3-9. No mass loss vs. 10% mass loss SLR comparison for DC Ly-1 at steady state 
conditions

SLR (g/L)
No Mass Loss 10% Mass Loss

DC Ly-1 k 31.3 28.9
DC Ly-1 L 31.3 28.6
DC Ly-1 m 31.3 28.4
DC Ly-1 n 31.3 28.2

3.2.2 Steady State Mg Release

The steady state slopes used to calculate Mg-based dissolution rates are shown in 

Figure 3-21 through Figure 3-28 and summarized in Table 3-10. Table 3-11 shows the 

calculated dissolutions rates for the Mg release steady state slopes based on BET surface 

areas. The Mg stoichiometric coefficient for the calculation was n = 0.66.
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Figure 3-22. Steady state Mg release trend for DC-2 in Lu replicate
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Figure 3-24. Steady state Mg release trend for DC-2 in Ly replicate
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Figure 3-27. Steady state Mg release trend for SAz-2 in Ly
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Figure 3-28. Steady state Mg release trend for SAz-2 in Ly replicate
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Table 3-10. Average slopes from DC-2 and SAz-2 steady state Mg trends
DC-2 SAz-2

Lu Slope (mol/L/s) 1.90E-11 1.64E-11
Ly Slope (mol/L/s) 1.06E-11 1.99E-11

Table 3-11. Dissolution rate results and uncertainties based on Mg release and BET 
surface areas

SLR (g/L) k (mol/m2/s) uncertainty
DC Lu-1 28.5 -2.9E-14 ± 4.9E-15
DC Lu-2 27.8 -3.0E-14 ± 5.1E-15
DC Ly-1 31.3 -1.5E-14 ± 3.9E-15
DC Ly-2 29.8 -1.5E-14 ± 4.1E-15
SAz Lu-1 30.5 -1.0E-14 ± 2.0E-15
SAz Lu-2 25.7 -1.2E-14 ± 2.5E-15
SAz Ly-1 29.2 -1.3E-14 db 2.6E-15
SAz Ly-2 27.8 -1.4E-14 ± 2.8E-15

Table 3-12. Mg based dissolution rates assuming a 10% mass loss over experiment 
lifetime

SLR (g/L) k (mol/m2/s) uncertainty
DC Lu-1 25.8 -3.2E-14 ± 4.2E-15
DC Lu-2 25.2 -3.3E-14 ± 4.3E-15
DC Ly-1 28.5 -1.6E-14 . ± 3.7E-15
DC Ly-2 27.2 -1.7E-14 ± 3.9E-15
SAz Lu-1 27.9 -1.113-14 ± 1.7E-15
SAz Lu-2 23.5 -1.4E-14 ± 2.0E-15
SAz Ly-1 26.9 -1.4E-14 ± 2.2E-15
SAz Ly-2 25.6 -1.5E-14 ± 2.3E-15

3.2.3 Time Series Modified Batch Results Summary

Dissolution rates were calculated above for cumulative Si and Mg steady state 

release. The release of Al was too low to determine the linear steady state character of the 

sum curve. Although steady state is reached faster for Mg and the overall concentrations 

are higher, the dissolution rates for Mg are faster due to the difference in the 

stoichiometric constant. Dissolution rates for montmorillonites in Ly are consistently 

higher than for those in Lu. For all BET surface area based dissolution rates, DC-2 

dissolves faster than SAz-2.
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CHAPTER 4 DISCUSSION

4.1 Dissolution Rate Analysis

The averages of the dissolution rates calculated in Chapter 3 are shown in Table

4-1 (based on BET surface areas and assuming 10% mass loss). The length of time each 

sample was at steady state and the R2 values for the slope fits are listed in Table 4-2. 

Steady state dissolution is indicated by: (1) the well-pronounced linearity of the latter 

portions of the summation curves, (2) the good fit (R2 values) of the steady state data 

points, (3) the slope agreement o f the replicates (see Table 3-5 and Table 3-10), (4) the 

reasonable dissolution rate uncertainties, and (5) the lengthy period the reactions 

demonstrate steady state behavior. A comparison to published dissolution rates (see 

§4.2) is also favorable.

Table 4-1. Average dissolution rates and re
DC-2 Lu -6.9E-15 mol/m2/s ± 8%
DC-2 Ly -1.0E-14 mol/m2/s ± 8%

CZ)
SAz-2 Lu -4. IE-15 mol/m2/s ± 8%
SAz-2 Ly -9.4E-15 mol/m2/s ± 7%
DC-2 Lu -3.2E-14 mol/m2/s ± -13%
DC-2 Ly -1.7E-14 mol/m2/s ± -23%
SAz-2 Lu -1.2E-14 mol/m2/s ± -15%
SAz-2 Ly -1.5E-14 mol/m2/s -15%

ative uncertainties

Table 4-2. Time at steady state and R values for slope fit
Steady State R2 Value

DC-2 Lu 41 days 0.9982
DC-2 Ly 39 days 0.9995
SAz-2 Lu 51 days 0.9885
SAz-2 Ly 62 days 0.9959

4.1.1 Incongruent Dissolution

For all of the montmorillonite samples, the relative concentrations of the three 

analytes of interest are similar: the concentration of Mg increases earlier and at a faster 

rate than that of Si, and A1 trails significantly behind both Mg and Si. Generally, Mg is 

located only in the octahedral layer, Si only in the tetrahedral layer, and A1 can be in both 

layers though only minimally in the tetrahedral layer of montmorillonite. Octahedral
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layer dissolution is an edge reaction because of the structure of the mineral. The higher 

overall release of Mg indicates that dissolution is edge controlled. Although dissolution 

rates were calculated for Si and Mg, the Si based quantity is considered the bulk 

dissolution rate of the mineral because it represents the slowest step of the dissolution 

process, the breaking of the strong Si—O bond.

Mg—O bond strength (AH° = 60 ±5 kcal/mol) is the lowest for the three cations 

while Si—O (AH° = 191.1 ± 3.2 kcal/mol) is the greatest (Luo 2007). The preferential 

release of Mg over Si and Si over A1 suggests incongruent dissolution both between 

layers and elements in those layers. Metz et al. (2005) and Huertas et al. (2001) saw the 

same relative dissolution trends for the analytes in their experiments. Metz et al. (2005) 

suggested that the initial low release of A1 is tied to the experimental conditions and 

release of Si. They suggested that the higher the temperature and the lower the pH, the 

greater the A1 release (Metz et al. 2005).

Although all experiments were conducted at the same temperature, the data 

supports the relation between pH and A1 release. A comparison of the A1 concentrations 

in the Lu and Ly fluids revealed that all of the Ly (pH = 4.55) concentrations were greater 

than those in Lu (pH = 7.40) within the analytical uncertainty (0.535 mg/L). Only two 

Lu Al concentrations were greater than their corresponding Ly data points and both 

differed in the 10"2 mg/L range.

Metz et al. (2005) state there is a “good” correlation between the onset o f steady 

state dissolution for the bulk mineral (indicated by stoichiometric dissolution) and the 

peak A1 release. The supposition that steady state dissolution is demonstrated by 

stoichiometric dissolution of Al, Mg, and Si is not supported by the data from this 

experiment, and the disparity most likely arises from the experimental differences. For a 

flow-through reaction like the Metz et al. (2005) experiment, the concentration of the 

previously dissolved species has little to no effect on continuing dissolution. In a 

modified batch experiment, the dissolved species are not immediately removed and 

therefore may have a small affect on continued dissolution. The other part of Metz et 

al.’s statement, that there is a good correlation between steady state and peak Al release, 

is also not supported by this experimental data. In most of the data sets, the linearity of 

the total Si release curve does not correspond to the peak Al release.
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Two other suggestions for the slow initial Al release were suggested by Furrer et 

al. (1993) and Zysset and Schindler (1996): (1) with respect to montmorillonite, the 

solutions were close to equilibrium causing the mineral dissolution to be inhibited and Al 

release slowed and (2) surface complexation and readsorption of Al in ion exchange 

reactions prevented Al release. The first suggestion is inapplicable due to the removal of 

dissolved species and the input of fresh, un-reacted fluid at short intervals, preventing 

analyte saturation.

The second suggestion is more difficult to support or defend. If Al were replacing 

Ca in the interlayer, a decrease in the d-spacing due to the different molecular sizes is 

indicated. If the Al were replacing Na, the small size difference between the atoms may 

not change the d-spacing noticeably. In addition, the fluid changeover does not preclude 

the formation o f insoluble aluminum precipitates. If precipitates were larger than 0.45 

pm, they would be removed by filtration prior to analysis. If they were small enough and 

pass through the filter, acidizing samples prior to ICP analysis should digest them.

