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Organic acids from the biosphere are important reactants in a number of 

weathering environments. Organic acids accelerate silicate dissolution, increase 

silicate solubility, mobilize aluminum and silica, and alter the equilibrium between 

the solution and precipitated secondary phases. The chemical dynamics of the 

weathering environment was examined by investigating the interaction between 

mineral surfaces and organic/inorganic electrolyte solutions. Organic acids, analogs 

of microbially generated siderophores, were examined for their effects on 

aluminosilicate dissolution kinetics at multiple temperatures in various electrolyte 

solutions.  

Mineral surface titrations were performed for six mineral samples: quartz, 

gibbsite, feldspars, microcline, andalusite, and kyanite. Mineral powder/distilled 

water mixture samples were titrated by 0.1 N HCl in the basic pH region, and by 0.1 

N NaOH in the acidic pH region. UV-difference spectroscopic analysis was 
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performed on dissolved silica-organic acid mixtures to characterize solution 

complexes. Mineral dissolution experiments were performed using temperature 

controlled, continuous-flow mixed reactors. For inorganic dissolution experiment, the 

solution ionic strength was controlled using LiCl while solution pH was adjusted 

using either dilute HCl or LiOH solutions. Reagent grade citric acid, tropolone, and 

3,4-dihydroxybenzoic acid were used for organic ligand dissolution experiments. A 

constant flow rate was maintained by using a peristaltic proportioning pump.  

The mineral surface titration results revealed important surface properties that 

can be critical to interpreting dissolution kinetics in natural environments. One of the 

most important results would be that the amount of active surface sites can vary in 

different solution pH conditions which have been normally assumed to be fixed 

numbers based on surface area measurements. The UV-difference spectroscopy result 

shows that some siderophores form stable solution complexes with silica as well as 

Al and Fe. The results imply that dissolution of aluminosilicate minerals can be 

significantly enhanced in natural environments by bacterial siderophores, as 

suggested by previous researchers.  

Dissolution results in inorganic electrolyte solutions showed that the net effect 

of solution ionic strength on the aluminosilicate dissolution reactions is a decrease in 

the overall dissolution rates, opposite to the effect of ionic strength on quartz 

dissolution. When the solution ionic species interact with feldspar surfaces, the 

mechanism of lowering the dissolution rates may be by inhibiting the ion exchange 

reaction. However, when the solution ionic species do not interact with the silicate 

surfaces or no ion-exchangeable species are available on the mineral surface, the 
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mechanism of lowering the dissolution rate may be attributed to the effect of activity 

changes in the neutral species in the solution. 

Microcline dissolution increased in organic ligand solutions relative to 

inorganic electrolyte solutions while andalusite and kyanite dissolution rates 

decreased in organic ligand solutions. The increased dissolution rate of microcline 

suggests that feldspar dissolution may be a SN2 mechanism. The decreased or 

unaffected dissolution rates from kyanite and andalusite suggest that the mechanism 

for these minerals may be a SN1 mechanism. The effect of organic ligands on 

dissolution rate was greater in pH 5 solutions than in pH 3. This result suggests that 

the dominant reaction mechanism in the pH 3 region is proton-promoted, while it is 

ligand-promoted in the pH 5 region. 

Lower activation energies in organic ligand solutions suggest that: (1) the 

metal-organic complex is more stable at lower temperatures; or (2) the dominant 

reaction mechanism at a high temperature region may be proton-promoted and is 

ligand-promoted at a lower temperature region. 
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CHAPTER 1 

MINERAL SURFACE PROPERTIES AND ELECTROLYTE 
SOLUTION CHARACTERISTICS 

Abstract 

Mineral surface properties and organic acid–metal complexation chemistry 

were investigated for their influence on surface reactions and dissolution kinetics in 

organic electrolyte solutions. Sorption properties, surface speciation, and active 

surface sites were studied by performing potentiometric titration analyses on six 

mineral surfaces: quartz, gibbsite, feldspars, microcline, andalusite, and kyanite. The 

complexation chemistry of organic acids against dissolved silica was studied from 

UV-difference spectroscopic methods. 

The mineral surfaces showed both specific and non-specific sorption 

characteristics. The differences between the pH of apparent sorption minima (pHSMa) 

and isoelectric point (IEP) values may be used in grouping their dominant sorption 

behaviors. Quartz and microcline showed larger differences (7 to 8 pH units), and 

gibbsite, andalusite, and kyanite showed smaller differences (1 to 2 pH units). 

Mineral surfaces should show more non-specific sorption characteristics when there 

is only small difference between the pHSMa and IEP values, while the specific-

sorption type characteristics can be expected when there is a big difference. Analysis 

on the surface speciation indicates that the quartz surface would be neutral between 

pH 2.0 and 6.2, while negatively charged at pH above 6.2. Microcline surface would 

also have very similar surface speciation as the quartz surface. About one half of the 
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andalusite and kyanite surface sites would be negatively charged and the other half 

would be neutral at near neutral pH conditions.  

The approximate number of reactive surface sites for quartz was 2.9 per 

square nanometers in the acidic pH region and 5.8 per square nanometers in the basic 

region. Microcline showed 3.3 and 3.6 reactive surface sites per square nanometers in 

the acidic and the basic pH regions, respectively.  

The UV-difference spectra from 3,4-dihydroxybenzoic acid and tropolone 

show the evidence of chromophores from organic acid-silica complexes. Analysis of 

the structural stability, based on molecular modeling, shows these organic acids can 

form relatively symmetric complexes with silica without significant steric hindrances. 

Analysis of complex species distribution under varying mole ratios showed that 

tropolone may be forming 1:1, 2:1, or 3:1 complexes as tropolone/silica mole ratio 

changes from near zero to around one. Wavelengths of 330 nm, 300 nm, and 225 nm 

were suggested as the characteristic peaks for these complexes. 

The mineral surface titration results revealed important surface properties that 

can be critical to interpreting dissolution kinetics in natural environments. One of the 

most important results is that the amount of active surface sites can vary in different 

solution pH conditions which have been normally assumed to be fixed numbers based 

on surface area measurements. The UV-difference spectroscopy results strongly 

support that some siderophores form stable solution complexes with silica. Their 

existence may significantly enhance the dissolution of aluminosilicate minerals by 

complexing with silica and/or aluminum as suggested by previous researchers. 
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Introduction 

Mineral dissolution phenomena can be understood as reflections of the 

interactions between mineral surface and solution species over time under varying 

conditions like different temperature, pH, ionic strength, and electrolyte species. 

Thorough understanding of the mineral surface properties, therefore, is crucial to the 

meaningful interpretation of mineral dissolution rates at any given conditions.  

From the perspective of dissolution kinetics, two of the most important 

surface properties would be: (1) surface speciation and (2) active surface sites. The 

surface speciation of mineral surface is important because mineral dissolution is 

dependent on solution pH, and mineral surfaces are composed of ionic species that 

interact with solution ionic species, especially H+ and OH- (e.g. Chou and Wollast, 

1984; Brady and Walther, 1989; Casey and Sposito, 1992; Brantley Stillings, 1996; 

Oelkers, 2001; Oelkers and Poitrasson, 2002; and many others). Identifying active 

surface sites are important because mineral dissolution is a function of activated 

surface species that are believed in equilibrium with “active” surface sites (Eyring, 

1935; Aagaard and Helgeson, 1982, Helgeson et al., 1984; Wieland et al., 1988; 

Lasaga, 1990; Oelkers, 2001; Lasaga, 2003). 

Potentiometric titration of mineral surfaces is necessary when the surface 

charges need to be determined because it is not possible to calculate the surface 

potentials from surface coordination chemistry (Furrer and Stumm, 1986). However, 

this has been overlooked widely and only a few results are reported in literature. The 

primary reason of this lack of interest may be coming from the technical difficulties 

of the surface titration. Mineral surfaces can be understood as a very weak acid or 
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base because their concentration at the solution/surface interface is very low relative 

to the solution species. Several mineral surface titrations were made in this study in 

an effort to establish a standard surface titration process. 

In addition to the mineral surface properties, characterization of organic acids 

being used in the dissolution experiments is also necessary. Organic acids from the 

biosphere have been implicated as important reactants at the mineral-water interfaces 

as well as in aqueous solutions. In this study, the complexation chemistry of organic-

acid anion and dissolved silica is investigated since this reaction is believed to be 

very important in controlling dissolution kinetics near neutral pH conditions (e.g. 

Bennett and Siegel, 1987).  

BACKGROUND 

Mineral Surface-Solution Interface 

The spatial distribution of free electronic or ionic charges at the mineral-

solution interface determines the electric state of a surface. This electronic/ionic 

distribution is idealized as an electrochemical double layer. A fixed surface charge 

attached to the mineral forms one layer of the double layer, while the other layer is a 

diffuse layer distributed diffusely in the solution in contact (Figure 1.1). A negative 

surface with one type of cations as counter-ions is considered at the interface. These 

counter-ions are electrostatically attracted by the surface while anions are depleted 

from the surface. They tend to become more evenly distributed through the solution 

because of thermal motion, and may be attracted to the surface by specific adsorption 

(Stumm and Morgan, 1981; Parsons, 1987; Adamson, 1990).  
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Surface speciation is the relative distribution and abundance of mineral 

surface ion species at a given pH, and it can be calculated from surface titration 

(Furrer and Stumm, 1986). Measuring solution pH, as a response to an addition of 

acid or base, will provide information on the surface speciation if we know the 

number of surface sites of a mineral (Stumm and Morgan, 1981; Huang, 1981; Blum 

and Lasaga, 1991). This information on the surface speciation is critical in 

determining the dissolution mechanisms (Lasaga, 1981; Laidler, 1987; Koretsky, 

2000). The number of ‘reactive’ surface sites may also be calculated from surface 

titration by calculating the number of protons adsorbed per unit area and then plotting 

it against the acid or base added (e.g., Pugh, 1992).  

Among the important surface characteristics, the isoelectric point of charge 

(IEP) of mineral surface is the pH where the particle is electro-kinetically neutral, or 

when there is no adsorbed species at the surface other than H+ and OH-. The IEP of a 

mineral surface can be either measured by potentiometric titration or estimated from 

the proportion of tetrahedral Al, octahedral Al, and tetrahedral Si surface sites (Parks, 

1967). According to Parks (1967), tetrahedrally coordinated Al on the surface has an 

isoelectric point at a pH of ~6.8, octahedral Al has an isoelectric point of pH ~9.2, 

and tetrahedral Si has an isoelectric point of pH ~1.8. Table 1.1 shows the calculated 

and measured IEP values that Parks (1967) summarized. According to Parks (1967), 

the difference between estimated and observed values in Table 1.1 comes from 

oversimplification of the model. For example, the same surface composition was 

assumed as that of the bulk and to be given by the idealized chemical formula that 

may not be always true in reality. 
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Figure 1.1. Schematic diagram of the electrical double layer at a metal-
electrolyte interface. A fixed surface charge (s) attached to the mineral forms 
one layer of the double layer. The other layer is a diffuse layer distributed 
diffusely in the solution in contact. A negative surface (-s) with one type of 
cations as counter-ions is considered at the interface. These counter-ions are 
electro-statically attracted by the surface while anions are depleted from the 
surface (Parsons, 1987). 
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Table 1.1. Estimated and observed isoelectric point (IEP) values of the minerals 
of interest (after Parks, 1967). 
Solid Calculated 

(hydrous) 
Calculated 

(anhydrous) Observed  Comments 

Albite 3.1 3.0 2.0  
Microcline 3.1 3.0 2.4  
Kyanite 6.8, 7.4 5.0, 5.9 6.6 after leaching with dilute HCl 
Andalusite 6.3, 6.9 5.1, 5.5 5.9 after leaching with dilute HCl 

  

One objective of this research is to examine the surface sorption 

characteristics and speciation of the mineral surfaces in different pH conditions, and 

determine the active surface sites per unit area of each mineral.  

Surface Titration 

Surface titration is a method for determining the adsorption characteristics of 

mineral surfaces (Blum and Lasaga, 1991; Wieland and Stumm, 1992; Xie and 

Walther, 1992; Oxburgh et al., 1994; Sahai and Sverjensky, 1997; Mukhopadhyay 

and Walther, 2001; Luetzenkirchen et al, 2002). During the titration, acid or base is 

added to aqueous suspension of the mineral, and the composition of the solution is 

monitored with pH electrode and/or specific ion electrodes. The mass of a species 

adsorbed or desorbed from the mineral surface can be calculated from the difference 

between the amount of acid or base added to the system and the concentration of the 

species measured in solution. Expected reactions that may occur during surface 

titration are:  

1. Cation exchange at the surface of minerals containing ion exchangeable cations, 

in the case of microcline, 
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 ≡M−K + H+  ≡M−H + K+         (exchange)  (1.1) 

 ≡M−K  ≡M- + K+                  (detachment)   (1.2) 

where M is a cation site accessible for exchange with solution. In these and 

following equations ‘≡’ denotes the framework bonds. 

2. Adsorption or desorption of hydrogen ions from the bridging oxygens on the 

mineral surface,  

 ≡(Al, Si)−OH  ≡(Al, Si)−O- + H+ (1.3) 

 ≡(Al, Si)−OH + H+  ≡(Al, Si)−OH2
+ (1.4) 

where ≡(Al, Si)−O-  and ≡(Al, Si)−OH2
+ are negatively and positively charged 

surface species, respectively. 

3. Adsorption reactions of cations at bridging oxygens at the surface (Blum and 

Lasaga, 1991), in the case of feldspars: 
 

 Al
O

Si

Na
+

Al
O

Si

K
+

Al
O

Si

Ca
2+

. 

(1.5)

 

4. Neutralization of solution OH- by H+, and vice versa. 

 OH- + H+  H2O (1.6) 

5. Dissociation and neutralization of organic acids depending on the solution pH. 

 AH  A- + H+ (1.7) 

Reactions 1.1 through 1.5 occur at the solid-solution interface and reactions 

1.6 and 1.7 occur in the bulk solution. Any changes in proton numbers would be a 

combined result of above reactions. However, bridging oxygens on silicate surfaces 

tend to be hydrophobic (Iler, 1979) and adsorption at these sites (reaction 1.5) is 



 9

predicted to be very weak (Blum and Lasaga, 1991). Therefore, their relative 

contribution to the total hydrogen concentration change could be considered 

negligible. Also, reaction 1.6 is predicted to contribute a negligible part of the total 

loss of hydrogen ions since the relative concentration of hydroxyl ions in solution, 

compared to others, is considerably low. The effect of reactions 1.6, and 1.7 can be 

eliminated or minimized by comparing the changes in pH values with blank (solution 

of the same matrix without mineral suspension) titration results. 

Sorption Isotherms 

Adsorption is the association of an adsorbate compound onto a surface, while 

absorption involves the redistribution of a compound from the aqueous phase into a 

volume of material. In geochemical systems, however, the two are often 

indistinguishable, and the term sorption is almost always used. 

Sorption isotherms describe the equilibrium relationship between bulk activity 

of adsorbate in solution and the moles adsorbed on the surface at a constant 

temperature. As described in Figure 1.2, there are three different types of general 

sorption isotherms based on gas-solid sorption experiments (Brunauer et al., 1938):  

(a) Langmuir type sorption isotherm (Figure 1.2a) is a good representation of 

chemisorption and usually represents the low P portion of other isotherms. 

(b) BET type sorption isotherm (Figure 1.2b) is an extension of the Langmuir 

relationship that accounts for multi-layer coverage. 

(c) Freundlich sorption isotherm (Figure 1.2c) allows for a heterogeneous 

surface that is more often seen in natural systems. There are three subtypes in this 

category: When n>1, the sorption constant (K) increases with increasing solution 
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concentration. When n<1, K decreases with solution concentration as the low-energy 

sites are occupied. When n=1, the isotherm becomes a linear relationship (see Stumm 

and Morgan, 1981; Schwarzenbach et al., 1993). 

Surface Speciation 

The endpoint of a titration is an operational approximation of the equivalence 

point: the reaction of a strong base with a strong acid involves the combination of H+ 

and OH- to form H2O, and is governed by the ion product of water. Thus the 

equivalence point of such a titration at 25ºC is at pH 7.0.  The titration of a weak acid 

with a strong base involves at least two sequential reactions; the initial reaction is the 

titration of the hydrated proton by the added OH-. The second reaction, which may be 

very rapid or slow, involves transfer of the proton from the weak acid to H2O. The pH 

of the equivalence point depends on the degree of dissociation of the weak acid and 

its concentration as well as on the ionization constant of water. Since the solution pH 

is a reflection of surface speciation (as a week acid or base), measuring solution pH, 

as a response to an addition of acid or base, will provide information on the surface 

speciation (Stumm and Morgan, 1981; Huang, 1981; Blum and Lasaga, 1991; Sahai 

and Sverjensky, 1997; Luetzenkirchen et al., 2002). 

Active Surface Sites 

Active surface sites may be estimated from the mass-balance calculation 

between two phases across the interface. The amount of adsorbate (adsorbed species) 

that is removed from the solution phase to the mineral surface may be estimated by 

subtracting the amount of remaining adsorbate species in the sample solution (titrated  
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Isotherm Type Equation 
(a) Langmuir 
 

bP
bPQQ m

+
=

1
 (1.8)

where 
Q is the amount sorbed, 
Qm is the monolayer coverage, 
P is gas phase concentration, and 
b is a constant. 

 
(b) BET 
 

)])(1(1)[( o
o

m

P
PcPP

cPQQ
−+−

=  (1.9)

where 
Pº is the saturate vapor pressure and 
c is a constant. 

 
(c) Freundlich 
 n

ws CKC ⋅=  (1.10)
where 
Cw is the total concentration in water, 
Cs is the total sorbate concentration associated 
with the sorbent, 
K is the Freundlich constant, and 
n is a measure of non-linearity. 

Figure 1.2. Types of sorption isotherms: (a) Langmuir, (b) BET, and (c) 
Freundlich types (Brunauer et al, 1938; Stumm and Morgan, 1981; 
Schwarzenbach et al., 1993) 

P 

Q Qm 

P 

Vads 

Cw 

Cs 
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with adsorbents present) from the amount of adsorbate species in the blank solution 

(titrated without adsorbents present).  

PROPERTIES OF ORGANIC ACID ANION-METAL COMPLEX SPECIES 

Many researchers have reported enhanced dissolution of Fe-bearing minerals 

like goethite (e.g., Cheah and Sposito, 1999; Cheah et al., 2003) and hornblende (e.g., 

Givens and Brantley, 1998; Liermann et al., 2000) with Fe-binding siderophores. 

Moreover, there are number of reports of enhanced dissolution on aluminosilicates 

with organic acids (summarized in Chapter 3). In the case of aluminosilicates where 

little or no iron is contained, the proposed mechanism of the enhanced dissolution 

would be the complexation of silica or aluminum with siderophores since they are 

strong chelators, while iron-siderophore complexation would be the key for the case 

of iron-bearing minerals. Complexation can happen either on the mineral surface 

(ligand-promoted dissolution) as siderophores adsorb onto the surface or in the 

solution phase (therefore increasing the apparent solubility) as to be described in 

Chapter 3. In this chapter only the complexation process of silica and siderophores in 

the solution phase will be examined while the surface process will be examined in 

Chapter 3. 

If an organic molecule is exposed to ultraviolet (UV) or visible (Vis) light, 

electrons may get promoted from bonding or nonbonding orbitals to so-called 

antibonding orbitals (i.e., σ* or π*): 

 
*ππ

νh
→ . (1.11) 
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A compound’s UV/Vis spectrum can be measured with a spectrophotometer. 

Absorption in the UV/Vis region of the spectrum is dependent on the electronic 

structure of the molecule. The electronic spectrum of an organic molecule can be 

attributed to the presence of one or more chromophores. Chromophores are functional 

groups that absorb UV/Vis light including ethylenic (RCH=CHR), acetylenic 

(RC≡CR), carbonyl (RC=O), carboxyl (RCOOH), and benzene (Parikh, 1974). 

Absorption of energy is quantized and results in the elevation of electrons in 

the ground state to higher-energy orbitals in an activated state. The Beer-Lambert law 

describes the relationship between the molecular concentration of an organic species 

and its absorbance (Perkampus, 1992). For absorbing chemicals in an absorbing 

medium, the decrease in intensity of light with thickness as it traverses through the 

medium, at a fixed wavelength λ is: 

 
( )
( ) lC

I
IA o ])()([log λελα

λ
λ

+== , (1.12) 

where A is Absorbance, Io(λ) is incident light intensity (photons cm-2 s-1) at a given λ, 

I(λ) is transmitted light intensity (photons cm-2 s-1) at a given λ, α(λ) is the 

attenuation coefficient of the medium (cm-1) at a given λ, ε(λ) is molar absorptivity (a 

constant) (L M-1 cm-1 ) at a given λ, C is concentration (M L-1), and l is beam path 

length (cm). 

Using a spectrophotometer and appropriate solvent and reference solution (i.e., 

a solution made of the same liquid phase except for the organic species), the 

absorbance A of a solution of the compound can be measured as a function of 

wavelength in a cuvette exhibiting a specific width (e.g., 1, 5, or 10 cm): 
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 lCA ⋅⋅= )(λε . (1.13) 

There are many reports of applying this spectrophotometric method to 

geological research. For examples, Fooken and Libezeit (2000) found that they could 

distinguish the marine and terrestrial origin of humic acids in North Sea surface 

sediments by analyzing their UV/Vis spectra. Marine samples were characterized by 

a maximum at 407 nm, which was lacking in terrestrial ones. Kalbitz et al. (1999) 

characterized the land use history in a fen area by examining the elemental 

composition and spectroscopic properties of dissolved fulvic acids isolated from 

different sampling media of a natural fen area. They found that dissolved fulvic acids 

from highly degraded peatlands (due to long-term agricultural use) exhibit lower C/N 

ratios and higher absorption in the UV spectra. Fahle (1991) reported that they used 

the UV/Vis spectrophotometric method as part of their analytical methods of iron 

chelating species in a shallow leachate plume. 

In the area of reaction kinetics and/or stability of organic acids-metal complex 

species, however, few researchers have reported cases on using spectrophotometric 

methods. In this study, the basic spectrophotometric method (UV/Vis-difference 

spectroscopy) was used in order to investigate the nature of organic acids-metal 

complexes. UV-difference spectroscopy is a method of identifying the 

spectrophotometric characteristics of organic species using an UV/Vis light source 

and a pair of detectors. Figure 1.3 shows a schematic diagram of UV-difference 

spectroscopy in a spectrophotometer. In this diagram the UV/Vis light is split and 

beamed through the two pathways then the difference between the spectra is recorded.  
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As organic acid anions are proposed to be responsible for the enhanced 

dissolution of quartz and/or feldspars, we chose organic acids of UV-difference 

experiments from a group known as bacterial siderophores. Siderophores are Fe(III) 

ligands produced by many microorganisms to aid in Fe uptake in aerobic 

environments. In this study, 2,3-dihydroxybenzoic acid, 3,4-dihydroxybenzoic acid, 

and tropolone were selected as the representative of the bacterial siderophores 

(Barton and Hemming, 1993), and 2-ketoglutaric acid as a non-siderophore reference. 

Ketoglutaric acid is a cellular metabolic intermediate within citric acid cycle (Kreb’s 

cycle) of most plants. 
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Figure 1.3. Schematic diagram of UV-difference spectroscopy 
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Methods 

SURFACE TITRATION 

Materials 

Acid washed quartz, plagioclase, microcline, kyanite, and andalusite were 

pulverized to <400 mesh size and dry-sieved. Mineral samples were purchased from 

Ward's Natural Science Establishment and they are all naturally occurring minerals. 

Purified aluminum hydroxide, Al(OH)3, was dry-sieved through <400 mesh and used 

for a gibbsite sample. The BET surface area of each mineral sample was determined 

by static volumetric N2 BET. A summary of each mineral surface area is shown on 

Table 1.2. An auto-titrator (Metrohm 702 SM Titrino) was used for titration. Ultra 

high purity helium gas was bubbled into the solution to remove atmospheric carbon 

dioxide.  

 

Table 1.2. Mineral surface area and mineral-water relationship. Surface area 
measured with N2 BET method after outgassing at 225 ºC. 
Mineral Surface 

Area, m2/g 
Sample 

Amount, g  
Total Surf. 
Area, m2  

Solution 
Amount, ml  

Solid/Solution 
Ratio, kg/L  

Quartz 0.771 3.75 2.89 25 0.15 
Gibbsite 265.5 (3.4*) 0.11 (0.86*) ″ ″ 0.0044 (0.034*)
Plagioclase 2.026 1.43 ″ ″ 0.0572 
Microcline 1.877 1.54 ″ ″ 0.0616 
Andalusite 1.083 2.67 ″ ″ 0.1068 
Kyanite 2.888 1 ″ ″ 0.04 

* Surface area of this sample measured after outgassing at 150 ºC. 
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Titration 

As summarized in Table 1.2 the BET surface area of each mineral sample was 

determined by static volumetric N2 BET after outgassing at 225 ºC. Then a mass of 

mineral powder equal to surface area of ~3 m2 was collected for each sample and 

suspended in a 25 ml electrolyte solution.  

The gibbsite surface area in Table 1.2 seems problematic. The table shows 

two values measured both at 225 ºC and 150 ºC (marked with *). When surface area 

was measured after outgassing at 150 ºC 3.4 m2/g was measured as noted in the 

parentheses. After this measurement, however, when the surface areas were measured 

after outgassing at 225ºC, gibbsite showed a very high surface area, 265.5 m2/g, while 

other minerals showed the same or similar surface area. Apparently, gibbsite is 

undergoing structural changes at a higher temperature.  

Approximately 5 to 10 minutes of initial mixing time was allowed each time 

to ensure that the mineral surfaces are thoroughly hydrated. The automatic titration 

device, SM Titrino (Figure 1.4), was programmed to perform the titration at a 

constant dose rate until it adds 5 ml of acid or base to the solution while allowing the 

system to have an adequate equilibration time at each dose interval. The reactor 

vessel was sealed and the solution was bubbled with helium gas to protect the 

solution from atmospheric CO2 intrusion. The reactor solution was continuously and 

steadily mixed by a magnetic stir bar rotating at a constant rate. Experiments were 

conducted at room temperatures (23 ± 1 ºC) and a small space between the reactor 

vessel and the stir plate was maintained to avoid possible heat transfer from the stir 

plate to the reactor vessel. A schematic diagram for these experiments is shown on 

Figure 1.4. 
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Figure 1.4. Schematic diagram of surface titration using SM Titrino 
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UV-DIFFERENCE SPECTROSCOPY 

A Perkin-Elmer spectrophotometer (Lambda Series 6) was used during all 

experiments with 1 cm, 2 cm, or 5 cm quartz cuvettes. A minimum of 20 minutes of 

warming-up time was allowed before taking actual measurements to obtain stable 

spectra.  

Stock solutions of 2 mmol/l 2,3-dihydroxybenzoic acid, 3,4-dihydroxybenzoic 

acid, 2-ketoglutaric acid, and tropolone were prepared by dissolving solid phase 

chemicals into distilled water. Also, a working silicic acid solution of 50 mg/l 

concentration was prepared from 105 mg/l (as SiO2) stock solution.  

UV-difference scans to obtain the characteristic spectrum of each mixture 

were performed first. The organic acid solutions were diluted to 1:20 with (1) E-pure 

distilled water and (2) 50 mg/l silicic acid and well-mixed in a cuvette. The final 

concentrations of the solutions were 0.1 mmol/l for the organic acids and 47.5 mg/l 

(0.79 mmol/l) for the silicic acid. Thereafter, each mixed solution of organic acid and 

silicic acid was placed in the sample holder and the corresponding organic acid 

solution was placed in the reference holder. The mixtures were then scanned across a 

UV-Vis wavelength range of 190 nm to 600 nm. Table 1.3 summarizes sample 

solutions and references used in the UV-difference analysis. Following the first set of 

“signature” runs were tropolone-silica solution scans of varying tropolone-silica mole 

ratios to investigate if different mixing ratios influence the spectra pattern. Solution 

mole ratios are summarized in Table 1.4. 
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Table 1.3. Sample and reference solutions used in UV-difference scans.  
Run Name Sample Reference 

23BENZ21 2,3-DHBA +Water E-pure water 

23BENZ22 2,3-DHBA +Silica E-pure water 

23BENZ23 2,3-DHBA +Silica 2,3-DHBA+Water 

34BENZ21 3,4-DHBA +Water Air 

34BENZ22 3,4-DHBA +Silica Air 

34BENZ23 3,4-DHBA +Silica 3,4-DHBA+Water 

KETOGL21 2-KGA +Water Air 

KETOGL22 2- KGA +Silica Air 

KETOGL23 2- KGA +Silica 2- KGA + Water 

TROPOL21 Tropolone +Water Air 

TROPOL22 Tropolone +Silica Air 

TROPOL23 Tropolone +Silica Tropolone +Water 
DHBA = DihydroxyBenzoic Acid, KGA = Ketoglutaric Acid 

 

 

Table 1.4. Tropolone-silica solutions used in the follow-up UV-difference runs. 
The tropolone concentration of the stock solution was 100 ppm.  

Run Name Silica concentration Tropolone/Si (mole ratio) 

TP100BL2 blank n.a. 

TP100S05 5 ppm 1.20 

TP100S10 10 ppm 0.59 

TP100S15 15 ppm 0.40 

TP100S25 25 ppm 0.24 

TP100S55 55 ppm 0.11 
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Results 

Surface titration results from both acidic and basic regions are summarized in 

Appendix 1.1 as a function of added acid/base and the corresponding solution pH. 

UV-difference spectroscopy results are summarized in Appendix 1.2 as a function of 

wavelength (nm) and absorbance. Appendix 1.3 lists UV-difference spectroscopic 

responses from tropolone solutions when silicic acid concentration was varied.  

INITIAL SOLUTION PH 

One observation from the surface titration results is the change of the initial 

solution pH (Appendix 1.1). The initial pH of each solution shows a significant 

increase when mineral powders are added to the solution. From surface titrations 

initial solution pH in acidic/basic regions for plagioclase was ~10.3; microcline 

~10.0; andalusite ~7.8; kyanite ~7.4; quartz ~9.2; and gibbsite ~9.2. Each mineral 

shows a different level of initial pH change depending on its surface property. This 

will be discussed further in the “Discussion” section of this chapter. 

SORPTION ISOTHERMS 

Sorption isotherms of proton and hydroxyl ions on mineral surfaces from the 

titration experiments were plotted on Figures 1.5 through 1.10. The proton or 

hydroxyl ion concentration in the solution phase was calculated from the solution pH 

and their surface concentration (y-axis) was calculated from the difference between 

the solution and blank pH values at the same acid/base dose amount. Freundlich type 

curve fitting lines were predicted and placed for comparison with the data points. 
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(a) Proton Sorption Isotherm (Qaurtz)

0.0E+00

2.0E-06

4.0E-06

6.0E-06

8.0E-06

1.0E-05

1.2E-05

1.4E-05

1.6E-05

0.0E+00 5.0E-04 1.0E-03 1.5E-03 2.0E-03 2.5E-03 3.0E-03 3.5E-03 4.0E-03

Solution Phase Concentration (mole/l)

Su
rf

ac
e 

C
on

ce
nt

ra
tio

n 
(m

ol
/m

2)

Freundlich curve fitting
y  = 2.98E-05 x0.1361

R  = 0.9926

(b) Hydroxyl Ion Sorption Isotherm (Quartz)
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Figure 1.5. Sorption isotherms on quartz surface in (a) acid region and (b) base 
region. The diamond symbols represent actual data points while red or blue 
solid line represents Freundlich type curve fitting. 
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(a) Proton Sorption Isotherm (Gibbsite)
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(b) Hydroxyl Ion Sorption Isotherm (Gibbsite)
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Figure 1.6. Sorption isotherms on gibbsite surface in (a) acid region and (b) base 
region. Solid diamond symbols represent actual data points while red or blue 
solid line represents Freundlich type curve fitting. 
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(a) Proton Adsorption Isotherm (Plagioclase)
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(b) Hydroxyl Ion Sorption Isotherm (Plagioclse)
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Figure 1.7. Sorption isotherms on plagioclase surface in (a) acid region and (b) 
base region. Solid diamond symbols represent actual data points while blue solid 
line represents Freundlich type curve fitting. 
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(a) Proton Sorption Isotherm (Microcline)
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(b) Hydroxyl Ion Sorption Isotherm (Microcline)
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Figure 1.8. Sorption isotherms on microcline surface in (a) acid region and (b) 
base region. Solid diamond symbols represent actual data points while red or 
blue solid line represents Freundlich type curve fitting. 
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(a) Proton Sorption Isotherm (Andalusite)
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(b) Hydroxyl Ion Sorption Isotherm (Andalusite)
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Figure 1.9. Sorption isotherms on andalusite surface in (a) acid region and (b) 
base region. Solid diamond symbols represent actual data points while red or 
blue solid line represents Freundlich type curve fitting. 
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(a) Proton Sorption Isotherm (Kyanite)
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(b) Hydroxyl Ion Sorption Isotherm (Kyanite)
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Figure 1.10. Sorption isotherms on kyanite surface in (a) acid region and (b) 
base region. Solid diamond symbols represent actual data points while red or 
blue solid line represents Freundlich type curve fitting. 
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Overall, the sorption isotherms can be modeled with Freundlich type (n<1) 

curves: in the acidic pH region, except for the case of plagioclase, the proton sorption 

isotherms are modeled with Freundlich type curves with high correlation coefficients; 

in the basic pH region, gibbsite, andalusite, and kyanite isotherms can be modeled 

with the Freundlich type curves with high correlation values while quartz, microcline, 

and plagioclase isotherms are modeled loosely with the Freundlich type equations 

having a decreasing trend in the surface hydroxyl ion concentration after reaching a 

maximum sorption. The sorption isotherms from plagioclase do not follow Freundlich 

type curve patterns. 

SURFACE SPECIATION 

Titration results are summarized on Figure 1.11 through Figure 1.17 as 

combined titration curves of base and acid regions. Endpoints (EP) were determined 

graphically and summarized in Table 1.5.  

Table 1.5. Approximate endpoints from combined surface titration curves.  
Mineral Endpoint 1* Endpoint 2 Corresponding Figure # 
Blank 7.0 - Figure 11 
Quartz 6.2 - Figure 12 
Gibbsite 6.7 - Figure 13 
Andalusite 7.0 - Figure 14 
Kyanite 7.0 - Figure 15 
Plagioclase 9.2 5.2 Figure 16 
Microcline 9.5 6.5 Figure 17 
*End point 7.00 is approximated from interpolation of the combined titration curve of acid and base regions. 

 

Titration of neutralized distilled water result shows that the endpoint can be 

located approximately at pH~7 from the interpolation. The titration curve of the 

quartz powder seems to be neutral but its center shows a shift to the left (EP pH~6.2).
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Figure 1.11. Titration curve of the blank reactor - the rate of the solution pH 
change over acid/base volume added is interpolated on the dotted curve line and 
the estimated end point of the titration curve is indicated with the dotted arrow 
line at pH ~7. 
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Figure 1.12. Surface titration curve of quartz. 
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Figure 1.13. Surface titration curve of gibbsite. 
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Figure 1.14. Surface titration curve of andalusite. 
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Figure 1.15. Surface titration curve of kyanite. 
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Figure 1.16. Surface titration curve of plagioclase. 
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Figure 1.17. Surface titration curve of microcline.  
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Similarly, the gibbsite titration curve shows a shifted endpoint slightly to the left (EP 

pH~6.7). Andalusite and kyanite reactors showed fast pH changes around the neutral 

pH region resulting in an insufficient number of data points to determine the exact 

locations of the endpoints. Plagioclase and microcline show two endpoints on their 

titration curves, one in the acidic region and the other in the basic region. 

 

UV-DIFFERENCE SPECTRA 

UV-difference spectroscopic results for the organic acid + Si complexation 

reactions are summarized on Figure 1.18 through Figure 1.21. On the plots, open 

triangle symbols represent the difference, open circles the reference solution, and the 

open squares the organic acid--silica mixture solution. The horizontal axis represents 

the wavelength (nm) of the light source and the vertical axis represents the 

absorbance by the organic electrolyte sample. 

No peaks are identifiable from the UV-difference spectrum of ketoglutaric 

acid (Figure 1.18): Ketoglutaric acid (open circles) and ketoglutaric acid + silica 

(crosses) do not show any detectable peaks resulting in no peaks in the difference 

spectrum (open triangles). The UV-difference spectra of 2,3-DHBA (Figure 1.19) 

show three noticeable peaks between 200 and 300 nm from the organic acid (open 

circles) and organic acid + silica (crosses) spectra. However, the difference spectrum 

(open triangles) shows no peaks because the two spectra are virtually identical. Thus, 

no organic acid + silica complex chromophores are detectable. 
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Figure 1.18. UV-difference spectra of ketoglutaric acid solution. The red colored 
line (triangle) represents the difference, blue (circle) reference solution, and the 
green (cross) organic acid + silica solution. 
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Figure 1.19. UV-difference spectra of 2,3-DHBA solution. The red colored 
(triangle) line represents the difference, blue (circle) reference solution, and the 
green (cross)  organic acid + silica solution. 
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Figure 1.20. UV-difference spectra of 3,4-DHBA solution. The red colored line 
(triangle) represents the difference, blue (circle) reference solution, and the 
green (cross) organic acid + silica solution. 
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Figure 1.21. UV-difference spectra of tropolone solution. The red colored line  
(triangle) represents the difference, blue (circle) reference solution, and the 
green (cross) organic acid + silica solution. 
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Figure 1.20 shows the UV-difference spectra of a mixture of 3,4-DHBA and 

silica. When compared with the 2,3-DHBA + silica spectra within the scan range, the 

3,4-DHBA spectra show a stronger absorbance and slight shift (~5 nm) to the right 

from the first two peaks. Both 3,4-DHBA (open circles) and 3,4-DHBA + silica 

(crosses) absorb UV light around 225 - 300 nm wavelength with slight difference 

(open triangles). The peaks imply existence of 3,4-DHBA + silica complexes.  