Since the atomic radii of Ca2+ and Na+ are very similar, it is not possible to tell if 

there are interlayer cation exchanges with the solution. There is an excess of sodium and 

calcium in both solutions so the possibility that sodium from the solution is replacing 

calcium in the SAz-2 montmorillonite and vice versa for the DC-2 montmorillonite 

cannot be eliminated. In their survey o f dissolution kinetics of inosilicates, Brantley and 

Chen (1995) were unable to conclusively state the effects of solvent composition on 

dissolution rates noting that some researchers reported dissolution effects of organic acids 

on augites, but more experimentation is necessary. However, Jurinski and Rimstidt 

(2001) concluded that the solution composition had no noticeable effect on the 

dissolution rate of talc.

The preferential dissolution o f one analyte over another (the incongruent 

dissolution) affects the onset of steady state for each released element. The total Mg 

curve flattens to linear earlier in the experiment than that of Si. Some of the released Mg 

may be exchanged for cations in the interlayer, which may be discernable in the XRD 

comparison of the final montmorillonite with the initial sample. Or, alternately, the 

magnesium may be completely leached out of the octahedral layer and the steady state
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slope is actually horizontal. This possibility might be confirmed with a study of diffusion 

in the octahedral layer.

The atomic radii of the analytes and starting interlayer cations are listed in Table

4-3 (Ptable 2008). The fluid type, and thus pH, shows a marked effect on the shape of 

the total release curves, especially for Si and Al. The Al total release curve, barely 

registering in the Lu fluid, reaches a maximum concentration o f approximately 5 — 7 

mg/L in the Ly fluid. The change in pH also changes the shape of the total Si curve as 

seen in Figure 4-1.
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Figure 4-1. Comparison of total Si release curves in Lu and Ly fluids

Table 4-3. Comparison of atomic radii for possible interlayer cations (Ptable 2008)

Cation
Atomic Radius 

(pm)
Al 125
Mg 150
Na 180
Ca 180
K 220

68



4.1.2 Replicates and Blanks

The agreement of sample replicates is very good. Onset of steady state, steady 

state slopes, shape of total release curves, and starting analyte concentrations all indicate 

good agreement between replicates. Procedural and stock blank data are also consistent 

and do not indicate any sources of handling contamination.

Once series o f three anomalous data points in blank Ly Si concentrations indicate 

an analytical artifact rather than a systematic error. The Ly procedural blank and its 

replicate show the same anomalous 3-point increase in Si concentration. There is no 

corresponding Si “bump” in any of the Lu samples indicating that the artifact is not due 

to handling since Lu and Ly samples were mixed in the two handling groups.

Table 4-4 summarizes the Si concentration data for all Ly reaction batches 

highlighting the points that correspond to the “bump” found in the procedural blanks. 

Table 4-5 shows the average value of the three anomalous points, the average of the two 

points immediately before and after, and the difference between the two averages. All of 

the averages of the possibly aberrant data are greater than the averages of surrounding 

data points, but none of the differences are near as pronounced as in the case of the two 

blanks. With a concentration uncertainty of 0.348 mg/L (based on the standard 

deviations of standard solutions run with each analysis), 2a = 0.696 mg/L, and a lack of 

consistent difference throughout the 4 samples, the “bump” shown in the blanks cannot 

be reasonably subtracted.
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Table 4-4. Si concentration data highlighting affected segments
Blank 1 

(mg/L Si)
Blank 2 

(mg/L Si)
DC 1 

(mg/L Si)
DC 2 

(mg/L Si)
SAz 1 

(mg/L Si)
SAz 2 

(mg/L Si)
1.0 2.1 3.0
1.0 10.8 3.8 4.8
1.3 1.2 12.4 3.0 3.5 2.7
1.2 1.3 4.2 3.6 2.5 9.0
1.3 1.1 2.7 2.5 1.9 3.1
1.4 1.9 3.5 4.7 6.8 5.6
1.4 2.2 3.8 3.5 5.6 5.6
2.5 3.8 4.9 4.6 5.3 7.1
3.7 3.3 2.4 4.6 6.4 4.5
3.4 4.1 4.7 5.2 6.4 5.6
0.7 0.8 3.1 2.9 4.1 5.4
0.8 0.7 2.6 2.5 4.9 7.1
0.8 0.8 4.0 4.0 5.9
1.8 7.7

Table 4-5. Comparison of anomalous data with nearest data points
Blank 1 
(mg/L)

Blank 2 
(mg/L)

DC 1 
(mg/L)

DC 2 
(mg/L)

SAz 1 
(mg/L)

SAz 2 
(mg/L)

Bump Average 3.2 3.7 4.0 4.8 6.0 5.7
Surrounding Average 1.1 1.3 3.3 3.3 4.9 5.4

Difference 2.2 2.5 0.7 1.4 1.2 0.4

Several of the Al concentrations for DC Lu-1 and Lu-2 early in the experiment 

were below detection level while the corresponding blanks were not. The blank 

concentration values, however, were all well within one standard deviation of zero.

Subtraction of procedural blank data was considered, but all Al and Mg values fell 

within one standard deviation of zero. For Si Lu, most of blank data fell below 2a. For 

Si Ly, very few of the blank data points fell below 2a. Since the values were not 

consistent among the blanks, the subtraction of procedural blank data was not carried out. 

The differences in Si concentration are not related to the compositions of the solutions 

because there are no sources of Mg, Al, or Si in the chemical components as confirmed 

by the analysis of the blanks.

ICP-OE data for two stock blanks for each fluid are shown in Figure 4-2. The 

data for Lu stock 1 and 2 and for Ly 1 is an average of 2 data points. The data for Ly 

stock 2 is based on one ICP-OE analysis and the sample was run at the end of a set of 18
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analyses. Several samples at the end of the run were outside acceptable Scandium drift 

(Sc is the added standard). Although Ly stock 2 was not outside the usual acceptable 

range, the Si concentration tends to overcorrect with increasing drift so the data point 

should be considered with caution. Other than Ly stock 2, stock blank values are in 

general agreement with procedural blank data (see Figure 3-9 through Figure 3-12) 

indicating that there is no detectable handling contamination.

o 4-

MAl 308.215
■  Mg 279.553 
: Si 251.611

Lu Stock 1 Lu Stock 2 Ly Stock 1 Ly Stock 2 Error bars = 2o

Figure 4-2. Stock blank data for two Lu and Ly solutions

4.1.3 Surface Area

The montmorillonite surface area directly affects the value of the dissolution rate 

and also contributes to its uncertainty. The BET surface areas measured for the SAz-2 

samples (78 ± 2 m2/g) are not within error of the value reported by the Clay Minerals 

Society (97.42 ± 0.58 m2/g), but the reported value is for the raw material rather than a 

size-fractionated sample. Huertas et al. (2001) reported an average external surface area 

of 57.0 m2/g (determined by BET Nz adsorption) and a total surface area of 649 m2/g for 

their Spanish bentonites.
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Surface area changes with dissolution, but its rate of change cannot be determined 

with the current experimental setup. To determine surface area throughout the 

experiment, the samples would have to be dried, measured, and re-dispersed. However, 

after drying, the sample could not be reground for dispersion without significant mass 

loss.

Prior to experimentation, it was hypothesized that surface area would decrease as 

dissolution continued because the finest-grains would dissolve quickly, leaving larger 

grains with smaller surface area. Although it was not measured specifically, filtration 

difficulties may suggest the generation of fine-grained particles (-0.45 p,m). The 

generation of finer grains would mitigate decrease in surface area due to early dissolution 

of fines. Huertas et al. (2001) reported no change in BET surface area within error. Metz 

et al. (2005) reported a significant increase in surface area after reaction. They did not 

make initial BET measurements, using published values between 34 and 97 m2/g. The 

final measured BET surface area they determined was 127 ±13 m2/g (Metz et al. 2005). 

Bauer and Berger (1998) did not measure a final BET surface area; instead, they adjusted 

the initial BET surface area using mass loss.

Alternately, the filtration difficulties may be due to the adsorption of proteins on 

the surface of montmorillonite grains. Parbhakar et al. (2007) found that lysine 

exchanged for up to of interlayer water molecules. Their study did not examine basal

surface adsorption or any glycine/montmorillonite interactions, but it demonstrated a 

strong fluid composition effect. The proteins may be adsorbing on exterior grain 

surfaces, effectively lowering the density of the “grain” and making centrifuging more 

time consuming. The sequestration of the grain surface, particularly the edges, from the 

fluid would also slow the dissolution rate. More research is needed to determine protein 

effects.

A major consideration in the calculation of dissolution rates is the concept of 

reactive surface area. While most researchers normalize their dissolution rates to the 

BET surface areas o f un-reacted materials, there is evidence that there is a discrepancy 

between total surface area and reactive surface area. In their study of the surfaces o f Mn- 

oxides, Hochella and Banfield (1995) found that two grains with the same specific 

surface area can have reactive surface areas that differ by a factor of two due to grain
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topography. There is no quantitative or qualitative analysis of how reactive surface 

differs from total surface area for montmorillonite or other clays.