Tropolone formed clear UV-difference chromophores (Figure 1.21) implying 

existence of one or more tropolone-silica complexes. Several negative or positive 

peaks were identified between 225 nm and 400 nm wavelength range. One of the 

interesting observations from the difference spectrum (open triangles) would be the 

peak around 254 nm (arrow marked with A). This is a characteristic peak for benzene 

(Etzkorn, 1999 and references therein). This peak is not shown in the organic acid’s 

spectrum (crosses), however, when the organic acid is mixed with silica this 

absorbance increases (open squares) resulting in a positive peak on the difference 

spectrum (open triangles). While tropolone has non-benzenoid aromaticity (Dewar et 

al., 1969; Bertelli et al., 1969), this result may imply that tropolone gains more 

aromaticity as it forms a stable complex with silica (see Mo et al., 1997). 

A series of UV-difference scans for tropolone--silica solutions with varying 

mixing ratios are summarized on Figure 1.22. Similarly ordered peak patterns are 

repeated while their relative absorbance values vary. As the amount of added silica 

increases (tropolone/silica ratio decreases) the relative absorbance values become 

more positive or negative, implying more tropolone-silica complex chromophores are 

generated.
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Figure 1.22. UV-difference spectra of tropolone + silica mixtures at various tropolone/silica mole ratios. 
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The relative order of absorbance of the spectra from different ratios is varied 

as the wavelength changes. Four patterns can be isolated as graphically summarized 

in the ‘A’ section of Figure 1.22. In the ‘A’ section, the blue arrows (arrowheads up) 

represent positive absorbance changes and the red arrows (arrowheads down) 

represent negative absorbance changes. As the tropolone/silica mole ratio decreases 

from no silica (infinite) to 0.11: (1) absorbance continuously decreases (as shown at 

225 nm), (2) absorbance slightly increases initially then decreases thereafter (as 

shown at 300 nm), (3) absorbance decreases initially then increases thereafter (as 

shown at 330 nm), or (4) absorbance continuously increases (as shown at 390 nm). 

These absorbance patterns may imply different types of tropolone-silica complexes in 

the solution. 
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Discussion 

INFLUENCE OF MINERAL SURFACE ON INITIAL SOLUTION PH 

Appendix 1.1 shows that the solution pH increases when mineral powders are 

added to the solution.  The magnitude of pH change depends on the mineral surface 

area and the acid-base properties of the surface. The higher the surface area to 

volume ratio, the higher is the change of the solution pH. In this case the major cause 

of the pH change is the result of electrical double layer formation. When the mineral 

surface has cations for ion exchange, this will also cause changes in the solution pH. 

Since the mineral surface area was fixed (2.89 m2/g) with an initial solution 

volume (25 ml) except for gibbsite, differences in the solution pH change should be 

attributed to each mineral’s characteristic surface properties. Among the surface 

properties, ion exchangeable cations are believed to be the major cause of initial pH 

change considering that ion exchange reactions can take place very quickly compared 

to other surface reactions.  

Ion exchange takes place if the mineral has cations on its surface. In the case 

of albite, for example, Na+ sites are present in undeformed albite structure in order to 

compensate for the charge imbalance created by Al3+ substitution for Si4+ in the 

tetrahedral framework. Therefore, the solution pH goes up as protons replace sodium 

ions at the mineral surface.  

In this study, plagioclase and microcline have cations available for ion-

exchange reactions. Since higher degree of proton consumption can be expected from 

these minerals, Appendix 1.1 shows both minerals gained significant initial pH 
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increase (plagioclase pH 10.34 +/- 0.2, microcline pH 10.02 +/- 0.1) while andalusite 

and kyanite did not show noticeable pH change. 

The reason why plagioclase showed higher pH changes over microcline may 

be explained because plagioclase has two exchangeable cation species (Ca2+ and Na+) 

while microcline has only one type of exchangeable cation (K+) in their structures. 

Andalusite and kyanite, however, have no ion-exchangeable cations and, therefore, 

attract less hydrogen ion adsorption onto the surface. Quartz and gibbsite are end-

members of the aluminosilicate system and composed of pure SiO2 or Al(OH)3. 

Therefore, the initial pH changes from these minerals should be attributed to their 

initial electrochemical surface speciation. 

SORPTION ISOTHERMS 

Overall, from the results shown on Figures 1.5 through 1.10, the sorption 

isotherms are close to Langmuir type or Freundlich type when n<1. In the acidic pH 

region the proton sorption isotherms are typical hyperbolic Langmuir type curves. 

Since the Freundlich isotherm closely simulates the Langmuir isotherm when n<1, 

the sorption isotherms are considered as Freundlich type in this study for consistent 

comparison in both pH regions. Also the Freundlich type helps calculate distribution 

coefficient, K, which describes the relative distribution of adsorbate between the two 

phases. By taking the logarithm on both sides, the sorption equation of the Freundlich 

isotherm (Figure 1.2c) can be converted to a linear form:  

 ws CnKC logloglog += . (1.15) 

Therefore, K and n values can be calculated from linear regression results by 

plotting logCs vs. logCw. Table 1.6 summarizes the Freundlich sorption coefficients 



 47

calculated using this method. Data points at the beginning of the isotherm curves that 

form straight vertical portions were excluded in the calculation because they are 

believed to be the results of fast initial ion-exchange reactions.  

 

Table 1.6. Freundlich sorption coefficients calculated from log-log sorption 
isotherms.  
 From proton sorption isotherm From hydroxyl ion isotherm 
Mineral n logK K n logK K 
Quartz 0.14 -4.5 3.0E-05 0.06 -4.9 1.2E-05 
Gibbsite 0.31 -6.2 7.0E-07 0.57 -5.3 5.6E-06 
Microcline 0.36 -3.4 3.7E-04 0.15 -5.0 1.0E-05 
Andalusite 0.27 -4.6 2.8E-05 0.41 -4.1 8.7E-05 
Kyanite 0.31 -4.8 1.7E-05 0.66 -3.0 1.1E-03 
Plagioclase* - - - 0.58 -3.3 5.1E-04 
* Plagioclase showed non-Freundlich type sorption curves. 
 

In the acidic pH region, the measure of the non-linearity value, n, ranges from 

0.14 to 0.36 and the Freundlich constant (distribution coefficient), K, has a range of 

7.0E-07 to 3.7E-04. While the n value may explain how close the sorption isotherm is 

to the saturation (the smaller the value, the closer to the saturation), the K value may 

imply the relative affinity of the hydrogen ion to the surface (the smaller the value, 

the less adsorption to the surface). Therefore, the quartz surface (n = 0.14) is 

considered to be closer to surface saturation while the kyanite surface (n = 0.38) may 

be not close to saturation within the plot range. From the distribution coefficient, K, 

the gibbsite surface (K = 7.0E-07) has the lowest affinity to protons while the 

microcline surface (K = 3.7E-04) shows the strongest affinity among the minerals.  

Table 1.6 also summarizes the Freundlich equation coefficients for the basic 

pH region results when all isotherms are interpreted as the Freundlich type. In this 

table the data points at the beginning of each isotherm that form straight vertical 
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portion were excluded in the calculation because they are believed to be a result of 

initial ion-exchange reaction. The measured n values range from 0.06 to 0.66 and the 

K values range from 5.6E-06 to 1.1E-03. The positive n values suggest that the 

mineral surface sites are not saturated with hydroxyl ions yet, while the very small n 

values imply the surface is close to saturation. From the distribution coefficient, K, 

quartz surface has the lowest affinity to hydroxyl ions while kyanite has the strongest 

affinity among the minerals.  

In the case of plagioclase (Figure 1.7), it is not easy to choose any standard 

sorption isotherm. The BET type might be the best in the acidic region sorption curve, 

and the Freundlich type (when n<1) might be close to the basic region sorption 

isotherm. However, the BET type is not usually applied to aqueous systems and does 

not explain the slowly reaching second plateau portion on the acidic region (Figure 

1.7a), while the Freundlich type does not explain the decreasing surface concentration 

in the basic region (Figure 1.7b). It is believed that this kind of non-standard behavior 

may be due to a non-homogeneous surface from the presence of more calcic phases in 

the mineral (Microprobe analysis results of plagioclase surface identified calcic 

phases as introduced in Chapter 2. Figure 2.6 shows an example of calcic mineral 

inclusions.). 

SURFACE SPECIATION 

The endpoint (EP) of a titration is an operational approximation of the 

equivalence point (Jenkins et al., 1980). In acid-base theory, the pH of the 

equivalence point depends on the degree of dissociation of the weak acid and its 

concentration as well as on the ionization constant of water. In surface titration the 
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surface species ≡M-OH2
+,  ≡M-OH, and ≡M-O- may be considered as weak 

acids/bases and the endpoints will be determined by their degree of protonation or 

deprotonation and their surface concentration. 

The endpoint of the quartz titration curve is located at pH~6.2 (Figure 1.12). 

Similarly, the endpoint of the gibbsite titration curve is located at pH~6.7 (Figure 

1.13). The small peak formed by the two different titration data points on the plot 

between pH 9 and 10, on both the quartz and gibbsite titration curves, could be 

interpreted as an endpoint. However, it appears that this is an artifact that was created 

by joining two different titration curves of different pH regions. It is believed that the 

slight discrepancy was caused by the two different initial solution pH values that 

usually do not match exactly, though they should do in ideal cases. 

In acid-base theory when there is only one endpoint determined by titration, 

the pH of the solution at the endpoint should be equal to the pKa of the acid. In 

surface titration the pK values are the negative logarithm of the equilibrium constants 

of following reactions: 

 ≡M-OH2
+  ≡M-OH  + H+, 

][
]][[

2
1, +

+

−≡
−≡

=
OHM

HOHMKa  (1.16) 

 ≡M-OH  ≡M-O- + H+, 
][

]][[
2, OHM

HOMK a −≡
−≡

=
+−

 (1.17) 

where ≡M denotes the surface metal center. When one of the two pKa values is out of 

the titration range and there is a surface species whose role is donating protons or 

hydroxyl ions to the solution, the equilibrium equation may be determined either by 

1,apK  or 2,apK  at the endpoint. Therefore, referring to Figure 1.23, at 1,apK :  

 [≡M-OH2
+]  =  [≡M-OH] (1.18) 

and at 2,apK : 
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 [≡M-OH]  =  [≡M-O-]. (1.19) 

Since the isoelectric point (IEP) of quartz surface is known to be around pH 

2.0 (Iler, 1979), it is not likely that equation 1.18 can explain the endpoint of pH ~6.2 

because the quartz surface should be very negatively charged around this pH. 

Therefore, equation 1.19, rather than equation 1.18, should be explaining the 

equilibrium reaction of the quartz surface. In the case of gibbsite (EP @ pH 6.7), as 

the isoelectric point of octahedrally-coordinated aluminum is believed to be pH ~9.2 

(Parks, 1967), equation 1.18 seems to be reasonable choice since the gibbsite surface 

should be more positively charged below pH 9.2.  

Andalusite (Figure 1.14) and kyanite (Figure 1.15) reactors displayed fast pH 

changes around the neutral pH region resulting in insufficient number of data points 

that could be used in determining the exact locations of endpoints. However it seems 

that endpoint pH~7 can be approximated by interpolating the data points from the 

first derivative of the titration curves. The neutral endpoint may imply that the role of 

the mineral surface as pH buffering agent was virtually none-existing or negligible. 

However, since their isoelectric points were reported at close to neutral pH (Table 

1.1), the endpoints may be interpreted as their IEP. 

Plagioclase (Figure 1.16) and microcline (Figure 1.17) showed two endpoints 

on their titration curves, one in acidic region and another one in basic region. EP1 

occurs at pH 9.2 while EP2 is occurs at pH 5.2. EP1 of microcline surface occurs at 

pH 9.5 and EP2 occurs at pH 6.5.  

Since both plagioclase and microcline have isoelectric points near pH 2 

(Table 1.1), equation 1.19 may be the buffering reaction at their surface near neutral 

pH. In this case, only one endpoint would be determined that would be responsible 
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for the reaction. Having two endpoints above the IEP becomes problematic, and may 

be related to the ion-exchangeable cations at the surface (equations 1.1 and 1.2). So 

the EP1 pH values, summarized on Table 1.7, could be due to hydrogen ion 

consumption by cation exchange reaction. The difference in isotherms may be the 

amount and type of cation-exchangeable ions on the surfaces. Plagioclase surface 

seems to have greater cation exchange capacity with two cation species, Ca2+ and Na+, 

than microcline surface which has only one cation species, K+, available for cation 

exchange. Moreover, the divalent cation on the plagioclase surface, Ca2+, should be 

consuming twice more protons.  

Figure 1.23 suggests the relationship between the mineral surface species. The 

diagram, however, does not reflect ion-exchange reactions. Depending on the IEP of 

the mineral surface in aqueous solution, the location of EP1 (pKa1, equation 1.19) and 

EP2 (pKa2, equation 1.18) may be varied. However, the relative position order of EP1 

or EP2 to IEP should not change. The total concentration of surface anion species 

(CT,A) would be the sum of  active surface sites. Table 1.7 summarizes the IEP values 

and endpoints based on reported values and this study. Endpoints determined by ion 

exchange reactions were not included in the summary.  

At near neutral pH conditions, therefore, quartz, plagioclase, and microcline 

surfaces should be mostly negatively charged because their EP2 value is located 

below pH 7; about one half of the andalusite and kyanite surface sites should be 

negatively charged and the other half should be neutral because their EP2 values are 

located at pH 7; the gibbsite surface may be mostly electronically neural because its 

IEP is located at this pH range. 
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Figure 1.23. Schematic diagram of mineral surface speciation. 
 
 

 

pH

pC

[=M-O-]

[=M-OH2
+ ]

[=M-OH2
+ ]

[=M-OH]

[=M-OH]

[=M-OH]

[=M-O-]

CT,A

IEP
[=M-OH2

+] = [=M-O-]

pKa2

[=M-OH] = [=M-O-]
pKa1

[=M-OH2
+] = [=M-OH]



 53

 

Table 1.7. Summary of isoelectric point (IEP) values and approximate endpoint 
values of mineral surface species in aqueous solutions based on Parks (1967) and 
current surface titration experiments. 
Mineral IEP* 

[=M-OH2
+] = [=M-O-] 

EP1** 
[=M-OH2

+] = [=M-OH] 
EP2** 

[=M-OH] = [=M-O-] Comments 

Quartz 2.0 <2.0† ~6.2  

Gibbsite 9.2 ~6.7 >12‡  

Plagioclase 2.0 <2.0† ~5.2 Ion exchange not 
considered 

Microcline 2.4 <2.4† ~6.5 Ion exchange not 
considered 

Andalusite 5.9 <2.5† ~7.0  

Kyanite 6.6 <2.5† ~7.0  

* Data from Parks (1967). See Table 1.1 for details. 
** EP values or range were approximated from titration results. 
† End point was below titration pH range. 
‡ End point was above titration pH range. 
 
 

ACTIVE SURFACE SITES 

Active surface sites can be estimated from a mass-balance calculation 

between the two phases across the interface. While the exact amount of the adsorbate 

should be calculated based on the concentration of the solution species by considering 

solution ionic strength, we can use the activity of the species as an alternative in this 

calculation because we can eliminate the ionic strength effect by comparing with the 

reference solution. Equation 1.18 uses solution pH values of the same dose amount of 

acid or base in calculating the mass balance: 

 ( )
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pp mb
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  (1.18) 

where, NH+
ads = number of protons adsorbed per square nanometer, 
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pHm = solution pH of mineral reactor, 

 pHb = solution pH of blank reactor (same matrix without solids), 

 NA = Avogadro’s number, 6.022×1023 mole-1, and 

  A = total mineral surface area, m2. 
 

Calculated amounts of adsorbed proton or hydroxyl ions are plotted against 

solution pH on Figures 1.24 through 1.29. Each figure is composed of two plots: (a) 

proton consumption and (b) hydroxyl ion consumption based on the titration results 

performed in the acid or base region. Though the y-axis of the graphs show the 

changes in the amount of the active mineral surface sites, it should be understood that 

the actual surface sites can be different since the numbers were approximated from 

the mass balance without considering inactive surface sites. Moreover, considering 

the uncertainty of surface area measuring accuracy, we may only be able to see the 

overall picture of the surface properties rather than the real surface sites. The x-axis 

represents the pH of the sample solution. The pH of the reference solution may be 

different. Two types of mineral surface behaviors are observed: 

1. Type A: Quartz and microcline show similar curve types as shown on Figure 1.24 

(quartz) and Figure 1.25 (microcline). The graphs show the changes in the amount 

of adsorbate on the mineral surfaces both in the acid region (Figures 1.24a and 

1.25a) and the basic region (Figures 1.24b and 1.25b). In the acid region, the 

surface sites are occupied by protons making slowly increasing curves as the pH 

decreases until they reach 3~4 sites per square nanometer at pH ~6 forming an 

inflection point. The inflection point can be calculated from a third order 
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(a) Proton Consumption on Qaurtz Surface

y = -0.0657x3 + 1.2463x2 - 8.3059x + 22.207
inflection point pH: 6.3
surface sites: 2.9
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(b) Hydroxyl Ion Consumption on Quartz Surface

y  = -1.0392x3 + 32.068x2 - 325.93x + 1093.5

plateau point pH: 11.4

surface s ites : 5.8

0

1

2

3

4

5

6

7

8 9 10 11 12 13

Solution pH

ac
tiv

e 
su

rf
ac

e 
si

te
s 

pe
r n

m
2

 

Figure 1.24. Sorption behaviors on quartz surface in (a) acid region and (b) base 
region. 
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(a) Proton Consumption on Microcline Surface

y = -0.0869x3 + 1.774x2 - 12.764x + 35.35
inflection point pH : 6.8
surface sites: 3.3
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(b) Hydroxyl Ion Consumption on Microcline Surface

y = -1.1052x3 + 36.542x2 - 399.48x + 1445.1
plateau point pH: 12.0
surface sites: 3.6
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Figure 1.25. Sorption behaviors on microcline surface in (a) acid region and (b) 
base region. 
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(a) Proton Consumption on Gibbsite Surface

y = -0.0007x3 + 0.0144x2 - 0.0911x + 0.2083
inflection point pH: 6.9
surface sites: 0.04
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(b) Hydroxyl Ion Consumption on Gibbsite Surface
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Figure 1.26. Sorption behaviors on gibbsite surface in (a) acid region and (b) 
base region. 
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(a) Proton Consumption on Plagioclase Surface

y = -1.1263x3 + 31.919x2 - 303.36x + 969.39
inf lection point pH: 9.4
surface sites: 2.6
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(b) Hydroxyl Ion Consumption on Plagioclse Surface
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Figure 1.27. Sorption behaviors on plagioclase surface in (a) acid region and (b) 
base region. 
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(a) Proton Consumption on Andalusite Surface

y = -0.0855x3 + 1.432x2 - 7.9952x + 15.708
inflection point pH: 5.6
surface sites: 0.8
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(b) Hydroxyl Ion Consumption on Andalusite Surface
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Figure 1.28. Sorption behaviors on andalusite surface in (a) acid region and (b) 
base region. 
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(a) Proton Consumption on Kyanite Surface

y = -0.0567x3 + 0.8568x2 - 4.2503x + 7.6341
inflection point pH: 5.0
surface sites: 0.7
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(b) Hydroxyl Ion Consumption on Kyanite Surface
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Figure 1.29. Sorption behaviors on kyanite surface in (a) acid region and (b) 
base region. 
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regression function as specified on each graph. Thereafter, the curves begin to 

rapidly increase as the solution pH decreases. In the basic region, the surface sites 

are rapidly occupied by hydroxyl ions until they reach 4~6 sites per square 

nanometer. The curves form a plateau, thereafter, and drop rapidly with big 

variations as the solution pH increases. A third order regression function can be 

used to calculate the plateau location by solving for the first derivative of the 

function. 

2. Type B: Gibbsite (Figure 1.26), plagioclase (Figure 1.27), andalusite (Figure 

1.28), and kyanite (Figure 1.29) have similar curve patterns as shown in the 

figures. No inflection points can be easily determined in the acidic region curves 

due to lack of data points (for the cases of gibbsite, andalusite, and kyanite) or 

unclear shape of the curve (for the case of plagioclase). Therefore the calculated 

inflection points on the graphs may be understood only as a guide. Similarly, all 

the curves in the basic pH region show that the hydroxyl ions are rapidly removed 

from the solution as they are added. Therefore no plateaus are formed in the basic 

region curves.  

According to Parks (1990) there are two sorption types: (1) non-specific and 

(2) specific sorptions. Non-specific sorption is generally controlled by the surface 

charge and is relatively non-selective; the adsorbates adsorb on surfaces of different 

charge, the sorption is low at the ZPC and very low or negative when the charge of 

surface and adsorbate are the same. In this case, ZPC and IEP are approximately the 

same or very close to each other. In the meanwhile, specific sorption is insensitive to 

surface charge. Therefore, adsorbates may adsorb on surfaces of like charge or zero 

charge resulting in different ZPC value from the IEP. 
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The pH of apparent sorption minima (pHSMa), summarized in Table 1.8, have 

been acquired from the combined plots of sorption behavior graphs introduced in 

Figures 1.24 through 1.29.  These values indicate the pH of apparent minimum 

sorption based on the mass balance calculation between the sample and the blank 

titration results of the same acid/base addition. Since these are the pH of the sample 

solutions, the surface sites that were occupied by the initial protonation before the 

addition of acid or base are not reflected with this pH. In this study these values are 

used as analogs of the ZPC values as ZPC values normally indicate the pH of 

minimum surface sorption. However, the pHSMa values should not be confused as the 

ZPC values and the real ZPC values can be acquired only from the measurement of 

absolute surface charges, not from solution pH values. Therefore, the use of pHSMa 

values should be restricted only to the relative classification purpose of the apparent 

mineral surface properties in this study.    

Looking closely at Table 1.8, two groups of minerals can be identified when 

we pay attention to the differences between pHSMa and IEP values as calculated in the 

difference column, |pHSMa - IEP|. One group would include quartz, plagioclase, and 

microcline that show larger differences (7.4 to 8.4 pH units), and another group 

would include gibbsite, andalusite, and kyanite that show smaller differences (0.1 to 

2.1 pH units).  

It is expected that the surface should show more non-specific sorption 

characteristics when there is only small difference between pHSMa and IEP, while the 

specific-sorption type characteristics can be expected when there is a big difference. 

Recalling the sorption behavior types described previously, it is obvious that the type 

A (i.e. as shown on the fifth column of Table 1.8) matches well with the “high-
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difference” group, while the type B, except for plagioclase, matches fairly well with 

the “low-difference” group. 

 

Table 1.8. Estimated IEP values from literature and the pH of apparent sorption 
minima (pHSMa) values based on mass balance calculation. 

Mineral 
Estimated pH of 
isoelectric point 

(IEP) 

pH of apparent 
sorption minima 

(pHSMa) 
|pHSMa - IEP| Sorption 

Curve Type* 

Quartz  2.0 9.4 7.4 A 
Gibbsite  9.2 9.3 0.1 B 
Plagioclase 2.0 10.4 8.4 B 
Microcline 2.4 10.4 8.0 A 
Andalusite 5.9 8.0 2.1 B 
Kyanite 6.6 7.4 0.8 B 
*Sorption Curve Type: (A) quartz-type, (B) gibbsite-type from their sorption behavior curves 

As shown on the type A curves (Figures 1.24 and 1.25), the initial sorption 

seems to have some specific-sorption type characteristics until the curves reach the 

inflection point in the acidic pH region. Beyond the inflection point, it seems that the 

surface starts to have non-specific sorption characteristics. Also, in the basic pH 

region, it seems that adsorption occurs only at the specific surface sites not exceeding 

the total number of active sites that might be represented with the plateau point. 

Therefore, it may be possible to predict the total number of active surface sites by 

looking at the inflection points and the plateau points as described in Table 1.9. 

Though the type B curves (Figures 1.26 to 1.29) show more non-specific 

sorption characteristics it is believed that they also have slight specific-sorption type 

characteristics when we can locate inflection points in the acidic region curves. 

However, due to the lack of data points, as described earlier, finding an inflection 

point from the regression line curve function may introduce a significant level of 
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uncertainty. Also, all the curves in the basic region confirm that they do not have 

plateau points that could be an evidence of specific-sorption characteristics. In Table 

1.9 the numbers are marked with (?) when the results may be interpreted differently.  

 

Table 1.9. Approximate active surface sites calculated from the amount of 
adsorbed ion species on mineral surfaces based on mass balance.  
Mineral Active surface sites per nm2  

at the inflection point 
Active surface sites per nm2  

at the plateau point 
Quartz  2.9 5.8 
Gibbsite  0.04 (?) - 
Plagioclase 2.6 (?) - 
Microcline 3.3 3.6 
Andalusite 0.8 (?) - 
Kyanite 0.7 (?) - 
(?) Numbers are approximate 

It is not clear why the surface sorption behaviors of plagioclase do not follow 

our normal expectations. While it could be attributed to the non-homogeneous nature 

of the mineral surface as described previously, it is necessary to list possible sources 

of errors and uncertainties in the surface site calculation. First, it is well known that 

measuring surface area using the BET method may not be highly accurate as a big 

range of errors have been reported (up to 100 percent). Second, at extreme pH 

conditions (pH <<3 or pH >> 10) the pH values may not be accurate as the solution 

pH falls outside of pH calibration ranges. Third, in the acid pH region, part of the 

total amount of proton consumption comes from the portions that are consumed by 

cation exchange and/or mineral dissolution reaction.  
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SOLUTION PROPERTIES 

The fact that silica forms complexes with tropolone and 3,4-dihydroxybenzoic 

acid gives an idea on the kinds of structures of stable complexes they would form. 

Figure 1.30 compares conceptual structural models of complexes between organic 

acids and silica based on a computational molecular modeling using Tripod's 

Alchemy III software. The structures that silica can form complexes with tropolone 

(Figure 1.30d) or 3,4-DHBA (Figure 1.30c) are relatively symmetric and do not have 

any significant steric hindrances. However, 2,3-DHBA (Figure 1.30a) and 

ketoglutaric acid (Figure 1.30b) would form non-symmetric structures with steric 

hindrances from nearby functional groups. 

It is interesting to see the spectrums from the same mixture can show very 

different patterns when their mixing ratios are varied (Figure 1.22). As summarized 

previously, (1) at 225 nm the absorbance decreases as the mole ratio decreases, (2) at 

330 & 390 nm the absorbance increases as the mole ratio decreases, and (3) at 300 

nm the absorbance gains initially as the mixing ratio increases then starts to decrease. 

This observation clearly implies that the spectrums are reflecting multiple molecular 

species or complexes. Otherwise this would be a violation of the Beer’s law.  

In order to verify this idea three wavelengths (peaks 225 nm, 300 nm, and 330 

nm as marked on Figure 1.22) were selected and their absorbances were plotted 

against tropolone/silica mole ratios on Figure 1.31. The x-axis on Figure 1.31 

represents tropolone/silica mole ratio ranging 0.1 to 1.2, and the y-axis represents the 

absorbance. Plotted are 225 nm (Peak A, open circle), 300 nm (Peak B, open square), 

and 330 nm (Peak C, open triangle). 
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Figure 1.30. Conceptual structural models of complexes between organic 
acids and silica: Car (carbon, aromatic), C3 (carbon, single bond), or C2 
(carbon, double bond) denote carbon, O3 (oxygen, single bond) or O2 
(oxygen double bond) oxygen, Si silica, and H hydrogen.  

(c) 3,4-DHBA + Si (d) Tropolone + Si 

(a) 2,3-DHBA + Si (c) Ketoglutaric acid + Si 
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Figure 1.31. Identification of characteristic wavelengths for different 
complexes: Peak A (at 225 nm) characterizes 3:1 complex, Peak B (at 300 nm) 
2:1 complex, and Peak C (at 330 nm) 1:1 complex of tropolone and silica 
complexation. 
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When the mole ratio is very low (tropolone << silica) it is expected that the 

majority of the complexes should be 1:1 complexes (one tropolone molecule forms a 

complex with one silica) because all tropolone molecules would be able to find their 

partners. The number of 1:1 complexes should decrease as 2:1 and 3:1 complexes 

will be formed as more tropolone molecules are added.  When the mixing ratio 

reaches a certain point the majority of the complexes will be 3:1 while 2:1 and 1:1 

may remain constant as portions defined by their relative distribution coefficients. 

Analyzing Figure 1.31, it is concluded that Peak A follows the descriptions of 

3:1 complex while Peak B and Peak C follow the descriptions of 2:1 and 1:1, 

respectively. Therefore, it may be suggested that Peak A (at 225 nm) should be the 

wavelength distinctive to 3:1 complexes, Peak B (at 300 nm) be the wavelength 

distinctive to 2:1 complexes, and Peak C (at 330 nm) be the wavelength distinctive to 

1:1 complexes of tropolone and silica.  
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Conclusions 

Analysis of the sorption isotherms showed that most sorption isotherms of 

mineral surface titration can be described with Freundlich type (n<1) in both the 

acidic and basic pH regions. From the distribution coefficient, K, the quartz surface 

has the lowest affinity to hydroxyl ions while the kyanite surface has the strongest 

affinity in the basic pH region. In the acidic region, the gibbsite surface has the least 

affinity to protons while the microcline surface has the strongest affinity. 

From the general characteristics of the sorption behaviors in this study two 

groups of minerals may be identified based on the differences between the pH of 

apparent sorption minima (pHSMa) and the IEP values. Type A includes quartz and 

microcline (larger differences, 7.4 to 8.4 pH units), and Type B includes gibbsite, 

andalusite, and kyanite (smaller differences, 0.1 to 2.1 pH units). Type A group 

shows more non-specific sorption characteristics while Type B group shows more 

specific-sorption type characteristics.  

Microcline showed 3.3 and 3.6 surface sites per square nanometers in the 

acidic and basic regions, respectively. It seems important to note that active surface 

sites can be a function of pH as quartz surface also showed 2.9 per square nanometers 

in the acidic pH region and 5.8 per square nanometers in the basic pH region. This 

result implies that the active surface sites are closely related to the speciation of 

mineral surfaces. Therefore, it is suggested that the active surface sites of a mineral 

may not be understood as a fixed number as have been conventionally understood by 

many people. 
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The UV-difference spectra from 3,4-dihydroxybenzoic acid and tropolone 

imply the existence of chromophores of organic acid-silica complexes. This result 

strongly supports that some siderophores can form stable solution complexes with 

silica, implying their existence can significantly enhance the dissolution of 

aluminosilicate minerals by complexing with silica and/or aluminum as suggested by 

previous researchers (e.g., Bennett and Siegel, 1987). Followed in Chapter 3, 

therefore, is the research on the influences of 3,4-DHBA and tropolone ligands on 

silicate dissolution kinetics as supported by this result. 

Analysis on structural stability based on a molecular modeling suggests these 

organic acids can form relatively symmetric complexes with silica without any 

significant steric hindrances. Analysis on complex species under varying mole ratios 

showed that tropolone may be forming 1:1, 2:1, or 3:1 complexes as tropolone/silica 

mole ratio changes from near zero to around one. Wavelengths of 330 nm, 300 nm, 

and 225 nm were suggested as the characteristic peaks for these complexes. This 

result may be applied in the identification processes of metal--organic ligand 

complexes in natural water systems. 
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Chapter 2 

SILICATE DISSOLUTION KINETICS IN INORGANIC 
ELECTROLYTE SOLUTIONS 

Abstract 

Dissolution kinetics of microcline, andalusite, kyanite, and albite were 

examined as a function of solution pH, ionic strength, and temperature. Mineral 

dissolution experiments were performed using temperature controlled, continuous-

flow mixed reactors. The solution ionic strength was controlled by adding various 

amount of LiCl and the solution pH was adjusted using either dilute HCl or LiOH 

solutions. A constant flow rate was maintained by using peristaltic proportioning 

pump. All mineral dissolution rates increased as the reactor temperature increased. A 

slight decrease in dissolution rates was observed when the inorganic electrolyte 

concentration was increased. Feldspar dissolution results were compiled with other 

results in the literature in an effort to draw a general dissolution reaction model. 

Calculated activation energies showed higher at pH 3 and lower at pH 5. The 

pH dependence of activation energies may explain the wide variation of reported 

values in the literature. This pH dependence of activation energy may be interpreted 

as: (1) a reflection of pH dependence of dissolution rates, (2) change of surface 

potential with solution pH reflecting different level of electrostatic interaction of the 

adsorbed species, and (3) the pH dependence of proton or hydroxyl ion adsorption on 

to the mineral surface.  
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Dissolution results showed that the net effect of solution ionic strength on the 

aluminosilicate dissolution reactions is lowering the overall dissolution rates. This is 

the opposite to the role of ionic strength in quartz dissolution reactions. When the 

solution ionic species can interact with feldspar surfaces, the mechanism of lowering 

the dissolution rates may be by inhibiting the ion exchange reaction. However, when 

the solution ionic species do not interact with the silicate surfaces or no ion-

exchangeable species are available on the mineral surface, the mechanism of 

lowering the dissolution rate may be attributed to the effect of activity changes in the 

neutral species in the solution.  

Proton-promoted dissolution of feldspars can be characterized with transition 

point pH, slope, and the logarithm of neural pH region rate constants when the log 

rate values are plotted against solution pH. Na-rich feldspars have a transition point 

around pH 4.5 and a constant slope of -0.5. Ca-rich feldspars have a transition point 

at pH 5.0, similar to those of Na-rich feldspars, but their slopes are much steeper. K-

feldspars have a transition point at pH 5.0 and a slope of -0.5. A wide range of 

variations in the dissolution rates may be attributed to many experimental parameters 

including different ionic strength of the solution matrixes. 

A modified rate model was proposed by considering the Arrhenius relation of 

dissolution rates: 
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where A is a pre-exponential factor, Ea is the activation energy, k is a constant, and T 

is the temperature. This rate equation takes into account of hydrogen activity, ionic 

strength, and temperature dependence of mineral dissolution. 
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Introduction 

Silicate minerals are the most abundant minerals in the surface of the earth’s crust. 

Knowledge of silicate dissolution kinetics is fundamental in understanding the 

release rates of inorganic nutrients from soils, the role of greenhouse effect on soil 

formation rates, the influence of acid rain deposition, the impact of chemical 

weathering on long term climate change, and so on. Chemical kinetics deals with 

the rates of chemical reactions and with how the rates depend on factors such as 

concentration and temperatures. Such studies are important in providing essential 

evidence as to the mechanisms of chemical processes (Laidler, 1987). 

Silicate dissolution kinetics are influenced by many factors including 

mineral composition, mineral surface area, reaction temperature, solution acidity, 

electrolyte species, solution ionic strength, the degree of saturation respect to the 

dissolving mineral or secondary minerals, and so on. The goal of this research is 

to quantify the effects of these factors under low temperature aqueous 

environments that will closely simulate natural groundwater environments 

assuming no organic materials are involved. (Silicate dissolution kinetics under 

low temperature aqueous environments when organic materials exist is to be 

studied in Chapter 3.) 

 



 79

BACKGROUND 

General Silicate Dissolution Mechanism 

A dissolution reaction can be either a surface-controlled or a diffusion-

controlled process. Many previous researchers observed that most mineral 

dissolution reactions are surface-controlled at far from equilibrium (Lasaga, 1981; 

Carroll-Webb and Walther, 1988; Wieland and Stumm, 1992; Xie and Walther, 

1992; Furrer et al., 1993; Ganor et al., 1995; Nagy, 1995; Brantley Stillings, 

1996; Oelkers, 2001; Oelkers and Poitrasson, 2002). If the condition is not far 

from equilibrium (i.e. if close to saturation), the system becomes more 

complicated and it may not be modeled by a simple surface-controlled reaction 

since additional reactions like precipitation of secondary minerals could occur.  

While the overall reaction kinetics of silicate dissolution in aqueous 

solutions has been relatively well characterized (e.g. Anbeek, 1992; Berner, 1978; 

Chou, 1985; Helgeson et al., 1984; Rimstidt and Dove, 1986; Wollast and Chou, 

1992; Oelkers, 2001), elementary mechanisms of dissolution are often difficult to 

distinguish due to the difficulties in isolating the competing reactions and 

processes in the system.  

For the case of feldspars, the general dissolution reaction in inorganic 

aqueous systems involves a multi-step process of:  

(1) Initial rapid exchange of charge balancing cations (K+, Na+, and/or Ca2+) for 

protons at the mineral surface;  

(2) A slow, rate determining hydrolysis (formation of activated complex); and 
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(3) Detachment of silica and alumina species from the remaining framework (e.g. 

Aagaard and Helgeson, 1982).  

In the case of silicate minerals without any charge balancing cations, rapid 

protonation or hydroxylation, depending on the solution pH, will take place at the 

mineral surface instead of step (1) of the above case. The term rate determining in 

step (2) is a kinetic expression simply meaning that the step is the slowest in most 

cases. The hydrolysis step could also be influenced by other steps if conditions 

change and many elementary reactions could be involved.  

A number of studies have demonstrated that mineral hydrolysis occurs via 

surface complexes formed by the adsorption and desorption of protons or ligands 

from solution (Blum and Lasaga, 1988; Brady and Walther, 1989; Carroll-Webb 

and Walther, 1988). Also, pH-dependency of mineral hydrolysis was observed 

and is thought to be controlled by the acid-base properties and bonding in the 

metal-oxygen bond, and the mechanism of hydrolysis (e.g., Casey and Bunker, 

1990). 

pH Dependence of Silicate Dissolution 

The dissolution reaction rates of most of silicate minerals can be 

expressed as a function of pH such that a typical rate vs. pH curve is U-shaped 

(e.g., Wollast and Chou 1985; Hellmann, 1994). Thus, rate laws for dissolution 

reactions far from equilibrium can be written for the three pH regions – acidic, 

neutral, and basic – in order to take into account the influence of pH on the rate. 

In the acidic pH region the dissolution rate r can be expressed as: 
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 r k a n= +
-

+( )
H , (2.1) 

where k+ is the forward rate constant and aH+ is the activity of hydrogen ion. 

Taking logarithms on both sides of the equation yields: 

 )pH(loglog nkr += + . (2.2) 

At neutral pH, there is no noticeable relationship between the rate and pH. Thus, 

the rate law can be expressed as: 

 += kr . (2.3) 

In the basic pH range, the rate law can be written in terms of the activity of 

hydroxyl ion, OH-: 

 r k a n= + -( )
OH . (2.4) 

Taking the logarithm of both sides of this equation will lead to an expression 

similar to equation 2.2. By expressing the activity of hydroxyl ion in terms of pH 

and pKw we can get a new rate equation: 

 log (log ) ( )r k nK nw= - ++ pH , (2.5) 

where Kw is the equilibrium constant of hydrolysis of water. 

In simple solutions, the variation in hydrolysis rate with pH is thought to 

be controlled by the acid-base properties of bridging oxygens or terminal 

hydroxyl oxygens at the mineral surface (Casey and Bunker, 1990). Variation in 

surface charge concentration with solution pH is characteristic for a given oxide 

surface, just as the extent of protonation is characteristic of a dissolved oxyacid at 
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a given pH (Casey and Bunker, 1990; Casey and Sposito, 1992). The acid base 

reactions on the mineral surfaces are synonymous with the sorption of hydroxyl 

or hydrogen ions onto the oxide surface. The sorption reactions can be quantified 

in a potentiometric titration or through studies of electrophoretic mobility (e.g. 

Parks, 1967; Sposito, 1984; Furrer and Stumm, 1986; Sahai and Sverjensky, 

1997; Sverjensky and Sahai, 1998; Mukhopadhyay and Walther, 2001). 

Temperature Dependence of Silicate Dissolution 

Since temperature is one of the most important variables in chemical 

reactions, the reaction rate constants can be changed by several orders of 

magnitude as the temperature is varied by 100°C (Lasaga, 1981). This 

temperature dependence arises because chemical reactions involve crossing over 

certain potential barriers. 

The temperature dependence of the dissolution rate constant can be 

evaluated using a plot using the empirically derived Arrhenius relationship, 

 kr = Ae-Ea/RT, (2.6) 

where kr is the overall dissolution rate constant, A is a pre-exponential frequency 

factor, Ea is the activation energy, R is the gas constant (1.9872 cal deg-1 mol-1), 

and T is the absolute temperature. Using the equation, 

 
E R d k

dTa
r

p a
= − 

−
ln

,
1

H H O2  (2.7) 

plots of ln kr vs. T-1 yield estimated values for Ea from the slope of the regression 

lines.  
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The energy of activation of an overall reaction is composed of several 

activation energies from the elementary reactions comprising the reaction 

mechanism. The size of activation energy could be an important clue to the 

reaction mechanism because a change in activation energy in the same overall 

reaction could be an indication of change in the reaction mechanism (Lasaga, 

1981). Generally, diffusion-controlled processes have low activation energies (Ea 

< 5 kcal mol-1) while surface-controlled processes have higher activation energies. 

Variety of mineral dissolution processes were reported to have activation energies 

in the range of 10 to 20 kcal mol-1 (Lasaga, 1981).  

Several values for the activation energy of the same mineral, however, are 

reported in literature. For example, the activation energy of albite dissolution in 

acid solution has been reported in literature varying from a low value of  4.1 

(Rose, 1991), to an intermediate value of 9.1 (Helgeson et al., 1984), and up to a 

value as high as 28.5 kcal mol-1 (Knauss and Wolery, 1986). It is not clear if the 

variation is indicative of the change of dissolution mechanisms in different 

laboratory conditions or if the variation was simply caused by the experimental 

uncertainties. 

It has also been proposed that observed activation energy varies with 

solution pH (Casey and Sposito 1992 and references therein). Casey and Sposito 

(1992) evaluated the dependence of observed activation energy on solution pH 

and concluded that the electrostatic interaction of adsorbed species on the mineral 

surface is more responsible for the pH dependence of activation energy while the 
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enthalpy of proton adsorption contributes only slight portion of the pH 

dependence of activation energy.  

The Surface Complex Model and Transition State Theory 

It has been suggested that the dissolution kinetics of most slightly soluble 

oxides and silicates is controlled by the concentration of adsorbed charged species 

at the mineral surface, particularly by H+ and OH- (e.g. Brady and Walther, 1989; 

Brantley and Stillings, 1996; Carroll-Webb and Walther, 1988; Casey and Sposito, 

1992; Chen and Brantley, 1997; Chou and Wollast, 1984; Knauss and Wolery, 

1986; Stillings et al., 1996; Sverjensky and Sahai 1998; Oelkers, 2001). Surface 

protonation-deprotonation and other charged ligand surface complex reactions 

were considered reaction steps preceding the rate controlling elementary reaction. 

Based on the Transition State Theory (Eyring, 1935), these reactions are thought 

to increase the concentration of activated complexes in a rate determining 

detachment reaction (Lasaga, 1981; Aagaard and Helgeson, 1982; Helgeson et al., 

1984; Wieland et al., 1988). This is likely to occur by weakening cation-oxygen 

bonds at the mineral or oxide surface through bond polarization by the charged 

surface complexes (Zinder et al., 1986). Therefore, the rate of oxide mineral 

dissolution is directly related to the concentrations of charged surface complexes 

produced by surface adsorption reactions (Brady and Walther, 1989; Furrer and 

Stumm, 1986; Xie and Walther, 1992; Oelkers, 2001).  
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Ionic Strength Dependence of Dissolution 

Not many researchers have reported the ionic strength effects on mineral 

dissolution. There are, however, potentially two opposite effects of solution ionic 

strength on dissolution rates in acidic pH solutions from literature: it increases the 

dissolution rate of silica (Abendroth, 1970; Tadros and Lyklema, 1968), quartz 

(Bennett, 1991; Dove and Crerar, 1990b, 1990c), and γ-Al2O3 (Huang, 1981), but 

decreases the dissolution rate of feldspar (Sjoberg, 1989; Stillings and Brantley, 

1995; Chen, 1997).  

As possible factors of observed increase in quartz dissolution, Bennett 

(1991) suggested competing reactions at the quartz surface, sorption-controlled 

interaction, and changes in pre-exponential factor. Also, he interpreted the pH 

dependence of the ionic strength effects as a function of available surface sites 

related to the speciation of the surface silanol groups. The increase in quartz 

dissolution rate was attributed, therefore, to the interaction between the surface 

silanol sites and cations in the solution; cations are coordinated directly with 

anionic ≡SiO- surface sites (specific adsorption and interaction).  

Dove and Crerar (1990b and 1990c) observed that quartz dissolution rates 

are influenced by the identity and the concentration of the adsorbed alkali cation 

species. They interpreted the enhanced quartz dissolution rates as a result of 

structural disturbance of the mineral-solution interface where the reactivity of 

siloxane groups is increased by the surface coordination with the adsorbed cations. 

The decreasing feldspar dissolution rates with increasing ionic strength, 

however, have been attributed to the ion exchange reaction at the feldspar surface 
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(Brantley and Stillings, 1996). Chen (1997) proposed competitive adsorption of 

protons (which promote dissolution) and aluminum ions (which inhibits 

dissolution) and the aluminum inhibition is only important at higher temperatures 

(> 50˚C) because the enthalpy of Al adsorption on feldspars is assumed to be 

negative. 

 

PROBLEM STATEMENT 

Although silicate dissolution kinetics has been studied for many years, 

some of important parameters influencing silicate dissolution rates are not fully 

understood yet or are controversial. For example, the effect of solution ionic 

strength on silicate dissolution is not fully understood. It is not clear if the 

solution ionic strength affects the activity of surface species or on the activity of 

the solution species. Also, although the dependency of the surface speciation on 

pH and ionic strength of the solution, resulting in the increase or decrease in 

dissolution rates, has been observed by many investigators (e.g. Casey and 

Bunker, 1990; Xie and Walther, 1992), the specific ionic strength effect on 

surface speciation and dissolution rate is not clearly defined.  

In simple solutions, in theory, at neutral solution pH where aluminum 

solubility is at a minimum, increases in ionic strength may cause an increase in 

the activity of neutral species like silica. The net silica dissolution rates, as a 

result, should decrease slightly due to the increase in the degree of saturation, 

resulting in an increase in reverse reaction rate. However, many investigators 

have reported an increase in quartz dissolution rates with increasing ionic strength 
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(e.g. Bennett, 1991; Dove and Crerar, 1990a). Further, observing that the ionic 

strength effect varies by the electrolyte species in the solution (Dove and Crerar, 

1990b), the increased dissolution rates with increasing ionic strength may also be 

attributed to a specific interaction between dissolved cations and the reactive 

surface species.  

Secondly, although some minerals share the same mineral formula, their 

crystal structure and the aluminum coordination numbers could be very different - 

thereby having a possibility of different dissolution mechanisms assuming the 

differences effect the mechanism. For example, kyanite, andalusite, and 

sillimanite are trimorphs sharing the same molecular formula, Al2SiO5. However, 

kyanite is triclinic while andalusite and sillimanite are orthorhombic. While albite 

and microcline have only 4-coordinated (tetrahedral) aluminum atoms, the 

trimorphs contain differently coordinated aluminum atoms – in kyanite all 

aluminum atoms are 6-coordinated (octahedral) and in andalusite there are equal 

numbers of 6- and 5-coordinated aluminum atoms while sillimanite has equal 

numbers of 6- and 4-coordinated aluminum atoms. Dissolution mechanisms for 5- 

and 6-coordinated aluminum are expected to differ from that of tetrahedrally 

coordinated aluminum due to differences in the chelation mechanism. Different 

dissolution rates are also expected because they have different bonding distances 

and strengths. For example, sillimanite has 6- and 4-coordinated aluminum atoms 

with Al-O bonding distances of 1.91Å and 1.77 Å, respectively (Deer et al., 1992). 

Thirdly, what if there is no cation for ion exchange? While feldspars have 

cations responsible for initial ion exchange, kyanite, andalusite, and sillimanite do 
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not contain cations susceptible to rapid initial ion exchange reaction. Therefore, a 

different dissolution mechanism is likely. 

Fourth, how about the activation energies of mineral dissolution? 

Reported activation energies have quite a broad range; from as low of a few kcal 

mol l-1 to a high close to 100 kcal mol l-1 from a single mineral (e.g. Carroll, 

1989). It is not clear if these variations are coming simply from change of 

hydrogen activity or something else like combined effect of ionic strength and pH 

or surface area and pH or others. Therefore it is necessary to separate out the true 

nature of activation energy from any combined effects. 

Clarification of these problems is important because silicates are the major 

components of rocks in the earth’s surface, and quantitative prediction of their 

chemical weathering rates is essential for modeling solute transport in aqueous 

systems. Indeed, the ultimate objective of kinetic and analytical surface studies is 

to better characterize geochemical processes in natural environments. Such 

application must also account for complexities not encountered in controlled 

experimental studies including spatial and chemical heterogeneity and time spans 

that can often not be simulated under laboratory conditions. Hopefully this study 

results can help understand natural geochemical processes a bit better by more 

closely simulating the natural environments. 
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RESEARCH GOALS AND APPROACH 

The goal of this research is to quantify the effect of inorganic electrolytes 

on silicate rock-water interactions at low temperatures. This can be done by 

examining the mechanisms of proton-catalyzed hydrolysis, ionic strength effects 

on surface reaction rate, and the activation energy of overall dissolution reactions. 

In this study, mineral dissolution experiments were performed: (1) in 

various LiCl concentrations to quantify the solution ionic strength effects on 

mineral dissolution without any specific surface interactions; (2) at multiple 

temperatures to evaluate the activation energy of dissolution so as to get direct 

information on dissolution mechanisms; (3) at multiple pHs to examine the 

hydrogen activity dependence of mineral dissolution; (3) using minerals of 

different chemical composition and crystal structures to see if they have different 

dissolution mechanisms. Mineral dissolution rates and activation energies of the 

dissolution reactions were calculated and compared to determine the solution 

ionic strength, solution pH, and temperature effects on dissolution. Physical 

characteristics of the mineral surfaces were examined by SEM and BET methods. 

Because of the many limitations of laboratory conditions and the non-pure 

nature of naturally occurring minerals used in this study, not all results always 

followed our expectations. Instead of presenting only the results that followed 

standard predictions, however, this study will also include some results that could 

not be successfully interpreted from normal “ideal” expectations. The reasoning 

process in an effort to locate the causes of the non-standard behaviors can provide 
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better understanding on “non-ideal” results of other reports in literature. Also it 

could be a useful piece of information to the people who may be considering of 

doing similar lab experiments. In this study many case studies of mineral 

dissolution experiments in the literature were also compared and summarized 

with current study results as part of an effort to draw a general understanding on 

silicate dissolution processes in inorganic electrolyte aqueous systems.
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Methods 

Mineral dissolution experiments were performed using temperature 

controlled, continuous-flow mixed reactors. The solution ionic strength was 

controlled by adding various amount of LiCl and the solution pH was adjusted 

using either dilute HCl or LiOH solutions. A constant flow rate was maintained 

using peristaltic proportioning pump.  

MINERALS 

Four minerals were used in this study: microcline (KAlSi3O8), kyanite 

(Al2SiO5), andalusite (Al2SiO5), and albite (plagioclase). Microcline and albite 

were selected as representative feldspars. Kyanite and andalusite were chosen 

because: (1) both kyanite and andalusite have the formula of Al2SiO5, but with 

kyanite in the triclinic system and andalusite in the orthorhombic system; (2) 

while they are aluminosilicates, they do not contain cations susceptible to rapid 

initial ion exchange reaction, thus a different dissolution mechanism is likely; (3) 

they contain octahedrally coordinated aluminum. Though quartz and gibbsite also 

were used in this study as end members of the alumino-silicate mineral system, 

they were used only to monitor overall experimental processes and the results 

were not included in this study. 

Mineral samples were purchased from Ward's Natural Science 

Establishment. Original sources of minerals are shown in Table 2.1. A whole rock 

analysis was performed to identify the chemical composition of the minerals. 

Also, X-ray diffraction analysis was performed to determine the purity of the 
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minerals. Finely ground and dried original mineral samples were mounted on a 

Siemens D500 XRD machine and run for the most common 2θ ranges of target 

minerals.  

Table 2.1. Sources of minerals. All minerals were purchased from Ward's 
Natural Science Establishment.  

Mineral Source 
Albite Bancroft, Ontario, Canada 

Microcline Parry Sound, Ontario, Canada 
Kyanite Minas, Gerais, Brazil 

Andalusite Minas, Gerais, Brazil 
Quartz Red Horse Lake, Lyndhurst, Ontario, Canada 

 

SOLID SAMPLE PREPARATION 

All acid washed minerals were crushed and powdered using mortar and 

pestle and wet-sieved to below 325-mesh (37 µm) through a Teflon sieve. Mineral 

grains were cleaned by continuous washing in distilled water, surface detritus was 

dislodged by 5 minutes of sonic desegregation followed by settling and decanting 

of the supernatant. This process was repeated until the supernatant was clear. 

Quartz samples were preleached at 80 ºC in 1 N NaCl solution for three days to 

remove any disturbed surface layer particles produced by grinding that could 

enhance initial mineral dissolution rates. Samples were oven-dried at 250°C for 

24 hours after the cleaning.  

Surface area of the dried samples was measured by static-volumetric BET 

method using a Quantachrome Autosorb-1 before and after the dissolution 

experiments (Table 2.2). The slight changes in the surface area values in Table 

2.2 between the two measurements may imply increase or decrease in the active 
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mineral surface area during the experiments. Considering the level of inaccuracy 

known for BET methods, however, small differences up to 50% may be 

considered to be within the error range of BET methods. 

The significant changes in the ‘albite’ (plagioclase) sample surface area in 

Table 2.2, however, may be attributed to the increase in the surface area due to 

precipitation of secondary minerals. This possibility is evaluated later in this 

chapter. Average surface area values, except for plagioclase, were used in the rate 

calculations. The initial surface area value was used in the case of plagioclase rate 

calculations as the secondary mineral portion of the surface area, if any, should be 

excluded from the calculation. 

Table 2.2. Measured surface area of mineral sample powders used in 
continuous flow mixed reactors for dissolution experiments in inorganic 
electrolyte solutions. Outgas temperature: 250°C, Adsorbent: N2 gas. 3 point 
BET. 

Sample Surface Area, 
Before (m2 g-1)

Surface Area, 
After (m2 g-1)

Amount in 
Reactor (g)

Total SA, 
Before (m2) 

Total SA, 
After (m2)

Microcline 0.97 0.75 10 9.7 7.5 
Andalusite 0.56 0.63 8 4.5 5.0 
Kyanite 0.33 0.51 8 2.6 4.1 
Alite (plagioclase) 0.42 1.15 10 4.2 11.5 
Quartz 0.09 0.09 30 2.7 2.7 

 

EXPERIMENTAL SET-UP FOR DISSOLUTION EXPERIMENTS 

Dissolution kinetics was examined using temperature controlled 

continuous flow mixed reactors (Figure 2.1). The biggest advantage of this 

continuous flow mixed reactor system over the classical batch reactor system is 

that it allows controlling the reaction extent with flow rate control. The flow rate 

was controlled to keep the system ‘far from equilibrium’. While simple systems 
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using this type of reactors have been described (e.g. Chou and Wollast, 1984; 

Dove and Crerar, 1990a; Rimstidt and Dove, 1986), some automated functions 

were added to enable continuous on-line silica analysis – sample selection and 

solution sampling time were automated and programmed. 

Figure 2.2 shows the schematic of the reactor design used in this research. 

Teflon reactor vessels of 500 ml capacity were used and only Teflon tubing was 

used for plumbing. Mineral grains were placed directly in the reactors and 

agitated continuously by Teflon coated magnetic stir bars or electric motor-driven 

Teflon coated stir rods. Outflow was double-screened with a 400 mesh (37 µm) 

Teflon sieve and a frit (10 µm) at the entrance of each effluent solution line. 

Plumbing 

Reactors were placed in temperature-controlled water baths. Input solution 

was fed directly from electrolyte reservoir by a peristaltic pump. Excess 

backpressure was regulated by the blank reactor through which the excess 

solution goes back to the reservoir. The effluent flow rate was additionally 

controlled by a peristaltic proportioning pump. 

On-line Silica Analysis System 

Using an automatic channel selector, one of the output channels was 

selected for a fixed length of time (15 or 20 minutes) and its silica concentration 

was measured by a Lambda-6 UV-VIS Spectrophotometer. The reference cell 

solution of the spectrophotometer comes directly from the blank reactor. The  
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Figure 2.1. Schematic diagram of the experimental setup: silicate dissolution and silica analysis protocol. 
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Figure 2.2. Reactor vessel design placed on magnetic stir plate. Reactor 
vessels placed in water baths used stirring rods instead of the magnetic stir 
bars. 
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absorbance of the sample cell was continuously compared with the background 

absorbance of the starting solution. Output solutions not being analyzed at the 

time were sent through flow cells where the solution pH was measured 

continuously and water samples were collected periodically for additional 

analyses. 

ELECTROLYTE SOLUTION AND REACTOR TEMPERATURE CONTROL 

Dilute LiCl solutions were used in these experiments to control ionic 

strength. LiCl was chosen to minimize interactions between surface sites and 

electrolyte cations, as Li+ is thought to have the least interaction among mono-

valent cations at similar ionic strengths (Bennett, 1991). Also, Li is (1) not a 

constituent of the selected minerals (like Na, K, or Ca in feldspars), (2) a 

“structure maker” solution species, and (3) not to form secondary precipitates. 

Electrolyte concentrations of 1.0, 5.0, 10.0, and 50.0 mmol L-1 of LiCl in distilled 

water were prepared. The initial solution pH was adjusted to 3.0 adding dilute 

HCl. The calculated ionic strength of each solution is shown on Table 2.3. 

Table 2.3. Calculated ionic strengths of initial inorganic electrolyte solutions 
(pH 3). 

[LiCl] in mM Ionic Strength of Blank Reactor (mM) 
1.0 1.5 
5.0 5.5 

10.0 10.5 
50.0 50.5 

 

Reactor temperatures were varied from 10º C to 55º C allowing the 

reactors to equilibrate with the new temperature at least for 50 hours (average 

retention time) before any valid analysis is taken. Since (1) the extent of 
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dissolution reactions were kept far-from-equilibrium, and (2) mineral dissolution 

reactions at-far-from-equilibrium condition are surface-controlled reactions, no 

significant changes in the mineral surface properties are expected with the 

changes of the reactor temperatures or electrolyte solutions. Therefore, the initial 

mineral powders were kept inside the reactors throughout the entire inorganic 

dissolution experiments assuming no changes in the mineral surface properties.    

CHEMICAL ANALYSIS 

Dissolved silica was determined continuously by an on-line silica analysis 

method based on APHA Method 4500-Si F (1992). The water sample from a 

reactor at the time is diluted to 1:4.3 in distilled water and mixed with ammonium 

molybdate solution (0.016 M ammonium molybdate, (NH4)6Mo7O24•4H2O, in 0.1 

N sulfuric acid) through a 15 cm mixing coil. The solution is then mixed with 0.4 

M oxalic acid through another 15 cm mixing coil, and followed were addition of 

the reducing agent and another 15 cm mixing coil. In order to enhance the mixing 

efficiency, air bubbles were incorporated into the mixing coils and removed 

before the analysis.  

Silica concentration of the chosen reactor line was determined 

continuously by a Perkin Elmer Lambda 6 UV/VIS Spectrophotometer for 15 or 

20 minutes at wavelength 715 nm and logged to a computer at five second 

intervals. Five standard samples, 0.1, 0.5, 1.0, 2.0, and 3.0 ppm silica as SiO2, 

were prepared from stock silica solutions and calibration curves were prepared for 

each set of experiments and whenever a new reagent was prepared. At least one 

standard solution was included as a reference solution in every run. Blank 
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concentrations using both distilled water and blank reactor solution were also 

included in each analysis. 

The pH of the effluent solutions sent to the flow cells was measured daily 

by an Orion SA-720 pH meter. The measurements were done only after the 

solution sampling to avoid any possible crossover contamination. 

Periodically sampled reactor solutions were acidified to pH~2 using conc. 

HNO3 and analyzed for Si, Al, (Ca, Fe, Mg,) K and Na. ICP was used for Si, Al, 

Ca, Fe, and Mg and AAS was used for Na and K. All samples were filtered 

through 0.2 µm membrane filters before analysis.  
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Results 

MINERAL ANALYSIS  

Chemical analysis (whole-rock attack) on the mineral samples was 

performed prior to all analyses in order to determine the basic chemical 

composition of the minerals. Powder XRD analyses also was performed at the 

same time to determine the mineralogical purity of the samples.  

Table 2.4 summarizes the ‘whole-rock attack’ chemical analysis results. 

The samples showed relatively clean mineral chemistry. However, andalusite and 

kyanite showed some impurities, albite showed high calcium content, and slightly 

high sodium content was analyzed from the microcline sample. 

Table 2.4. Whole rock analysis results and conversion to mineral formula.  
 Andalusite Kyanite  ‘Albite’ Microcline 
 wt% moles/ O5 wt% moles/ O5 wt% moles/ O8 wt% moles/ O8
SiO2 36.55 1.03 36.53 1.03 59.72 2.72 63.6 2.98 
Al2O3 59.01 1.95 59.33 1.96 20.84 1.12 18.15 1.00 
Fe2O3 0.35 0.01 <0.01 - <0.01 - <0.01 - 
CaO <0.01 - <0.01 - 2.14 0.10 <0.01 - 
MgO <0.01 - <0.01 - <0.01 - <0.01 - 
MnO 0.04 0.00 0.01 0.00 0.01 0.00 0.01 0.00 
Na2O <0.01 - <0.01 - 7.67 0.68 2.63 0.24 
K2O 0.28 0.01 0.24 0.01 6.46 0.38 13.18 0.78 
TiO2 0.06 0.00 0.23 0.00 0.02 0.00 0.02 0.00 
P2O5 0.04 0.00 0.02 0.00 0.02 0.00 0.01 0.00 
sum 96.33  96.36  96.88  97.6  

 

Powder XRD analyses of minerals showed fairly pure kyanite and 

andalusite crystallography based on the diagnostic 2θ patterns (Figure 2.3). 
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Possible trace amount of impurities in microcline and albite samples are analyzed 

(Figure 2.4).  

Microprobe analyses (model JEOL 733 SuperProbe) for albite and 

microcline samples were conducted to examine the surface mineralogy of the 

samples. The backscattered-electron (BSE) image of microcline sample showed 

fairly pure single phase microcline mineralogy (Figure 2.7). It has very clean 

cross-hatch twining structure of microcline without any impurities. Table 2.5 

summarizes the results of point analyses on microcline surface (point labels 

starting with ‘mic’) showing clean mineralogy. Figure 2.6 shows BSE images of 

the ‘albite’ sample surface, with possible calcic mineral phases as impurities. 

Table 2.5 shows the point analyses results on ‘albite’ surface (labels starting with 

‘alb’) identified as plagioclase and other impurities. 

Table 2.5. Microprobe point analysis results on ‘albite’ and microcline 
surfaces. Numbers are weight percent of the oxide and the stoichiometric 
coefficient of the cation  in the mineral formula in parentheses. 
Point SiO2 Al2O3 CaO K2O Na2O Total Interpretation
Label  wt% (Si) wt% (Al) wt% (Ca) wt% (K) wt% (Na) wt% M* O**   

an50 55 (2.5) 29 (1.5) 10 (0.5) 0 (0) 6 (0.5) 100 5 8.0  an50 standard
alb 1 63 (2.7) 24 (1.2) 5 (0.2) 0 (0) 9 (0.8) 101 5 8.0  plagioclase 
alb 2 63 (2.8) 23 (1.2) 3 (0.2) 1 (0.1) 9 (0.8) 100 5 8.0  plagioclase 
alb 3 46 (3.1) 38 (3) 0 (0) 11 (0.9) 0 (0) 95 7 11.1  muscovite 
alb 4 83 (0.9) 3 (0) 9 (0.1) 1 (0) 0 (0) 95 1 1.9  quartz 
alb 5 38 (0.4) 15 (0.2) 27 (0.3) 0 (0) 6 (0.1) 86 1 1.4  calcic mineral
alb 6 21 (0.3) 3 (0.1) 42 (0.6) 1 (0) 0 (0) 67 1 1.3  calcic mineral
alb 7 34 (0.4) 22 (0.3) 21 (0.2) 6 (0.1) 0 (0) 83 1 1.5  calcic mineral
mic 1 66 (3) 19 (1) 0 (0) 14 (0.8) 2 (0.2) 100 5 8.0  microcline 
mic 2 66 (3) 19 (1) 0 (0) 16 (0.9) 1 (0.1) 101 5 8.0  microcline 
mic 3 65 (3) 19 (1) 0 (0) 15 (0.9) 1 (0.1) 101 5 8.0  microcline 
an50 55 (2.5) 28 (1.5) 10 (0.5) 0 (0) 6 (0.5) 99 5 8.0  an50 standard

* Sum of cation stoichiometric coefficients. ** Calculated stoichiometric coefficient of oxygen. 
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 Figure 2.3. X-ray diffraction patterns of (A) andalusite and (B) kyanite. 
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Figure 2.4. X-ray diffraction patterns of (A) albite and (B) microcline. 
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Figure 2.5. Microprobe image (BSE) of microcline surface. Its characteristic 
‘cross-hatch twining’ texture is shown. 
 



 105

 
(A) 

 

 
(B) 

Figure 2.6. Microprobe image (BSE) of albite surface: (A) wide view of the 
mineral surface shows many white portions; (B) zoomed-in view of the boxed 
area in (A) shows different mineralogy as marked. CaX represents calcic 
minerals. 
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STEADY STATE DISSOLUTION 

Measured reactor temperature, reference solution pH, ionic strength, and 

major cation contents of the reactor solution are listed in Appendix 2.1 (for pH 3 

region) and 2.2 (for pH 5 region). Calculated dissolution rates of the minerals 

over time are plotted graphically on Figures 2.7 and 2.8 and the values are 

summarized in Table 2.6.  

Each plotted data point is an averaged dissolution rate (mol cm-2 s-1) of 3 

to 5 hours of continuously analyzed results around the plotted point. Since the 

reactors were allowed to equilibrate with the system conditions during the initial 

~400 hours, the data for that period were not included in data analysis. Steady 

state dissolution was assumed after ~400 hours.  

Mineral dissolution rates were calculated by normalizing silica release to 

one mole of aluminosilicate mineral: 

 

[ ]
rate

n
q
A

st st= ×−Si

 (2.8) 

where [Si]st-st is the steady-state silica concentration in the output solution (mol   

L-1), A is the total mineral surface area exposed to reactant solution (cm2), q is the 

reactant flow rate (L s-1), and n is the stoichiometric coefficient of silica of the 

mineral dissolution reaction.  

As dissolution reaction rates at constant pH using flow-through reactors 

are independent of the reactant concentration, rate expressions of these reactions 

may be considered to contain concentration to the zero power. So the rates can be 

expressed as: 
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Mineral dissolution rates in LiCl solutions at pH 3 region
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Figure 2.7. Change of dissolution rates over time in inorganic electrolyte solutions at pH~3. *Quartz reactor 
was placed in room temperature. 
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Inorganic SDE at pH 5
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Figure 2.8. Change of dissolution rates over time in inorganic electrolyte solutions at pH~5. *Kyanite reactor 
was kept in room temperature when I = 0.25 mM and I = 1.0 mM; *Albite reactor was placed in room 
temperature when I = 5.0 mM. 
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[ ] [ ]r d A

dt k A k kdiss diss= − = = =0
0

0 . (2.9) 

The basic assumptions for this condition are (1) far from equilibrium, (2) constant 

pH, (3) constant electrolyte concentration, (4) constant temperature, and (5) 

constant flow rate. The benefit of this expression is that one can use the 

dissolution rates directly as the dissolution rate constants in activation energy 

calculation. 

DISSOLUTION RATES AND SOLUTION PH 

Average dissolution rates of the minerals at different electrolyte 

concentrations and temperature conditions are summarized in Table 2.6. Some of 

the kyanite reactor results in Table 2.6 may include some errors (up to 100%) 

since its silica concentration often fell near detection limit (20 µg L-1). 

Figure 2.7 shows the calculated mineral dissolution rates over time from 

the pH 3 experiments. In this run the quartz reactor (used only for process 

monitoring purposes) was at room temperature. The albite reactor, which was 

recognized to contain significant calcic mineral impurities, shows higher 

dissolution rates when compared with other minerals.  

All mineral dissolution rates increased as the reactor temperature 

increased. A slight decrease in dissolution rates was observed when the inorganic 

electrolyte concentration was increased at any fixed temperature.  

Dissolution rate results at pH 5 solutions are shown on Figure 2.8. Lower 

rates than in pH 3 solutions are observed in this pH region. In this run, the kyanite 

reactor was kept at room temperature when the solution ionic strength was 0.25 - 
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1.0 mM, and the albite reactor was kept at room temperature when the solution 

ionic strength was 5.0 mM. 

Table 2.6. Average mineral dissolution rates (mol cm-2 s-1) calculated from 
the normalized silica release rates of inorganic electrolyte dissolution 
experiments. BDL denotes ‘below detection limit (~20 ppb)’. NA denotes ‘not 
analyzed’. 

pH LiCl (mM) temp (°C) ‘Albite’ Microcline Andalusite Kyanite 
3 1 10 4.68E-15 6.85E-17 BDL BDL 
  25 5.48E-15 1.39E-16 8.52E-17 3.01E-16 
  35 5.34E-15 2.96E-16 4.44E-16 1.33E-15 
  50 5.74E-15 5.69E-16 2.09E-15 4.05E-15 
 5 10 4.46E-15 2.76E-17 BDL BDL 
  25 5.46E-15 1.38E-16 BDL 1.07E-16 
  35 5.72E-15 2.85E-16 6.48E-17 4.12E-16 
  50 5.96E-15 6.64E-16 5.28E-16 1.40E-15 
 10 10 3.73E-15 4.48E-17 BDL BDL 
  25 4.34E-15 1.47E-16 BDL 8.98E-17 
  35 5.21E-15 3.17E-16  BDL 4.14E-16 
  50 6.12E-15 7.07E-16 3.05E-16 1.01E-15 
 50 10 3.96E-15 2.42E-17 BDL BDL 
  25 5.21E-15 1.02E-16 BDL 1.47E-17 
  35 5.20E-15 2.50E-16 BDL 7.42E-17 
  50 4.70E-15 5.99E-16 BDL 5.19E-16 

5 0.24 10 1.75E-16 1.89E-17 7.47E-17 NA 
  25 7.76E-16 3.71E-17 1.49E-16 8.58E-17 
  35 1.04E-15 6.38E-17 2.66E-16 NA 
  55 2.16E-15 2.60E-16 9.22E-16 NA 
 0.99 10 1.27E-16 1.69E-17 6.67E-17 NA 
  25 6.04E-16 2.36E-17 9.89E-17 5.57E-17 
  35 1.01E-15 4.30E-17 1.69E-16 NA 
  55 2.45E-15 1.99E-16 6.79E-16 NA 
 4.99 10 NA 3.17E-17 1.04E-16 1.81E-16 
  25 6.01E-16 3.65E-17 1.23E-16 1.75E-16 
  35 NA 4.73E-17 1.45E-16 1.61E-16 
  55 NA 1.48E-16 3.33E-16 1.98E-16 
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Discussion 

TEMPERATURE DEPENDENCE OF DISSOLUTION RATES 

The temperature dependence of dissolution rates in inorganic electrolyte 

solutions are presented as Arrhenius plots on Figure 2.9 and Figure 2.10. A clear 

linearity of the temperature dependency is observed on all plots. Each mineral 

shows different degree of temperature dependency expressed in the slope of the 

regression line. This temperature dependency of mineral dissolution is repeated in 

different solution ionic strengths. Table 2.7 summarizes calculated apparent 

activation energies in pH 3 and pH 5 solutions from the slope of the regression 

lines on Figures 2.9 and 2.10. 

In the pH 3 region, the apparent activation energies are: microcline 9.8 - 

14.8, andalusite 19.5 - 26.7, and kyanite 24.2 - 27.6 kcal mol-1 when the solution 

ionic strength was between 1.5 and 50.5 (Table 2.7). In the pH 5 region, the 

apparent activation energy of microcline is slightly lower (10.9-13.6 kcal mol-1). 

Apparent activation energy of andalusite was also lower (7.8-12.4) at pH 5. Very 

low activation energies (2 kcal mol-1) were calculated from ‘albite’ at pH~3 and 

from kyanite at pH~5.  

Reported activation energies of mineral dissolution from literature are 

summarized in Table 2.8. Comparing the activation energies of the current study 

results (Table 2.7) of albite, microcline, and andalusite at pH 5 with those in 

Table 2.8 values, a fair agreement is observed with the reported activation energy 

ranges of similar minerals. 
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Figure 2.9. Temperature dependence of dissolution rates in pH 3 solutions. 
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Figure 2.9. Continued. 
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Figure 2.10. Temperature dependence of dissolution rates in pH 5 solutions. 
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Table 2.7. Calculated activation energies of mineral dissolution in pH 3 and 
pH 5 electrolyte solutions. Error ranges were calculated from the correlation 
coefficients of the regression lines of the Arrhenius plots on Figures 2.9-2.10.  

pH LiCl Ea (kcal mol-1 K-1) 
region (mM) ‘albite’ microcline andalusite kyanite 

3 1.00 0.9 ± 0.2 9.8 ± 0.1 19.7 ± 0.5 (¹) 24.2 ± 0.2 (¹)

 5.00 1.3 ± 0.0 14.5 ± 1.4 19.5 ± 0.1 (¹) 27.6 ± 0.0 (²)

 10.00 2.3 ± 0.3 12.9 ± 0.1 19.5 ± 1.7 (¹) - 
 50.00 0.9 ± 0.3 14.8 ± 0.1 26.7 ± 0.1 (¹) - 

5 0.25 8.7 ± 0.6 11.4 ± 0.3 11.0 ± 0.4 - 
 1.00 8.8 ± 0.0 (¹) 13.6 ± 0.1 (¹) 12.4 ± 0.1 (¹) - 
 5.00 - 10.9 ± 0.3 (²) 7.8 ± 0.5 (²) 2.0 ± 0.2 (²)

(¹) Calculated from three temperatures, 50 (55 for pH 5), 35, and 25 °C.  
(²) Calculated from two temperatures, 50 (55 for pH 5) and 35 °C. 

 

Slight differences in the specific values may be attributed to the range of 

analytical errors and the different experimental conditions. One obvious trend 

from these results is that the activation energies are higher in the acidic pH region, 

lower in the neutral pH region, and then go up again in the basic region (Table 

2.8). This U-shaped distribution of activation energy is well known and has been 

studied by many researchers (e.g., Casey and Sposito, 1992 and references 

therein). Activation energies are highly dependent on solution pH, and they tend 

to show the minima near ZPC (point of zero proton charge). These effects have 

been attributed to variability in Bronsted acid-base chemistry at mineral surfaces 

under differing temperatures and pH values but quantitative understanding of 

these effects is not available (Casey and Sposito, 1992). 
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Table 2.8. Reported activation energies of mineral dissolution in the 
literature. 

Mineral Ea (kcal mol-1) Reference Original Source 
Albite 9.07 Wieland et al. (1988) Busenberg and Clemency 

(1976) 
 16.95 Hellmann (1994) Rose (1991) 
 21.23 ± 3.49 (acidic)

16.43 ± 1.07 (neutral)
20.35 (basic) 

Hellmann (1994) Hellmann (1994) 

 9.08 (3<pH<8) 
21.14 (pH<3) 

Schott and Petit (1987) Helgeson et al. (1984) 

Aluminum 
oxide 

13.5 ± 3.37 Wieland et al. (1988) Furrer and Stumm (1986) 

Anorthite 8.36 Wieland et al. (1988) Busenberg and Clemency 
(1976) 

 8.36 Schott and Petit (1987) Fleer (1982) 
Augite 18.6 Wieland et al. (1988) Schott and Berner (1985) 
 18.43 Schott and Petit (1987) Schott and Berner (1985) 
Bayerite 11.9 ± 4.06 Wieland et al. (1988) Pulfer et al. (1984) 
Bronzite 10.75 Schott and Petit (1987) Grandstaff (1977) 
Calcite 8.4 Lasaga (1981) Sjoberg (1976) 
Diopside 9.08 (4<pH<6) 

19.35 (pH~2) 
Schott and Petit (1987) Schott et al (1981) 

 12-36 Lasaga (1981) Berner (1980) 
Enstatite 11.94 Schott and Petit (1987) Schott et al. (1981) 
Forsterite 9.1 Lasaga (1981) Grandstaff (1980) 
Forsteritic 
olivine 

9.07 Wieland et al. (1988) Grandstaff (1986) 

Kaolinite 15.22 ± 0.72 Wieland et al. (1988) Wieland et al. (1988) 
K-feldspar 9.08 (3<pH<8) 

19.6 (pH<3) 
Schott and Petit (1987) Helgeson et al. (1984) 

 9.07 Wieland et al. (1988) Busenberg and Clemency 
(1976) 

Nepheline 13-17 Schott and Petit (1987) Tole (1982) 
Olivine (Fo83) 9.08 Schott and Petit (1987) Grandstaff (1981) 
Orthopyroxene 10.5 Lasaga (1981) Grandstaff (1977) 
Quartz 16-18 Lasaga (1981) Rimstidt and Barnes (1980) 
Wollastonite 17.67 Schott and Petit (1987) Murphy (1985) 
Zircon 12.7 Wieland et al. (1988) Tole (1985) 
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As Lasaga (1981) pointed that it is the heat of adsorption that is 

responsible for differences in activation energies and less amount of adsorption is 

expected in the neutral pH region. This hypothesis is supported by the lower rates 

of silicate dissolution at neutral pH region than in acidic or basic pH regions. If 

we can assume that protons and hydroxyl ions are the only responsible species for 

adsorption in simple inorganic electrolyte systems, the hypothesis is also 

supported by the fact that less amount of proton or hydroxyl ions are available at 

the neutral pH region. Therefore, the change of activation energies in inorganic 

electrolyte solutions can be interpreted to be a reflection of pH dependence of 

dissolution rates.  