4.2 Comparative Dissolution Rates

Several researchers have commented on the difficulty comparing dissolution rate 

data because of the wide range in sample purity and pre-treatment and experimental 

setup. Despite this, comparison to dissolution rates in the literature can provide a general 

reference. Table 4-6 lists specific experimental conditions and smectite dissolution rates.

The dissolution rates for this study fall in the range of published montmorillonite 

rates but on the slow end of the spectrum. The experiment with the most similar results 

was Huertas et al.’s (2001) used the same type of modified batch experimental design. 

The lung fluids represent the most complex solvents studied and may affect the 

dissolution rate. The pH’s of the fluids in this study were generally nearer to neutral than 

those of the other studies so slower dissolution rates were expected.

Sato et al. (2003) conducted three dissolution experiments on the same “pure” 

smectite sample combined with atomic force microscopy (AFM). The fastest dissolution 

rate reported was Sato et al.’s (2003) industrial smectite dissolution rate on the order of 

10"9 mol/m2/s. Using AFM, they determined that dissolution was mainly focused on the 

edges of grains because the edges were where most of the mass loss occurred. Sato et 

al.’s observed edge reactions support the previous conclusion that dissolution of 

montmorillonite is edge controlled.

Bauer and Berger’s (1998) data supported incongruous dissolution of the 

tetrahedral and octahedral layers with Si release as the rate-limiting step. However, the 

BET surface area used to calculate their dissolution rates was corrected for a mass loss of 

75.5%. The mass loss in this experiment is assumed to be significantly lower which is 

supported by no noticeable visual change in the samples.

Despite the differences in experiments and results, the identification of Si release 

as the rate determining step and incongruent dissolution o f layers are common 

conclusions shared by this study (the exception being Metz et al.’s assertions that 

dissolution is congruent, 2005). More experimentation under similar conditions is 

necessary to compare montmorillonite dissolution rates.
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Table 4-6. Smectite dissolution comparisons with experimental conditions

Mineral
k

mol/m2/s
T
°C pH

SA
m2/g Solvent

Expt.
Type Source

DC-2 6.9E-15 ± 8% 37 7.4 35 Lu
Mod.
batch

DC-2 1.0E-14 ± 8% 37 4.55 35 Ly
Mod.
batch

SAz-2 4.1E-15 ± 8% 37 7.4 78 Lu
Mod.
batch

SAz-2 9.3E-15 ± 7% 37 4.55 78 Ly
Mod.
batch

96%
Smec. 9.1E-15 zb 12% 2 0 7.64 57 Granitic

Mod.
batch

Huertas 
et al. 
2 0 0 1

96%
Smec. 6.5E-15 ± 12% 2 0 8.46 57 Granitic

Mod.
batch

Huertas 
et al. 
2 0 0 1

Ca-Smec.
(35%

beidellite) 6.0E-12 ± 1 0 % 35 12.56 32
0.1 M 
KOH batch

Bauer & 
Berger 
1998

Na
montmor. 9.8E-12 ± 1 0 % 35 12.56 64

0.1 M 
KOH batch

Bauer & 
Berger 
1999

Raw
SAz-1 3.1E-11 ± 6 % 50 3 *

Perchloric
Acid

Row-
through

Metz et 
al. 2005

85-90%
Na

montmor. 1.7E-12 ± 1 1 % 80 8.9 50
0.01 M 
Borax

Row-
through

Cama et 
al. 2 0 0 0

Industrial
Smectite 1.2E-11 ± 50 13.3

0.3 M 
NaOH

Row-
through

Sato et 
al. 2003

*Used from previous studies 34 - 97 m /g

4.3 Biodurability

Biodurability is the resistance of foreign particles to dissolution in the body. 

Equation 4-1 gives a particle lifetime, t, in seconds based on particle diameter, d, in m, 

the dissolution rate constant, k, in mol/m2/s, and molar volume, Vm, in m3/mol. Jurinski 

and Rimstidt (2001) based the equation on a shrinking sphere model. The model assumes 

even dissolution across the mineral surface and a spherical particle morphology, but the 

key point for comparison is the rate constant.
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(Equation 4-1)
d

Molar volume represents the greatest uncertainty for the biodurability calculation. 

Estimates for montmorillonite molar volume ignore the expansive nature of the clay and 

give an average value of 138.053 cm3 (Keith 1994). Qualitatively, it seems the molar 

volume of montmorillonite would be greater than that of illite at 1154.0 cm3 (Robie and 

Hemmingway 1995). This value for illite molar volume is based on the 8:20 Si:0 ratio 

on which the dissolution rate calculation is also based. Table 4-7 summarizes the 

biodurabilities of montmorillonites from this study based on varying molar volumes. 

Comparative biodurabilities for a range of minerals and other montmorillonites are listed 

in Table 4-8 where the illite molar volume is used for montmorillonite.

Table 4-7. Approximate mineral lifetimes for 1 pm particles
k

(mol/m2/s)
Lifetime
(years)

Lifetime
(years)

Lifetime
(years)

Vm (cm3) 138* 1154** 2308***
DC-2 in Lu -6.9E-15 16,557 1,980 990
SAz-2 Lu -4. IE-15 28,326 3,387 1,694

DC-2 in Ly -1.0E-14 11,008 1,316 658
SAz-2 Ly -9.4E-15 1 2 ,2 1 2 1,460 730

^Estimated Vm (Keith 1994)
**Illite Vm (Robie and Hemmingway 1995) 
***2x Illite Vm (Robie and Hemmingway 1995)
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Table 4-8. Comparative biodurabilities for 1 jim particles
Mineral k (mol/m2/s) Vm# (m3/mol) Lifetime pH

Talc* 1.4E-11 1.4E-04 8 years 7.4
Chrysotile* 5.9E-10 1.1E-04 3 months

Olivine* 7.6E-11 4.4E-05 4.8 years
Quartz** 1.4E-13 2.3E-05 5,000 years
Kaolinite 1.1E-10 9.9E-05 1 year 5 mo

Montmorillonite (DC-2 in Lu) 6.9E-15 1.2E-03 1,980 years 7.40
Montmorillonite (SAz-2 Lu) 4.1E-15 1.2E-03 3,400 years 7.40

Montmorillonite (DC-2 in Ly) 1.0E-14 1.2E-03 1,300 years 4.55
Montmorillonite (SAz-2 Ly) 9.4E-15 1.2E-03 1,500 years 4.55

96% Smectite 9.1E-15 1.2E-03 1,500 years 7.64
96% Smectite 6.5E-15 1.2E-03 2 ,1 0 0  years 8.46

Ca-Mont. (35% beidellite) 6.0E-12 1.2E-03 2.3 years 12.56
Na-montmorillonite 9.8E-12 1.2E-03 1.4 years 12.56

Raw SAz-1 3.1E-11 1.2E-03 5.3 mo 3
85-90% Na-Montmoril. 1.7E-12 1.2E-03 8.3 years 8.9

Industrial Smectite 1.2E-11 1.2E-03 1.1 years 13.3
* Jurinski and Rimstidt 2001, 37°C, Gamble’s Solution 

**Hume and Rimstidt 1992
JRosso and Rimstidt 2000, Mg + HN03 solution, 35°C, pH = 3.98 
# Rimstidt and Barnes 1980, 37°C, NaOH and H2SO4 solutions 
#Robie and Hemmingway 1995

Compared to other sheet silicates, montmorillonite lifetime in the body is much, 

much longer, like dissolution rates, the lifetime data is somewhat difficult to compare 

because o f the differing experimental conditions. The experiment to determine the 

dissolution rate of talc by Jurinski and Rimstidt (2001) is the most similar to the 

experimental methods used in this study for the Lu fluid. Both experiments are 

conducted at 37°C in Gamble solutions. Although talc is also a phyllosilicate, it is 

mineralogically very different, with no interlayer, no layer charge, and little to no 

substitution (Moore and Reynolds 1997). The shorter lifetimes for the samples in the Ly 

fluid is expected due to the lower pH and slightly higher salinity of the Ly fluid.

Equation 4-1 was used by Olsen and Rimstidt (2007) to predict the particle 

lifetime of olivine grains in dilute solutions at 298K for a range of pH’s. The equation 

can be adjusted to account for changing surface area and particle diameter as shown in 

Equation 4-2 where i and f  subscripts denote initial and final states, respectively. The last
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line in Equation 4-2 may also be used to look at other limits of integration for particle 

diameter to simulate a dissolving crystalline coating. For situation looking at the 

complete dissolution of a grain, the df term goes to zero and the biodurability expression 

simplifies to that shown in Equation 4-3, more similar to Olsen and Rimstidt’s (2007) 

equation.