Casey and Sposito (1992) evaluated the dependence of activation energy 

on solution pH and concluded that the electrostatic interaction of adsorbed species 

on the mineral surface is more responsible for the pH dependence of activation 

energy while the enthalpy of proton adsorption contributes only ‘slight’ portion of 

the pH dependence of activation energy. This means that the surface potential 

formed by proton adsorption at the mineral surface varies with the solution pH. 

The surface titration results of current study, summarized in Chapter 1, also 

demonstrated the adsorption depends on the solution pH. 

In Table 2.8 the activation energies of orthosilicate minerals, i.e., kyanite 

and andalusite, are much higher than those of framework silicates, i.e., albite and 

microcline, at pH 3. This observation may be partially explained from the fact that 

kyanite and andalusite have ZPC values at much higher pH (~5 to 7) while 

feldspars have lower ZPC values (~2 to 3, Parks, 1967). Therefore, the greater ∆
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pH (=|pH - ZPC|) values may have caused the higher activation energy in the pH 

3 region due to higher surface potential energies (Casey and Sposito, 1992). In the 

pH 5 region, andalusite and kyanite show lower activation energies than in the pH 

3 region indicating lower surface potential energies in this pH region. This 

observation may be related with the sorption isotherm results of kyanite and 

andalusite in Chapter 1. In Chapter 1 kyanite and andalusite fell in type B group 

which was characterized with smaller |pHSMa - IEP| values and non-specific 

sorption behaviors. Also their active surface sites were calculated to be very low 

(~1 or less) indicating lower solubility. 

The low activation energy values of kyanite in pH 5 region may also be 

attributed to the low solubility of the mineral in this pH region - i.e., the change in 

temperature within current study range may not be effectively affecting the 

dissolution rates. Usually low activation energies (below 4 kcal mol-1) are 

interpreted as the result of a diffusion-controlled reaction. However, the low 

activation energy in this case probably is a reflection of the low available surface 

sites of the minerals in the pH region and could be, therefore, a reflection of 

fluctuation of systematic detection errors. 

IONIC STRENGTH DEPENDENCE OF SILICATE DISSOLUTION RATES 

The ionic strength dependence of mineral dissolution was evaluated by 

plotting the dissolution rates against the solution electrolyte concentration or ionic 

strength in each pH conditions. Figure 2.11 and 2.12 show the ionic strength 

effect on dissolution rates in the pH 3 and the pH 5 regions. The plots were 
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grouped by the reactor temperature since the mineral dissolution rates are also 

temperature-dependent.  

Figure 2.11 and Figure 2.12 demonstrate that feldspar dissolution rates 

and solution ionic strength can be plotted on double-logarithm plots having a 

linear log-log relationship. From a kinetics standpoint this relationship could be 

understood that LiCl is actively participating in the dissolution reaction and the 

slope of the plot might be interpreted as the reaction order (Laidler, 1987). 

However, this relationship should be understood as one of the dependences of 

dissolution reactions just like the temperature dependence of chemical reactions 

(i.e., Arrhenius equation). The general trend of the dissolution rates is a decrease 

in the rates as the solution ionic strength (LiCl concentration) varies from 1 to 50 

mM. 

The factors of rate dependences on the solution ionic strength are 

summarized in Table 2.9. The factors of rate decrease were calculated by 

comparing the dissolution rates of each mineral in 50 mM LiCl solution with the 

rate in 1 mM LiCl solution. Table 2.9 shows that the decrease can be lower by a 

factor of up to 3.5 in microcline, 16.5 in andalusite, 105 in kyanite, and 1.3 in 

albite dissolution reactions in the pH 3 region. In the pH 5 region, however, the 

magnitude of decrease is relatively smaller. Microcline and albite are observed to 

have relatively less degree of dependence on the solution ionic strength changes 

at both pH regions. Andalusite and kyanite, however, are observed to be strongly 

influenced by the ionic strength change especially in the pH 3 region. 
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Figure 2.11. Ionic Strength effect on dissolution rates in pH 3 solutions. 
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Figure 2.11. Continued. 
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Figure 2.12. Ionic Strength effect on dissolution rates in pH 5 solutions. 
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Figure 2.12. Continued. 
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Table 2.9. Factors of decrease in dissolution rates when the LiCl 
concentration increased from 1 to 50 mmol L-1 (pH 5 results were 
extrapolated from the regression lines). Numbers were calculated from the 
linear regression lines on Figures 2.11 and 2.12. 

pH T (°C) ‘Albite' Microcline Andalusite Kyanite 
3 10 1.19 ± 0.07 2.46 ± 0.48 - - 
 25 1.18 ± 0.12 1.21 ± 0.12 16.05 ± 2.29 - 
 35 1.04 ± 0.03 1.15 ± 0.10 16.44 ± 1.93 104.97 ± 0.32 (1)

 50 1.24 ± 0.07 1.03 ± 0.03  7.41 ± 0.18 26.42 ± 0.17 (1)

5 10 - - - - 
 25 1.30 ± 0.16 3.51 ± 0.15 (1) 2.89 ± 1.04 3.05 ± 2.48
 35 1.07 ± 0.06 (1) 1.38 ± 0.30 (1) 2.22 ± 0.40 - 
 55 0.69 ± 0.06 (1) 2.10 ± 0.20 (1) 3.94 ± 0.33 - 

(1) Numbers denote that they were calculated based on the slopes found in the two LiCl 
concentrations (1 and 5 mM in pH 3, and 0.003 and 1.0 mM in pH 5).  
 

The decrease in silicate dissolution rates with increase in solution ionic 

strength from the microcline reactor is in accordance with the reported 

observations in literature (e.g. Sjoberg, 1989; Stillings and Brantley, 1995; 

Brantley and Stillings 1996; Chen, 1997; Chen and Brantley, 1997).  

The decreasing feldspar dissolution rates with increasing ionic strength 

have been attributed to the ion exchange reaction at the feldspar surface (Brantley 

and Stillings, 1996): 

 (AlOSi)M + H+  (AlOSi)H + Mb+. (2.10) 

Based on assumptions that the key controlling step of feldspar dissolution 

is the hydrolysis of ≡AlOSi≡ sites, and ion exchange of protons for the alkali or 

alkaline earth cations significantly weakens the ≡AlOSi≡ linkage, Brantley and 

Stillings (1996) suggested that high solution ionic content should inhibit the ion 
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exchange reaction thereby inhibiting the hydrolysis of the ≡AlOSi≡  bridging 

oxygens: 

 (AlOSi)H + H2O  ≡SiOH + ≡AlOH. (2.11) 

However, from the observation that kyanite and andalusite rates also 

decrease with increasing ionic strength from current study results, since they do 

not have cations responsible for ion exchange, current study results cannot be 

explained with the ion exchange reactions only. Thus, for the case of andalusite 

and kyanite, the protonation and hydrolysis at the ≡ AlOSi ≡  sites may be 

influenced by solution salt contents. This means that there might be a competing 

reaction between protons and solution cations for surface ≡AlOSi≡ sites. Once the 

sites are occupied by alkali cations, the hydrolysis of those sites may not be easily 

occurred until the cations are replaced by protons, resulting in a lower dissolution 

rate. However, the frequency of direct cation-surface interaction may be very low 

considering the large hydration radii of alkali cations compared to the size of the 

surface site and Li+ is also thought to have the least interaction among mono-

valent cations at similar ionic strengths (Bennett, 1991). Therefore the decrease in 

the dissolution rates may be also related to the salt concentration in the solution.  

The reduced dissolution rates, therefore, may not be a reflection of 

different dissolution mechanism as it may be explained with the interactions 

between solution species. In simple solutions at near neutral solution pH where 

aluminum solubility is very low or minimal, increases in ionic strength may cause 

an increase in the activity of neutral species like silica. The net silicate dissolution 
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rates, as a result, should decrease slightly due to the increase in the degree of 

saturation, resulting in an increase in reverse reaction rate. 

STOICHIOMETRY OF DISSOLUTION –  ‘ALBITE’  

The high dissolution rates of ‘albite’, especially in the pH 3 region, are 

believed to be caused by the rapid-dissolution of calcic impurities, as identified in 

microprobe analyses, at the initial dissolution stage of the mineral. This 

speculation was evaluated by the chemical analysis result of the albite reactor 

effluent solutions (Table 2.10). The table shows the initial high calcium releases 

(up to 0.051 mM) probably caused by preferential dissolution of calcic mineral. 

There is also a possibility of having a secondary phase being precipitated 

in the ‘albite’ reactor. In this case, if there had been a significant change in silica 

concentration in the reactor by the precipitation of secondary minerals, the 

dissolution would have been incongruent and the dissolution rates would vary 

significantly by the stoichiometry of the secondary phases.  

 

Table 2.10. Concentration of Si, Al, and Ca from albite dissolution at pH 3 
and the calculated dissolution rates (from Si release rate). 

[LiCl] Temperature Si Al Ca rate 
(mmol L-1) (°C) (mmol L-1) (mmol L-1) (mmol L-1) (mol cm-2 s-1)

1 10 0.137 0.129 0.041 7.041E-15 
 25 0.146 0.139 0.051 7.503E-15 

5 25 0.148 0.134 0.040 7.606E-15 
 35 0.150 0.127 0.041 7.709E-15 
 50 0.159 0.106 0.049 8.171E-15 

10 10 0.095 0.090 0.022 4.882E-15 
 25 0.118 0.115 0.027 6.064E-15 
 35 0.126 0.119 0.032 6.475E-15 
 50 0.141 0.110 0.040 7.246E-15 
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This possibility was evaluated with WATEQ4F groundwater modeling. 

WATEQ4F is a computer modeling program developed by United States 

Geological Survey (USGS) that allows calculation of thermodynamic speciations 

in aqueous solutions. For this modeling, updated data for aluminum speciation 

(Ball and Nordstrom, 1991) was added to the speciation data list. The result is 

summarized in Table 2.11 in terms of log saturation index (Log SI) of mineral 

phases. Log SI is 0 at equilibrium, less than 0 when undersaturated, and greater 

than 0 when supersaturated. 

Table 2.11 shows that the effluent solutions from the albite reactor were 

supersaturated with respect to pyrophyllite (Al2Si4O10(OH)2), while 

undersaturated with respect to other minerals. Thus, the precipitation of 

pyrophyllite may explain the results from the albite reactor.  

The precipitation of secondary phase may also explain the high 

concentration of Ca from the albite effluent solutions. In theory, albite has only a 

small amount of calcium in its composition (Ab100-90An0-10), but a significant 

amount of calcium was analyzed from the albite effluent solutions as shown in 

Table 2.10. It is possible to suspect that the precipitation of secondary phases in 

albite reactor have caused the low concentrations in silica and aluminum and, 

therefore, relatively high concentrations in calcium and sodium. 

This high concentration of calcium also leads us to suspect the purity of 

the albite mineral sample. From Table 2.10, we get 0.28 as the average Ca/Si 

mole ratio. This is an unusually high Ca/Si mole ratio value to an albite sample, 
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and is close to labradorite (0.2-0.3; Ab50-30An50-70) or bytownite (0.3-0.4; Ab30-

10An70-90).  

When we compare current study results with Oxburgh et al. (1994), the 

rates are plotted between the dissolution rates of bytownite and andesine (Figure 

2.13). Thus the high solubility of the albite reactor may be attributed to the 

preferential dissolution of the plagioclase portion which might be identified as a 

mineral close to andesine. 

 

Table 2.11. Degrees of saturation of minerals in albite reactor in the pH 3 
region. 

*[LiCl]  
(mmol L-1) 

Temperature  
(°C) 

Mineral **Log SI 

1 10 Quartz -0.455 
 25 Quartz -0.842 
  Pyrophyllite 0.058 

5 25 Quartz -0.821 
  Pyrophyllite -0.406 
 35 Quartz -1.824 
  Pyrophyllite 0.388 
  Diaspore -1.097 
 50 Pyrophyllite 0.693 
  Diaspore -0.146 

10 25 Quartz -1.276 
 35 Pyrophyllite 0.052 
 50 Pyrophyllite 0.667 
  Diaspore -0.176 

* Electrolyte concentration of the influent solution. 
** Logarithm of Saturation Index.  
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Figure 2.13. Steady-state dissolution rates of feldspars as function of pH. 
¹Bytownite, andesine, oligoclase data from Oxburgh et al (1994), ²albite and 
microcline rates at 25°C from this study. 
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HYDROGEN ACTIVITY DEPENDENCE OF FELDSPAR DISSOLUTION RATES 

Most silicate minerals have dissolution rates that can be expressed as a 

function of pH in a U-shaped curve (e.g. Hellmann, 1994). Oxburgh et al. (1994) 

performed dissolution analysis of plagioclase minerals at 25°C, and found that the 

dissolution rates increased with anorthite content under acidic pH conditions. This 

observation was explained by the increased protonated sites with increased 

aluminum content. It may be possible to find a generalized relationship of 

feldspar dissolution by comparing current study results with other published 

results and summarizing the overall findings with the change of pH and, hopefully, 

the mechanism of feldspar dissolution in acidic regions. 

Eleven published feldspar dissolution experiments were evaluated (Table 

2.12) and their dissolution rates were converted to the same unit (mol cm-2 s-1). 

Figure 2.14 shows the collected rate results with current study results. Table 2.12 

summarizes the minerals and their sources with their experimental conditions. A 

temperature range of 21 to 25.5 was considered to be room temperatures and only 

the rates of this temperature range were compared with current study results of 

the same temperature range. Also, only the dissolution rates from pH < 8.0 were 

plotted on Figure 2.14 for comparison with current study results. Though different 

solution matrixes and/or buffer solutions were used to keep constant pH levels in 

different experiments, it was not possible to calculate solution ionic strengths 

because often their concentrations were not reported.  

Table 2.13 summarizes the chemical composition of the feldspar minerals. 

A wide range of compositional variances is noticed even though the sources of the 
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mineral samples are reported to be the same. Looking at the Bancroft albite, for 

an example in the albite group, large compositional discrepancies are recognized 

between the two samples, especially in the K, Ca, and Al contents. 

The K-feldspar dissolution rates (Figure 2.14g) were collected from many 

different dissolution experiments of different alkali feldspar minerals including 

microcline, perthite, sanidine, adularia, and orthoclase (Table 2.12). They were 

plotted in the same category because they have the same chemical composition, 

KAlSi3O8, though they were generated from different physical environments. 

Some notes on their characteristics are: 

•  Adularia: moderate to low-temperature mineral of alkali feldspar group; weakly 

triclinic (sometimes classified as monoclinic). 

•  Microcline: fully ordered triclinic modification of potassium feldspar; 

dimorphs with orthoclase; stable at lower temperatures. 

•  Orthoclase: partly ordered monoclinic modification of potassium feldspar; 

dimorphs with microcline; stable at higher temperatures. 

• Perthite: alkali feldspar consisting of parallel or sub-parallel intergrowths in 

which the potassium-rich phase (usually microcline) appears to be the host from 

which the sodium-rich phase (usually albite) exsolved; triclinic and monoclinic 

(orthoclase). 

• Sanidine: high-temperature mineral of the alkali feldspar group; highly 

disordered monoclinic form; stable under equilibrium conditions above 500°C; 

forms a complete solid-solution series with high albite. 
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Table 2.12. Feldspar dissolution experiments in literature. 
Author Matrix 

(buffer) 
pH range T (°C) Mineral (source) 

Amrhein and 
Suarez, 1988, 
1992 

HCl, NaOH, 
NaCl, NaF 

3-10 25 anorthite (Grass Valley, CA) 

Anbeek, 1992 HCl 3 25 adularia (Vals, Switzerland), labradorite 
(Ylijärvi, Finland) 

Busenberg and 
Clemency, 1976 

H2CO3 5.2 25.5 albite (Evje, Norway), andesine (Albany 
Co., Wyoming), anorthite (Grass Valley, 
CA), bytownite (Crystal Bay, MN), 
labradorite (Nain, Labrador), microcline 
(Albany Co., Wyoming), 
oligoclase(Bancroft, Ontario), orthoclase 
(Bancroft, Ontario) 

Casey et al., 
1991 

HCl 2 25 albite (Bancroft, Ontario), albite (Keystone, 
ND), andesine (Saranac Lake, NY), 
anorthite (Grass Valley, CA), bytownite 
(Crystal Bay, MN), bytownite (Pueblo 
Park), oligoclase (Mitchell Co.) 

Chou and 
Wollast, 1984, 
1985 

HCl, LiCl 1.2-12.36 25 albite (Amelia Court House, Virginia) 

Hellmann, 1994 HCl, KOH 1.3-10.3 100-
300

albite (Amelia Court House, Virginia) 

Holdren and 
Speyer, 1985 

HCl 3-9 25 alkali feldspar (Hybla, Ontario) 

Holdren and 
Speyer, 1987 

HCl 3 25 albite (Evje, Norway), alkali feldspar 
(Hybla, Ontario), andesine (Saranac Lake, 
NY), anorthite (Grass Valley, CA), 
bytownite (Crystal Bay, MN), microcline 
(Bancroft, Ontario), microcline (Keystone, 
ND), oligoclase (Mitchell Co., NC), 
perthite (Perth, Ontario) 

Oxburgh et al., 
1994 

KHCO3, 
CH3COONH4, 

2,4-dinitro-
phenol 

3.1-7.3 22 andesine (New York), bytownite (Crystal 
Bay, MN), oligoclase (Bancroft, Ontario) 

Schweda, 1989 NaCl, LiCl, 
NH4Cl, SrCl2

1-12.6 25 microcline (SE Stockholm, Sweden), 
sanidine (Volkesfeld, Eifel, Sweden) 

Welch and 
Ullman, 1993 

H2O, HCl 3.0-7.7 21 bytownite (Crystal Bay, MN), labradorite 
(Nain, Labrador), labradorite (Whiteface 
Mt., NY) 
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Table 2.13. Chemical composition of feldspars cited in this paper, from the 
literature. Numbers were averaged if two or more values were reported.  
Mineral Reported Chemical Composition  Definition 

Source K Na Ca Al Si comments 
albite      Ab100-90An0-10 

Bancroft, Ontario 0.38 0.68 0.10 1.12 2.72 this study 
Bancroft, Ontario 0.08 0.68 0.21 1.20 2.80  
Evje, Norway 0.01 0.99 0.00 0.99 3.00 
Keystone, ND 0.01 0.97 0.02 0.99 3.00 
Amelia, Virginia 0.00 1.02 0.00 1.08 2.90 
Hybla, Ontario 0.20 0.80 0.00 1.00 3.00 alkali feldspar 

average 0.11 0.86 0.06 1.06 2.90 
oligoclase      Ab90-70An10-30 

Bancroft, Ontario 0.04 0.79 0.18 1.19 2.80  
Mitchell Co., NC 0.02 0.78 0.20 1.15 2.85 

average 0.03 0.79 0.19 1.17 2.82 
andesine      Ab70-50An30-50 

Albany, Wyoming 0.08 0.50 0.43 1.41 2.56  
New York 0.02 0.51 0.46 1.48 2.52 
Saranac Lake, NY 0.05 0.46 0.46 1.50 2.50 

average 0.05 0.49 0.45 1.46 2.53 
labradorite      Ab50-30An50-70 

Nain, Labrador 0.04 0.47 0.50 1.45 2.55  
Whiteface Mt., NY 0.06 0.46 0.49 1.49 2.55 
Ylijärvi, Finland 0.00 0.60 0.40 1.40 2.60 
Pueblo Park, NM 0.02 0.38 0.60 1.58 2.40 bytownite? 

average 0.03 0.48 0.50 1.48 2.52 
bytownite      Ab30-10An70-90 

Crystal Bay, MN 0.01 0.24 0.77 1.72 2.26  
anorthite      Ab10-0An90-100 

Grass Valley, CA 0.00 0.07 0.98 1.88 2.05  
K-feldspars      KAlSi3O8 

Vals, Switzerland ? ? ? ? ? adularia 
Bancroft, Ontario ? ? ? ? ? microcline 
Parry Sound, Ontario 0.78 0.24 0.00 1.00 2.98 microcline, this study
Albany, Wyoming 0.78 0.26 0.00 1.00 2.97 microcline 
Keystone, ND 0.73 0.19 0.01 1.00 3.07 microcline 
Stockholm, Sweden 0.80 0.20 0.00 1.00 3.00 pegmatitic microcline
Eifel, Sweden 0.71 0.27 0.02 1.00 3.00 sanidine 
Bancroft, Ontario 0.82 0.21 0.00 1.00 2.96 orthoclase 
Perth, Ontario 0.54 0.37 0.01 0.99 3.08 perthite 

average 0.74 0.25 0.01 1.00 3.01 
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(A) Albite dissolution rates in inorganic electrolyte solutions at 25캜

(B) Oligoclase dissolution rates in inorganic electrolyte solutions at 25캜

slope = -0.50
neutral log k+ = -15.5 ? 0.5
transition point pH = 4.5
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Figure 2.14. Reported feldspar dissolution rates at room temperature in 
inorganic electrolyte solutions in literature. 
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(C) Andesine dissolution rates in inorganic electrolyte solutions at 25캜

(D) Labradorite dissolution rates in inorganic electrolyte solutions at 25캜
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transition point pH = 4.5

Albany Andesine, Busenberg and Clemency, 1976
Saranac Lake Andesine, Casey et al., 1991
Sranac Lake Andesine, Holdren and Speyer, 1987
New York Andesine, Oxburgh et al., 1994

slope = -0.50
neutral log k+ = -14.8 ? 1.0
transition point pH = 5.0

Ylij? vi Labradorite, Anbeek, 1992
Nain Labradorite, Busenberg and Clemency, 1976
Nain Labradorite, Welch and Ullman, 1993
Whiteface Mt. Labradorite, Welch and Ullman, 1993
Pueblo Park Bytownite, Casey et al., 1991

? ?

? ?

-17

-16

-15

-14

-13

-12

lo
g 

ra
te

 (m
ol

 c
m

-2
 s

-1
)

-17

-16

-15

-14

-13

-12

lo
g 

ra
te

 (m
ol

 c
m

-2
 s

-1
)

 
 
 

Figure 2.14. Continued. 



 137

1 2 3 4 5 6 7 8
pH

1E-17

1E-16

1E-15

1E-14

1E-13

1E-12

ra
te

 (m
ol

 c
m

-2
 s

-1
)

1 2 3 4 5 6 7 8
pH

1E-17

1E-16

1E-15

1E-14

1E-13

1E-12

ra
te

 (m
ol

 c
m

-2
 s

-1
)

(E) Bytownite dissolution rates in inorganic electrolyte solutions at 25캜

(F) Anorthite dissolution rates in inorganic electrolyte solutions at 25캜
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3) In 5 mM NaCl solution, 4) High mineral/solution ratio (70 compared to 1.3). 

 
 

Figure 2.14. Continued.  
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(G) K-feldspar dissolution rates in inorganic electrolyte solutions at 25캜

slope = -0.51
neutral log k+ = -16.25 ? 0.7
transition point pH = 5.0
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Figure 2.14. Continued. 
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Figure 2.14 shows a clear pH dependence of dissolution rates below pH 

4.5 or 5.0, but no discernable dependence between pH 5 and 8. Some variations in 

the dissolution rates in the same pH values in the same feldspar groups are 

observed. The overall uncertainty in dissolution rates ranges 1 to 2 orders of 

magnitude and becomes higher in the magnitude in higher anorthite content 

feldspars.  

These variations may be coming from several sources. First, different 

anorthite content in different feldspars may cause the variations. Casey et al. 

(1991) reported that dissolution rates vary nonlinearly with composition and the 

rates for the Ca-rich minerals vary more with composition than Na-rich minerals 

from feldspar dissolution experiments in pH 2 and 3.  

Second, the variations may represent the differences in the ionic strength 

of the reactor solutions as indicated by current study results. Based on current 

study results at pH 3 and pH 5, feldspar dissolution rates decrease as the solution 

ionic strength increased in the same solution pH. Similar results have been 

reported by Brantley and Stillings (1996).  

Third, different solution matrixes, i.e. different electrolyte species, could 

have caused these variations. It is suspected that some cations have specific 

interaction with the mineral surface species resulting in higher or lower 

dissolution rates. Amrhein and Suarez (1992) observed slower dissolution rates 

when they added KCl to the reactor solution from anorthite dissolution 

experiments. 
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Fourth, differences in the reactor temperature could have resulted in the 

variation. Even though the experiments were performed in room temperatures, a 

slight difference in the reactor temperature could lead to a significant difference 

in the dissolution rate.  

Fifth, differences in the degree of saturation respect to the mineral phases 

may have resulted in the variations. On approach to saturation, overall dissolution 

rate decrease as the reverse reaction (precipitation) rate dominates. Also, it is 

known that the presence of Al in solution and the incorporation of Al into the 

hydrous silanol surface slows the dissolution rates (e.g. Amrhein and Suarez, 

1992; Chen, 1997).  

Table 2.14 summarizes the characteristics of proton-promoted dissolution 

of feldspars in terms of the slopes calculated from the regression lines in the 

acidic pH region and the log rate constants in the neutral pH region. These values 

are corresponding to n in Equation 2.2 and the logarithm of k+ in Equation 2.3 

respectively. Also summarized are the pH values of the transition points where 

Equation 2.2 might be changing to Equation 2.3.  

The transition points are located either at pH 4.5 or pH 5.0 characterizing 

two groups of feldspars: a low anorthite group (4.5) and a high anorthite group 

(5.0). The slope remains relatively constant around -5.0 until the Ca content 

reaches at 5.0 but increases rapidly in higher anorthite minerals. 

The Na-rich feldspars (albite, oligoclase, and andesine) have a transition 

point at pH 4.5 and a slope of -0.5. Drever and Vance (1994) reported the same 

range of values for these parameters. Therefore, these numbers might be 
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characterizing the degree of proton-promoted dissolution of Na-rich feldspars 

when their anorthite content is below 50%.  

Table 2.14. Transition pH, slope (n in Equation 2.2), and neutral rate 
constants (log of k+ in Equation 2.3) acquired from figures 2.14 (a)~(g). 

Mineral Transition pH Slope (n) neutral log k+ Ca* Al* 
albite 4.5 -0.50 -15.5 ± 0.5 0.06 ± 0.09 1.06 ± 0.09 

oligoclase 4.5 -0.52 -15.8 ± 0.5 0.19 ± 0.01 1.17 ± 0.03 
andesine 4.5 -0.50 -15.4 ± 0.5 0.45 ± 0.02 1.46 ± 0.05 

labradorite 5.0 -0.50 -14.8 ± 1.0 0.50 ± 0.05 1.48 ± 0.05 
bytownite 5.0 -0.90 -14.9 ± 1.0 0.77 1.72 
anorthite 5.0 -1.23 -15.7 ± 0.8 0.98 1.88 

K-feldspar 5.0 -0.51 -16.6 ± 1.0 0.01 ± 0.00 1.00 ± 0.00 
* Average content of Ca and Al in terms of stoichiometric coefficient. Standard errors of bytownite and 
anorthite could not be calculated because of lack of data points. 

 

The slope of labradorte dissolution rates in the acidic pH region is -0.50 

similar to the Na-rich feldspars group. However, its transition point is located at 

pH 5.0 falling into the high anorthite content group. This problem, however, may 

be explained by the average anorthite content of labradorite. From Table 2.14, 

only 1.48 ± 0.05 for Al and 0.50 ± 0.05 for Ca were analyzed from the three 

labradorite minerals. With this low anorthite content, it would be possible that one 

can classify the minerals as andesine (An30-50). It is believed that the similar 

anorthite content as andesine has resulted the similar slope in the plot. However, 

the difference in the transition points cannot be explained with the average 

chemical compositions.  

Bytownite and anorthite, which have higher anorthite content, have a 

transition point at pH 5.0, similar to those of low-anorthite feldspars, but their 

slopes are much steeper. In Table 2.14 bytownite’s slope is -0.90 and this is 

slightly higher than reported value of -0.75 (Drever and Vance, 1994; Oxburgh et 
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al., 1994). The slope of anorthite dissolution is -1.23 which is a smaller number 

than in Drever and Vance (1994), -3. The number in Drever and Vance (1994) 

originally came from the work of Amrhein and Suarez (1988). Amrhein and 

Suarez (1988) tried to fit their observed rate results with a rate equation in terms 

of the surface concentration of adsorbed protons (Γ) which is slightly different 

from the solution hydrogen activity. Therefore, the number -3 for the rate order in 

their equation is basically not applicable to Equation 2.2 of the current discussion. 

They found that the rate of proton promoted dissolution of anorthite at pH values 

less than 4 was linearly proportional to Γ4. 

K-feldspars show similar degree of dependence on hydrogen activity as 

albite but have slightly higher transition point pH (5.0 compared to 4.5) and their 

absolute rates are significantly lower (about 1 order of magnitude) than albite. 

These findings are consistent with those of Drever and Vance (1986). In Figure 

2.14, however, the results from current study are plotted with different slope. As 

approximated from the comparison with the results of Oxburgh et al. (1994) in 

Figure 2.13, when we assume the transition point be 4.5 instead of 5.0, the plot 

would give a slope of -0.4 to -0.45. If 5.0 were used for transition point pH, a 

slope of -0.30 to -0.35 would be calculated. These differences are believed to be 

coming from the differences in ionic strengths used in the dissolution experiments. 

As shown on Figure 2.14 (g), addition of NaCl to the solution makes the 

dissolution rate shift from the main trend line of anorthite dissolution. Also, the 

rates in the neutral pH region are lower than others. If we draw a regression line 

only with the higher ionic strength results, the slope will be much less steeper. 
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Probably the same phenomenon was occurring during the microcline dissolution. 

Since the ionic strength of pH 3 region experiments were varied from 1 mM to 50 

mM, lower dissolution rates probably have been resulted due to the ionic strength 

effects. 

RATE MODEL 

While the model of Brantley and Stillings (1996) is based only on feldspar 

dissolution rates their model seems to be applicable for the aluminosilicate 

minerals used in this study. They adopted the ionic strength effects utilizing a 

Langmuir adsorption isotherm to model competitive adsorption of cations and 

protons onto the ≡AlOSi≡ sites: 
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where R is the rate (mol cm-2 s-1), k is the rate constant (s-1), ns refers to the 

fraction of total surface sites that are ≡AlOSi≡ sites, Γ is the moles of total surface 

sites (cm-2), and KM, KH, and Ki are equilibrium constants for Mb+, H+, and Ci
+ 

respectively. The braces refer to activities of dissolved species. The value of order 

n is 1 if only ≡AlOSi≡ sites on the surface contribute to dissolution but equals 0.5 

if sites throughout the hydrated surface layer contribute. In this model the role of 

all solution cations is considered in the term ΣKi{Ci
+} which includes the effect of 

adsorption of any cation species Ci onto the ≡AlOSi≡ site. Brantley and Stillings 

(1996) used this isotherm only for ion exchange sites but this model should work 
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for most ≡AlOSi≡ sites of other aluminosilicates that have no surface cations for 

ion exchange.  

One limitation of equation 2.12 would be that the temperature dependence 

of dissolution rates was not considered in the equation because the equation was 

generated from experiments at 25°C. If we adopt Arrhenius relation to correct this 

problem (e.g. Oxburgh et al, 1994) equation 2.12 can be expressed as: 
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where A is a pre-exponential factor, Ea is the activation energy, k is a constant, 

and T is the temperature. Equation 2.13 takes into account of the hydrogen 

activity, the solution ionic strength, and the temperature dependence of mineral 

dissolution. 

It is difficult, however, to estimate the temperature effect on specific 

adsorption of solution cations on surface sites because two incompatible factors 

are involved: (1) raised temperature will increase the frequency of cation contact 

on surfaces sites, but (2) if the complexation reaction is exothermic, surface 

complexes of cation-surface sites will be much more unstable at elevated 

temperatures, and if endothermic, the ionic strength effects will be higher at 

higher temperatures as they will form more stable complexes. Table 2.8 shows a 

lot of fluctuations in the factors of decrease but a general trend seems to be an 

overall decease in the effect at higher temperatures. This means that the 

adsorption reactions should have more exothermic characteristics and the 
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existence of solution alkali cations may not have a significant role in dissolution 

of silicate minerals at higher temperature environments. However, Chen (1997) 

proposed that cation adsorption reaction be endothermic and the effect should be 

higher at raised temperatures. This difference may be coming from the different 

type of cations used in the experiments. Chen (1997) used Al3+ and Na+ that are 

known to be highly interactive with mineral surfaces (Dove and Crerar, 1990b; 

Bennett, 1991) while this study used only Li+ to minimize possible interactions 

between the cation and surface species. 
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Conclusions 

Calculated activation energies showed higher at pH 3 and lower at pH 5. 

The pH dependence of activation energies may explain the wide variation of 

reported values in literature. This pH dependence of activation energy may be 

interpreted as: (1) a reflection of pH dependence of dissolution rates, (2) change 

of surface potential with solution pH reflecting different level of electrostatic 

interaction of the adsorbed species, and (3) the pH dependence of proton or 

hydroxyl ion adsorption on to the mineral surface.  

The net effect of solution ionic strength on the dissolution reactions of 

aluminosilicates is lowering the overall dissolution rates. This is the opposite to 

the role of ionic strength in quartz dissolution reactions. When the solution ionic 

species are capable of interacting with the feldspar surfaces, the mechanism of 

lowering the dissolution rates may be by inhibiting the ion exchange reaction 

thereby inhibiting the hydrolysis of the ≡AlOSi≡ bridging oxygens as Stillings 

and Brantley (1995) proposed. However, when the solution ionic species do not 

interact with the silicate surfaces or no ion-exchangeable species are available on 

the mineral surface, as the case of kyanite and andalusite in this study, the 

mechanism of lowering the dissolution rate may be attributed to the effect of 

activity changes in the neutral species in the solution.  

The proton-promoted dissolution of feldspars can be characterized with 

transition point pH, slope, and the logarithm of neural pH region rate constants 

when the log rate values are plotted against solution pH. Na-rich feldspars (albite, 
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oligoclase, and andesine) have a transition point around pH 4.5 and a constant 

slope of -0.5. Ca-rich feldspars (bytownite and anorthite) have a transition point at 

pH 5.0, similar to those of Na-rich feldspars, but their slopes are much steeper. K-

feldspars have a transition point at pH 5.0 and a slope of -0.5. A wide range of 

variations in the dissolution rates may be attributed to many experimental 

parameters including different ionic strength of the solution matrixes. 

In order to overcome the limitation of the rate model of Brantley and 

Stillings (1996), which has no temperature term, a new rate model was proposed 

by considering the Arrhenius relation of dissolution rates: 
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where A is a pre-exponential factor, Ea is the activation energy, k is a constant, 

and T is the temperature. This rate equation takes into account of hydrogen 

activity, ionic strength, and temperature dependence of mineral dissolution. 
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CHAPTER 3 

SILICATE DISSOLUTION RATES IN ORGANIC 
ELECTROLYTE SOLUTIONS 

Abstract 

The biosphere is a fundamental component in the weathering of framework silicates. 

Plants, bacteria, fungi, even mammals, excrete organic waste products that can react 

with the components of their surrounding geologic materials. Organic acids from the 

biosphere have been implicated as important reactants in a number of weathering 

environments. Organic acids may accelerate silicate dissolution, increase silicate 

solubility, mobilize aluminum and silica, and alter the equilibrium between the 

solution and the precipitated secondary phases. While the reaction kinetics of 

aluminosilicate hydrolysis in inorganic aqueous solutions has been examined in detail, 

mechanisms of dissolution in organic electrolyte solutions are relatively unknown due 

to difficulties in isolating competing reactions and processes in the system. This study 

examines the role of the biosphere in weathering by examining the mechanisms of 

organic-acid enhanced silicate dissolution. 

Citric acid, tropolone, and 3,4-dihydroxybenzoic acid, known as microbially 

generated siderophores, were examined for their effects on microcline, kyanite, and 

andalusite dissolution kinetics. Mineral dissolution experiments were performed at 

multiple temperatures in various organic electrolyte solutions to deduce the nature of 

organic acid-enhanced mineral dissolution. 
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Microcline dissolution increased in organic electrolyte solutions relative to 

inorganic electrolyte solutions while andalusite and kyanite dissolution rates 

decreased in organic electrolyte solutions. The increased dissolution rate of 

microcline suggests that feldspar dissolution be a SN2 (nucleophilic substitution, 

bimolecular) mechanism. The decreased or non-influenced dissolution rates from 

kyanite and andalusite suggest that the mechanism be a SN1 (nucleophilic substitution, 

unimolecular) mechanism. The effect of organic electrolytes on dissolution rate was 

greater in the pH 5 region compared to the pH 3 region indicating the dominant 

reaction mechanism is proton-promoted in the pH 3 region and ligand-promoted in 

the pH 5 region. 

Lower activation energy of mineral dissolution was observed in organic 

electrolyte solutions compared to in inorganic electrolyte solutions. This effect is 

greater in the pH 5 region. Tropolone and 3,4-DHBA showed significant activation 

energy-dropping effect while citric acid did not. The Arrhenius plots in organic acid 

solutions showed curve-linear temperature dependence at low temperature conditions.  

The lower activation energies calculated from the organic electrolyte solutions 

demonstrate that the mechanism of the ligand-promoted dissolution enhancement is 

achieved by a process of lowering the activation energy of the rate-limiting 

detachment step of surface species in the reaction. The detachment process may be 

prompted by coordination of organic ligands onto silicate surfaces. 

The lower activation energies also suggest that (1) metal-organic complex is 

more stable at lower temperature; (2) the dominant reaction mechanism at high 

temperature region may be proton-promoted and is ligand-promoted at lower 

temperature region. 
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Introduction 

BACKGROUND 

Organic acids can affect the dissolution rates of silicate minerals either by 

generating hydrogen ions or forming complexes with metals at the mineral surface or 

in the solution. Organic ligands chelate and mobilize heavy metals, sorb to mineral 

surfaces, and enhance the dissolution or precipitation of feldspars in aqueous systems 

(e.g., Grandstaff, 1986; Surdam and MacGowan 1988; Huang and Longo, 1992; 

Blake and Walter, 1993; Welch and Ullman, 1993; Bennett and Casey, 1994; Drever 

and Vance, 1994; Blake and Walter, 1996; Ullman et al., 1996; Welch and Ullman, 

2000; van Hees et al., 2002; Welch et al., 2002). A wide variety of organic 

compounds in natural and waste waters can act as complexing agents for metals (e.g., 

Smith and Martell, 1974 to 1982). The presence of significant concentrations of 

organic acid anions has been revealed from analyses of subsurface oilfield water (e.g., 

Surdam et al., 1984; Surdam and MacGowan, 1988; MacGowan and Surdam, 1990; 

Harrison and Thyne, 1992; Franks et al, 2001), and is thought to enhance the 

formation of secondary porosity. 

Many investigators have found that organic acids enhance the dissolution of 

aluminosilicate minerals or quartz both in field observations and from laboratory 

experiments. Bennett and Siegel (1987) found increased solubility (apparent super-

saturation) of quartz in soils rich in organic material; however, no direct link between 

dissolved organic carbon and dissolved silica has been identified. The organic acids, 

therefore, produced by degradation of contaminant crude oil, or possibly other 
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organic compounds, were proposed to be complexing dissolved silica lowering the 

activity of silicic acid and accelerating the observed dissolution of quartz and 

aluminosilicate minerals at near neutral pH. From an in situ microcosm study of the 

influence of surface-adhering bacteria on silicate diagenesis in a shallow petroleum-

contaminated aquifer, Hiebert and Bennett (1992) found that minerals were colonized 

by indigenous bacteria and chemically weathered at a rate faster than theoretically 

predicted. They found that organic substrate was consumed by heterotrophic bacteria, 

while metabolic by-products such as organic acids were exported from the cell 

interior to the nearby fluid environment. A gradient in chemical potential of organic 

acids is hypothesized between the cell surface and the surrounding bulk fluid. Within 

this microenvironment, they proposed that complex organic acids chelate SiO2 at the 

quartz surface and dissolve the mineral even though the bulk pore waters 

supersaturated with respect to the dissolving mineral. 

Grandstaff (1986) found that some organic acids accelerate olivine dissolution 

and the relative reactivity of organic compounds is related to the ability of the organic 

ligand to form complexes with metals. Surdam and MacGowan (1988) found that 

mono- and di-functional carboxylic acid anions and hydroxybenzoic acid anions were 

capable of greatly enhancing Al, Si, Fe, and Ca concentrations in solutions from 

dissolution of minerals by organometallic complexation. They also found that 

carboxylic acids and mono-hydroxybenzoic acids are capable, presumably by 

organometallic complexation, of raising the solubility of amorphous silica and quartz 

in artificial brines by two or three times over that observed in artificial brines where 

no organometallic complexing agents were available.  
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Huang and Longo (1992) performed laboratory simulation of feldspar 

dissolution in organic-bearing aqueous solutions at reservoir temperatures (95°C/1 

bar and 100°C/88 bar). Oxalate in solution significantly enhanced feldspar dissolution 

rates. However, this effect was dramatically suppressed by the presence of Ca as well 

as Mg in the solution (because the organic acids form stable complexes with Ca and 

Mg in solution). They suggested that acetic acid indirectly affect feldspar dissolution 

by controlling only the solution pH rather than by complexing Al and Si at reservoir 

conditions. They found orthodiphenols, such as catechol, were much more effective 

than oxalate for the dissolution of feldspar. They concluded that the presence of a 

very small amount of these organics could significantly enhance secondary porosity 

formation.  

Welch and Ullman (1993) found that the rates of plagioclase dissolution in 

solutions containing organic acids were up to ten times greater than the rates in 

solutions containing inorganic acids at the same acidity. Steady-state rates of 

dissolution were highest (up to 1.3×10-12 mol/cm2/sec) in acidic solutions (pH~3) and 

decreased (to 1×10-15 mol/cm2/sec) as acidity decreased toward neutral pH. The poly-

functional acids, oxalic, citric, succinic, and 2-ketoglutaric acids were the most 

effective at promoting dissolution. Acetate and propionate were not as effective as the 

other organic acid anions but nonetheless more effective than solutions containing 

only inorganic acids. The degree of ligand-promoted enhancement of dissolution rate 

decreased as acidity increased, indicating that the ligand-promoted dissolution 

mechanism becomes relatively more important as the rate of proton-promoted 

dissolution decreases.  
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Franklin et al (1994) found that acetate and acetate + oxalate solutions 

significantly increased albite solubility at temperatures, pressures, and pH values 

typical of diagenetic environments. Albite solubility increased in acetate and acetate 

+ oxalate solutions by factors of 2 and 3.4 respectively, compared to distilled water. 

In these same solutions, Al concentrations were ~140 and ~480 times higher than 

calculated for kaolinite solubility at the same conditions without organic species. 

These enhanced solubility occurred at pH values (4.6-4.8) that may overlap with 

formation waters. Reacted albite grains examined by a scanning electron microscopy  

(SEM) showed extensive dissolution concentrated along cleavage planes and 

structural imperfections such as twin boundaries and fluid inclusions, consistent with 

surface controlled reaction kinetics. They concluded that carboxylic acids might play 

major roles in feldspar dissolution and secondary-porosity development during 

diagenesis of feldspathic sandstones based on the combination of enhanced solubility 

and increased dissolution rates. 

Silicate dissolution mechanism in organic electrolyte systems 

As introduced above, field observations and laboratory experiments have 

shown that aluminosilicate dissolution is strongly influenced by the presence of 

dissolved organic acids. Then the questions would be: What is the hidden secret of 

the organic acids that seem to modify the mineral dissolution mechanism? Do they 

always increase the dissolution rates or sometimes not?  

The role of organic acids in enhancing the ligand-promoted dissolution has 

been the main focus of investigation to many researchers (e.g., Amrhein and Suarez, 
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1988; Stillings et al., 1996; Ullman et al., 1996; Welch et al., 2002) and this 

mechanism is believed to be composed of three processes: 

1. Fast ligand adsorption equilibria, followed by  

2. Slow, rate limiting detachment of surface species, and  

3. Fast protonation after the rate limiting step (Stumm and Furrer, 1987). 

The specific surface interaction by which organic substances enhance the 

dissolution of silicate minerals, however, is not well characterized. Grandstaff (1986) 

suggested solution complexes of aluminum decrease the activity of monomeric 

aluminum and accelerate silicate dissolution by decreasing the rate of the reverse 

precipitation reaction. Coordination of organic ligands onto silicate surfaces is also 

recognized as a strong influence in the dissolution of silicates (e.g., Stumm and Furrer, 

1987; Wieland et al., 1988). The mechanism of interaction may consist of inner-

sphere coordination of an organic ligand resulting in weakened crystal framework 

bonds due to charge transfer or other inductive effects (e.g., Bennett, 1991). 

Therefore, the mechanism of organic-acid-anion-enhanced silicate dissolution rates is 

complex, and different aspect of the mechanism could be dominant in different 

natural environments. The major three aspects of the dissolution mechanism would 

be: 

1. Organic acids can produce protons to attack oxygen sites at the mineral 

surfaces (enhancing the proton-promoted dissolution), 

2. Organic acids can form organic acid anion-metal complexes in solution 

(increasing the apparent solubility), 

3. Organic acids can form inner sphere organic acid anion-metal complexes at 

the mineral-solution interface (enhancing the ligand-promoted dissolution). 
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Since each of the three aspects of the organic acid-enhanced dissolution is 

influenced by pH, different mechanism would be anticipated in different pH regions. 

When conditions are acidic (pH<5), the accepted mechanism for enhanced solubility 

is by organic-aluminum complexation, surface coordination of organic acids, or acid-

catalyzed hydrolysis (e.g. Stumm and Furrer, 1987). At neutral pH, aluminum 

mobility and silicate solubility are near minimum and organic-complexes are 

relatively unstable (e.g., Driscoll et al., 1985). Therefore, aluminum complexation 

does not seem to greatly enhance silicate dissolution at circum-neutral pH. However, 

Bennett and Siegel (1987) found that dissolved organic compounds produced by 

biodegrading crude oil were actively etching quartz and aluminosilicate minerals in 

ground water at pH 7, where the concentration of dissolved silicon approached 

amorphous silica equilibrium, and suggested that organic-acid--silica complexes 

decrease the activity of monomeric silicic acid, thereby increasing the apparent 

solubility of quartz. Organic-acid--silica complexes were also experimentally shown 

to increase quartz solubility and dissolution rate at circum-neutral pH. Bennett et al. 

(1991) suggested that the interactions depend on organic-acid concentration and 

species and be strongest with organic acids found primarily in anoxic, microbially 

active environments. 

Organic acid-aluminum complexes have been closely examined because of 

their roles in mineral weathering and in aluminum speciation in acidic surface waters 

(e.g., Safonova, 1978; Tan, 1980; Stumm and Furrer, 1987; Nordstrom and May, 

1989; Bennett et al., 1991; Lundstrom, 1993; Ullman et al., 1996; Zhang and Bloom, 

1999). Aluminum is presumed to be complexed primarily by multifunctional organic 

acids via bidentate chelate, forming a ring structure that incorporates two Al-O-C 
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bonds (e.g., Stumm and Furrer, 1987; Wieland and Stumm, 1992). Aluminum-organic 

complexes in solution will decrease the saturation state, thus increasing the net 

forward rate by decreasing the first order reverse rate. Simultaneously, aluminum 

complexes at the surface will enhance the forward rate constant. The two effects are 

difficult to distinguish, but represent a fundamental definition of the dissolution 

mechanism. 

The role of organic acids in complexing silica in natural waters is not well 

documented. Hydrogen bonded complexes involving a Si-O-H--O-C linkage are 

thought to occur in aqueous system and on silica surfaces (Iler, 1977). Iler (1979) 

describes the chemistry of a silica-catecholate complex, and suggests that a 1:3 

complex form, with the silicon metal center coordinated with three catechol ligands 

in an octahedral geometry. Bennett et al. (1988) reported on a hydrogen bonded 

complex between silicic acid and citric acid in aqueous systems at neutral pH. 

Bennett (1991) suggested a stable 5-member ring complex between silicic and 

organic-acid anions forming Si-O-C ester bond based on molecular modeling.  

Mineral dissolution rates are also a function of solution saturate state against 

the mineral. At conditions far from equilibrium dissolution rates are independent of 

saturation state. However, as reaction proceeds and products accumulate in solution, 

the thermodynamic driving force for dissolution (chemical affinity) decreases and 

dissolution rate changes rapidly with changing saturation state.  

Solution redox conditions can affect the weathering reactions of minerals 

containing ions that have multiple stable oxidation states such as Fe, Mn, U, and S. 

Minerals that are relatively stable under oxic conditions, such as Fe and Mn oxides, 

hydroxides and silicates, can be solubilized rapidly in anoxic environments by 
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reductive dissolution, releasing soluble Fe2+ and Mn2+ to solution. These reactions 

can occur abiotically or can be mediated by bacteria that use these oxides as electron 

acceptors.  

Ions other than the major ions in the dissolving phase can also affect silicate 

mineral dissolution rates. Dove and Crerar (1990) demonstrated that cations can 

enhance quartz dissolution rate by altering the structure of the silicate surface, 

thereby increasing the rate of mineral hydrolysis. Stillings and Brantley (1995) 

measured a decrease in feldspar dissolution rate in acidic solutions of up to an order 

of magnitude as ionic strength increases from 0 to 0.1 M, although the largest 

decrease in rate occurred from 0 to 0.01 M. Smaller cations that could fit into mineral 

surface sites more effectively inhibited mineral dissolution than larger ones. They 

hypothesized that the cations in solution reduced feldspar dissolution rate by 

competing with H+ ions for cation exchange sites on the mineral surface, the initial 

step in proton-promoted dissolution. 

OBJECTIVES OF INVESTIGATION 

The goal of this study is to separate and quantify the competing effects of 

organic and inorganic electrolytes on silicate rock-water interactions at low 

temperatures. Dissolution experiments have been conducted to investigate the surface 

interaction between organic/inorganic electrolytes and mineral surface occurring in 

various aqueous systems. 

Objectives of this research are: (1) to investigate the dissolution kinetics of 

the silicate-water-organic electrolyte system as a function of pH, temperature, 

organic/inorganic species, and electrolyte concentration; and (3) to examine the 
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chemistry of metal-organic complexes as a means of investigating the nature of 

surface interactions on various aluminosilicate and silicate minerals in organic-rich 

solutions. 
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Methods 

MINERALS 

Minerals used in this study include microcline (KAlSi3O8), kyanite (Al2SiO5), 

and andalusite (Al2SiO5). Mineral samples were purchased from Ward’s Natural 

Science Establishment. Sources of minerals were introduced in Chapter 1.  

All acid washed minerals were crushed and powdered using mortar and pestle 

and wet-sieved to below 325 mesh using a Teflon sieve. Minerals were cleaned by 

continuous washing in distilled water, surface detritus was dislodged by 5 minutes of 

sonic desegregation followed by average 10 minutes of settling time and decanting 

the supernatant. This process was repeated until the supernatant is clear. Samples 

were oven-dried at 250°C for 24 hours after cleaning. Surface area of the dried 

samples was measured by a static-volumetric BET method using Quantachrome 

Autosorb-1 before and after the dissolution experiments. 

ORGANIC ELECTROLYTE SOLUTION PREPARATION 

Citric, tropolone, and 3,4-dihydroxybenzoic acids were used for organic 

electrolytes. Citric acid is ubiquitous in formation waters (e.g., Lundegard and 

Kharaka, 1988) and in rhizosphere environments (Drever and Vance, 1994), and has 

been shown to affect the dissolution rate of quartz (Bennett, 1991; Huang and Keller, 

1970). Because of its multiprotic nature, it forms very stable chelate complexes with 

polyvalent cations (Bennett and Casey, 1994; Drever and Vance, 1994). Tropolone 

and 3,4-dihydroxybenzoic acids are representatives of the class of microbial chelates 

known as siderophores.  
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Organic electrolyte concentrations, pH, and their calculated ionic strengths 

used in experiments are summarized on Table 3.1. Reservoir pH was adjusted by 

adding dilute HCl and/or LiOH. Flow rate of reactants was maintained constant at 1.5 

mL min-1 by a proportioning pump during organic electrolyte dissolution experiments. 

Table 3.1. Organic electrolyte concentrations, pH, and their calculated ionic 
strengths used in experiments. 

DISSOLUTION EXPERIMENTS 

Reactors were placed in water baths with constant temperature control. Input 

solution was fed by Teflon tubes coming directly from electrolyte reservoir pumped 

by a peristaltic pump. The flow rates of the output solutions from reactors were 

controlled by a proportioning pump. Excessive back pressure of the inflow was 

regulated by a blank reference line whose flow was not regulated by a proportioning 

pump. The schematic diagram was introduced in Chapter 2 (Figure 2.1). 

Anaerobic system 

To remove possible microbial build-up, the system was flushed with distilled 

water and then flushed with dilute hydrogen peroxide solution. To prevent oxidation 

of the siderophores the system was maintained in near anoxic condition throughout 

Electrolyte  
Species 

Organic Anion 
Concentration 

Adjusted 
pH 

Calculated 
Ionic Strength  

Citric acid 1.0 mM 
 

2.0 mM 
 

3.0 
5.0 
3.0 
5.0 

0.0009 M 
0.0027 M 
0.0009 M 
0.0048 M 

Tropolone 0.5 mM 
1.0 mM 

4.7 
4.9 

0.0003 M 
0.0005 M 

34DHBA 0.5 mM 
1.0 mM 

 

3.0 
3.0 
5.0 

0.0004 M 
0.0004 M 
0.0005 M 
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the siderophore-electrolyte experiments. Instead of using a peristaltic pump for the 

input solution feed, a compressed nitrogen gas tank was used. About 5 psi of gas 

pressure was maintained in the reservoir to provide a minimum driving force to the 

system. The flow rate, however, was regulated by the proportioning peristaltic pump 

at 0.15 mL min-1. 

Chemical analysis 

Continuous silica analysis was performed according to the analytical 

procedure described in the previous chapter. Silica concentration of the selected 

reactor effluent solution was determined continuously by a Perkin Elmer Lambda 6 

UV/VIS Spectrophotometer and logged to a computer. At least five standard samples 

were prepared from stock silica standard solution and calibration curves were 

prepared for every different set of experiments and whenever a new reagent was 

prepared. One standard solution was included as a reference solution per each run. 

Blank concentrations using both distilled water and blank reactor solution were also 

included in each analysis. 

Periodically sampled reactor solutions were acidified to pH~2 using conc. 

HNO3 and analyzed for Si, Al, (Ca, Fe, Mg,) K and Na. Chemical analysis for Si, Al, 

Ca, Fe, and Mg was performed using an ICP and analysis for Na and K was 

performed using an AAS. Effluent solution pH was measured daily by an Orion SA-

720 pH meter. The pH measurements were done after the solution samples were 

acquired to avoid any possible crossover contamination. 
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Quality assurance and quality control 

The initial run of the dissolution experiments began with distilled water at 

10°C. Optimum flow rate was determined by measuring the amount of effluent 

solution for a set of various lengths of time and by repeating for accuracy, then set to 

0.15 ml min-1. After obtaining a steady dissolution rate (~2 weeks), the reservoir 

solution was replaced with citric acid solution (2.0 mM, pH 3) keeping the bath 

temperature constant at 10°C. Expected transition time was calculated to be 55.6 

hours based on the flow rate and the reactor volume, and the first meaningful 

chemical analysis data was obtained after the first transition period. Thus, the first 

data analysis was begun with the data after ~250 hours of total dissolution. 

Conventionally, minimum of 200 hours is allowed until they reach the stabilized 

dissolution rates. 

Dissolution rates of silicate minerals were calculated based on the difference 

in silica concentration between influent and effluent solutions. Silica concentrations 

normalized to one mole of the mineral were used in the calculation of dissolution 

rates i.e., the silica concentration from a reactor was divided by the stoichiometric 

coefficient of Si in the mineral determined by the whole-attack analysis of the mineral.  

The influent solution pH and organic electrolyte concentration were kept 

constant throughout each set of experiment while the reactor temperature was varied 

from 10°C to 50 or 60°C.  
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Results 

GENERAL REMARKS 

Overall, microcline dissolution was enhanced in organic electrolyte solutions 

compared to inorganic electrolyte solutions while andalusite and kyanite dissolution 

showed the opposite results. The effect of organic electrolytes on microcline 

dissolution rate was greater in the pH 5 region compared to the pH 3 region. 

Tropolone and 3,4-DHBA showed relatively more effective results in the pH 5 region 

while citric acid was more effective in the pH 3 region. Generally, lower activation 

energy of mineral dissolution was observed in organic electrolyte solutions compared 

to inorganic electrolyte solutions from all three minerals. Also, lower activation 

energies were calculated in the pH 5 region than in the pH 3 region. 

GENERAL DISSOLUTION RATE COMPARISON BETWEEN MINERALS 

Table 3.2 summarizes the average dissolution rates of minerals in organic 

electrolyte solutions. Detailed information on experimental parameters and analytical 

results can be found in Appendix 3.1 (citric acid solutions), Appendix 3.2 (tropolone 

solutions), and Appendix 3.3 (3,4-DHBA solutions). 

In Citric Acid Solutions 

Microcline showed the highest dissolution rates among the three minerals at 

pH 3. At pH 5, however, microcline showed the lowest dissolution rates. Microcline 

dissolution rate increased at pH 3 as the electrolyte concentration increased from 1.0 

to 2.0 mM. No increase in microcline dissolution rate, however, was observed at pH 5 

although citrate concentration increased from 1.0 to 2.0 mM. 
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Table 3.2. Average mineral dissolution rates calculated from effluent silicon 
content. 

- Data not analyzed or not available. 

 

Electrolyte Solution Dissolution Rate (mol/cm2/s) 
pH CT (mol/l) T(°C) Microcline Kyanite Andalusite 

Ionic Strength (mol/l)

Citrate 
10 9.35E-17 - 4.47E-17 
25 3.59E-16 - 5.96E-17 
40 7.41E-16 7.43E-17 1.19E-16 

0.001 

60 2.27E-15 1.73E-16 4.47E-16 

0.0009 

10 1.01E-16 - 4.47E-17 
25 3.13E-16 6.40E-17 9.20E-17 
40 9.35E-16 1.49E-16 1.45E-16 

pH 3 

0.002 

60 2.52E-15 1.98E-16 4.91E-16 

0.0009 

10 1.44E-17 - 5.96E-17 
25 3.59E-17 9.91E-17 8.93E-17 
40 8.27E-17 1.24E-16 1.19E-16 

0.001 

60 2.34E-16 2.48E-16 2.23E-16 

0.0027 

10 1.44E-17 4.96E-17 - 
25 2.16E-17 6.20E-17 - 
35 3.59E-17 7.43E-17 - 

pH 5 

0.002 

50 1.08E-16 1.49E-16 - 

0.0048 

Tropolone 
10 3.73E-17 - 2.08E-17 
25 1.01E-16 1.98E-17 2.91E-17 
40 2.31E-16 6.20E-17 1.28E-16 

0.0005 

60 5.23E-16 1.26E-16 4.39E-16 

0.0003 

10 7.91E-17 - 2.23E-17 
25 1.82E-16 2.48E-17 4.62E-17 
40 3.49E-16 5.20E-17 1.51E-16 

pH 5 

0.001 

60 7.68E-16 1.56E-16 5.82E-16 

0.0005 

3,4-Dihydroxybenzoate 
10 6.62E-17 - 3.57E-17 
25 1.53E-16 6.20E-17 4.77E-17 
40 3.57E-16 8.92E-17 6.25E-17 

0.0005 

60 1.06E-15 1.09E-16 2.47E-16 

0.0004 

10 - - - 
25 1.41E-16 5.45E-17 4.47E-17 
40 3.08E-16 7.19E-17 6.25E-17 

pH 3 

0.001 

60 8.82E-16 1.19E-16 2.08E-16 

0.0004 

10 2.30E-17 6.44E-17 3.72E-17 
25 3.85E-17 9.91E-17 5.96E-17 
40 9.02E-17 9.91E-17 5.96E-17 

pH 5 0.001 

60 2.70E-16 1.98E-16 1.64E-16 

0.0005 
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Kyanite dissolution rates showed relatively high variations even at high 

temperatures (Appendix 3.1) probably because the effluent silicon concentration from 

kyanite reactor was mostly around the detection limit of analysis. Overall, kyanite 

and andalusite showed fairly similar dissolution behavior. However, kyanite 

dissolution rates were slightly lower than andalusite at pH 3 while the opposite was 

observed at pH 5. As citrate concentration increased from 1.0 to 2.0 mM, both 

andalusite and kyanite showed slight increased rates at pH 3. However, changes in 

the citrate concentration do not seem to affect the dissolution rate significantly within 

the given range. 

In Tropolone Solutions 

Dissolution experiments using tropolone electrolyte were performed only at 

pH~5. Since tropolone is slightly acidic, its natural pH was set around pH 5 without 

adding any acid or base: pH 4.7 and pH 4.95 at tropolone 1.0 mM and 0.5 mM, 

respectively. At this pH range adding any base solution to adjust the solution pH to 5 

may result in a pH much worse than intended because the difference is so small. 

Because of the relatively low solubility of tropolone in water, the tropolone solution 

was prepared by dissolving it in distilled water at least for 12 hours with continuous 

agitating with a magnetic stir bar.  

Higher microcline dissolution rates in tropolone solutions are compared to the 

results of citric acid solutions at pH 5 while kyanite and andalusite showed no 

significant rate changes. Microcline showed the highest dissolution rates among the 

three minerals, which is a significant difference from the previous results in citric 
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acid solutions. The microcline dissolution rate also increased as the tropolone 

concentration was increased. 

At the same pH and similar electrolyte concentration, kyanite showed slightly 

lower dissolution rates than in citric acid solutions. Andalusite showed, however, 

higher dissolution rates than in citrate solutions. Andalusite rates were similar to 

citric acid results at low temperature but slightly higher at high temperatures. 

Generally, as the electrolyte concentration increased from 0.5 to 1.0 mM, andalusite 

and kyanite rates also increased.  

In 3,4-Dihydroxybenzoic Acid Solutions 

Dissolution experiments using 3,4-dihydroxy benzoic acid (3,4-DHBA) 

solutions were conducted after tropolone solution experiments, following thorough 

cleansing of the system using ~10% hydrogen peroxide to remove any possible build-

up of microbes even though the system had been kept in anoxic environments with 

nitrogen gas. Because of the low solubility of 3,4-DHBA, normally 12 to 24 hours of 

dissolution in distilled water with agitating was allowed. Solution pH was adjusted to 

pH 3.0 using 0.1 N HCl, or to pH 5.0 using 0.1 N LiOH. 

Microcline dissolution rates were higher in 3,4-DHBA solutions than in citric 

acid solutions at pH 5 but lower at pH 3. Microcline rates were slightly lower in 3,4-

DHBA solutions than in the tropolone results at pH 5. Microcline dissolution rates 

were higher than the other two minerals at both pH conditions. Changes in electrolyte 

concentration from 0.5 to 1.0 mM, however, do not seem to change the microcline 

dissolution rates significantly.  
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Kyanite also showed slightly higher dissolution rates than in citric acid at pH 

5 but slightly lower rates at pH 3. Kyanite rates were also higher than tropolone 

electrolyte results at pH 5. Andalusite rates in 3,4-DHBA solutions were generally 

lower than in citric acid solutions at both pH conditions and lower than in tropolone 

solutions at pH 5. No significant changes in kyanite and andalusite dissolution rates 

were observed when the electrolyte concentration changed from 0.5 to 1.0 mM at pH 

3. 
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Discussion 

ROLE OF ORGANIC ACID ANIONS IN MINERAL DISSOLUTION PROCESS 

Results showed that only microcline dissolution rates were enhanced in 

organic electrolyte solutions while andalusite and kyanite showed no noticeable rate 

enhancement compared to the inorganic electrolyte results. Figure 3.1 (microcline), 

Figure 3.2 (andalusite), and Figure 3.3 (kyanite) illustrate visually the enhanced or 

depressed mineral dissolution rates in organic acid solutions by comparing the results 

with the inorganic results from the previous experiments (Chapter 2). This mineral 

species dependence of organic electrolyte effect occurs both in pH 3 and in pH 5 

solutions. All organic acids used in this study showed the same trend. While the 

increased microcline dissolution rates in organic electrolytes are consistent with 

previously reported “enhanced mineral dissolution rates” in literature, the decreased 

dissolution rates from andalusite and kyanite minerals are contradictory to the reports. 

So, what controls the effect of organic acids on mineral dissolution process?  

Mineral surface factors that could affect the rate of dissolution would be: (1) 

number of active surface sites per unit surface area; (2) chemical speciation of the 

sites (surface charge distribution); and (3) geometric structure of the surface species.  

In this study, the number of reactive surface sites per unit surface area of a 

mineral surface is assumed to be the same in both inorganic and organic electrolytes 

because the same mineral powder preparation techniques were used in both 

experiments and similar surface area, sample amount, and mineral/solution ratio were 

used. Therefore, this factor may be eliminated from the candidate list. 
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Figure 3.1. Microcline dissolution rates in (A) inorganic solutions and (B) organic solutions. 
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Figure 3.2. Andalusite dissolution rates in (A) inorganic solutions and (B) organic solutions. 
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Figure 3.3. Kyanite dissolution rates in (A) inorganic solutions and (B) organic solutions. 
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Chemical speciation of a mineral surface is a function of solution pH. When 

the solution pH is below the ZPC (pH of zero point of charge), the mineral surface’s 

net charge is positive. When the solution pH is above the ZPC, the mineral surface’s 

net charge is negative. At the ZPC, the numbers of negatively charged and positively 

charged surface sites are the same. Therefore, if any surface reaction between the 

mineral surface and solution electrolyte species should occur, the surface speciation 

factor for the reaction should solely come from the solution pH and the mineral’s 

electrostatic characteristics. Since we are comparing the results in the same pH region, 

this speciation factor may also be insignificant. 

The coordination state of a mineral metal center is the major control on the 

geometric structure of the surface species. The coordination state of the metal center 

affects the dissolution mechanism of ligand exchange. It is traditionally hypothesized 

that dissolution reactions have much in common with the reactions that replace 

ligands around a dissolved metals. The number of ligands coordinated to the metal 

ion is generally conserved during ligand exchange and dissolution. The metal-oxygen 

bond distances in common oxide and silicate minerals are within a few hundreds of 

an angstrom of the value for the aquated ion (Bennett and Casey, 1994). 

There are two end-member mechanisms of ligand exchange: dissociative and 

associative. In a dissociative exchange (SN1; nucleophilic substitution, unimolecular), 

there is a strong element of bond destruction in the activation equilibrium. Therefore, 

the rate of dissociative exchange is not significantly affected by the characteristics of 

incoming ligand because the metal-ligand coordination number decreases in the 

activated state. In an associative exchange (SN2; nucleophilic substitution, 

bimolecular), however, there is a bond creation, and the metal center assumes an 
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increased coordination number in the activated state. Rates of associative exchange 

are significantly affected by the characteristics of the incoming ligand since this 

ligand must have sufficient electron density to intrude into the inner coordination 

sphere of the metal. As an example, reactions involving silicic acid and organic 

chelates involve an associative SN2 mechanism and a penta-coordinate transition state 

(Bennett, 1991) where the silicon in silicic acid is tetra-coordinated.  

In the case of aluminum and silicon, both SN1 and SN2 mechanisms are 

possible if the metal center is 4-, or 5-coordinated. However, there would be only one 

ligand exchange, dissociative SN1, would occur if the metal center is 6-coordinated 

since there is no room in the structure for increased coordination.  

The basic assumption of these speculations is that the aluminum or silicon 

coordination numbers of the mineral lattice remain the same at the mineral surfaces. 

This assumption may be supported by the fact that a part of the mineral surface 

species is still participating in the framework bond structure. Table 3.3 summarizes 

the metal coordination states of the three minerals in their crystal lattices. 

Table 3.3. Metal coordination states of minerals in their crystal lattices. 

As shown on the table, silicon is 4-coordinated in the three minerals. Large 

variations between solution and surface properties could be observed since silicon is 

4-coordinated in crystal lattice, but is 6-coordinated in aqueous solutions by F and by 

organic chelates (Bennett and Casey, 1994). Silicon dissolution reaction, however, is 

not a major control in the overall dissolution process since silicon has very limited 

 Microcline Andalusite Kyanite 
Metal Center  Al1 Al2 Si Al1 Al2 Si  Al1 Al2 Si 

Coordination No.  4 4 4 6 5 4  6 6 4 
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solubility compared to aluminum in acidic pH ranges. In the case of plagioclase, there 

have been many reports about initial preferential dissolution of aluminum, calcium, 

and sodium from the near-surface region in acidic pH ranges, leaving a silica-rich 

surface (e.g., Chou and Wollast, 1985). Therefore, it may be assumed that the 

aluminum coordination-state be the major control on aluminosilicate dissolution. 

Table 3.3 shows each mineral has different aluminum coordination state 

between 4 and 6. Since the aluminum in microcline lattice is only 4-coordinated, both 

SN1 and SN2 mechanisms are possible. Only SN1 mechanism would be expected from 

kyanite because it is composed of only 6-coordinated aluminums. In terms of 

dissolution rates, therefore, it is expected that only microcline dissolution rate would 

be influenced by solution electrolyte change while no or little rate change would be 

expected from kyanite or andalusite.  

Microcline Dissolution Mechanism 

The increased dissolution rate of microcline in organic acid electrolyte 

solutions, as shown in Figure 3.1, supports this speculation based on the metal 

coordination states in microcline crystal lattice as discussed above. In other words, 

since it is a SN2 mechanism, the rate of the ligand exchange reaction is influenced by 

the nature of the incoming ligand species. When we recall that the microcline 

dissolution rate was decreased as the ionic strength was increased in inorganic 

electrolyte solutions, it can be interpreted that the dissolution mechanism involves 

direct interaction between the organic electrolyte and the surface metal centers 

thereby enhancing the dissolution rates. Otherwise the dissolution rate should be 

decreased by the solution ionic strength effect as shown in Chapter 2. 



 181

Electrolyte Concentration/Ionic Strength Effect on Microcline Dissolution 

In the pH 3 region, both citric acid and 3,4-DHBA solutions did not show 

noticeable increase in microcline dissolution rates when the organic electrolyte 

concentration was increased (Figure 3.1). This observation can be understood as the 

dissolution mechanism in this pH region does not involve direct interaction between 

organic electrolyte and surface species. In this pH region the proton-promoted 

dissolution may be dominating. Therefore, the slightly increased dissolution in citric 

acid may be a reflection of the increased proton concentration by adding citric acid. 

The slightly decreased microcline dissolution rate in 3,4-DHBA solution may be a 

reflection of slightly increased solution ionic strength. In this pH region 3,4-DHBA 

does not dissociate significantly because it is far below the pK1 (pH 4.26) of the 

organic acid. Therefore, the increase in the concentration would simply result in 

higher salt concentration effect. 

In the pH 5 region, the tropolone solution showed noticeable rate increase as 

the solution concentration was increased. This result can be understood that the 

dissolution mechanism in this pH region involves direct interaction between the 

organic electrolyte and surface species. In this pH region the ligand-promoted 

dissolution may be dominating. So the noticeably increased microcline dissolution in 

tropolone acid may be a reflection of the increased ligand concentration by adding the 

organic acid thereby increasing the SN2 reaction rate. The slightly decreased 

microcline dissolution rates in citric acid solution may imply that the microcline 

surfaces do not interact with the organic acid. Therefore, the increase in citric acid 

concentration would result in an increased solution ionic strength effect thereby 

decreasing the dissolution rate of microcline. 
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Andalusite and Kyanite Dissolution Mechanism 

The most decreased or less-influenced dissolution rates of kyanite and 

andalusite in organic electrolyte solutions may suggest that their reaction may be a 

SN1 mechanism. Therefore the rate of the ligand exchange reaction may not be 

influenced by the nature of the incoming ligand species. In this case there would be 

no direct interaction between organic electrolyte species and surface species unless a 

ligand is detached from the surface making a room for interaction.  

Electrolyte Concentration/Ionic Strength Effect on Andalusite and Kyanite 
Dissolution 

In the pH 3 region both andalusite (Figure 3.2) and kyanite (Figure 3.3) 

showed only slight increase in dissolution rates in citric acid solutions when the 

electrolyte concentration was increased. This observation can be explained by the 

proton-promoted dissolution mechanism as citric acid donates protons. The slightly 

decreased or unchanged dissolution rates in 3,4-DHBA solutions would be explained 

that 3,4-DHBA does not dissociate much in this pH region. 

In the pH 5 region, both andalusite and kyanite showed only a slight increase 

in dissolution rates when tropolone concentration was increased. This result may 

imply that the mineral surfaces may be interacting with tropolone in this pH region. 

However, because the absolute dissolution rates are slightly lower especially at low 

temperature region in tropolone solutions when compared to inorganic electrolyte 

results, it is not clear if the increase was a reflection of direct interaction or not. In the 

case of citric acid, since it showed a decrease in dissolution rates when the 

concentration was increased (Figure 3.3), it is obvious that kyanite surface do not 

interact with citric acid.  
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If we can take the slight increase as insignificant within the range of analytical 

error, we can summarize the pH region results as: (1) no increase in organic 

electrolyte solutions compared to inorganic electrolyte solutions and (2) no ligand 

concentration effect in organic electrolyte solutions. These results again suggest that 

the dissolution mechanism of andalusite and kyanite should be a SN1 reaction in this 

pH region. Therefore, there might be no ligand-promoted dissolution in these 

minerals. 

EFFECT OF ORGANIC ACID SPECIES ON SILICATE DISSOLUTION RATES 

Figure 3.1 shows interesting “organic anion species dependence” of 

microcline dissolution rates in different pH regions: higher dissolution rates are 

reported in citric acid solutions at pH 3 while tropolone shows more rate-enhancing 

effect at pH 5. Even though it is frequently reported that organic acids are enhancing 

feldspar dissolution rates regardless of pH regions, it is a matter of curiosity to 

investigate the relationship between them and the order of effectiveness of organic 

acids in different solution pH regions. 

Since the stability relationships between metal cations and organic acid anions 

in various pH ranges are not well established yet, we would like to use the pK values 

of the organic acids as a quick guide to estimate the reactions. In fact, however, it is 

not a good way to estimate such chemical reactions only with pK values (considering 

competing reactant species and product concentrations, chemical interactions would 

be relative depending on the solution configuration). Therefore, we would like to 

limit the use of pK values only in estimating the activities of organic acids in various 

pH regions, which will guide us how much portion of the organic acids will be able to 
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participate in metal--organic-acid anion complexation reactions. Also, we would like 

to use the molecular structure of the organic acids as an auxiliary guide to estimated 

stabilities of metal--organic-acid complexes. In Table 3.4, most commonly reported 

pK values of the organic acids used in this study are summarized. 

Table 3.4. Reported pK values of organic acids used in the study. 

Based on measured pH values of dissolved organic acid solutions (pH 4.7 and 

pH 4.95 at tropolone 1.0 mM and 0.5 mM, respectively) the pK1 value of tropolone 

does not seem to represent the “real world” pK1 of tropolone which should be the 

activity of proton when [AH] = [A-]. In other words, tropolone does not seem to 

dissociate well as reported: it is a week organic acid as 3,4-DHBA is and its buffering 

pH range is slightly acidic to near neutral pH. Since tropolone is expected to have 

only one dissociable proton in its structure (see Table 3.5), it is believed that the pK2 

value should be more close to the “real world” pK1. 