4.4 Uncertainties

There was some leeway in how to fit the steady state trend lines for Si release and

alterations on the dissolution rates and biodurabilities of the affected cumulative Si 

release curves. The maximum slope corresponds to the fastest dissolution and the 

minimum slope to the slowest. Inclusion of centrifuge time in the total reaction time 

decreased the slope and lowers the dissolution rate. Although the centrifuge time 

contributes some to the total reaction time, reaction should decrease as separation 

proceedes.

(Equation 4-2)
k = m

n x SLR  x SA  
dt =

2 x k x V m

n x SLR
( S A f  -  SAf ){df -  di )t =

2 x m x V m

(Equation 4-3)

t = n x SLR x dj
( S A f  -  SAj )

2 x m x V m

still remain within 2a of the data. Table 4-9 summarizes the effects of the slope
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Table 4-9. Dissolution rate and biodurability variations for slope fit comparison
Dissolution Rate (mol/m2/s)

Minimum Best Fit ’ Maximum
DC Lu -3.2E-15 -6.9E-15 -LIE-14
DC Ly -6.6E-15 -1.0E-14 -1.4E-14

Biodurability (years)
Minimum Best Fit Maximum

DC Lu 4,539 3,960 1,264
DC Ly 2,071 2,633 964

The uncertainties calculated for the dissolution rates are reasonable. They are 

generally lower than other smectite dissolution rate studies (see Table 4-6). The largest 

error is contributed by the surface area uncertainty which Brantley and Chen (1995) 

estimate may be as large as 50% even between analyses of the same minerals from 

different localities. Table 4-10 shows each of the contributions of SLR, SA, and slope to 

the overall uncertainty in k.

Table 4-10. Contributions of SLR, SA, and slope to dissolution rate uncertainty for DC 
Lu-1 Si release (mol/m2/s) _____________ ________________

k uncert k uncert(SLR) k uncert(SA) k uncert(Slope)
4.2E-09 2.7E-10 1.6E-09 2.3E-09
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CHAPTER 5 CONCLUSIONS

5.1 Directions for Future Research

The best complement to this research would be further biodurability experiments, 

focusing on comparability as far as sample preparation and experiment setup. A similar 

experiment with laboratory generated, pure montmorillonites would provide good 

comparison data as well. Dissolution experiments with other complex fluids with high 

salinity and varied pH values would help determine the effect of fluid composition. A 

study of proteins, specifically edge and surface adsorption, would help determine the way 

proteins interact with montmorillonite grains and affect mineral dissolution. An 

experiment that compared grain size and surface area effects on phyllosilicate dissolution 

rates may shed some light on active surface area.

5.2 Dissolution Rates and Biodurabilities

Measured montmorillonite dissolution rates range from -4.1x10-15 mol/m2/s at 

the slowest to -1.0x10-14 mol/m2/s at the fastest with relative uncertainties of less than 

10%. The montmorillonites dissolving in lysosomal fluid dissolved faster than those in 

extracellular fluid, and DC-2 dissolved faster than SAz-2. The measured range of 

biodurabilities was 2,600 to 6,800 years for a 1 pm grain and assuming a molar volume 

equal to that of illite. Table 5-1 summarizes the biodurability and dissolution rate ranges. 

Faster dissolution in the lysosomal fluid was presumably caused by lower pH at 4.55.

The difference in salinities of the two fluids was too slight to draw conclusions about the 

relationship of fluid composition to dissolution rate, but the complex compositions o f the 

fluids and the inclusion of proteins most likely has some effect on dissolution rate.

Table 5-1. Dissolution rate and biodurabi ity range compai
k (mol/m2/s) Biodurability

fastest
ft

slowest

DC-2 Ly -1.0E-14 2600 years
SAz-2 Ly -9.4E-15 3000 years
DC-2 Lu -6.9E-15 4000 years
SAz-2 Lu -4.1E-15 6800 years

The calculated dissolution rates are considered reasonable because of (1) the well 

pronounced linearities of the steady state cumulative Si release curves, (2) the long
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periods at steady state dissolution, (3) the good R2 values for the slope trend lines, (4) the 

agreement of the replicates, (5) the reasonable uncertainties, and (6) the comparable 

dissolution rates found in the literature.
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APPENDIX A

A. 1 Detailed Batch Handling Records

DC Lu-1 DC Lu-2 DC Ly-1 DC Ly-2
Cont
mass 11.05962 11.0605 11.05377 11.05932
Start
Mass 1.23670 1.15537 1.32975 1.20246

du
ra

tio
n 

a

Start date 02/06/08 02/06/08 02/06/08 02/06/08
add fluid 1234PM 1237PM 1238PM 1248PM
start bath 1258PM 1258PM 1258PM 1258PM
stop date 02/13/08 02/13/08 02/13/08 02/13/08
stop time 835AM 835AM 835AM 835AM
agitation Y Y Y Y
cent/filter 3h/Y 3h/Y 8h/Y 8h/Y
pH 8.03 7.96 5.24 • 5.16

du
ra

tio
n 

b

Start date 02/13/08 02/13/08 02/13/08 02/13/08

add fluid
35mL;
540PM

35mL;
536PM

30mL;
247PM

30mL;
244PM

start bath 551PM 551PM 551PM 551PM
stop date 02/20/08 02/20/08 02/20/08 02/20/08
stop time 848AM 848AM 848AM 848AM
agitation Y Y Y Y
cent/filter 23h54m/Y 23h54m/Y 23h54m/Y 23h54m/Y

Æ 7.98 8.00 4.95 4.89

du
ra

tio
n 

c

Start date 02/21/08 02/21/08 02/21/08 02/21/08

add fluid
30mL;
159PM

30mL;
202PM

30mL;
153PM

30mL;
155PM

start bath 204PM 204PM 204PM 204PM
stop date 02/27/08 02/27/08 02/27/08 02/27/08
stop time 1103am 1103am 1103am 1103am
agitation
cent/filter added 3 drops AB to each and replacer in bath
pH

du
ra

tio
n 

d

Start date 02/27/08 02/27/08 02/27/08 02/27/08
add fluid
start bath 1116am 1116am 1116am 1116am
stop date 02/29/08 02/29/08 02/29/08 02/29/08
stop time 1059am 1059am 1059am 1059am
agitation Y Y Y Y
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cent/fllter 18h37m / Y 18h37m / Y 18h37m / Y 18h37m / Y
PH 7.96 7.93 4.99 4.97
Start date 03/01/08 03/01/08 03/01/08 03/01/08

30mL; 30mL; 30mL; 30mL;
add fluid 659am 702am 655am 656am

<D
e start bath 706am 706am 706am 706am
s stop date 03/11/08 03/11/08 03/11/08 03/11/08
1 stop time 1245pm 1245pm 1245pm 1245pm

agitation Y Y Y Y
cent/filter 20hl4m / Y 20hl4m / Y 20hl4m / Y 20hl4m /Y
pH 7.93 7.94 5 4.98
Start date 03/13/08 03/13/08 03/13/08 03/13/08

30mL; 30mL; 30mL; 30mL;
add fluid 316pm 314pm 311pm 309pm

ti start bath 317pm 317pm 317pm 317pm
S stop date 03/24/08 03/24/08 03/24/08 03/24/08

stop time 1100am 1100am 1100am 1100am
agitation Y Y Y Y
cent/filter 23h4m / Y 23h4m / Y 23h4m / Y 23h4m / Y
pH 7.89 7.83 4.86 4.84
Start date 03/28/08 03/28/08 03/28/08 03/28/08

30mL; 30mL; 30mL; 30mL;
add fluid 144pm 146pm 153pm 152pm

dû
e start bath 155pm 155pm 155pm 155pm

*g stop date 04/03/08 04/03/08 04/03/08 04/03/08

i stop time 952am 952am 952am 952am
agitation Y Y Y Y
cent/filter 23h43m / Y 23h43m / Y 23h43m / Y 23h43m / Y
pH 7.91 7.95 4.91 4.95
Start date 04/04/08 04/04/08 04/04/08 04/04/08
add fluid 2:07 PM 2:03 PM 2:17 PM 2:15 PM
start bath 2:27 PM 2:27 PM 2:27 PM 2:27 PM

1 stop date 04/14/08 04/14/08 04/14/08 04/14/08

1 stop time 9:02 AM 9:02 AM 9:02 AM 9:02 AM
-â agitation Y Y Y Y

cent/filter 23h30m / Y 23h30m / Y 23h30m / Y 23h30m/ Y
pH 8.22 8.13 4.93 4.95

R Start date 04/17/08 04/17/08 04/17/08 04/17/08
i  - add fluid 8:21 AM 8:19 AM 8:16 AM 8:14 AM
M start bath 8:24 AM 8:24 AM 8:24 AM 8:24 AM
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stop date 04/24/08 04/24/08 04/24/08 04/24/08
stop time 12:40 PM 12:40 PM 12:40 PM 12:40 PM
agitation Y Y Y Y
cent/filter ? / Y ? / Y ? / Y ? /Y

7.91 7.88 4.75 4.73
Start date 05/12/08 05/12/08 05/12/08 05/12/08
add fluid 2:43 PM 2:45 PM 2:49 PM 2:50 PM
start bath 2:53 PM 2:53 PM 2:53 PM 2:53 PM

g stop date 05/20/08 05/20/08 05/20/08 05/20/08
2 stop time 11:20 AM 11:20 AM 11:20 AM 11:20 AM

nd agitation Y Y Y Y
cent/filter 20h?/ Y 20h?/ Y 20h?/ Y 20h?/ Y
PH 7.87 7.87 4.6 4.59
Start date 05/22/08 05/22/08 05/22/08 05/22/08
add fluid 12:48 PM 15:52 pm 12:44 PM 12:43 PM

M start bath 12:54 PM 12:54 PM 12:54 PM 12:54 PM
§ stop date 05/30/08 05/30/08 05/30/08 05/30/08

1 stop time 12:41 PM 12:41 PM 12:41 PM 12:41 PM
T3 agitation Y Y Y Y

cent/filter Y* Y* Y * Y*
pH 7.97 7.97 4.55 4.53
Start date 06/02/08 06/02/08 06/02/08 06/02/08
add fluid 4:00 PM 3:58 PM 3:41 PM 3:52 PM

hJ ' start bath 4:06 PM 4:06 PM 4:06 PM 4:06 PM
g stop date 06/09/08 06/09/08 06/09/08 06/09/08

stop time 11:06 AM 11:06 AM 11:06 AM 11:06 AM
T3 agitation Y Y Y Y

cent/filter 29:15/Y 29:15/Y 29:15/Y 29:15/Y
PH 7.92 7.95 4.58 4.59
Start date 06/14/08 06/14/08 06/14/08 06/14/08
add fluid 2:34 AM 2:37 AM 2:40 AM 2:41 AM

S start bath 3:57 AM 3:57 AM 3:57 AM 3:57 AM
g stop date 07/05/08 07/05/08 07/05/08 07/05/08
1 stop time 9:20 AM 9:20 AM 9:20 AM 9:20 AM
•ë agitation Y Y Y Y

cent/filter 36:59/Y 36:59/Y 36:59/Y 36:59/Y
PH

g Start date 07/07/08 07/07/08 07/07/08 07/07/08
1  = add fluid 6:18 PM 6:15 PM 6:21 PM 6:20 PM
ë start bath 6:25 PM 6:25 PM 6:25 PM 6:25 PM



stop date 07/23/08 07/23/08 07/23/08 07/23/08
stop time 1:26 PM 1:26 PM 1:26 PM 1:26 PM
agitation Y Y Y Y
cent/filter 46:24 / Y 46:24 / Y 46:24 / Y 46:24 / Y
PH

SAz Lu-1 SAz Lu-2 SAz Ly-1 SAz Ly-2
Cont
mass 11.06056 11.05786 11.05614 11.05807
Start
Mass 1.14378 1.04585 1.06881 1.02507
Start date 01/24/08 02/06/08 01/24/08 02/06/08
add fluid 11:24 PM 11:29 PM

cti start bath 1:00 PM 11:34 PM 1:00 PM 11:34 PM
§ stop date 01/31/08 02/15/08 01/31/08 02/15/08

1 stop time 8:53 AM 9:39 AM 8:53 AM 9:39 AM
agitation N Y N Y
cent/fllter 3h/Y 3H/Y 3h/Y 3H/Y
PH 7.76 7.71 4.72 4.72
Start date 01/31/08 02/18/08 01/31/08 02/18/08
add fluid 10:38 AM 10:35 AM

rO start bath 12:28 PM 10:40 AM 12:28 PM 10:40 AM1 stop date 02/06/08 02/25/08 02/06/08 02/25/08

1 stop time 7:56 PM 11:15 AM 7:56 PM 11:15 AM
agitation N/Y* Y N/Y* Y
cent/fllter 3H/Y 3h/Y 3H/Y 3h/Y
pH 7.68 8.02 4.73 4.76
Start date 02/06/08 02/27/08 02/06/08 02/27/08
add fluid 11:21 PM 1:27 PM 11:30 PM 1:56 PM

o start bath 11:34 PM 2:09 PM 11:34 PM 2:09 PM
§ stop date 02/15/08 03/04/08 02/15/08 03/04/08

1 stop time 9:39 AM 8:39 AM 9:39 AM 8:39 AM
agitation Y Y Y Y
cent/fllter 3H/Y 3H/Y 3H/Y 3H/Y
pH 7.84 7.88 7.84 4.8
Start date 02/18/08 03/04/08 02/18/08 03/04/08
add fluid 10:37 AM 3:50 PM 10:34 AM 3:44 PM

* start bath 10:40 AM 3:52 PM 10:40 AM 3:52 PM

£ stop date 02/25/08 03/19/08 02/25/08 03/19/08
stop time 11:15 AM 11:25 AM 11:15 AM 11:25 AM
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agitation Y Y Y Y
cent/filter 3h/Y 3H/Y 3h/Y 3H/Y

8.1 7.99 4.79 4.84
Start date 02/27/08 03/19/08 02/27/08 03/19/08
add fluid 124pm 304pm 154pm 259pm

<D start bath 209pm 307pm 209pm 307pm
§ stop date 03/04/08 03/28/08 03/04/08 03/28/08

I stop time 839am 934am 839am 934am
agitation Y Y Y Y
cent/filter 3h/Y 3h/Y 3h/Y 3h/Y
pH 7.99 7.9 4.79 4.79
Start date 03/04/08 03/28/08 03/04/08 03/28/08
add fluid 348pm 240pm 343pm 133pm

<+H start bath 352pm 158pm 352pm 158pm
| stop date 03/19/08 04/04/08 03/19/08 04/04/08
; stop time 1125am 9:50:00 AM 1125am 9:50:00 AM

'U agitation Y Y Y Y
cent/filter 3H/Y 3H/Y 3H/Y 3H/Y
pH 8.01 7.93 4.82 4.75
Start date 03/19/08 04/04/08 03/19/08 04/04/08
add fluid 305pm 2:11 PM 257pm 2:20 PM

ox) start bath 307pm 2:25 PM 307pm 2:25 PM
.1 stop date 03/28/08 04/10/08 03/28/08 04/10/08

1 stop time 934am 12:55 PM 934am 12:55 PM
-o agitation Y Y . Y Y

cent/filter 3h/Y 3H/Y 3h/Y 3H/Y
PH 7.95 7.95 4.77 4.79
Start date 03/28/08 04/10/08 03/28/08 04/10/08
add fluid 142pm 4:54 PM 136pm 4:50 PM
start bath 158pm 4:59 PM 158pm 4:59 PM

§ stop date 04/04/08 04/22/08 04/04/08 04/22/08

1 stop time 9:50 AM 8:34 AM 9:50 AM 8:34 AM
T3 agitation Y Y Y Y

cent/filter 3H/Y 3H/Y 3H/Y 3H/Y
pH 7.86 7.91 4.77 4.76
Start date 04/04/08 05/13/08 04/04/08 05/13/08

e add fluid 2:13 PM 4:59 PM 2:22 PM 4:54 PM
s start bath 2:25 PM 5:03 PM 2:25 PM 5:03 PM
1 stop date 04/10/08 05/22/08 04/10/08 05/22/08

stop time 12:55 PM 9:34 AM 12:55 PM 9:34 AM
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agitation Y Y Y Y
cent/filter 3H/Y 3H/Y 3H/Y 3H/Y
pH 7.94 8.02 4.79 4.81
Start date 04/10/08 05/22/08 04/10/08 05/22/08
add fluid 4:58 PM 1:26 PM 4:52 PM 1:30 PM
start bath 4:59 PM 1:33 PM 4:59 PM 1:33 PM

§ stop date 04/22/08 06/02/08 04/22/08 06/02/08
; stop time 8:34 AM 11:38 AM 8:34 AM 11:38 AM
T3 agitation Y Y Y Y

cent/filter 3H/Y 3H/Y 3H/Y 3H/Y
pH 7.94 8.09 4.77 4.69
Start date 05/13/08 06/02/08 05/13/08 06/02/08
add fluid 4:57 PM 4:03 PM 4:51 PM 3:54 PM
start bath 5:03 PM 4:08 PM 5:03 PM 4:08 PM