When the solution pH is around 3, it is expected that only the citric acid 

dissociate to an appreciable amount because its pK1 value falls around the pH range 

while others do not. Since it is also believed that the proton-promoted dissolution is 

the dominant mechanism at this pH range, having dissociable protons ready in its 

structure at the pH should be important. While both undissociated and dissociated 

organic acid should be able to participate in complexation in the solution and/or at the 

mineral surface, it is believed that dissociated organic acid anions might be favored 

Organic Acid Formula pK1 pK2 pK3 

Citric acid C6H8O7 3.13 4.78 6.43 
Tropolone C7H6O2 -0.53 6.69 - 
3,4-Dihydroxy-
benzoic acid 

C7H6O4

 
4.26

 
8.64

 
- 
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by metals because anions might have better chances to get attraction from 

electrophilic metals.  

As a summary, therefore in the pH 3 region, citric acid seems to have better 

chances to get involved in chemical bonds with surface or solution species by (1) 

donating more protons and by (2) producing more organic anions. 

When the solution pH is around 5, the available amount of protons for the 

proton-promoted dissolution becomes scarce and the ligand-promoted dissolution 

mechanism becomes dominant. In this case, stability of the metal--organic-acid anion 

complex would be an important factor to influence the dissolution process. It has 

been reported that 5-membered ring structure is considered to be one of the most 

stable structures in metal--organic-acid anion complexes (e.g., Bennett, 1991).  

Table 3.5 summarizes simplified molecular structure models of organic acids, 

possible speciation models, and possible metal--organic-acid anion complexes in 

aqueous solutions. As shown in Table 3.5, each complexation reaction generates H2O 

and/or OH- as a byproduct. Citric and tropolone generate OH- when they form 

complexes while 3,4-DHBA generates only water molecules. This implies that citric 

and tropolone may not form stable complexes with metals in high pH regions while 

metal--3,4-DHBA complexation may not be affected by solution pH.  

From the molecular structure models, it is also expected that metal--citrate 

complex might be less stable than metal--tropolone or metal--3,4-DHBA complexes 

because of the steric hindrance from the two freely rotating carboxylic groups. While 

both tropolone and 3,4-DHBA can form stable complexes at pH 5, the deprotonated 
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Table 3.5. Simplified molecular structure models of organic acids, possible 
speciation models, and possible metal—organic-acid anion complexes in aqueous 
solutions. 

 Citric Acid Tropolone 34DHBA 
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tropolone anion should more easily complex with metals since the deprotonated 

oxygen can directly attract electrophilic metal centers. 

CURVE-LINEAR TEMPERATURE DEPENDECY OF SILICATE DISSOLUTION RATES 

As Lasaga (1981) indicated, investigation of the temperature dependence of a 

reaction is a fundamental part in determining the mechanism of the reaction. In order 

to investigate this, Arrhenius plots for microcline, andalusite, and kyanite are plotted 

on Figure 3.4, Figure 3.5, and Figure 3.6, respectively, which exhibit the relationship 

between the reaction rate and temperature changes.  

Arrhenius plots for inorganic electrolyte dissolution results (A and C of above 

figures) are plotted on the left side of the organic result plots (B and D of above 

figures) of the same pH for comparison. The vertical axes represent the change in 

dissolution rates (log rate, mol cm-2 sec-1) and the horizontal axes represent the 

temperature change of the reactors (1000/K°). Range of errors is shown with vertical 

lines of the same color while the location of each symbol represents the median value 

of the data set. Calculated activation energies from the slope of the plots are 

summarized in Table 3.6. 

The high activation energies from kyanite and andalusite with tropolone 

solution at pH 5 were probably caused by the very low dissolution rates at lower 

temperatures (Figure 3.2D and Figure 3.3D). Because of the low solubility of 

tropolone and the temperature dependency of tropolone solubility, it might be 

reflecting either (1) dissolved tropolone or metal-tropolone complex is poisoning the 

mineral surface at low temperatures; or (2) tropolone is not participating 

complexation with six-coordinated metal centers at low temperature conditions.
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Figure 3.4. Microcline dissolution rates vs. temperature change. 
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Figure 3.5. Andalusite dissolution rates vs. temperature change. 
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Figure 3.6. Kyanite dissolution rates vs. temperature change. 
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Table 3.6. Summary of activation energies of mineral dissolution reaction (from 
median rate values). Ea (activation energy) in cal/mol. 
   Activation Energy, Ea Ionic Strength

Electrolyte Solution pH Microcline Kyanite Andalusite (mol/l) 
       
LiCl 1.0 mM pH 3 9,922 11,139 17,064 0.0015 
 5.0 mM pH 3 12,267 8,868 13,543 0.0055 
 10 mM pH 3 10,829 6,240 10,798 0.0105 
 50 mM pH 3 11,620 8,236 9,141 0.0505 
 0.25 mM pH 5 11,142 - 8,373 0.0003 
 1.0 mM pH 5 10,413 - 9,682 0.0010 
 5.0 mM pH 5 8,916 3,015 6,501 0.0050 
 
Citrate 1.0 mM pH 3 11,676 8,774 8,662 0.0009 

 2.0 mM pH 3 12,168 6,261 8,716 0.0009 
 1.0 mM pH 5 10,431 5,226 4,841 0.0027 
 2.0 mM pH 5 9,051 4,821 - 0.0048 

       
Tropolone 0.5 mM pH 5 9,906 10,338 12,031 0.0003 

 1.0 mM pH 5 8,471 10,401 12,437 0.0005 
       
34DHBA 0.5 mM pH 3 10,404 3,150 6,963 0.0004 

 1.0 mM pH 3 10,361 4,421 8,799 0.0004 
 1.0 mM pH 5 9,358 3,866 5,105 0.0005 

 

The activation energies calculated from kyanite with 34DHBA solutions (~4 

kcal/mol) seem to be very low. Generally activation energies less than 4 kcal/mol is 

considered to be an indication of diffusion-controlled dissolution. In this case, 

however, it is not likely to be the case because the system was maintained far from 

equilibrium with continuously stirred flow-through reactors. The low activation 

energy might be attributed to the relatively high dissolution rates in the temperature 

range. However, it needs to be noted that small amount of the mineral powder in the 



 192

reactor and the low effluent concentration around the detection limit may have caused 

relatively high variations in the resulting dissolution rates. 

One of the interesting differences between current results and the results from 

the inorganic dissolution experiments is the shape of the curves - the Arrhenius plots 

in organic acid solutions show curve-linear temperature dependence at low 

temperature conditions. This effect seems more significant in the pH 5 region where 

even microcline showed curve linear trend (Figure 3.4 C and D). Andalusite shows a 

curve linear trend in most of the cases (Figure 3.5 B, C, D) and kyanite seems to 

show similar trend in the pH 3 region (Figure 3.6 D).  

The net result of this curve linear behavior at low temperature region is 

lowering activation energies of dissolution in the region. This means even at low 

temperature environments like alpine areas or deep ocean environments there would 

be a significant feldspar weathering undergoing – at a much faster rate than 

conventionally estimated.  

These results suggest that (1) metal-organic complex reaction is a bond-

forming (exothermic) reaction, therefore, the complex is more stable at lower 

temperature; (2) the dominant reaction mechanism at acidic region is proton-

promoted and at near neutral pH region is ligand-promoted; (3) the dominant reaction 

mechanism at high temperature region is proton-promoted and at lower temperature 

region is ligand-promoted; or (4) organic electrolytes or metal-organic complexes 

could be poisoning the mineral surface at higher temperatures. 
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COMPARISON OF ACTIVATION ENERGIES IN DIFFERENT ORGANIC ACID SPECIES 
AND PH REGIONS 

Table 3.7 summarizes the effect of organic electrolytes on mineral dissolution 

rates. Results from electrolyte solutions of similar ionic strength (~1.0 mM) were 

compared. In the table factors of increase or decrease in mineral dissolution rates in 

organic solutions were calculated against the mineral dissolution rates in LiCl 

electrolyte solutions of the same concentration. Activation energy, Ea, calculated 

from Arrhenius equation and correlation coefficient, as R2, in the activation energy 

calculation are also summarized for comparison. 

Microcline 

Microcline dissolution rates in organic electrolyte solutions were enhanced 

both in pH 3 and pH 5 solutions when compared with the inorganic results (Table 

3.7).  In the pH 3 region, citric acid shows a considerable rate increase (by a factor of 

1.2-2.6) compared to the inorganic rates, while 3,4-DHBA does not show any 

enhancement. Calculated activation energies indicate that citrate solutions have 

slightly higher value (by a factor of 1.18) while 3,4-DHAB shows no changes (factor 

1.04). These results indicate that there is no “organic electrolyte” effect in this pH 

region implying the proton-promote dissolution mechanism has not changed. 

Therefore, the role of citric acid in this pH region would be donating protons to the 

solution while 3,4-DHBA does not donate significant amount of protons because its 

pK1 (4.26) value is above the pH region. The slightly higher activation energy from 

citrate solution probably was caused by the higher rate enhancement at higher 

temperatures. This should be a reflection of higher ionic dissociation of citric acid at 

high temperatures. 



 194

Table 3.7. A comparison chart of mineral dissolution rates and activation 
energies in 1.0 mM solutions of various electrolytes. Dissolution rates are in 
mol/cm2/sec, activation energies (Ea) are in cal/mol.  

* Dissolution rates from inorganic electrolyte solutions at 40 ºC and 60 ºC are interpolated values 
from the activation energies. 
- Not analyzed or data not available. 

Mineral LiCl* Citrate Tropolone 34DHBA 
pH 

T (°C) 
Rate Factor Rate  Factor Rate  Factor Rate  Factor

Microcline 
10 7.67E-17 1.00 9.35E-17 1.22 - - - - 
25 1.41E-16 1.00 3.59E-16 2.55 - - 1.41E-16 1.00 
40 3.82E-16 1.00 7.41E-16 1.94 - - 3.08E-16 0.81 
60 9.96E-16 1.00 2.27E-15 2.28 - - 8.82E-16 0.89 
Ea 9,922 1.00 11,676 1.18 - - 10,361 1.04 

pH 3 

R2 0.979  0.990  -  0.999  
10 1.61E-17 1.00 1.44E-17 0.89 7.91E-17 4.92 2.30E-17 1.43 
25 2.43E-17 1.00 3.59E-17 1.48 1.82E-16 7.51 3.85E-17 1.58 
40 7.02E-17 1.00 8.27E-17 1.18 3.49E-16 4.97 9.02E-17 1.28 
60 1.92E-16 1.00 2.34E-16 1.22 7.68E-16 4.00 2.70E-16 1.41 
Ea 10,413 1.00 10,431 1.00 8,471 0.81 9,358 0.90 

pH 5 

R2 0.896  1.000  0.999  0.979  
Andalusite 

10 1.11E-16 1.00 4.47E-17 0.40 - -  - 
25 5.46E-16 1.00 5.96E-17 0.11 - - 4.47E-17 0.08 
40 2.14E-15 1.00 1.19E-16 0.06 - - 6.25E-17 0.03 
60 1.11E-14 1.00 4.47E-16 0.04 - - 2.08E-16 0.02 
Ea 17.064 1.00 8,662 0.51 - - 8,799 0.52 

pH 3 

R2 0.997  0.925  -  0.932  
10 6.43E-17 1.00 5.96E-17 0.93 2.23E-17 0.35 3.72E-17 0.58 
25 7.83E-17 1.00 8.93E-17 1.14 4.62E-17 0.59 5.96E-17 0.76 
40 2.38E-16 1.00 1.19E-16 0.50 1.51E-16 0.63 5.96E-17 0.25 
60 6.07E-16 1.00 2.23E-16 0.37 5.82E-16 0.96 1.64E-16 0.27 
Ea 9,682 1.00 4,841 0.50 12,437 1.28 5,105 0.53 

pH 5 

R2 0.873  0.984  0.985  0.867  
Kyanite 

10 2.12E-16 1.00 - - - -  - 
25 5.32E-16 1.00 - - - - 5.45E-17 0.10 
40 1.33E-15 1.00 7.43E-17 0.06 - - 7.19E-17 0.05 
60 3.90E-15 1.00 1.73E-16 0.04 - - 1.19E-16 0.03 
Ea 11,139 1.00 8,774 0.79 - - 4,421 0.40 

pH 3 

R2 0.988  1.000  -  0.987  
10 - - - - - - 6.44E-17 - 
25 5.01E-17 1.00 9.91E-17 1.98 2.48E-17 0.49 9.91E-17 1.98 
40 - - 1.24E-16 - 5.2E-17 - 9.91E-17 - 
60 - - 2.48E-16 - 1.56E-16 - 1.98E-16 - 
Ea - - 5,226 - 10,401 - 3,866 - 

pH 5 

R2 -  0.945  0.996  0.897  
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In the pH 5 region, compared to the pH 3 region, the result shows that citric 

acid brings a slight rate enhancement while 3,4-DHBA shows greater enhancement. 

Compared to inorganic electrolyte results in the same pH, tropolone shows the 

greatest effectiveness among the three organic electrolytes - it shows up to 750% rate 

increase at a similar solution ionic strength. Slightly lower activation energies were 

calculated from 3,4-DHBA (by a factor of 0.9) and tropolone (by a factor of 0.8) 

solutions while no change in activation energy was observed from the citric acid 

solution compared to the inorganic results. Calculated activation energies are lower in 

the pH 5 region than in the pH 3 region. 

The results suggest that the dominant dissolution mechanism in the pH 5 

region is ligand-promoted dissolution. Among the three organic electrolytes, 

tropolone and 3,4-DHBA seem to form stable complexes with metals. This can be 

found from the facts that:  

(1) Dissolution experiments with citric acid, except for room temperature 

results, showed higher dissolution rates at elevated temperatures. It implies that the 

role of citric acid should be donating protons by dissociating more protons at higher 

temperatures thereby improving the proton-promoted part of the dissolution. 

Otherwise citrate should be participating in the complexation reactions with metals. 

However, the metal-citrate complexes are not likely to be at higher temperatures.  

(2) Tropolone and 3,4-DHBA showed higher rate enhancement effects at 

lower temperatures while showed less effectiveness at higher temperatures. This 

observation implies that these electrolytes form more stable complexes with metals at 

lower temperatures, and become more unstable at higher temperatures. The nature of 

the complexation reaction should be an exothermic reaction. The curve linear shape 
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of the Arrhenius plot (Figure 3.4) should be reflecting the exothermic characteristics 

of the formation reaction of the complexes. 

The low activation energies calculated from the organic electrolyte solutions 

imply that the mechanism of the ligand-promoted dissolution enhancement can be 

achieved by a process of lowering the activation energy of the overall reaction. This 

process may be related to the rate-limiting step of the overall reaction because the 

rate-limiting step is the slowest step of a consecutive reaction. Therefore the 

measured activation energy may be considered as the activation energy of the rate-

limiting step. Figure 3.7 visually demonstrates the location of the rate-limiting step on 

a hypothetical reaction coordinate system (after Lasaga, 1981). The first part of the 

figure (Figure 3.7a) displays the energy distribution of an elementary reaction of A + 

BC → AB + C as contours on a 2-dimensional space and the second part of the figure 

(Figure 3.7b) displays the profile of the energy distribution along the reaction 

pathway.  The rate-limiting step is represented as a region of δ and the activated 

complex is represented as ABC*. In this region the activated complex is in 

equilibrium with the reactants and also with the products.  

In a ligand-promoted dissolution reaction the detachment process of surface 

species is considered to be the rate-limiting step (Stumm and Furrer, 1987). Therefore, 

the detachment process may be prompted by coordination of organic ligands onto 

silicate surfaces (Stumm and Furrer, 1987; Wieland et al., 1988). The mechanism of 

interaction may consist of inner-sphere coordination of an organic ligand resulting in 

weakened crystal framework bonds due to charge transfer or other inductive effects 

(Bennett, 1991).  
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Figure 3.7. (a) Potential surface in the form of a contour diagram for a hypothetical one-dimensional reaction 
A+BC → AB+C. The number of contours are values of the potential in arbitrary units. The activated complex is 
in a region of δ. (b) Potential-energy curve for the reaction along the reaction path (After Lasaga, 1981). 
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Andalusite 

Andalusite dissolution rates were generally lower in organic electrolyte 

solutions both in pH 3 and pH 5 regions (Table 3.7). In the pH 3 region, both citric 

acid and 3,4-DHBA showed a considerable rate decrease compared to the inorganic 

rates. The rate decrease was greater in 3,4-DHBA solution (by a factor of 0.02 to 

0.08) than in citric acid solution (by a factor of 0.04 to 0.40). The decrease was 

greater at higher temperatures. Calculated activation energies from organic acid 

solutions also were lower than inorganic electrolyte (LiCl) solution results.  

Even though the activation energies in the organic electrolytes are lower 

(about 50%), it does not necessarily mean that the organic electrolytes lower the rate-

limiting step’s activation energy because the dissolution rate were decreased rather 

than being enhanced. It is suspected that the low activation energies may be a result 

of the very insoluble nature of the mineral even at high temperatures. The reason why 

they show decreased dissolution rates with organic electrolytes in this pH region is 

unclear. It could be related to a certain “surface poisoning” process that could inhibit 

the detachment of the surface species especially at higher temperatures. 

In the pH 5 region, all organic acid solutions show decreased dissolution rates 

compared to the inorganic electrolyte (LiCl) solution results. However, relatively less 

degree of rate decrease in pH 5 solutions, compared to the pH 3 region results, is 

noticed from the factor calculations. In citrate and 3,4-DHBA solutions, this effect is 

much greater at lower temperatures – only slight rate decrease is noticed at 10-25°C. 

However, the opposite is true for tropolone. As a result, slightly higher activation 

energies were calculated from tropolone electrolyte solutions while significantly 
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lower activation energy was calculated from 3,4-dihydroxybonzoate and citrate 

electrolyte solutions.  

This result implies that the “surface-poisoning-effect” is less severe in this pH 

region or the organic electrolytes are partly participating in the mineral dissolution 

mechanism. Recalling our previous speculation on the dissolution reaction 

mechanism of this mineral, however, it is not likely for andalusite surface to interact 

with organic electrolytes in the solution. Therefore, less “surface poisoning” effect or 

higher dissociation of the organic acids in this pH region may explain the result. 

Kyanite 

Kyanite dissolution rates in organic electrolyte solutions are generally lower 

than inorganic electrolyte solution rates in the pH 3 region (Table 3.7). In this region, 

both citric acid and 3,4-DHBA showed decrease compared to the inorganic rates. 

Calculated activation energies in organic acid solutions also are lower, especially in 

3,4-DHBA solution, than in inorganic electrolyte (LiCl) solution. Again, the reason 

why it shows lower dissolution rates with organic electrolytes in this pH region is 

unclear. It could be related to a certain “surface poisoning” process as stated earlier. 

In the pH 5 region, since kyanite dissolution in inorganic electrolyte solution 

was performed only at room temperatures, it is not possible to compare all organic 

results with inorganic results of the same temperature. Calculated activation energies 

in citrate and 3,4-DHBA solutions are lower in the pH 5 region compared to the pH 3, 

region, which is the same trend as shown in andalusite results. Higher activation 

energy is calculated from tropolone result, which is also the same trend as shown in 

andalusite results. 
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Conclusions 

Microcline dissolution rates were increased in organic electrolyte solutions 

compared to the rates in inorganic electrolyte solutions while andalusite and kyanite 

dissolution rates decreased in organic electrolyte solutions. The increased dissolution 

rates of microcline suggests, based on the metal coordination states in microcline 

crystal lattice, that feldspar dissolution should be a SN2 mechanism. Therefore, the 

rate of the ligand exchange reaction should be strongly influenced by the nature of the 

incoming ligand species.  

The decreased or non-influenced dissolution rates from kyanite and andalusite 

dissolution results may suggest that the dissolution reaction is a SN1 mechanism. In 

this care, therefore, the rate of the ligand exchange reaction may not be influenced by 

the nature of the incoming ligand species. 

The effect of organic electrolytes on microcline dissolution rates was greater 

in the pH 5 region than in the pH 3 region. This result may indicate that the dominant 

reaction mechanism is proton-promoted in the acidic pH region and ligand-promoted 

in the near neutral pH region. 

Citric acid was relatively more effective on mineral dissolution rate 

enhancement than tropolone or 3,4-DHBA in the pH 3 region while the opposite was 

observed in the pH 5 region. In the pH 3 region, therefore, citric acid seems to have 

more influences on the dissolution reactions (1) by donating more protons thereby 

increasing the proton-promoted dissolution and/or (2) by producing more organic 

anions. In the pH 5 region, the role of citric acid seems to be donating protons rather 

than forming stable complexes with metals while 3,4-DHBA and tropolone seem to 
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form stable complexes with metals. The metal--organic-acid anion complex seems to 

be more stable at lower temperatures. From the molecular structure models, it is also 

expected that metal--citrate complex, if it is formed, would have less structural 

stability than metal--tropolone or metal--3,4-DHBA complexes because of steric 

hindrance from the two freely rotating carboxylic groups. 

Lower activation energy of mineral dissolution was observed in organic 

electrolyte solutions compared to the results in inorganic electrolyte solutions. This 

effect was also greater in the pH 5 region. Tropolone and 3,4-DHBA showed 

significant activation energy-lowering effect compared to citric acid. Also, Arrhenius 

plots in organic acid electrolyte solutions showed curve-linear temperature 

dependence at low temperatures. These results may suggest that (1) metal-organic 

complex is more stable at lower temperatures; (2) the dominant reaction mechanism 

may be proton-promoted at high temperature region and ligand-promoted at lower 

temperature region. 
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Appendix 1.1a. Potentiometric titration of plagioclase surface* in the acid region 
as a function of added acid (0.1 N HCl) and corresponding solution pH change. 
Acid (ml) pH Acid (ml) pH Acid (ml) pH Acid (ml) pH Acid (ml) pH 

0.00 10.36 2.00 6.29 4.00 4.37 6.00 4.14 8.00 4.09
0.05 10.17 2.05 6.26 4.05 4.38 6.05 4.10 8.05 4.10
0.10 9.89 2.10 6.21 4.10 4.31 6.10 4.12 8.10 4.07
0.15 9.56 2.15 6.18 4.15 4.28 6.15 4.10 8.15 4.08
0.20 9.18 2.20 6.14 4.20 4.31 6.20 4.11 8.20 4.09
0.25 8.82 2.25 6.11 4.25 4.27 6.25 4.12 8.25 4.09
0.30 8.60 2.30 6.07 4.30 4.26 6.30 4.15 8.30 4.08
0.35 8.48 2.35 6.02 4.35 4.23 6.35 4.13 8.35 4.08
0.40 8.31 2.40 5.98 4.40 4.27 6.40 4.12 8.40 4.09
0.45 8.19 2.45 5.94 4.45 4.27 6.45 4.08 8.45 4.09
0.50 8.08 2.50 5.88 4.50 4.25 6.50 4.13 8.50 4.06
0.55 7.93 2.55 5.82 4.55 4.25 6.55 4.12 8.55 4.09
0.60 7.83 2.60 5.81 4.60 4.23 6.60 4.07 8.60 4.09
0.65 7.73 2.65 5.72 4.65 4.18 6.65 4.07 8.65 4.08
0.70 7.65 2.70 5.70 4.70 4.18 6.70 4.10 8.70 4.06
0.75 7.57 2.75 5.65 4.75 4.21 6.75 4.11 8.75 4.08
0.80 7.50 2.80 5.59 4.80 4.18 6.80 4.10 8.80 4.07
0.85 7.42 2.85 5.50 4.85 4.18 6.85 4.09 8.85 4.08
0.90 7.35 2.90 5.44 4.90 4.20 6.90 4.10 8.90 4.07
0.95 7.29 2.95 5.36 4.95 4.16 6.95 4.10 8.95 4.05
1.00 7.23 3.00 5.25 5.00 4.21 7.00 4.12 9.00 4.05
1.05 7.18 3.05 5.22 5.05 4.20 7.05 4.10 9.05 4.08
1.10 7.12 3.10 5.15 5.10 4.16 7.10 4.10 9.10 4.07
1.15 7.06 3.15 5.12 5.15 4.18 7.15 4.09 9.15 4.07
1.20 7.02 3.20 5.06 5.20 4.20 7.20 4.06 9.20 4.06
1.25 6.97 3.25 4.95 5.25 4.19 7.25 4.10 9.25 4.07
1.30 6.93 3.30 4.90 5.30 4.17 7.30 4.11 9.30 4.05
1.35 6.87 3.35 4.86 5.35 4.15 7.35 4.11 9.35 4.06
1.40 6.82 3.40 4.79 5.40 4.16 7.40 4.11 9.40 4.03
1.45 6.79 3.45 4.74 5.45 4.16 7.45 4.08 9.45 4.05
1.50 6.75 3.50 4.66 5.50 4.14 7.50 4.11 9.50 4.06
1.55 6.70 3.55 4.63 5.55 4.14 7.55 4.09 9.55 4.05
1.60 6.64 3.60 4.55 5.60 4.14 7.60 4.09 9.60 4.03
1.65 6.60 3.65 4.54 5.65 4.14 7.65 4.10 9.65 4.05
1.70 6.57 3.70 4.56 5.70 4.15 7.70 4.11 9.70 4.04
1.75 6.53 3.75 4.48 5.75 4.16 7.75 4.09 9.75 4.04
1.80 6.47 3.80 4.43 5.80 4.12 7.80 4.06 9.80 4.07
1.85 6.43 3.85 4.45 5.85 4.13 7.85 4.08 9.85 4.05
1.90 6.40 3.90 4.39 5.90 4.12 7.90 4.08 9.90 4.05
1.95 6.33 3.95 4.35 5.95 4.13 7.95 4.09 9.95 4.06

* Surface area: 2.0 m2/g, sample amount: 1.5 g, total surface area: 3.0 square meters, water volume: 25 ml 
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Appendix 1.1b. Potentiometric titration of plagioclase surface* in the base 
region as a function of added base (0.1 N NaOH) and corresponding solution pH 
change. 

Base (ml) pH Base (ml) pH Base (ml) pH Base (ml) pH 
0.00 10.32 1.75 11.82 3.50 12.14 5.25 12.33 
0.05 10.43 1.80 11.82 3.55 12.14 5.30 12.34 
0.10 10.62 1.85 11.84 3.60 12.15 5.35 12.34 
0.15 10.74 1.90 11.85 3.65 12.15 5.40 12.34 
0.20 10.87 1.95 11.86 3.70 12.17 5.45 12.35 
0.25 10.93 2.00 11.88 3.75 12.17 5.50 12.35 
0.30 10.98 2.05 11.89 3.80 12.18 5.55 12.35 
0.35 11.02 2.10 11.90 3.85 12.18 5.60 12.36 
0.40 11.08 2.15 11.91 3.90 12.19 5.65 12.37 
0.45 11.15 2.20 11.92 3.95 12.20 5.70 12.37 
0.50 11.20 2.25 11.93 4.00 12.20 5.75 12.38 
0.55 11.24 2.30 11.93 4.05 12.21 5.80 12.38 
0.60 11.31 2.35 11.94 4.10 12.21 5.85 12.38 
0.65 11.34 2.40 11.96 4.15 12.22 5.90 12.39 
0.70 11.37 2.45 11.97 4.20 12.22 5.95 12.39 
0.75 11.41 2.50 11.98 4.25 12.23 6.00 12.39 
0.80 11.45 2.55 11.98 4.30 12.23 6.05 12.40 
0.85 11.48 2.60 12.00 4.35 12.24 6.10 12.40 
0.90 11.50 2.65 12.01 4.40 12.25 6.15 12.41 
0.95 11.54 2.70 12.01 4.45 12.25 6.20 12.41 
1.00 11.56 2.75 12.02 4.50 12.26 6.25 12.42 
1.05 11.58 2.80 12.03 4.55 12.26 6.30 12.42 
1.10 11.62 2.85 12.04 4.60 12.28 6.35 12.42 
1.15 11.62 2.90 12.04 4.65 12.28 6.40 12.42 
1.20 11.64 2.95 12.06 4.70 12.28 6.45 12.42 
1.25 11.67 3.00 12.06 4.75 12.28 6.50 12.43 
1.30 11.68 3.05 12.07 4.80 12.28 6.55 12.43 
1.35 11.71 3.10 12.07 4.85 12.30 6.60 12.43 
1.40 11.72 3.15 12.09 4.90 12.30 6.65 12.44 
1.45 11.72 3.20 12.09 4.95 12.30 6.70 12.44 
1.50 11.74 3.25 12.10 5.00 12.31 6.75 12.45 
1.55 11.75 3.30 12.11 5.05 12.31 6.80 12.45 
1.60 11.77 3.35 12.11 5.10 12.31   
1.65 11.78 3.40 12.12 5.15 12.32   
1.70 11.79 3.45 12.12 5.20 12.32   

* Surface area: 2.0 m2/g, sample amount: 1.5 g, total surface area: 3.0 square meters, water volume: 25 ml 
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Appendix 1.1c. Potentiometric titration of microcline surface* in the acid region 
as a function of added acid (0.1 N HCl) and corresponding solution pH change. 

Acid (ml) Solution pH Acid (ml) Solution pH 
0.00 10.03 1.60 3.04 
0.05 9.05 1.65 3.01 
0.10 8.38 1.70 2.99 
0.15 7.85 1.75 2.96 
0.20 7.15 1.80 2.94 
0.25 6.08 1.85 2.91 
0.30 5.27 1.90 2.89 
0.35 4.64 1.95 2.88 
0.40 4.36 2.00 2.86 
0.45 4.14 2.05 2.84 
0.50 4.01 2.10 2.81 
0.55 3.90 2.15 2.79 
0.60 3.82 2.20 2.78 
0.65 3.75 2.25 2.76 
0.70 3.67 2.30 2.74 
0.75 3.63 2.35 2.72 
0.80 3.58 2.40 2.70 
0.85 3.52 2.45 2.69 
0.90 3.48 2.50 2.67 
0.95 3.44 2.55 2.65 
1.00 3.40 2.60 2.63 
1.05 3.37 2.65 2.62 
1.10 3.34 2.70 2.60 
1.15 3.30 2.75 2.59 
1.20 3.27 2.80 2.58 
1.25 3.24 2.85 2.56 
1.30 3.21 2.90 2.54 
1.35 3.18 2.95 2.53 
1.40 3.14 3.00 2.52 
1.45 3.12 3.05 2.50 
1.50 3.09 3.10 2.49 
1.55 3.06   

* Surface area: 1.5 m2/g, sample amount: 2.0 g, total surface area: 3.0 square meters, water volume: 25 ml



 210

Appendix1.1d. Potentiometric titration of microcline surface* in the base region 
as a function of added base (0.1 N NaOH) and corresponding solution pH change. 

Base (ml) pH Base (ml) pH Base (ml) pH Base (ml) pH 
0.00 10.01 1.75 11.96 3.50 12.25 5.25 12.41 
0.05 10.54 1.80 11.97 3.55 12.26 5.30 12.42 
0.10 10.71 1.85 11.98 3.60 12.26 5.35 12.41 
0.15 10.86 1.90 12.00 3.65 12.27 5.40 12.42 
0.20 10.99 1.95 12.01 3.70 12.28 5.45 12.42 
0.25 11.09 2.00 12.02 3.75 12.28 5.50 12.42 
0.30 11.17 2.05 12.03 3.80 12.29 5.55 12.43 
0.35 11.24 2.10 12.04 3.85 12.29 5.60 12.43 
0.40 11.30 2.15 12.05 3.90 12.30 5.65 12.43 
0.45 11.35 2.20 12.06 3.95 12.30 5.70 12.44 
0.50 11.39 2.25 12.07 4.00 12.31 5.75 12.44 
0.55 11.45 2.30 12.08 4.05 12.31 5.80 12.44 
0.60 11.48 2.35 12.09 4.10 12.32 5.85 12.45 
0.65 11.51 2.40 12.09 4.15 12.32 5.90 12.45 
0.70 11.55 2.45 12.11 4.20 12.33 5.95 12.45 
0.75 11.57 2.50 12.11 4.25 12.33 6.00 12.46 
0.80 11.61 2.55 12.12 4.30 12.34 6.05 12.46 
0.85 11.64 2.60 12.13 4.35 12.34 6.10 12.46 
0.90 11.67 2.65 12.14 4.40 12.34 6.15 12.46 
0.95 11.68 2.70 12.15 4.45 12.35 6.20 12.47 
1.00 11.72 2.75 12.16 4.50 12.35 6.25 12.47 
1.05 11.74 2.80 12.17 4.55 12.36 6.30 12.47 
1.10 11.75 2.85 12.17 4.60 12.36 6.35 12.48 
1.15 11.77 2.90 12.17 4.65 12.36 6.40 12.48 
1.20 11.79 2.95 12.19 4.70 12.37 6.45 12.48 
1.25 11.82 3.00 12.19 4.75 12.37 6.50 12.48 
1.30 11.83 3.05 12.20 4.80 12.37 6.55 12.48 
1.35 11.84 3.10 12.20 4.85 12.38 6.60 12.49 
1.40 11.86 3.15 12.21 4.90 12.38 6.65 12.49 
1.45 11.88 3.20 12.22 4.95 12.39 6.70 12.49 
1.50 11.89 3.25 12.22 5.00 12.39 6.75 12.50 
1.55 11.91 3.30 12.23 5.05 12.39 6.80 12.50 
1.60 11.91 3.35 12.24 5.10 12.40   
1.65 11.93 3.40 12.24 5.15 12.40   
1.70 11.96 3.45 12.25 5.20 12.40   

* Surface area: 1.5 m2/g, sample amount: 2.0 g, total surface area: 3.0 square meters, water volume: 25 ml 
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Appendix 1.1e. Potentiometric titration of andalusite surface* in the acid region 
as a function of added acid (0.1 N HCl) and corresponding solution pH change. 

Acid (ml) Solution pH 
0.00 7.70 
0.05 5.48 
0.10 4.07 
0.15 3.72 
0.20 3.51 
0.25 3.38 
0.30 3.28 
0.35 3.17 
0.40 3.11 
0.45 3.04 
0.50 3.00 
0.55 2.94 
0.60 2.89 
0.65 2.86 
0.70 2.82 
0.75 2.78 
0.80 2.75 
0.85 2.72 
0.90 2.70 
0.95 2.67 
1.00 2.64 
1.05 2.62 
1.10 2.60 
1.15 2.58 
1.20 2.56 
1.25 2.55 
1.30 2.52 
1.35 2.51 
1.40 2.49 

 

* Surface area: 1.1 m2/g, sample amount: 2.7 g, total surface area: 3.0 square meters, water volume: 25 ml
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Appendix 1.1f. Potentiometric titration of andalusite surface* in the base region 
as a function of added base (0.1 N NaOH) and corresponding solution pH change. 

Base (ml) Solution pH Base (ml) Solution pH 
0.00 8.14 1.10 11.72 
0.05 9.87 1.15 11.75 
0.10 10.40 1.20 11.76 
0.15 10.68 1.25 11.77 
0.20 10.86 1.30 11.79 
0.25 10.97 1.35 11.80 
0.30 11.07 1.40 11.83 
0.35 11.17 1.45 11.85 
0.40 11.22 1.50 11.86 
0.45 11.30 1.55 11.87 
0.50 11.35 1.60 11.88 
0.55 11.38 1.65 11.90 
0.60 11.42 1.70 11.91 
0.65 11.48 1.75 11.92 
0.70 11.52 1.80 11.93 
0.75 11.55 1.85 11.95 
0.80 11.58 1.90 11.95 
0.85 11.61 1.95 11.97 
0.90 11.62 2.00 11.99 
0.95 11.65 2.05 11.99 
1.00 11.67 2.10 12.00 
1.05 11.70 2.15 12.01 

* Surface area: 1.1 m2/g, sample amount: 2.7 g, total surface area: 3.0 square meters, water volume: 25 ml 
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Appendix 1.1g. Potentiometric titration of kyanite surface* in the acid region as 
a function of added acid (0.1 N HCl) and corresponding solution pH change. 

Acid (ml) Solution pH 
0.00 7.54 
0.05 4.57 
0.10 3.78 
0.15 3.54 
0.20 3.37 
0.25 3.25 
0.30 3.15 
0.35 3.08 
0.40 3.01 
0.45 2.95 
0.50 2.90 
0.55 2.85 
0.60 2.82 
0.65 2.78 
0.70 2.75 
0.75 2.71 
0.80 2.68 
0.85 2.66 
0.90 2.63 
0.95 2.61 
1.00 2.59 
1.05 2.57 
1.10 2.54 
1.15 2.52 
1.20 2.50 
1.25 2.49 

* Surface area: 3.0 m2/g, sample amount: 1.0 g, total surface area: 3.0 square meters, water volume: 25 ml 
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Appendix 1.1h. Potentiometric titration of kyanite surface* in the base region as 
a function of added base (0.1 N NaOH) and corresponding solution pH change. 

Base (ml) Solution pH Base (ml) Solution pH 
0.00 7.35 1.50 11.69 
0.05 9.37 1.55 11.69 
0.10 10.21 1.60 11.71 
0.15 10.50 1.65 11.73 
0.20 10.64 1.70 11.74 
0.25 10.78 1.75 11.75 
0.30 10.89 1.80 11.77 
0.35 10.97 1.85 11.77 
0.40 11.04 1.90 11.79 
0.45 11.08 1.95 11.80 
0.50 11.16 2.00 11.82 
0.55 11.21 2.05 11.82 
0.60 11.25 2.10 11.84 
0.65 11.30 2.15 11.85 
0.70 11.33 2.20 11.86 
0.75 11.35 2.25 11.88 
0.80 11.39 2.30 11.88 
0.85 11.42 2.35 11.89 
0.90 11.45 2.40 11.90 
0.95 11.47 2.45 11.91 
1.00 11.49 2.50 11.92 
1.05 11.52 2.55 11.93 
1.10 11.55 2.60 11.94 
1.15 11.56 2.65 11.96 
1.20 11.58 2.70 11.97 
1.25 11.60 2.75 11.97 
1.30 11.62 2.80 11.98 
1.35 11.63 2.85 11.99 
1.40 11.65 2.90 12.00 
1.45 11.67 2.95 12.01 

* Surface area: 3.0 m2/g, sample amount: 1.0 g, total surface area: 3.0 square meters, water volume: 25 ml 
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Appendix 1.1j. Potentiometric titration of quartz surface* in the acid region as a 
function of added acid (0.1 N HCl) and corresponding solution pH change. 