I stop date 05/22/08 06/14/08 05/22/08 06/14/08

I stop time 9:34 AM 1:47 PM 9:34 AM 1:47 PM
'O agitation Y Y Y Y

cent/filter 3H/Y 3.25h/Y 3H/Y 3.25h/Y
pH 8.02 8.03 4.79 4.56
Start date 05/22/08 06/14/08 05/22/08 06/14/08
add fluid 1:27 PM 5:33 AM 1:32 PM 5:35 AM
start bath 1:33 PM 5:39 AM 1:33 PM 5:39 AM

§ stop date 06/02/08 07/07/08 06/02/08 07/07/08

1 stop time 11:38 AM 4:03 PM 11:38 AM 4:03 PM
agitation Y Y Y Y
cent/filter 3.5H/Y 6:00 / Y 3.5H/Y 6:00 / Y
PH 8.09 — 4.66 —

Start date 06/02/08 07/07/08 06/02/08 07/07/08
add fluid 4:04 PM 10:31 PM 3:55 PM 10:33 PM

a start bath 4:08 PM 10:38 PM 4:08 PM 10:38 PM
§ stop date 06/14/08 07/28/08 06/14/08 07/28/08

! stop time 1:47 PM 12:11 PM 1:47 PM 12:11 PM
•ë agitation Y Y Y Y

cent/filter 3.25h/Y 6:00 / Y 3.25h/Y 6:00 / Y
PH ...... 8.02 4.56
Start date 06/14/08 06/14/08

e
e add fluid 5:30 AM 5:37 AM
i start bath 5:39 AM 5:39 AM
1 stop date 07/07/08 07/07/08

stop time 4:03 PM 4:03 PM
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agitation Y Y
cent/Alter 6:00/Y 6:00 / Y
pH —— ——

du
ra

tio
n 

p
Start date 07/07/08 07/07/08
add fluid 10:32 PM 10:35 PM
start bath 10:38 PM 10:38 PM
stop date 07/28/08 07/28/08
stop time 12:11 PM 12:11 PM
agitation Y Y
cent/filter 6:00/Y 6:00/Y
pH

B Lu-1 B Ly-1 B Lu-2 B Ly-2
Cont mass 11.05663 11.05734 11.06119 11.05946
Start Mass n/a n/a n/a n/a
Start date 01/24/08 01/24/08 02/06/08 02/06/08
add fluid

cd start bath 1:00 PM 1:00 PM 1258PM 1258PM
1 stop date 01/31/08 01/31/08 02/13/08 02/13/08

I stop time 8:53 AM 8:53 AM 835AM 835AM
agitation N N Y Y
cent/filter 3h/Y 3h/Y 3h/Y 3h/Y
pH 7.76 4.63 8.12 4.74
Start date 01/31/08 01/31/08 02/13/08 02/13/08
add fluid 534PM 543PM

-O start bath 12:28 PM 12:28 PM 551PM 551PM
.1 stop date 02/06/08 02/06/08 02/20/08 02/20/08

1 stop time 7:56 PM 7:56 PM 848AM 848AM
73 agitation N/Y* N/Y* Y Y

cent/filter 3h/Y 3h/Y 3h/Y 3h/Y
pH 7.87 4.72 8.00 4.80
Start date 02/06/08 02/06/08 02/21/08 02/21/08
add fluid 11:26 PM 11:28 PM 157PM 157PM

O start bath 11:34 PM 11:34 PM 204PM 204PM
g stop date 02/15/08 02/15/08 02/27/08 02/27/08

1 stop time 9:39 AM 9:39 AM 1103am 1103am
73 agitation Y Y

cent/filter 3H/Y 3H/Y
PH 7.93 4.81

! -2 Start date 02/18/08 02/18/08 02/27/08 02/27/08
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add fluid 10:36 AM 10:32 AM
start bath 10:40 AM 10:40 AM 1116am 1116am
stop date 02/25/08 02/25/08 02/29/08 02/29/08
stop time 11:15 AM 11:15 AM 1059am 1059am
agitation Y Y Y Y

cent/filter 3h/Y 3h/Y
18h37m / 

Y
18h37m / 

Y
pH 8.08 ^ 4.8 8.05 4.9

du
ra

tio
n 

e

Start date 02/27/08 02/27/08 03/01/08 03/01/08
add fluid 123p\m 153pm 704am 358am
start bath 209pm 209pm 706am 706am
stop date 03/04/08 03/04/08 03/11/08 03/11/08
stop time 839am 839am 1245pm 1245pm
agitation Y Y Y Y

cent/filter 3h/Y 3h/Y
20hl4m / 

Y
20hl4m / 

Y
PH 7.62 4.84 7.95 4.91

du
ra

tio
n 

f

Start date 03/04/08 03/04/08 03/13/08 03/13/08

add fluid 346pm 341pm
30mL;
307pm

30mL;
313pm

start bath 352pm 352pm 317pm 317pm
stop date 03/19/08 03/19/08 03/24/08 03/24/08
stop time 1125am 1125am 1100am 1100am
agitation Y Y Y Y
cent/filter 3H/Y 3H/Y 23h4m / Y 23h4m / Y

_pH 7.86 4.89 7.93 4.99

du
ra

tio
n 

g

Start date 03/19/08 03/19/08 03/28/08 03/28/08

add fluid 301pm 256pm
30mL;
149pm

30mL;
150pm

start bath 307pm 307pm 155pm 155pm
stop date 03/28/08 03/28/08 04/03/08 04/03/08
stop time 934am 934am 952am 952am
agitation Y Y Y Y

cent/filter . 3h/Y 3h/Y
23h43m / 

Y
23h43m / 

Y
pH 7.67 4.89 8.14 5.09

du
ra

tio
n 

h Start date 03/28/08 03/28/08 04/04/08 04/04/08
add fluid 138pm 134pm 2:08 PM 2:19 PM
start bath 158pm 158pm 2:27 PM 2:27 PM
stop date 04/04/08 04/04/08 04/14/08 04/14/08
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stop time 9:50 AM 9:50 AM 9:02 AM 9:02 AM
agitation Y Y Y Y

cent/filter 3H/Y 3H/Y
23h30m / 

Y
23h30m / 

Y
_PH 7.82 186 8.19 4.64

du
ra

tio
n 

I
Start date 04/04/08 04/04/08 04/17/08 04/17/08
add fluid 2:10 PM 2:18 PM 8:18 AM 8:12 AM
start bath 2:25 PM 2:25 PM 8:24 AM 8:24 AM
stop date 04/10/08 04/10/08 04/24/08 04/24/08
stop time 12:55 PM 12:55 PM 12:40 PM 12:40 PM
agitation Y Y Y Y
cent/filter 3H/Y 3H/Y ? /Y ? / Y
PH 8.05 4.67 8.08 4.66

du
ra

tio
n 

j

Start date 04/10/08 04/10/08 05/12/08 05/12/08
add fluid 4:56 PM 4:49 PM 2:47 PM 2:51 PM
start bath 4:59 PM 4:59 PM 2:53 PM 2:53 PM
stop date 04/22/08 04/22/08 05/20/08 05/20/08
stop time 8:34 AM 8:34 AM 11:20 AM 11:20 AM
agitation Y Y Y Y
cent/filter 3H/Y 3H/Y 20h?/Y 20h?/ Y
PH 8.09 4.66 8.22 4.56

du
ra

tio
n 

k

Start date 05/13/08 05/13/08 05/22/08 05/22/08
add fluid 5:01 PM 4:52 PM 12:46 PM 12:42 PM
start bath 5:03 PM 5:03 PM 12:54 PM 12:54 PM
stop date 05/22/08 05/22/08 05/30/08 05/30/08
stop time 9:34 AM 9:34 AM 12:41 PM 12:41 PM
agitation Y Y Y Y
cent/filter 3H/Y 3H/Y Y* Y*
pH 8.03 163 8.06 4.49

du
ra

tio
n 

L

Start date 05/22/08 05/22/08 06/02/08 06/02/08
add fluid 1:25 PM 1:29 PM 3:57 PM 3:51 PM
start bath 1:33 PM 1:33 PM 4:06 PM 4:06 PM
stop date 06/02/08 06/02/08 06/09/08 06/09/08
stop time 11:38 AM 11:38 AM 11:06 AM 11:06 AM
agitation Y Y Y Y
cent/filter 3.5H/Y 3.5H/Y 29:15/Y 29:15 / Y
PH 8.04 4.66 7.99 4.58

du
ra

tio
n

m

Start date 06/02/08 06/02/08 06/14/08 06/14/08
add fluid 4:02 PM 3:53 PM 2:33 AM 2:39 AM
start bath 4:08 PM 4:08 PM 3:57 AM 3:57 AM
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stop date 06/14/08 06/14/08 07/05/08 07/05/08
stop time 1:47 PM 1:47 PM 9:20 AM 9:20 AM
agitation Y Y Y Y
cent/filter 3.25h/Y 3.25h/Y 36:59/Y 36:59/Y
pH 8.02 4.55

du
ra

tio
n 

n
Start date 06/14/08 06/14/08 07/07/08 07/07/08
add fluid 5:32 AM 5:36 AM 6:14 PM 6:19 PM
start bath 5:39 AM 5:39 AM 6:25 PM 6:25 PM
stop date 07/07/08 07/07/08 07/23/08 07/23/08
stop time 4:03 PM 4:03 PM 1:26 PM 1:26 PM
agitation Y Y Y Y
cent/filter 6:00 / Y 6:00 / Y 46:24 / Y 46:24 / Y
pH — —

du
ra

tio
n 

p

Start date 07/07/08 07/07/08
add fluid 10:30 PM 10:34 PM
start bath 10:38 PM 10:38 PM
stop date 07/28/08 07/28/08
stop time 12:11 PM 12:11 PM
agitation Y Y
cent/filter 6:00 / Y 6:00/Y
pH
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A.2 Agitation Records

Date Time Samples Date Time Samples
2/26/08 11:00 AM DC 22-Apr 8:34 AM DC
2/28/08 10:57 AM All 13-May 3:05 AM DC
2/29/08 10:59 AM SAz 14-May 12:23 AM All
3/1/08 7:06 AM SAz 15-May 12:22 AM All
3/3/08 11:01 AM All 16-May 4:52 AM All
3/4/08 1:57 PM DC 19-May 11:10 AM All
3/5/08 10:59 AM All 20-May 11:20 AM SAz
3/7/08 11:55 AM All 21-May 1:10 PM SAz

3/11/08 12:44 PM SAz 22-May 8:47 AM SAz
3/12/08 12:01 PM SAz 26-May 6:34 PM All
3/13/08 1:56 PM SAz 2 8-May 11:29 AM All
3/14/08 3:09 PM All 30-May 12:41 PM SAz
3/15/08 12:21 PM All 31-May 12:44 PM SAz
3/17/08 9:38 AM All 1-Jun 6:16 PM SAz
3/18/08 12:39 PM All 4-Jim 3:22 PM All
3/19/08 11:25 AM DC 6-Jun 7:51 PM All
3/20/08 11:57 AM All 8-Jun 1:50 PM All
3/21/08 11:50 AM All 9-Jun 11:05 AM SAz
3/22/08 3:21 PM All 10-Jun 11:41 AM SAz
3/23/08 4:24 PM All 15-Jim 9:51 PM All
3/24/08 11:00 AM SAz 16-Jun 3:29 PM All
3/25/08 10:56 AM SAz 21-Jim 1:31 PM All
3/29/08 1:40 PM All 24-Jun 2:33 PM All
3/30/08 10:03 AM All 3-Jul 2:13 PM All
1-Apr 11:59 AM All 5-Jul 4:20 AM SAz
2-Apr 12:17 PM All 6-Jul 5:09 PM SAz
3-Apr 9:52 AM SAz 10-Jul 11:23 AM All
5-Apr 1:11 AM All 13-Jul 12:25 PM All
6-Apr 6:45 PM All 16-Jul 3:09 PM All
7-Apr 11:24 AM All 17-Jul 7:05 PM All
8-Apr 10:03 AM All 18-Jul 3:33 PM All
10-Apr 12:55 PM All 20-Jul 3:11 PM All
13-Apr 7:03 PM All 21-Jul 6:43 PM All
14-Apr 9:02 AM SAz 22-Jul 3:34 PM All
15-Apr 23-Jul 1:26 PM SAz
16-Apr 8:45 AM SAz 24-Jul 3:55 PM SAz
18-Apr
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APPENDIX B

B. 1 Lu ICP-OE concentration data

DC Lu-1
Analyte
Name Duration Elapsed

A1
308.215

Mg
279.553

Si
251.611

DC Lu-1 a 7.0 7.0 0.025 21.537 5.939
DC Lu-1 b 7.6 14.6 BDL 13.044 3.826
DC Lu-1 c 5.9 20.5 NA NA NA
DC Lu-1 d 2.8 23.2 NA NA NA
DC Lu-1 e 11.1 34.3 BDL 9.376 3.556
DC Lu-1 f 11.8 46.1 BDL 3.951 1.980
DC Lu-1 g 6.8 52.9 BDL 4.443 2.351
DC Lu-1 h 10.8 63.7 BDL 2.181 1.874
DC Lu-1 i 8.2 71.9 BDL 3.436 2.388
DC Lu-1 J 8.9 80.8 0.043 3.043 2.770
DC Lu-1 K 9.0 89.9 0.100 1.926 2.250
DC Lu-1 L 8.0 97.9 0.194 1.515 2.304
DC Lu-1 M 23.2 121.1 0.212 1.177 2.991
DC Lui N 17.7 138.8 0.133 0.904 2.330

DC Lu-2
Analyte
Name Duration Elapsed

A1
308.215

Mg
279.553

Si
251.611

DC Lu-2 a 7.0 7.0 BDL BDL BDL
DC Lu-2 b 7.6 14.6 0.025 16.033 4.756
DC Lu-2 c 5.9 20.5 NA • NA NA
DC Lu-2 d 2.8 212 BDL 12.955 4.554
DC Lu-2 e 11.1 34.3 BDL 8.381 3.347
DC Lu-2 f 11.8 46.1 BDL 3.853 1.722
DC Lu-2 g 6.8 52.9 BDL 3.188 1.672
DC Lu-2 h 10.8 6 1 7 . 0.019 2.073 1.439
DC Lu-2 I 8.2 71.9 NA NA NA
DC Lu-2 J 8.9 80.8 0.055 1.899 1.873
DC Lu-2 K 9.0 89.9 0.105 1.121 1.740
DC Lu-2 L 8.0 919 0.191 1.243 2.148
DC Lu-2 M 23.2 121.1 0.163 0.937 2.315
DC Lu2 N 17.7 1318 0.145 0.753 2.180

SAz Lu-1
Analyte
Name Duration Elapsed

A1
308.215

Mg
279.553

Si
251.611

Saz Lu-1 a 7.0 7.0 0.040 26.841 5.809
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Saz Lu-1 b 6.4 13.4 0.081 13.995 8.465
Saz Lu-1 c 8.6 21.9 0.119 11.066 10.290
Saz Lu-1 d 7.2 29.1 0.070 4.069 4.171
Saz Lu-1 e 5.9 35.0 0.183 3.647 5.062
SAZ Lu-1 f 14.9 50.0 0.121 1.253 2.396
SAZ Lu-1 g 8.9 58.9 0.081 0.967 1.925
SAZ Lu-1 h 7.0 65.8 0.142 1.169 3.004
SAZ Lu-1 i 6.1 71.9 0.151 0.658 2.096
SAZ Lu-1 J 11.8 83.7 0.158 0.693 2.409
SAZ Lu-1 K 8.8 92.5 0.139 0.612 2.247
SAZ Lu-1 L 11.1 103.6 0.247 0.928 3.522
SAZ Lu-1 M 12.0 115.6 0.244 0.899 3.635
SAZ Lu-1 N 23.7 139.3 0.154 0.537 2.978
SAz Lui P 20.8 160.1 0.158 0.640 3.690

SAz Lu-2
Analyte
Name Duration Elapsed

Al
308.215

Mg
279.553

Si
251.611

Saz Lu-2 a 8.6 8.6 0.054 35.407 12.342
Saz Lu-2 b 7.2 15.7 0.063 12.196 8.132
Saz Lu-2 c 5.9 21.6 0.105 4.392 4.226

SAZ Lu-2 d 14.9 36.6 0.116 2.579 3.307
SAZ Lu-2 e 8.9 45.5 0.086 1.712 2.456
SAZ Lu-2 f 6.9 52.4 0.183 2.164 3.906
SAZ Lu-2 g 6.1 58.5 0.175 1.006 2.570
SAZ Lu-2 h 11.8 70.2 0.214 1.218 3.587
SAZ LU-2 I 8.8 79.1 0.202 1.362 3.830
SAZ Lu-2 J 11.1 90.1 0.256 1.163 4.116
SAZ Lu-2 K 12.0 102.2 0.282 1.073 4.144
SAZ Lu-2 L 23.7 125.9 0.145 0.639 3.219
SAz Lu2 M 20.8 146.7 0.114 0.598 3.020