Acid (ml) Solution pH 
0.00 9.24 
0.05 8.83 
0.10 8.23 
0.15 7.27 
0.20 6.04 
0.25 4.82 
0.30 4.13 
0.35 3.91 
0.40 3.70 
0.45 3.53 
0.50 3.42 
0.55 3.33 
0.60 3.24 
0.65 3.16 
0.70 3.11 
0.75 3.04 
0.80 2.99 
0.85 2.94 
0.90 2.90 
0.95 2.86 
1.00 2.82 
1.05 2.79 
1.10 2.76 
1.15 2.73 
1.20 2.70 
1.25 2.67 
1.30 2.65 
1.35 2.62 
1.40 2.60 
1.45 2.58 
1.50 2.56 
1.55 2.54 
1.60 2.52 
1.65 2.50 
1.70 2.49 

* Surface area: 0.8 m2/g, sample amount: 3.8 g, total surface area: 3.0 square meters, water volume: 25 ml 
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Appendix 1.1i. Potentiometric titration of quartz surface* in the base region as a 
function of added base (0.1 N NaOH) and corresponding solution pH change. 

Base (ml) Solution pH Base (ml) Solution pH 
0.00 9.17 1.10 11.72 
0.05 9.83 1.15 11.74 
0.10 10.13 1.20 11.77 
0.15 10.44 1.25 11.79 
0.20 10.64 1.30 11.81 
0.25 10.78 1.35 11.83 
0.30 10.92 1.40 11.85 
0.35 11.06 1.45 11.87 
0.40 11.12 1.50 11.88 
0.45 11.23 1.55 11.90 
0.50 11.28 1.60 11.91 
0.55 11.35 1.65 11.92 
0.60 11.39 1.70 11.93 
0.65 11.43 1.75 11.95 
0.70 11.48 1.80 11.97 
0.75 11.53 1.85 11.98 
0.80 11.56 1.90 11.99 
0.85 11.60 1.95 12.00 
0.90 11.63 2.00 12.02 
0.95 11.65 2.05 12.02 
1.00 11.69 2.10 12.03 
1.05 11.70 2.15 12.04 

* Surface area: 0.8 m2/g, sample amount: 3.8 g, total surface area: 3.0 square meters, water volume: 25 ml 
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Appendix 1.1k. Potentiometric titration of gibbsite surface* in the acid region as 
a function of added acid (0.1 N HCl) and corresponding solution pH change. 

Acid (ml) Solution pH 
0.00 9.36 
0.05 8.86 
0.10 6.77 
0.15 4.31 
0.20 3.91 
0.25 3.67 
0.30 3.52 
0.35 3.39 
0.40 3.32 
0.45 3.21 
0.50 3.14 
0.55 3.08 
0.60 3.02 
0.65 2.98 
0.70 2.93 
0.75 2.90 
0.80 2.85 
0.85 2.82 
0.90 2.79 
0.95 2.76 
1.00 2.73 
1.05 2.71 
1.10 2.68 
1.15 2.66 
1.20 2.64 
1.25 2.62 
1.30 2.59 
1.35 2.57 
1.40 2.55 
1.45 2.54 
1.50 2.52 
1.55 2.50 
1.60 2.49 

* Surface area: 265 m2/g, sample amount: 1.0 g, total surface area: 265 square meters, water volume: 25 ml 
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Appendix 1.1l. Potentiometric titration of gibbsite surface* in the base region as 
a function of added base (0.1 N NaOH) and corresponding solution pH change. 

Base (ml) Solution pH Base (ml) Solution pH 
0.00 9.00 1.35 11.69 
0.05 9.91 1.40 11.71 
0.10 10.31 1.45 11.72 
0.15 10.55 1.50 11.73 
0.20 10.69 1.55 11.76 
0.25 10.82 1.60 11.78 
0.30 10.90 1.65 11.79 
0.35 10.99 1.70 11.81 
0.40 11.06 1.75 11.82 
0.45 11.13 1.80 11.83 
0.50 11.19 1.85 11.85 
0.55 11.23 1.90 11.85 
0.60 11.28 1.95 11.87 
0.65 11.31 2.00 11.88 
0.70 11.36 2.05 11.89 
0.75 11.39 2.10 11.90 
0.80 11.42 2.15 11.92 
0.85 11.46 2.20 11.92 
0.90 11.48 2.25 11.93 
0.95 11.51 2.30 11.95 
1.00 11.54 2.35 11.96 
1.05 11.56 2.40 11.97 
1.10 11.58 2.45 11.97 
1.15 11.61 2.50 11.98 
1.20 11.62 2.55 12.00 
1.25 11.65 2.60 12.01 
1.30 11.67   

* Surface area: 265 m2/g, sample amount: 1.0 g, total surface area: 265 square meters, water volume: 25 ml 
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Appendix 1.2. UV-difference spectroscopy results for selected organic acids. 
Three scans were made for each organic acid: (1) diluted organic acid against 
distilled water (*21) , (2) diluted OA+silicic acid against distilled water (*22), 
and (3) diluted OA+silicic acid vs. diluted organic acid (*23). 

Ketoglutaric Acid 2,3-DHBA 3,4-DHBA Tropolone 
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190 0.284 0.329 -0.002 0.059 0.125 -0.012 0.439 0.476 -0.007 0.289 0.338 0.005
191 0.238 0.282 -0.002 0.065 0.129 -0.014 0.402 0.440 -0.007 0.241 0.289 0.003
192 0.203 0.245 -0.003 0.072 0.135 -0.015 0.379 0.417 -0.007 0.205 0.251 0.001
193 0.175 0.216 -0.004 0.081 0.143 -0.016 0.364 0.403 -0.007 0.176 0.220 -0.001
194 0.155 0.195 -0.005 0.092 0.153 -0.018 0.357 0.397 -0.007 0.155 0.197 -0.003
195 0.139 0.178 -0.006 0.105 0.164 -0.019 0.356 0.396 -0.007 0.138 0.179 -0.005
196 0.127 0.164 -0.008 0.119 0.176 -0.020 0.358 0.398 -0.007 0.126 0.165 -0.007
197 0.117 0.153 -0.009 0.133 0.190 -0.021 0.363 0.404 -0.007 0.116 0.153 -0.010
198 0.109 0.144 -0.011 0.149 0.205 -0.022 0.369 0.410 -0.007 0.108 0.143 -0.012
199 0.101 0.135 -0.012 0.165 0.220 -0.023 0.375 0.416 -0.007 0.102 0.135 -0.015
200 0.095 0.127 -0.014 0.181 0.234 -0.024 0.379 0.421 -0.008 0.097 0.128 -0.017
201 0.089 0.120 -0.016 0.196 0.247 -0.025 0.383 0.424 -0.009 0.094 0.122 -0.020
202 0.083 0.114 -0.018 0.208 0.258 -0.027 0.385 0.426 -0.009 0.091 0.118 -0.023
203 0.078 0.107 -0.020 0.218 0.267 -0.028 0.384 0.425 -0.011 0.090 0.114 -0.026
204 0.073 0.101 -0.022 0.226 0.273 -0.029 0.381 0.421 -0.012 0.090 0.112 -0.030
205 0.069 0.095 -0.023 0.232 0.277 -0.031 0.376 0.415 -0.014 0.091 0.110 -0.033
206 0.064 0.090 -0.025 0.235 0.278 -0.032 0.368 0.405 -0.016 0.092 0.109 -0.036
207 0.060 0.085 -0.027 0.234 0.276 -0.033 0.357 0.393 -0.018 0.095 0.109 -0.039
208 0.056 0.080 -0.029 0.231 0.271 -0.034 0.343 0.377 -0.021 0.098 0.109 -0.043
209 0.052 0.075 -0.030 0.225 0.264 -0.035 0.327 0.359 -0.024 0.103 0.111 -0.046
210 0.049 0.071 -0.032 0.217 0.255 -0.036 0.309 0.338 -0.027 0.108 0.114 -0.049
211 0.045 0.066 -0.033 0.207 0.242 -0.038 0.291 0.317 -0.030 0.114 0.118 -0.052
212 0.042 0.062 -0.035 0.194 0.229 -0.039 0.272 0.295 -0.034 0.121 0.122 -0.055
213 0.039 0.058 -0.036 0.180 0.213 -0.040 0.253 0.273 -0.038 0.128 0.127 -0.058
214 0.036 0.055 -0.037 0.165 0.196 -0.041 0.235 0.252 -0.042 0.137 0.133 -0.060
215 0.033 0.051 -0.038 0.148 0.177 -0.042 0.219 0.231 -0.046 0.145 0.140 -0.063
216 0.030 0.047 -0.040 0.130 0.158 -0.044 0.203 0.212 -0.050 0.154 0.147 -0.065
217 0.027 0.044 -0.041 0.111 0.138 -0.045 0.187 0.194 -0.054 0.163 0.155 -0.067
218 0.025 0.041 -0.042 0.092 0.118 -0.046 0.172 0.176 -0.057 0.173 0.163 -0.069
219 0.022 0.038 -0.043 0.074 0.098 -0.047 0.158 0.160 -0.059 0.182 0.171 -0.070
220 0.020 0.035 -0.044 0.058 0.081 -0.048 0.144 0.144 -0.062 0.191 0.179 -0.071
221 0.018 0.033 -0.045 0.043 0.066 -0.049 0.131 0.129 -0.063 0.200 0.188 -0.072
222 0.016 0.030 -0.046 0.031 0.053 -0.049 0.118 0.115 -0.064 0.209 0.197 -0.073



 220

Appendix 1.2. Continued. 
Ketoglutaric Acid 2,3-DHBA 3,4-DHBA Tropolone 
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223 0.014 0.028 -0.047 0.021 0.042 -0.050 0.105 0.103 -0.065 0.218 0.205 -0.073
224 0.012 0.026 -0.047 0.013 0.033 -0.051 0.093 0.091 -0.065 0.226 0.214 -0.073
225 0.010 0.023 -0.048 0.006 0.026 -0.051 0.082 0.081 -0.065 0.233 0.222 -0.072
226 0.009 0.021 -0.049 0.001 0.020 -0.052 0.073 0.073 -0.064 0.239 0.230 -0.071
227 0.007 0.019 -0.050 -0.002 0.016 -0.053 0.065 0.066 -0.063 0.244 0.238 -0.069
228 0.006 0.017 -0.050 -0.005 0.013 -0.053 0.059 0.061 -0.062 0.249 0.244 -0.067
229 0.004 0.016 -0.051 -0.007 0.011 -0.054 0.054 0.057 -0.061 0.252 0.251 -0.064
230 0.002 0.014 -0.052 -0.009 0.008 -0.054 0.050 0.055 -0.059 0.255 0.257 -0.061
231 0.001 0.012 -0.052 -0.010 0.007 -0.055 0.047 0.054 -0.058 0.257 0.262 -0.058
232 0.000 0.010 -0.053 -0.010 0.006 -0.055 0.046 0.054 -0.057 0.258 0.266 -0.055
233 -0.001 0.008 -0.054 -0.011 0.005 -0.056 0.046 0.054 -0.057 0.259 0.269 -0.053
234 -0.003 0.007 -0.054 -0.011 0.005 -0.056 0.046 0.056 -0.056 0.257 0.270 -0.052
235 -0.004 0.005 -0.055 -0.011 0.004 -0.057 0.047 0.057 -0.056 0.255 0.269 -0.050
236 -0.005 0.003 -0.056 -0.010 0.004 -0.057 0.049 0.060 -0.056 0.250 0.266 -0.049
237 -0.006 0.002 -0.056 -0.010 0.004 -0.058 0.052 0.062 -0.056 0.245 0.262 -0.048
238 -0.007 0.000 -0.057 -0.010 0.004 -0.058 0.055 0.065 -0.056 0.240 0.258 -0.047
239 -0.009 0.000 -0.057 -0.010 0.003 -0.059 0.057 0.068 -0.056 0.235 0.254 -0.047
240 -0.010 -0.001 -0.057 -0.010 0.003 -0.059 0.060 0.071 -0.056 0.230 0.249 -0.047
241 -0.010 -0.002 -0.058 -0.011 0.002 -0.059 0.063 0.074 -0.056 0.224 0.242 -0.047
242 -0.011 -0.003 -0.058 -0.012 0.001 -0.060 0.067 0.077 -0.056 0.215 0.233 -0.048
243 -0.012 -0.004 -0.058 -0.013 -0.001 -0.060 0.069 0.080 -0.056 0.204 0.222 -0.048
244 -0.013 -0.005 -0.059 -0.014 -0.002 -0.060 0.072 0.083 -0.057 0.191 0.210 -0.047
245 -0.013 -0.006 -0.059 -0.016 -0.005 -0.060 0.075 0.085 -0.057 0.177 0.196 -0.047
246 -0.014 -0.007 -0.059 -0.019 -0.008 -0.061 0.078 0.087 -0.058 0.160 0.181 -0.046
247 -0.014 -0.007 -0.059 -0.022 -0.011 -0.061 0.080 0.089 -0.058 0.142 0.165 -0.045
248 -0.015 -0.008 -0.060 -0.025 -0.014 -0.061 0.082 0.090 -0.059 0.119 0.145 -0.041
249 -0.015 -0.008 -0.060 -0.029 -0.019 -0.061 0.083 0.091 -0.060 0.092 0.124 -0.036
250 -0.016 -0.009 -0.060 -0.033 -0.023 -0.061 0.084 0.092 -0.060 0.065 0.103 -0.031
251 -0.016 -0.010 -0.060 -0.038 -0.028 -0.062 0.084 0.091 -0.061 0.042 0.085 -0.025
252 -0.017 -0.010 -0.060 -0.042 -0.033 -0.062 0.084 0.089 -0.062 0.023 0.071 -0.021
253 -0.017 -0.011 -0.060 -0.047 -0.038 -0.062 0.083 0.087 -0.063 0.010 0.060 -0.019
254 -0.018 -0.011 -0.060 -0.051 -0.042 -0.062 0.081 0.084 -0.065 0.003 0.051 -0.020
255 -0.018 -0.012 -0.061 -0.055 -0.046 -0.062 0.079 0.081 -0.066 -0.002 0.043 -0.023
256 -0.018 -0.012 -0.061 -0.058 -0.049 -0.062 0.075 0.076 -0.067 -0.006 0.037 -0.026
257 -0.019 -0.012 -0.061 -0.060 -0.052 -0.063 0.072 0.072 -0.068 -0.008 0.031 -0.029
258 -0.019 -0.013 -0.061 -0.062 -0.054 -0.063 0.067 0.066 -0.070 -0.010 0.027 -0.032
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Ketoglutaric Acid 2,3-DHBA 3,4-DHBA Tropolone 
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259 -0.019 -0.013 -0.061 -0.064 -0.056 -0.063 0.063 0.061 -0.070 -0.011 0.025 -0.033
260 -0.019 -0.013 -0.061 -0.065 -0.057 -0.063 0.058 0.055 -0.071 -0.011 0.023 -0.035
261 -0.019 -0.014 -0.062 -0.066 -0.058 -0.063 0.053 0.049 -0.073 -0.012 0.020 -0.036
262 -0.020 -0.014 -0.062 -0.067 -0.059 -0.063 0.048 0.043 -0.074 -0.013 0.017 -0.039
263 -0.020 -0.014 -0.062 -0.067 -0.060 -0.063 0.043 0.037 -0.074 -0.014 0.013 -0.042
264 -0.021 -0.014 -0.062 -0.068 -0.060 -0.063 0.038 0.032 -0.074 -0.014 0.008 -0.046
265 -0.021 -0.015 -0.062 -0.068 -0.060 -0.063 0.033 0.027 -0.075 -0.015 0.004 -0.050
266 -0.021 -0.015 -0.062 -0.068 -0.060 -0.063 0.029 0.022 -0.075 -0.016 -0.001 -0.054
267 -0.021 -0.015 -0.062 -0.068 -0.060 -0.064 0.025 0.018 -0.075 -0.016 -0.005 -0.057
268 -0.021 -0.016 -0.062 -0.067 -0.060 -0.064 0.021 0.015 -0.074 -0.016 -0.007 -0.059
269 -0.022 -0.016 -0.063 -0.068 -0.060 -0.063 0.018 0.012 -0.074 -0.016 -0.008 -0.061
270 -0.022 -0.016 -0.063 -0.067 -0.060 -0.064 0.016 0.010 -0.073 -0.016 -0.010 -0.062
271 -0.022 -0.016 -0.063 -0.067 -0.060 -0.064 0.014 0.009 -0.073 -0.016 -0.010 -0.062
272 -0.022 -0.017 -0.063 -0.066 -0.059 -0.064 0.012 0.009 -0.072 -0.016 -0.010 -0.063
273 -0.022 -0.017 -0.063 -0.066 -0.059 -0.064 0.011 0.009 -0.071 -0.015 -0.010 -0.063
274 -0.022 -0.018 -0.063 -0.066 -0.059 -0.064 0.011 0.009 -0.070 -0.015 -0.011 -0.064
275 -0.023 -0.018 -0.063 -0.065 -0.058 -0.064 0.011 0.010 -0.070 -0.015 -0.011 -0.064
276 -0.023 -0.018 -0.063 -0.064 -0.058 -0.064 0.011 0.011 -0.069 -0.014 -0.010 -0.065
277 -0.023 -0.018 -0.063 -0.064 -0.057 -0.064 0.012 0.012 -0.068 -0.013 -0.010 -0.065
278 -0.023 -0.019 -0.063 -0.063 -0.057 -0.064 0.013 0.013 -0.068 -0.013 -0.010 -0.065
279 -0.024 -0.019 -0.063 -0.063 -0.056 -0.064 0.014 0.014 -0.068 -0.012 -0.010 -0.066
280 -0.024 -0.019 -0.064 -0.062 -0.056 -0.064 0.015 0.016 -0.067 -0.012 -0.009 -0.066
281 -0.024 -0.019 -0.064 -0.061 -0.055 -0.064 0.016 0.017 -0.067 -0.011 -0.009 -0.067
282 -0.024 -0.020 -0.064 -0.060 -0.054 -0.064 0.017 0.018 -0.067 -0.009 -0.008 -0.067
283 -0.024 -0.020 -0.064 -0.059 -0.053 -0.065 0.018 0.019 -0.067 -0.009 -0.008 -0.068
284 -0.024 -0.020 -0.064 -0.058 -0.052 -0.065 0.019 0.021 -0.067 -0.007 -0.007 -0.068
285 -0.025 -0.020 -0.064 -0.057 -0.051 -0.065 0.020 0.022 -0.067 -0.006 -0.006 -0.068
286 -0.025 -0.021 -0.065 -0.056 -0.050 -0.065 0.021 0.022 -0.067 -0.005 -0.005 -0.069
287 -0.025 -0.021 -0.065 -0.055 -0.049 -0.065 0.021 0.022 -0.068 -0.004 -0.005 -0.070
288 -0.025 -0.022 -0.065 -0.054 -0.049 -0.065 0.021 0.022 -0.068 -0.002 -0.004 -0.070
289 -0.026 -0.022 -0.065 -0.053 -0.047 -0.065 0.021 0.022 -0.068 -0.001 -0.003 -0.071
290 -0.026 -0.022 -0.065 -0.051 -0.046 -0.065 0.021 0.021 -0.069 0.000 -0.002 -0.071
291 -0.026 -0.022 -0.065 -0.050 -0.045 -0.065 0.020 0.019 -0.069 0.002 -0.001 -0.071
292 -0.026 -0.022 -0.065 -0.049 -0.044 -0.065 0.019 0.018 -0.070 0.004 0.000 -0.072
293 -0.026 -0.023 -0.065 -0.048 -0.043 -0.065 0.017 0.016 -0.070 0.006 0.002 -0.072
294 -0.026 -0.023 -0.066 -0.047 -0.042 -0.066 0.015 0.013 -0.071 0.007 0.003 -0.073
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Ketoglutaric Acid 2,3-DHBA 3,4-DHBA Tropolone 
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295 -0.027 -0.024 -0.066 -0.046 -0.041 -0.066 0.013 0.010 -0.071 0.009 0.004 -0.074
296 -0.027 -0.024 -0.066 -0.045 -0.040 -0.066 0.009 0.007 -0.072 0.011 0.005 -0.074
297 -0.027 -0.025 -0.066 -0.044 -0.039 -0.066 0.006 0.003 -0.073 0.013 0.007 -0.074
298 -0.028 -0.025 -0.067 -0.043 -0.039 -0.066 0.002 -0.002 -0.073 0.014 0.009 -0.075
299 -0.029 -0.026 -0.067 -0.043 -0.038 -0.067 -0.002 -0.006 -0.074 0.016 0.010 -0.075
300 -0.029 -0.026 -0.067 -0.042 -0.038 -0.067 -0.006 -0.010 -0.074 0.017 0.011 -0.076
301 -0.030 -0.027 -0.067 -0.042 -0.037 -0.067 -0.010 -0.014 -0.075 0.018 0.013 -0.076
302 -0.030 -0.027 -0.067 -0.041 -0.037 -0.067 -0.013 -0.018 -0.075 0.020 0.014 -0.076
303 -0.030 -0.028 -0.067 -0.041 -0.036 -0.067 -0.016 -0.021 -0.075 0.021 0.015 -0.075
304 -0.030 -0.028 -0.068 -0.040 -0.036 -0.068 -0.019 -0.023 -0.075 0.022 0.017 -0.075
305 -0.031 -0.028 -0.068 -0.040 -0.036 -0.068 -0.022 -0.026 -0.075 0.023 0.019 -0.075
306 -0.031 -0.029 -0.067 -0.040 -0.035 -0.067 -0.024 -0.028 -0.075 0.024 0.021 -0.074
307 -0.031 -0.029 -0.068 -0.040 -0.036 -0.067 -0.026 -0.029 -0.074 0.026 0.022 -0.073
308 -0.031 -0.029 -0.068 -0.040 -0.035 -0.067 -0.027 -0.030 -0.074 0.027 0.024 -0.073
309 -0.031 -0.029 -0.068 -0.040 -0.036 -0.068 -0.029 -0.030 -0.073 0.028 0.027 -0.072
310 -0.032 -0.029 -0.068 -0.041 -0.036 -0.068 -0.030 -0.032 -0.073 0.029 0.029 -0.071
311 -0.032 -0.030 -0.068 -0.041 -0.037 -0.068 -0.030 -0.033 -0.073 0.030 0.030 -0.070
312 -0.032 -0.030 -0.068 -0.042 -0.037 -0.068 -0.031 -0.033 -0.072 0.032 0.033 -0.070
313 -0.032 -0.031 -0.069 -0.043 -0.038 -0.068 -0.032 -0.033 -0.072 0.033 0.035 -0.069
314 -0.032 -0.031 -0.069 -0.044 -0.039 -0.069 -0.033 -0.034 -0.072 0.034 0.037 -0.068
315 -0.032 -0.031 -0.069 -0.045 -0.040 -0.069 -0.033 -0.034 -0.072 0.034 0.039 -0.066
316 -0.033 -0.031 -0.069 -0.046 -0.041 -0.069 -0.033 -0.034 -0.072 0.034 0.040 -0.065
317 -0.033 -0.031 -0.069 -0.047 -0.042 -0.069 -0.034 -0.034 -0.072 0.034 0.042 -0.063
318 -0.032 -0.031 -0.069 -0.048 -0.044 -0.069 -0.034 -0.034 -0.072 0.034 0.044 -0.062
319 -0.032 -0.031 -0.068 -0.049 -0.046 -0.069 -0.034 -0.034 -0.071 0.034 0.045 -0.059
320 -0.032 -0.031 -0.069 -0.050 -0.047 -0.069 -0.034 -0.034 -0.071 0.033 0.046 -0.058
321 -0.032 -0.030 -0.069 -0.051 -0.048 -0.069 -0.034 -0.033 -0.071 0.033 0.048 -0.055
322 -0.032 -0.030 -0.068 -0.053 -0.049 -0.069 -0.033 -0.033 -0.071 0.032 0.050 -0.052
323 -0.031 -0.030 -0.068 -0.054 -0.051 -0.069 -0.034 -0.033 -0.071 0.031 0.051 -0.051
324 -0.031 -0.030 -0.068 -0.055 -0.052 -0.068 -0.033 -0.033 -0.070 0.031 0.053 -0.049
325 -0.031 -0.030 -0.068 -0.056 -0.054 -0.068 -0.033 -0.033 -0.071 0.031 0.054 -0.047
326 -0.031 -0.029 -0.068 -0.058 -0.055 -0.068 -0.033 -0.033 -0.071 0.029 0.055 -0.045
327 -0.031 -0.030 -0.068 -0.059 -0.056 -0.068 -0.033 -0.033 -0.070 0.029 0.055 -0.043
328 -0.031 -0.029 -0.068 -0.060 -0.057 -0.068 -0.033 -0.032 -0.070 0.029 0.055 -0.043
329 -0.031 -0.029 -0.067 -0.061 -0.058 -0.068 -0.033 -0.032 -0.070 0.029 0.055 -0.042
330 -0.031 -0.029 -0.067 -0.062 -0.059 -0.068 -0.033 -0.033 -0.070 0.028 0.055 -0.042
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Appendix 1.2. Continued. 
Ketoglutaric Acid 2,3-DHBA 3,4-DHBA Tropolone 

W
av

el
en

gt
h 

(n
m

) 

ke
to

gl
21

 

ke
to

gl
21

 

ke
to

gl
23

 

23
be

n2
1 

23
be

n2
2 

23
be

n2
3 

34
be

n2
1 

34
be

n2
2 

34
be

n2
3 

tro
po

l2
1 

tro
po

l2
2 

tro
po

l2
3 

331 -0.031 -0.030 -0.068 -0.062 -0.061 -0.068 -0.033 -0.033 -0.070 0.028 0.054 -0.043
332 -0.031 -0.030 -0.068 -0.064 -0.061 -0.068 -0.033 -0.033 -0.070 0.027 0.053 -0.043
333 -0.032 -0.030 -0.068 -0.064 -0.063 -0.068 -0.033 -0.033 -0.070 0.027 0.052 -0.044
334 -0.031 -0.030 -0.068 -0.066 -0.063 -0.068 -0.034 -0.033 -0.070 0.027 0.051 -0.045
335 -0.032 -0.030 -0.068 -0.066 -0.064 -0.068 -0.034 -0.034 -0.070 0.026 0.050 -0.046
336 -0.032 -0.030 -0.068 -0.067 -0.064 -0.069 -0.034 -0.034 -0.070 0.026 0.048 -0.047
337 -0.032 -0.030 -0.068 -0.067 -0.065 -0.068 -0.034 -0.033 -0.070 0.025 0.046 -0.048
338 -0.032 -0.030 -0.068 -0.068 -0.065 -0.068 -0.033 -0.033 -0.070 0.026 0.045 -0.050
339 -0.032 -0.030 -0.068 -0.068 -0.065 -0.068 -0.034 -0.033 -0.070 0.025 0.043 -0.052
340 -0.032 -0.030 -0.068 -0.068 -0.065 -0.068 -0.033 -0.033 -0.070 0.026 0.041 -0.054
341 -0.031 -0.029 -0.068 -0.068 -0.066 -0.068 -0.033 -0.032 -0.069 0.026 0.039 -0.056
342 -0.031 -0.029 -0.067 -0.068 -0.066 -0.068 -0.032 -0.032 -0.069 0.027 0.037 -0.058
343 -0.031 -0.029 -0.067 -0.068 -0.066 -0.067 -0.032 -0.032 -0.069 0.027 0.035 -0.061
344 -0.031 -0.029 -0.068 -0.068 -0.066 -0.068 -0.033 -0.032 -0.070 0.028 0.033 -0.064
345 -0.031 -0.030 -0.068 -0.069 -0.067 -0.068 -0.033 -0.032 -0.070 0.027 0.031 -0.066
346 -0.031 -0.030 -0.068 -0.069 -0.067 -0.068 -0.033 -0.032 -0.070 0.028 0.029 -0.068
347 -0.032 -0.030 -0.068 -0.069 -0.067 -0.068 -0.033 -0.033 -0.070 0.028 0.027 -0.070
348 -0.032 -0.030 -0.068 -0.069 -0.067 -0.068 -0.033 -0.033 -0.070 0.027 0.026 -0.071
349 -0.032 -0.030 -0.068 -0.070 -0.067 -0.068 -0.033 -0.033 -0.070 0.027 0.024 -0.072
350 -0.032 -0.030 -0.068 -0.070 -0.067 -0.068 -0.033 -0.033 -0.070 0.026 0.023 -0.072
351 -0.032 -0.030 -0.068 -0.070 -0.068 -0.068 -0.033 -0.033 -0.070 0.024 0.021 -0.073
352 -0.032 -0.030 -0.068 -0.070 -0.068 -0.068 -0.033 -0.033 -0.070 0.024 0.020 -0.073
353 -0.032 -0.030 -0.068 -0.070 -0.068 -0.068 -0.034 -0.033 -0.070 0.023 0.019 -0.073
354 -0.032 -0.031 -0.068 -0.070 -0.068 -0.068 -0.034 -0.033 -0.070 0.022 0.018 -0.073
355 -0.032 -0.031 -0.069 -0.070 -0.068 -0.068 -0.034 -0.033 -0.070 0.021 0.018 -0.073
356 -0.033 -0.031 -0.069 -0.070 -0.068 -0.068 -0.034 -0.033 -0.071 0.021 0.017 -0.073
357 -0.033 -0.031 -0.069 -0.070 -0.068 -0.068 -0.034 -0.033 -0.071 0.020 0.017 -0.073
358 -0.033 -0.031 -0.069 -0.070 -0.068 -0.069 -0.034 -0.034 -0.071 0.020 0.017 -0.073
359 -0.033 -0.031 -0.069 -0.071 -0.068 -0.069 -0.034 -0.034 -0.071 0.019 0.017 -0.072
360 -0.033 -0.031 -0.069 -0.071 -0.069 -0.069 -0.034 -0.034 -0.071 0.018 0.017 -0.072
361 -0.033 -0.032 -0.069 -0.071 -0.069 -0.069 -0.034 -0.034 -0.071 0.018 0.017 -0.071
362 -0.033 -0.032 -0.069 -0.071 -0.069 -0.069 -0.034 -0.034 -0.071 0.017 0.017 -0.070
363 -0.034 -0.032 -0.069 -0.071 -0.069 -0.069 -0.035 -0.034 -0.071 0.015 0.017 -0.069
364 -0.034 -0.032 -0.069 -0.071 -0.069 -0.069 -0.035 -0.034 -0.071 0.013 0.016 -0.068
365 -0.034 -0.032 -0.069 -0.071 -0.069 -0.069 -0.035 -0.034 -0.071 0.010 0.015 -0.066
366 -0.034 -0.032 -0.070 -0.071 -0.069 -0.069 -0.035 -0.035 -0.071 0.006 0.013 -0.064
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Appendix 1.2. Continued. 
Ketoglutaric Acid 2,3-DHBA 3,4-DHBA Tropolone 
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367 -0.034 -0.032 -0.070 -0.071 -0.069 -0.069 -0.035 -0.035 -0.071 0.002 0.012 -0.062
368 -0.034 -0.032 -0.070 -0.071 -0.070 -0.069 -0.035 -0.035 -0.071 -0.002 0.010 -0.060
369 -0.034 -0.033 -0.070 -0.071 -0.070 -0.069 -0.036 -0.035 -0.071 -0.007 0.008 -0.057
370 -0.035 -0.033 -0.070 -0.071 -0.070 -0.070 -0.036 -0.035 -0.071 -0.011 0.006 -0.055
371 -0.034 -0.033 -0.070 -0.072 -0.070 -0.070 -0.036 -0.035 -0.071 -0.015 0.004 -0.052
372 -0.035 -0.033 -0.070 -0.072 -0.070 -0.070 -0.036 -0.035 -0.072 -0.019 0.003 -0.050
373 -0.035 -0.033 -0.070 -0.072 -0.070 -0.070 -0.036 -0.035 -0.071 -0.022 0.002 -0.048
374 -0.035 -0.033 -0.070 -0.072 -0.070 -0.070 -0.036 -0.036 -0.072 -0.025 0.001 -0.046
375 -0.035 -0.033 -0.070 -0.072 -0.070 -0.070 -0.036 -0.036 -0.072 -0.027 0.001 -0.045
376 -0.035 -0.033 -0.070 -0.072 -0.070 -0.070 -0.036 -0.036 -0.072 -0.028 0.001 -0.043
377 -0.035 -0.033 -0.070 -0.072 -0.070 -0.070 -0.036 -0.036 -0.072 -0.030 0.001 -0.042
378 -0.035 -0.033 -0.070 -0.072 -0.070 -0.070 -0.036 -0.036 -0.072 -0.031 0.001 -0.041
379 -0.035 -0.033 -0.070 -0.072 -0.070 -0.070 -0.036 -0.035 -0.072 -0.031 0.002 -0.040
380 -0.035 -0.033 -0.070 -0.072 -0.070 -0.070 -0.036 -0.035 -0.072 -0.031 0.002 -0.038
381 -0.035 -0.033 -0.070 -0.072 -0.070 -0.070 -0.036 -0.035 -0.072 -0.032 0.003 -0.037
382 -0.035 -0.033 -0.070 -0.072 -0.070 -0.070 -0.036 -0.035 -0.071 -0.032 0.004 -0.036
383 -0.034 -0.033 -0.070 -0.071 -0.070 -0.070 -0.036 -0.035 -0.071 -0.032 0.005 -0.035
384 -0.034 -0.033 -0.070 -0.072 -0.070 -0.070 -0.036 -0.035 -0.071 -0.032 0.006 -0.034
385 -0.034 -0.033 -0.070 -0.072 -0.070 -0.070 -0.036 -0.035 -0.071 -0.032 0.007 -0.033
386 -0.034 -0.033 -0.070 -0.071 -0.070 -0.070 -0.035 -0.035 -0.071 -0.032 0.008 -0.033
387 -0.034 -0.033 -0.070 -0.071 -0.070 -0.070 -0.035 -0.035 -0.071 -0.032 0.008 -0.032
388 -0.034 -0.033 -0.070 -0.071 -0.070 -0.070 -0.035 -0.035 -0.071 -0.032 0.008 -0.031
389 -0.034 -0.033 -0.070 -0.071 -0.070 -0.070 -0.035 -0.035 -0.071 -0.032 0.009 -0.031
390 -0.034 -0.033 -0.070 -0.071 -0.070 -0.070 -0.035 -0.035 -0.071 -0.032 0.009 -0.031
391 -0.034 -0.033 -0.070 -0.071 -0.070 -0.070 -0.035 -0.035 -0.071 -0.031 0.009 -0.030
392 -0.034 -0.033 -0.070 -0.071 -0.070 -0.069 -0.035 -0.035 -0.071 -0.031 0.009 -0.030
393 -0.034 -0.033 -0.070 -0.071 -0.070 -0.070 -0.035 -0.036 -0.071 -0.032 0.009 -0.031
394 -0.034 -0.033 -0.070 -0.071 -0.070 -0.070 -0.035 -0.036 -0.071 -0.032 0.008 -0.031
395 -0.034 -0.034 -0.070 -0.071 -0.070 -0.070 -0.035 -0.036 -0.071 -0.032 0.006 -0.033
396 -0.034 -0.034 -0.070 -0.071 -0.070 -0.070 -0.036 -0.036 -0.071 -0.033 0.004 -0.035
397 -0.035 -0.034 -0.070 -0.072 -0.070 -0.070 -0.036 -0.036 -0.071 -0.033 0.000 -0.037
398 -0.035 -0.034 -0.070 -0.072 -0.070 -0.070 -0.036 -0.037 -0.071 -0.034 -0.004 -0.041
399 -0.035 -0.035 -0.070 -0.072 -0.071 -0.070 -0.037 -0.037 -0.071 -0.035 -0.008 -0.044
400 -0.035 -0.035 -0.070 -0.072 -0.071 -0.070 -0.037 -0.037 -0.072 -0.035 -0.012 -0.047
401 -0.036 -0.035 -0.070 -0.072 -0.071 -0.070 -0.037 -0.037 -0.071 -0.036 -0.016 -0.051
402 -0.036 -0.035 -0.070 -0.072 -0.071 -0.070 -0.038 -0.038 -0.072 -0.037 -0.019 -0.054
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Appendix 1.2. Continued. 
Ketoglutaric Acid 2,3-DHBA 3,4-DHBA Tropolone 
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403 -0.036 -0.036 -0.071 -0.072 -0.071 -0.070 -0.038 -0.038 -0.072 -0.037 -0.023 -0.057
404 -0.037 -0.036 -0.071 -0.072 -0.071 -0.070 -0.038 -0.038 -0.072 -0.037 -0.025 -0.059
405 -0.037 -0.036 -0.071 -0.073 -0.071 -0.071 -0.038 -0.038 -0.072 -0.038 -0.028 -0.061
406 -0.037 -0.036 -0.071 -0.073 -0.071 -0.071 -0.038 -0.038 -0.072 -0.038 -0.030 -0.063
407 -0.037 -0.036 -0.071 -0.073 -0.071 -0.071 -0.038 -0.038 -0.072 -0.038 -0.031 -0.064
408 -0.037 -0.036 -0.071 -0.073 -0.072 -0.071 -0.039 -0.039 -0.072 -0.039 -0.032 -0.066
409 -0.037 -0.036 -0.071 -0.073 -0.071 -0.071 -0.038 -0.038 -0.073 -0.039 -0.033 -0.067
410 -0.037 -0.036 -0.071 -0.073 -0.071 -0.071 -0.038 -0.038 -0.072 -0.038 -0.034 -0.067
411 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.038 -0.034 -0.068
412 -0.036 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.037 -0.072 -0.038 -0.035 -0.068
413 -0.036 -0.035 -0.071 -0.072 -0.071 -0.071 -0.037 -0.037 -0.072 -0.038 -0.035 -0.069
414 -0.037 -0.035 -0.071 -0.072 -0.071 -0.071 -0.038 -0.037 -0.072 -0.038 -0.035 -0.069
415 -0.037 -0.035 -0.071 -0.072 -0.071 -0.071 -0.038 -0.037 -0.072 -0.038 -0.036 -0.070
416 -0.037 -0.036 -0.071 -0.072 -0.071 -0.070 -0.038 -0.037 -0.072 -0.038 -0.036 -0.070
417 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.037 -0.072 -0.038 -0.036 -0.070
418 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.037 -0.070
419 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.037 -0.072 -0.038 -0.037 -0.070
420 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.037 -0.071
421 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.037 -0.071
422 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.037 -0.071
423 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.037 -0.071
424 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.037 -0.071
425 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.037 -0.071
426 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.037 -0.071
427 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.037 -0.071
428 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
429 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
430 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
431 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
432 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
433 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
434 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
435 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
436 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
437 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
438 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
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Appendix 1.2. Continued. 
Ketoglutaric Acid 2,3-DHBA 3,4-DHBA Tropolone 
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439 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
440 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
441 -0.037 -0.037 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
442 -0.037 -0.036 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
443 -0.038 -0.037 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
444 -0.037 -0.037 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
445 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
446 -0.038 -0.037 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
447 -0.038 -0.037 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
448 -0.038 -0.037 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
449 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
450 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
451 -0.038 -0.037 -0.071 -0.072 -0.071 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
452 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
453 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.038 -0.072 -0.039 -0.038 -0.071
454 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.038 -0.038 -0.072 -0.039 -0.038 -0.071
455 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.038 -0.039 -0.072 -0.039 -0.038 -0.071
456 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.038 -0.039 -0.072 -0.039 -0.038 -0.071
457 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.039 -0.038 -0.071
458 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.038 -0.072 -0.039 -0.038 -0.071
459 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.039 -0.038 -0.071
460 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.039 -0.038 -0.071
461 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.039 -0.038 -0.071
462 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.039 -0.038 -0.071
463 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.039 -0.038 -0.071
464 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.039 -0.038 -0.071
465 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.039 -0.038 -0.071
466 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.038 -0.039 -0.072 -0.039 -0.039 -0.071
467 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.039 -0.038 -0.071
468 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.039 -0.039 -0.071
469 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.039 -0.039 -0.071
470 -0.038 -0.037 -0.072 -0.072 -0.072 -0.071 -0.038 -0.039 -0.072 -0.039 -0.039 -0.071
471 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.038 -0.039 -0.072 -0.040 -0.039 -0.071
472 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.040 -0.039 -0.071
473 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.040 -0.039 -0.071
474 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.039 -0.039 -0.071
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Appendix 1.2. Continued. 
Ketoglutaric Acid 2,3-DHBA 3,4-DHBA Tropolone 
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475 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.040 -0.039 -0.071
476 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.040 -0.039 -0.072
477 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.040 -0.039 -0.071
478 -0.038 -0.037 -0.072 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.040 -0.039 -0.071
479 -0.038 -0.037 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.040 -0.039 -0.071
480 -0.038 -0.037 -0.072 -0.072 -0.071 -0.071 -0.039 -0.039 -0.072 -0.040 -0.039 -0.072
481 -0.038 -0.038 -0.072 -0.072 -0.071 -0.071 -0.039 -0.039 -0.072 -0.040 -0.039 -0.071
482 -0.038 -0.037 -0.071 -0.072 -0.071 -0.071 -0.039 -0.039 -0.072 -0.040 -0.039 -0.071
483 -0.038 -0.037 -0.071 -0.072 -0.071 -0.071 -0.039 -0.039 -0.072 -0.040 -0.039 -0.072
484 -0.038 -0.038 -0.072 -0.072 -0.071 -0.071 -0.039 -0.039 -0.072 -0.040 -0.039 -0.072
485 -0.038 -0.038 -0.071 -0.072 -0.071 -0.071 -0.039 -0.039 -0.072 -0.040 -0.039 -0.072
486 -0.038 -0.038 -0.071 -0.072 -0.071 -0.071 -0.039 -0.039 -0.072 -0.040 -0.040 -0.072
487 -0.038 -0.037 -0.072 -0.072 -0.071 -0.071 -0.039 -0.039 -0.072 -0.040 -0.040 -0.072
488 -0.038 -0.037 -0.072 -0.072 -0.071 -0.071 -0.039 -0.039 -0.072 -0.040 -0.039 -0.072
489 -0.038 -0.038 -0.072 -0.072 -0.071 -0.071 -0.039 -0.039 -0.072 -0.040 -0.039 -0.072
490 -0.038 -0.038 -0.072 -0.072 -0.071 -0.071 -0.039 -0.039 -0.072 -0.040 -0.040 -0.072
491 -0.039 -0.038 -0.072 -0.072 -0.071 -0.071 -0.039 -0.039 -0.073 -0.040 -0.040 -0.072
492 -0.039 -0.038 -0.072 -0.073 -0.071 -0.071 -0.039 -0.039 -0.073 -0.040 -0.040 -0.072
493 -0.039 -0.038 -0.072 -0.072 -0.071 -0.071 -0.039 -0.039 -0.072 -0.040 -0.040 -0.072
494 -0.039 -0.038 -0.072 -0.072 -0.071 -0.071 -0.039 -0.039 -0.072 -0.040 -0.040 -0.072
495 -0.039 -0.038 -0.072 -0.073 -0.072 -0.071 -0.039 -0.039 -0.072 -0.040 -0.040 -0.072
496 -0.039 -0.038 -0.072 -0.073 -0.072 -0.071 -0.039 -0.039 -0.073 -0.040 -0.040 -0.072
497 -0.039 -0.038 -0.072 -0.073 -0.072 -0.071 -0.039 -0.039 -0.072 -0.040 -0.040 -0.072
498 -0.039 -0.038 -0.072 -0.073 -0.072 -0.071 -0.039 -0.039 -0.072 -0.040 -0.040 -0.072
499 -0.039 -0.038 -0.072 -0.073 -0.072 -0.071 -0.039 -0.039 -0.073 -0.040 -0.040 -0.072
500 -0.039 -0.038 -0.071 -0.072 -0.072 -0.071 -0.039 -0.039 -0.072 -0.040 -0.040 -0.072
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Appendix 1.3. UV-difference spectroscopy results for tropolone. Various silicic 
acid concentrations in 100 uM tropolone were scanned against reference solution 
(100uM tropolone): BL0TP100 - reference solution against distilled water, 
TP100BL2 - reference solution + 5% more tropolone against distilled water (to 
see concentration effect), TP100S05~TP100S55 - 5 ppm to 55 ppm silicic acid in 
100 uM tropolone against BL0TP100. 
Wavelength 