B] Ai-1
Analyte
Name Duration Elapsed

Al
308.215

Mg
279.553

Si
251.611

B Lu-1 a 7.0 7.0 0.029 0.033 0.392
B Lu-1 b 6.4 13.4 0.023 0.026 0.165
B Lu-1 c 8.6 21.9 NA NA NA
B Lu-1 d 7.2 29.1 0.014 0.021 0.244
B Lu-1 e 5.9 35.0 BDL 0.067 0.156
B Lu-1 f 14.9 50.0 0.065 0.043 0.660
B Lu-1 g 8.9 58.9 BDL 0.068 0.092
B Lu-1 h 7.0 65.8 0.067 0.096 0.679
B Lu-1 i 6.1 71.9 0.060 0.069 0.733
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B Lu-1 J 11.8 817 BDL 0.054 0.635
B Lu-1 K 8.8 915 0.041 0.029 0.450
B Lu-1 L 11.1 103.6 ' 0.043 0.031 0.419

B LU-1 M 12.0 115.6 BDL 0.044
B Lu-1 N 217 139.3 0.056 0.024 0.824

B] ^u-2
Analyte
Name Duration Elapsed

A1
308.215

Mg
279.553

Si
251.611

B Lu-2 a 6.9 6.9 0.024 BDL BDL
B Lu-2 b 6.8 13.7 BDL 0.021 0.398
B Lu-2 c 5.9 19.6 NA NA NA
B Lu-2 d 2.8 213 NA NA NA
B Lu-2 e 11.1 33.4 BDL 0.105 0.190
B Lu-2 f 11.8 412 BDL 0.054 0.130
B Lu-2 g 6.8 52.0 BDL 0.095 0.174
B Lu-2 h 10.8 618 0.061 0.078 0.807
B Lu-2 i 8.2 71.0 BDL 0.095 0.618
B Lu-2 J 8.9 79.9 0.075 0.178 1.002
B Lu-2 K 9.0 89.0 0.056 0.041 0.643
B Lu-2 L 8.0 97.0 0.048 0.045 0.561
B Lu-2 M 23.2 120.2 0.046 0.026 0.546

B.2 Ly ICP-OE concentration data

DC Ly-1
Analyte
Name Duration Elapsed

A1
308.215

Mg
279.553

Si
251.611

DC Ly-1 a 6.8 6.8 0.045 40.902 12.404
DC Ly-1 b 6.8 13.6 0.186 25.951 4.167
DC Ly-1 c 5.9 19.5 NA NA NA
DC Ly-1 d 2.0 21.5 NA NA NA
DC Ly-1 e 10.2 31.7 0.205 9.749 2.707
DC Ly-1 f 10.8 42.5 0.226 4.758 3.549
DC Ly-1 g 5.8 48.4 0.357 3.899 3.835
DC Ly-1 h 9.8 58.1 0.316 2.734 4.860
DC Ly-1 i 7.2 65.3 0.049 2.825 2.377
DC Ly-1 j 7.9 73.2 0.892 1.732 4.685
DC Ly-1 K 8.0 81.2 1.706 0.821 3.133
DC Ly-1 L 6.8 88.0 1.626 0.576 2.630
DC Ly-1 M 21.3 109.3 1.691 0.511 3.994
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DC Lyl N 17.7 127.0 1.390 0.380 3.650
DC Ly-2

Analyte
Name Duration Elapsed

A1
308.215

Mg
279.553

Si
251.611

DC Ly-2 a 6.8 6.8 0.066 39.717 10.803
DC Ly-2 b 6.8 13.6 0.339 22.847 3.017
DC Ly-2 c 5.9 19.5 NA NA NA
DC Ly-2 d 2.0 21.4 0.920 12.595 3.566
DC Ly-2 e 10.2 31.7 0.294 7.697 2.486
DC Ly-2 f 10.8 42.5 0.332 5.246 4.696
DC Ly-2 g 5.8 48.3 0.309 3.075 3.502
DC Ly-2 h 9.8 58.1 0.326 1.891 4.593
DC Ly-2 i 7.2 65.3 1.047 1.208 4.560
DC Ly-2 J 7.9 73.2 1.710 0.854 5.219
DC Ly-2 K 8.0 81.2 1.673 0.573 2.896
DC Ly-2 L 6.8 88.0 1.622 0.394 2.473
DC Ly-2 M 21.3 109.2 1.575 0.389 4.012
DC Ly2 N 17.7 127.0 1.330 0.294 3.600

SAz Ly-1
Analyte
Name Duration Elapsed

A1
308.215

Mg
279.553

Si
251.611

SAz Ly-1 a 6.8 6.8 0.159 28.749 2.107
SAz Ly-1 b 6.3 13.1 0.332 15.053 3.784
SAz Ly-1 c 8.4 21.6 0.335 7.941 3.458
SAz Ly-1 d 7.0 28.6 0.182 4.485 2.510
SAz Ly-1 e 5.8 34.4 0.175 2.517 1.868
SAZ Ly-1 f 14.8 49.2 0.184 1.898 6.758
SAZ Ly-1 g 8.8 58.0 0.204 1.385 5.614
SAZ Ly-1 h 6.8 64.8 0.283 0.978 5.287
SAZ Ly-1 i 5.9 70.8 0.408 0.698 6.384
SAZ Ly-1 J 11.7 82.4 0.586 0.655 6.431
SAZ Ly-1 K 8.7 91.1 0.803 0.533 4.115
SAZ Ly-1 L 10.9 102.0 1.094 0.609 4.874
Saz Ly-1 M 11.9 113.9 1.379 0.675 5.871
SAZ Ly-1 N 23.4 137.4 1.334 0.807 7.695
SAz Lyl P 20.8 158.2 1.350 0.840 8.210

SAz Ly-2
Analyte
Name Duration Elapsed

A1
308.215

Mg
279.553

Si
251.611

SAz Ly-2 a 8.4 8.4 0.044 31.316 2.961
SAz Ly-2 b 7.0 15.5 0.269 15.177 4.797
SAz Ly-2 c 5.8 21.2 0.186 7.502 2.701
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SAZ Ly-2 d 14.8 36.1 0.200 4.781 9.046
SAZ Ly-2 e 8.8 44.8 0.117 1.448 3.104
SAZ Ly-2 f 6.8 51.7 0.310 1.704 5.566
SAZ Ly-2 g 5.9 57.6 0.378 1.121 5.620
SAZ Ly-2 h 11.7 69.3 0.760 0.971 7.108
SAZ Ly-2 I 8.7 78.0 1.115 0.730 4.481
SAZ Ly-2 J 10.9 88.9 1.180 0.786 5.618
SAZ Ly-2 K 11.9 100.8 1.305 0.754 5.426
SAZ Ly-2 L 23.4 124.2 1.096 0.778 7.085
SAz Ly2 M 20.8 145.0 1.260 0.867 7.780

B1Ly-1
Analyte
Name Duration Elapsed

A1
308.215

Mg
279.553

Si
251.611

B Ly-1 a 6.8 6.8 0.021 0.009 1.014
B Ly-1 b 6.3 13.1 0.030 0.006 0.984
B Ly-1 c 8.4 21.6 0.036 0.014 1.258
B Ly-1 d 7.0 28.6 0.033 0.004 1.221
B Ly-1 e 5.8 34.4 0.038 0.030 1.321
B Ly-1 f 14.8 49.2 0.079 0.008 1.423
B Ly-1 g 8.8 58.0 0.035 0.060 1.371
B Ly-1 h 6.8 64.8 0.108 0.079 2.484
B Ly-1 i 5.9 70.8 0.148 0.056 3.744
B Ly-1 J 11.7 82.4 0.084 0.056 3.437
B Ly-1 K 8.7 91.1 0.048 0.011 0.659
B Ly-1 L 10.9 102.0 0.046 0.012 0.819
B Ly-1 M 11.9 113.9 0.053 0.009 0.819
B Ly-1 N 23.4 137.4 0.086 0.008 1.754

B Ly-2
Analyte
Name Duration Elapsed

A1
308.215

Mg
279.553

Si
251.611

B Ly-2 a 6.8 6.8 0.039 0.013 1.185
B Ly-2 d 2.0 8.8 0.035 0.003 1.348
B Ly-2 c 5.9 14.7 BDL BDL BDL
B Ly-2 d 2.0 16.7 BDL BDL BDL
B Ly-2 e 10.4 27.0 0.023 0.043 1.122
B Ly-2 f 10.8 37.9 0.056 0.058 1.939
B Ly-2 g 5.8 43.7 0.057 0.052 2.161
B Ly-2 h 9.8 53.5 0.150 0.071 3.751
B Ly-2 i 7.2 60.7 0.082 0.064 3.332
B Ly-2 j 7.9 68.5 0.159 0.058 4.055

B Ly-2 K 8.0 76.5 0.054 0.010 0.824
B Ly-2 L 6.8 83.3 0.034 0.010 0.673
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B Ly-2 M 21.3 104.6 0.050 0.009 0.849
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