(nm) BL0TP100  TP100BL2 TP100S05 TP100S10 TP100S15 TP100S25 TP100S55
190 -0.030 -0.027 -0.013 0.013 0.019 0.072 0.081 
191 -0.029 -0.025 -0.011 0.016 0.024 0.071 0.079 
192 -0.029 -0.024 -0.008 0.018 0.027 0.070 0.076 
193 -0.029 -0.024 -0.006 0.019 0.030 0.067 0.072 
194 -0.029 -0.023 -0.005 0.020 0.032 0.064 0.068 
195 -0.029 -0.023 -0.004 0.020 0.034 0.061 0.064 
196 -0.029 -0.023 -0.004 0.020 0.035 0.058 0.059 
197 -0.029 -0.024 -0.004 0.020 0.036 0.054 0.054 
198 -0.030 -0.024 -0.004 0.019 0.037 0.050 0.049 
199 -0.030 -0.025 -0.005 0.018 0.037 0.045 0.044 
200 -0.031 -0.025 -0.005 0.017 0.036 0.041 0.038 
201 -0.032 -0.026 -0.005 0.016 0.035 0.036 0.032 
202 -0.033 -0.027 -0.006 0.015 0.034 0.030 0.025 
203 -0.033 -0.027 -0.006 0.014 0.032 0.024 0.018 
204 -0.034 -0.028 -0.006 0.012 0.029 0.018 0.009 
205 -0.035 -0.029 -0.006 0.012 0.027 0.011 0.001 
206 -0.036 -0.029 -0.006 0.011 0.023 0.005 -0.009 
207 -0.036 -0.029 -0.006 0.010 0.019 -0.003 -0.019 
208 -0.037 -0.030 -0.005 0.009 0.015 -0.010 -0.030 
209 -0.038 -0.030 -0.004 0.008 0.010 -0.018 -0.040 
210 -0.039 -0.030 -0.003 0.007 0.005 -0.026 -0.051 
211 -0.039 -0.031 -0.002 0.006 -0.001 -0.033 -0.062 
212 -0.040 -0.031 -0.001 0.005 -0.007 -0.041 -0.073 
213 -0.040 -0.031 0.000 0.005 -0.013 -0.049 -0.084 
214 -0.042 -0.031 0.001 0.004 -0.020 -0.056 -0.094 
215 -0.042 -0.031 0.002 0.003 -0.026 -0.063 -0.105 
216 -0.043 -0.031 0.003 0.002 -0.032 -0.070 -0.114 
217 -0.043 -0.032 0.004 0.001 -0.039 -0.077 -0.123 
218 -0.044 -0.031 0.005 0.001 -0.044 -0.081 -0.131 
219 -0.045 -0.032 0.005 -0.001 -0.049 -0.086 -0.137 
220 -0.046 -0.031 0.006 -0.001 -0.052 -0.088 -0.142 
221 -0.046 -0.031 0.005 -0.002 -0.055 -0.091 -0.146 
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Appendix 1.3. Continued. 
Wavelength 

(nm) BL0TP100  TP100BL2 TP100S05 TP100S10 TP100S15 TP100S25 TP100S55
222 -0.046 -0.031 0.005 -0.003 -0.054 -0.093 -0.149 
223 -0.046 -0.031 0.005 -0.002 -0.053 -0.094 -0.150 
224 -0.047 -0.031 0.006 -0.003 -0.049 -0.093 -0.151 
225 -0.048 -0.032 0.004 -0.004 -0.042 -0.093 -0.150 
226 -0.048 -0.032 0.002 -0.004 -0.033 -0.090 -0.147 
227 -0.049 -0.033 -0.001 -0.003 -0.022 -0.084 -0.140 
228 -0.049 -0.033 -0.004 -0.006 -0.010 -0.078 -0.130 
229 -0.049 -0.033 -0.008 -0.006 0.002 -0.071 -0.120 
230 -0.051 -0.035 -0.013 -0.008 0.015 -0.062 -0.107 
231 -0.052 -0.035 -0.018 -0.009 0.025 -0.052 -0.096 
232 -0.053 -0.038 -0.022 -0.012 0.037 -0.046 -0.084 
233 -0.053 -0.039 -0.025 -0.014 0.046 -0.039 -0.073 
234 -0.053 -0.039 -0.030 -0.016 0.059 -0.033 -0.066 
235 -0.054 -0.041 -0.034 -0.016 0.071 -0.029 -0.059 
236 -0.057 -0.041 -0.035 -0.017 0.083 -0.024 -0.051 
237 -0.054 -0.044 -0.039 -0.018 0.094 -0.019 -0.043 
238 -0.055 -0.043 -0.042 -0.018 0.098 -0.017 -0.039 
239 -0.055 -0.044 -0.043 -0.019 0.095 -0.015 -0.037 
240 -0.056 -0.045 -0.044 -0.021 0.091 -0.015 -0.032 
241 -0.055 -0.046 -0.046 -0.020 0.094 -0.015 -0.033 
242 -0.056 -0.046 -0.048 -0.020 0.109 -0.013 -0.030 
243 -0.058 -0.047 -0.049 -0.019 0.122 -0.013 -0.027 
244 -0.056 -0.048 -0.050 -0.018 0.128 -0.012 -0.024 
245 -0.056 -0.048 -0.052 -0.020 0.116 -0.009 -0.018 
246 -0.056 -0.048 -0.056 -0.025 0.097 -0.001 -0.005 
247 -0.056 -0.050 -0.062 -0.029 0.094 0.014 0.020 
248 -0.056 -0.053 -0.070 -0.032 0.108 0.033 0.050 
249 -0.055 -0.055 -0.077 -0.035 0.122 0.051 0.080 
250 -0.054 -0.055 -0.082 -0.039 0.125 0.066 0.104 
251 -0.054 -0.056 -0.085 -0.044 0.114 0.078 0.121 
252 -0.054 -0.056 -0.086 -0.049 0.090 0.085 0.132 
253 -0.054 -0.056 -0.086 -0.054 0.057 0.087 0.136 
254 -0.053 -0.056 -0.084 -0.059 0.022 0.085 0.133 
255 -0.053 -0.056 -0.082 -0.062 -0.009 0.078 0.124 
256 -0.053 -0.055 -0.079 -0.064 -0.031 0.070 0.111 
257 -0.053 -0.054 -0.076 -0.064 -0.045 0.062 0.100 
258 -0.053 -0.054 -0.074 -0.064 -0.053 0.056 0.092 
259 -0.053 -0.054 -0.073 -0.064 -0.058 0.052 0.086 
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Appendix 1.3. Continued. 
Wavelength 

(nm) BL0TP100  TP100BL2 TP100S05 TP100S10 TP100S15 TP100S25 TP100S55
260 -0.053 -0.054 -0.072 -0.064 -0.060 0.049 0.081 
261 -0.053 -0.054 -0.071 -0.063 -0.061 0.044 0.075 
262 -0.053 -0.054 -0.069 -0.061 -0.060 0.037 0.065 
263 -0.053 -0.053 -0.066 -0.058 -0.057 0.027 0.050 
264 -0.053 -0.053 -0.062 -0.055 -0.054 0.015 0.032 
265 -0.053 -0.053 -0.059 -0.051 -0.050 0.002 0.015 
266 -0.053 -0.052 -0.055 -0.048 -0.047 -0.009 0.000 
267 -0.053 -0.052 -0.052 -0.045 -0.045 -0.017 -0.012 
268 -0.053 -0.052 -0.050 -0.044 -0.044 -0.023 -0.021 
269 -0.053 -0.052 -0.049 -0.042 -0.043 -0.028 -0.027 
270 -0.053 -0.052 -0.048 -0.041 -0.042 -0.031 -0.032 
271 -0.053 -0.052 -0.047 -0.041 -0.043 -0.033 -0.035 
272 -0.053 -0.052 -0.047 -0.041 -0.043 -0.035 -0.037 
273 -0.053 -0.052 -0.047 -0.041 -0.044 -0.037 -0.040 
274 -0.053 -0.052 -0.046 -0.041 -0.044 -0.038 -0.042 
275 -0.053 -0.052 -0.046 -0.041 -0.045 -0.040 -0.044 
276 -0.053 -0.052 -0.046 -0.041 -0.046 -0.041 -0.045 
277 -0.054 -0.052 -0.046 -0.042 -0.047 -0.042 -0.047 
278 -0.053 -0.052 -0.045 -0.042 -0.048 -0.044 -0.049 
279 -0.053 -0.052 -0.045 -0.041 -0.049 -0.045 -0.051 
280 -0.054 -0.052 -0.045 -0.042 -0.049 -0.046 -0.053 
281 -0.054 -0.052 -0.045 -0.042 -0.050 -0.048 -0.055 
282 -0.054 -0.052 -0.044 -0.042 -0.051 -0.049 -0.057 
283 -0.053 -0.052 -0.044 -0.042 -0.051 -0.051 -0.059 
284 -0.053 -0.052 -0.044 -0.042 -0.051 -0.052 -0.061 
285 -0.054 -0.052 -0.044 -0.042 -0.052 -0.053 -0.063 
286 -0.054 -0.052 -0.043 -0.042 -0.052 -0.055 -0.066 
287 -0.053 -0.052 -0.043 -0.042 -0.051 -0.057 -0.068 
288 -0.054 -0.052 -0.043 -0.041 -0.051 -0.059 -0.071 
289 -0.054 -0.052 -0.043 -0.041 -0.049 -0.060 -0.073 
290 -0.054 -0.052 -0.042 -0.041 -0.048 -0.062 -0.075 
291 -0.054 -0.052 -0.042 -0.041 -0.045 -0.063 -0.078 
292 -0.054 -0.052 -0.042 -0.040 -0.044 -0.065 -0.080 
293 -0.054 -0.052 -0.042 -0.039 -0.041 -0.066 -0.082 
294 -0.054 -0.052 -0.041 -0.039 -0.038 -0.067 -0.084 
295 -0.054 -0.052 -0.041 -0.039 -0.035 -0.069 -0.087 
296 -0.054 -0.052 -0.041 -0.038 -0.032 -0.070 -0.089 
297 -0.055 -0.052 -0.041 -0.037 -0.028 -0.071 -0.091 
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Appendix 1.3. Continued. 
Wavelength 

(nm) BL0TP100  TP100BL2 TP100S05 TP100S10 TP100S15 TP100S25 TP100S55
298 -0.055 -0.052 -0.041 -0.037 -0.025 -0.072 -0.092 
299 -0.055 -0.052 -0.041 -0.036 -0.022 -0.074 -0.095 
300 -0.055 -0.052 -0.041 -0.036 -0.018 -0.074 -0.096 
301 -0.056 -0.053 -0.041 -0.035 -0.013 -0.075 -0.097 
302 -0.056 -0.054 -0.041 -0.035 -0.008 -0.075 -0.097 
303 -0.056 -0.053 -0.042 -0.034 -0.004 -0.075 -0.096 
304 -0.056 -0.053 -0.042 -0.035 0.001 -0.075 -0.096 
305 -0.056 -0.054 -0.042 -0.034 0.006 -0.074 -0.095 
306 -0.056 -0.053 -0.043 -0.034 0.010 -0.073 -0.093 
307 -0.056 -0.053 -0.044 -0.034 0.013 -0.071 -0.091 
308 -0.056 -0.054 -0.044 -0.034 0.015 -0.069 -0.088 
309 -0.056 -0.054 -0.045 -0.036 0.012 -0.067 -0.085 
310 -0.056 -0.054 -0.046 -0.038 0.007 -0.064 -0.083 
311 -0.056 -0.054 -0.047 -0.040 0.000 -0.062 -0.078 
312 -0.056 -0.054 -0.048 -0.043 -0.010 -0.059 -0.074 
313 -0.056 -0.055 -0.049 -0.045 -0.021 -0.057 -0.071 
314 -0.058 -0.054 -0.051 -0.049 -0.032 -0.053 -0.067 
315 -0.057 -0.055 -0.053 -0.051 -0.039 -0.050 -0.062 
316 -0.057 -0.056 -0.054 -0.054 -0.047 -0.045 -0.055 
317 -0.058 -0.056 -0.056 -0.056 -0.054 -0.041 -0.049 
318 -0.058 -0.056 -0.058 -0.059 -0.061 -0.036 -0.041 
319 -0.058 -0.056 -0.060 -0.062 -0.068 -0.031 -0.033 
320 -0.058 -0.058 -0.061 -0.066 -0.076 -0.023 -0.024 
321 -0.058 -0.058 -0.064 -0.069 -0.082 -0.018 -0.014 
322 -0.058 -0.057 -0.067 -0.072 -0.089 -0.011 -0.005 
323 -0.058 -0.058 -0.069 -0.075 -0.096 -0.005 0.005 
324 -0.058 -0.058 -0.071 -0.078 -0.104 0.002 0.013 
325 -0.058 -0.058 -0.073 -0.080 -0.110 0.007 0.022 
326 -0.058 -0.058 -0.074 -0.081 -0.116 0.011 0.028 
327 -0.058 -0.058 -0.075 -0.084 -0.122 0.015 0.032 
328 -0.058 -0.058 -0.076 -0.085 -0.126 0.018 0.035 
329 -0.058 -0.058 -0.076 -0.085 -0.128 0.019 0.037 
330 -0.057 -0.057 -0.076 -0.085 -0.130 0.019 0.037 
331 -0.058 -0.057 -0.075 -0.086 -0.131 0.019 0.036 
332 -0.057 -0.057 -0.075 -0.086 -0.131 0.017 0.035 
333 -0.057 -0.057 -0.075 -0.085 -0.131 0.016 0.033 
334 -0.058 -0.057 -0.074 -0.084 -0.130 0.013 0.029 
335 -0.057 -0.057 -0.073 -0.084 -0.128 0.011 0.025 
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Appendix 1.3. Continued. 
Wavelength 

(nm) BL0TP100  TP100BL2 TP100S05 TP100S10 TP100S15 TP100S25 TP100S55
336 -0.057 -0.057 -0.072 -0.082 -0.126 0.007 0.021 
337 -0.057 -0.057 -0.071 -0.080 -0.124 0.003 0.015 
338 -0.057 -0.056 -0.069 -0.078 -0.121 -0.002 0.007 
339 -0.057 -0.056 -0.067 -0.076 -0.117 -0.008 -0.001 
340 -0.057 -0.055 -0.064 -0.073 -0.113 -0.014 -0.009 
341 -0.056 -0.055 -0.062 -0.070 -0.109 -0.020 -0.019 
342 -0.056 -0.054 -0.060 -0.067 -0.105 -0.028 -0.029 
343 -0.055 -0.053 -0.056 -0.065 -0.100 -0.035 -0.040 
344 -0.055 -0.054 -0.054 -0.062 -0.095 -0.042 -0.049 
345 -0.056 -0.053 -0.052 -0.060 -0.091 -0.048 -0.059 
346 -0.056 -0.053 -0.050 -0.057 -0.086 -0.054 -0.067 
347 -0.056 -0.052 -0.048 -0.055 -0.081 -0.059 -0.073 
348 -0.055 -0.052 -0.047 -0.052 -0.076 -0.062 -0.079 
349 -0.056 -0.052 -0.046 -0.051 -0.070 -0.065 -0.082 
350 -0.056 -0.052 -0.046 -0.050 -0.065 -0.067 -0.085 
351 -0.055 -0.052 -0.046 -0.048 -0.060 -0.068 -0.086 
352 -0.055 -0.052 -0.045 -0.048 -0.055 -0.069 -0.087 
353 -0.056 -0.053 -0.046 -0.047 -0.050 -0.069 -0.087 
354 -0.055 -0.052 -0.045 -0.046 -0.046 -0.069 -0.086 
355 -0.055 -0.052 -0.046 -0.045 -0.042 -0.068 -0.086 
356 -0.055 -0.052 -0.046 -0.045 -0.038 -0.068 -0.085 
357 -0.056 -0.053 -0.046 -0.045 -0.034 -0.066 -0.082 
358 -0.056 -0.052 -0.046 -0.044 -0.032 -0.064 -0.080 
359 -0.055 -0.052 -0.046 -0.044 -0.029 -0.063 -0.078 
360 -0.056 -0.052 -0.047 -0.044 -0.027 -0.061 -0.075 
361 -0.056 -0.052 -0.048 -0.044 -0.026 -0.058 -0.072 
362 -0.055 -0.052 -0.048 -0.045 -0.025 -0.055 -0.066 
363 -0.055 -0.052 -0.049 -0.046 -0.023 -0.051 -0.061 
364 -0.055 -0.052 -0.051 -0.046 -0.022 -0.046 -0.054 
365 -0.056 -0.052 -0.053 -0.048 -0.020 -0.041 -0.046 
366 -0.056 -0.053 -0.056 -0.050 -0.019 -0.034 -0.036 
367 -0.056 -0.054 -0.059 -0.053 -0.019 -0.028 -0.025 
368 -0.056 -0.055 -0.063 -0.055 -0.020 -0.020 -0.015 
369 -0.056 -0.056 -0.066 -0.058 -0.023 -0.013 -0.004 
370 -0.056 -0.057 -0.069 -0.061 -0.027 -0.006 0.007 
371 -0.056 -0.058 -0.072 -0.065 -0.032 0.001 0.018 
372 -0.056 -0.058 -0.075 -0.068 -0.038 0.007 0.027 
373 -0.057 -0.059 -0.077 -0.070 -0.045 0.013 0.036 
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Appendix 1.3. Continued. 
Wavelength 

(nm) BL0TP100  TP100BL2 TP100S05 TP100S10 TP100S15 TP100S25 TP100S55
374 -0.056 -0.059 -0.079 -0.073 -0.051 0.019 0.044 
375 -0.056 -0.059 -0.080 -0.075 -0.057 0.024 0.052 
376 -0.056 -0.059 -0.082 -0.077 -0.062 0.028 0.058 
377 -0.057 -0.060 -0.083 -0.079 -0.067 0.032 0.064 
378 -0.056 -0.059 -0.084 -0.080 -0.071 0.036 0.070 
379 -0.056 -0.059 -0.085 -0.081 -0.074 0.040 0.075 
380 -0.056 -0.059 -0.086 -0.083 -0.077 0.044 0.081 
381 -0.057 -0.060 -0.087 -0.084 -0.080 0.047 0.086 
382 -0.056 -0.059 -0.088 -0.085 -0.082 0.051 0.091 
383 -0.056 -0.059 -0.089 -0.086 -0.083 0.054 0.095 
384 -0.056 -0.059 -0.089 -0.087 -0.085 0.057 0.099 
385 -0.057 -0.060 -0.090 -0.088 -0.086 0.059 0.102 
386 -0.057 -0.060 -0.091 -0.089 -0.087 0.061 0.105 
387 -0.057 -0.059 -0.091 -0.089 -0.088 0.063 0.107 
388 -0.057 -0.059 -0.092 -0.090 -0.089 0.064 0.109 
389 -0.057 -0.060 -0.092 -0.090 -0.089 0.065 0.111 
390 -0.057 -0.061 -0.093 -0.090 -0.090 0.067 0.113 
391 -0.057 -0.060 -0.093 -0.090 -0.090 0.067 0.114 
392 -0.057 -0.060 -0.093 -0.091 -0.090 0.067 0.114 
393 -0.057 -0.060 -0.093 -0.091 -0.090 0.067 0.112 
394 -0.057 -0.060 -0.092 -0.090 -0.090 0.064 0.109 
395 -0.057 -0.060 -0.091 -0.089 -0.089 0.060 0.103 
396 -0.057 -0.060 -0.089 -0.087 -0.087 0.053 0.093 
397 -0.057 -0.060 -0.087 -0.085 -0.084 0.045 0.082 
398 -0.057 -0.060 -0.084 -0.082 -0.082 0.035 0.068 
399 -0.057 -0.060 -0.081 -0.079 -0.079 0.025 0.053 
400 -0.057 -0.059 -0.078 -0.076 -0.075 0.014 0.039 
401 -0.057 -0.059 -0.075 -0.073 -0.072 0.005 0.025 
402 -0.057 -0.059 -0.072 -0.070 -0.070 -0.004 0.013 
403 -0.057 -0.059 -0.069 -0.067 -0.067 -0.012 0.002 
404 -0.057 -0.058 -0.067 -0.065 -0.065 -0.019 -0.008 
405 -0.057 -0.058 -0.066 -0.064 -0.063 -0.025 -0.016 
406 -0.057 -0.058 -0.064 -0.062 -0.061 -0.029 -0.022 
407 -0.057 -0.058 -0.062 -0.060 -0.060 -0.033 -0.028 
408 -0.057 -0.058 -0.062 -0.060 -0.059 -0.037 -0.032 
409 -0.057 -0.058 -0.061 -0.059 -0.058 -0.039 -0.036 
410 -0.057 -0.058 -0.060 -0.058 -0.057 -0.041 -0.039 
411 -0.057 -0.058 -0.059 -0.057 -0.057 -0.043 -0.041 
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Appendix 1.3. Continued. 
Wavelength 

(nm) BL0TP100  TP100BL2 TP100S05 TP100S10 TP100S15 TP100S25 TP100S55
412 -0.057 -0.057 -0.058 -0.056 -0.056 -0.044 -0.043 
413 -0.057 -0.057 -0.058 -0.056 -0.055 -0.045 -0.045 
414 -0.057 -0.057 -0.057 -0.056 -0.055 -0.047 -0.046 
415 -0.057 -0.057 -0.057 -0.055 -0.055 -0.047 -0.047 
416 -0.057 -0.057 -0.057 -0.055 -0.054 -0.048 -0.048 
417 -0.057 -0.057 -0.057 -0.055 -0.054 -0.049 -0.049 
418 -0.057 -0.057 -0.057 -0.055 -0.054 -0.049 -0.050 
419 -0.057 -0.057 -0.057 -0.055 -0.054 -0.049 -0.050 
420 -0.057 -0.057 -0.057 -0.055 -0.054 -0.050 -0.051 
421 -0.057 -0.057 -0.056 -0.055 -0.054 -0.050 -0.051 
422 -0.057 -0.057 -0.056 -0.055 -0.054 -0.051 -0.051 
423 -0.057 -0.057 -0.056 -0.055 -0.053 -0.051 -0.052 
424 -0.057 -0.057 -0.056 -0.054 -0.054 -0.051 -0.052 
425 -0.057 -0.057 -0.056 -0.054 -0.054 -0.051 -0.052 
426 -0.057 -0.057 -0.056 -0.054 -0.054 -0.051 -0.052 
427 -0.057 -0.057 -0.056 -0.055 -0.053 -0.051 -0.052 
428 -0.057 -0.057 -0.056 -0.054 -0.054 -0.051 -0.052 
429 -0.057 -0.057 -0.056 -0.054 -0.054 -0.051 -0.052 
430 -0.057 -0.057 -0.056 -0.054 -0.054 -0.051 -0.053 
431 -0.056 -0.057 -0.056 -0.054 -0.053 -0.051 -0.053 
432 -0.056 -0.057 -0.056 -0.054 -0.054 -0.051 -0.053 
433 -0.057 -0.057 -0.056 -0.054 -0.054 -0.052 -0.053 
434 -0.056 -0.057 -0.056 -0.054 -0.054 -0.052 -0.053 
435 -0.056 -0.057 -0.056 -0.054 -0.053 -0.052 -0.053 
436 -0.056 -0.057 -0.056 -0.054 -0.054 -0.052 -0.053 
437 -0.056 -0.057 -0.056 -0.054 -0.054 -0.052 -0.053 
438 -0.056 -0.057 -0.057 -0.054 -0.054 -0.052 -0.053 
439 -0.055 -0.057 -0.057 -0.054 -0.053 -0.052 -0.053 
440 -0.056 -0.057 -0.056 -0.054 -0.054 -0.052 -0.053 
441 -0.057 -0.057 -0.057 -0.054 -0.054 -0.052 -0.053 
442 -0.057 -0.057 -0.057 -0.054 -0.054 -0.052 -0.053 
443 -0.056 -0.057 -0.057 -0.055 -0.054 -0.052 -0.053 
444 -0.056 -0.057 -0.056 -0.055 -0.054 -0.052 -0.053 
445 -0.056 -0.057 -0.056 -0.054 -0.054 -0.052 -0.053 
446 -0.056 -0.057 -0.057 -0.054 -0.054 -0.052 -0.053 
447 -0.056 -0.057 -0.057 -0.055 -0.054 -0.052 -0.053 
448 -0.056 -0.058 -0.056 -0.055 -0.054 -0.052 -0.053 
449 -0.056 -0.057 -0.057 -0.055 -0.054 -0.052 -0.053 
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Appendix 1.3. Continued. 
Wavelength 

(nm) BL0TP100  TP100BL2 TP100S05 TP100S10 TP100S15 TP100S25 TP100S55
450 -0.056 -0.057 -0.057 -0.055 -0.054 -0.052 -0.053 
451 -0.056 -0.057 -0.057 -0.055 -0.054 -0.052 -0.054 
452 -0.056 -0.057 -0.056 -0.055 -0.054 -0.052 -0.053 
453 -0.056 -0.057 -0.057 -0.055 -0.054 -0.052 -0.053 
454 -0.056 -0.057 -0.057 -0.055 -0.054 -0.052 -0.053 
455 -0.056 -0.057 -0.056 -0.055 -0.054 -0.052 -0.053 
456 -0.056 -0.058 -0.057 -0.055 -0.054 -0.052 -0.053 
457 -0.056 -0.057 -0.057 -0.055 -0.054 -0.052 -0.054 
458 -0.056 -0.057 -0.057 -0.055 -0.054 -0.052 -0.054 
459 -0.056 -0.057 -0.057 -0.055 -0.054 -0.052 -0.054 
460 -0.056 -0.057 -0.057 -0.055 -0.054 -0.052 -0.053 
461 -0.056 -0.057 -0.057 -0.055 -0.054 -0.052 -0.054 
462 -0.056 -0.057 -0.057 -0.054 -0.054 -0.052 -0.054 
463 -0.056 -0.057 -0.057 -0.054 -0.054 -0.052 -0.054 
464 -0.056 -0.057 -0.057 -0.055 -0.054 -0.052 -0.054 
465 -0.057 -0.057 -0.057 -0.055 -0.054 -0.052 -0.054 
466 -0.057 -0.057 -0.057 -0.055 -0.054 -0.052 -0.054 
467 -0.056 -0.057 -0.057 -0.055 -0.054 -0.052 -0.054 
468 -0.056 -0.057 -0.057 -0.055 -0.055 -0.052 -0.054 
469 -0.057 -0.057 -0.057 -0.055 -0.054 -0.052 -0.054 
470 -0.056 -0.057 -0.057 -0.054 -0.054 -0.052 -0.054 
471 -0.056 -0.057 -0.057 -0.055 -0.054 -0.052 -0.054 
472 -0.057 -0.057 -0.057 -0.055 -0.055 -0.052 -0.054 
473 -0.057 -0.057 -0.057 -0.055 -0.055 -0.052 -0.054 
474 -0.056 -0.057 -0.057 -0.055 -0.054 -0.052 -0.054 
475 -0.057 -0.057 -0.057 -0.055 -0.055 -0.053 -0.054 
476 -0.057 -0.057 -0.057 -0.055 -0.055 -0.052 -0.054 
477 -0.057 -0.057 -0.057 -0.055 -0.055 -0.052 -0.054 
478 -0.056 -0.057 -0.057 -0.055 -0.055 -0.053 -0.054 
479 -0.056 -0.057 -0.057 -0.055 -0.055 -0.053 -0.054 
480 -0.057 -0.057 -0.057 -0.055 -0.055 -0.053 -0.054 
481 -0.056 -0.057 -0.057 -0.055 -0.055 -0.052 -0.054 
482 -0.056 -0.057 -0.057 -0.055 -0.055 -0.053 -0.054 
483 -0.057 -0.057 -0.057 -0.055 -0.055 -0.053 -0.054 
484 -0.057 -0.057 -0.057 -0.055 -0.055 -0.053 -0.054 
485 -0.057 -0.057 -0.057 -0.056 -0.055 -0.053 -0.054 
486 -0.057 -0.057 -0.057 -0.055 -0.055 -0.053 -0.054 
487 -0.057 -0.057 -0.057 -0.055 -0.055 -0.053 -0.054 
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Appendix 1.3. Continued. 
Wavelength 

(nm) BL0TP100  TP100BL2 TP100S05 TP100S10 TP100S15 TP100S25 TP100S55
488 -0.057 -0.058 -0.057 -0.056 -0.055 -0.053 -0.054 
489 -0.057 -0.058 -0.057 -0.056 -0.056 -0.053 -0.054 
490 -0.057 -0.057 -0.057 -0.056 -0.055 -0.053 -0.054 
491 -0.057 -0.057 -0.057 -0.055 -0.055 -0.053 -0.055 
492 -0.057 -0.058 -0.057 -0.056 -0.055 -0.053 -0.055 
493 -0.057 -0.058 -0.057 -0.056 -0.056 -0.053 -0.055 
494 -0.057 -0.057 -0.057 -0.056 -0.056 -0.053 -0.054 
495 -0.057 -0.057 -0.057 -0.056 -0.056 -0.053 -0.055 
496 -0.058 -0.058 -0.057 -0.056 -0.056 -0.054 -0.055 
497 -0.057 -0.058 -0.057 -0.056 -0.056 -0.054 -0.055 
498 -0.057 -0.058 -0.057 -0.056 -0.056 -0.054 -0.055 
499 -0.057 -0.057 -0.057 -0.056 -0.056 -0.054 -0.055 
500 -0.057 -0.057 -0.057 -0.056 -0.056 -0.054 -0.055 
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Appendix 2.1. Experimental parameters and analytical results - inorganic 
electrolytes, pH 3. 
    [LiCl] Si* Si** Al** Ca** Mg** Fe** 
sample ID reactor T(°C) pH (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
012094R1 albite 50 3.7 1 0.134 n.a. n.a. n.a. n.a. n.a. 
012094R2 microcline 50 3.0 1 0.039 n.a. n.a. n.a. n.a. n.a. 
012094R3 kyanite 50 3.0 1 0.015 n.a. n.a. n.a. n.a. n.a. 
012094R4 andalusite 50 3.1 1 0.043 n.a. n.a. n.a. n.a. n.a. 
012094R5 quartz 24 3.0 1 0.005 n.a. n.a. n.a. n.a. n.a. 
012194R1 albite 50 3.7 1 0.113 n.a. n.a. n.a. n.a. n.a. 
012194R2 microcline 50 3.0 1 0.038 n.a. n.a. n.a. n.a. n.a. 
012194R3 kyanite 50 3.1 1 0.012 n.a. n.a. n.a. n.a. n.a. 
012194R4 andalusite 50 3.1 1 0.040 n.a. n.a. n.a. n.a. n.a. 
012194R5 quartz 24 3.0 1 0.004 n.a. n.a. n.a. n.a. n.a. 
012494R1 albite 35 3.7 1 0.098 n.a. n.a. n.a. n.a. n.a. 
012494R2 microcline 35 3.1 1 0.021 n.a. n.a. n.a. n.a. n.a. 
012494R3 kyanite 35 3.1 1 0.005 n.a. n.a. n.a. n.a. n.a. 
012494R4 andalusite 35 3.1 1 0.016 n.a. n.a. n.a. n.a. n.a. 
012494R5 quartz 24 3.1 1 0.003 n.a. n.a. n.a. n.a. n.a. 
012594R1 albite 35 3.7 1 0.102 n.a. n.a. n.a. n.a. n.a. 
012594R2 microcline 35 3.1 1 0.018 n.a. n.a. n.a. n.a. n.a. 
012594R3 kyanite 35 3.0 1 0.004 n.a. n.a. n.a. n.a. n.a. 
012594R4 andalusite 35 3.1 1 0.011 n.a. n.a. n.a. n.a. n.a. 
012594R5 quartz 24 3.1 1 0.003 n.a. n.a. n.a. n.a. n.a. 
012894R1 albite 25 3.6 1 0.095 0.146 0.139 0.051 bdl bdl 
012894R2 microcline 25 3.0 1 0.008 0.031 0.010 bdl 0.001 0.002 
012894R3 kyanite 25 3.0 1 0.003 bdl 0.002 bdl bdl bdl 
012894R4 andalusite 25 3.0 1 0.005 bdl 0.003 bdl bdl bdl 
012894R5 quartz 23 3.0 1 0.004 bdl bdl bdl bdl bdl 
020194R1 albite 10 3.5 1 0.107 0.137 0.129 0.041 bdl bdl 
020194R2 microcline 10 3.0 1 0.005 bdl 0.003 bdl bdl bdl 
020194R3 kyanite 10 3.0 1 0.001 bdl bdl bdl bdl bdl 
020194R4 andalusite 10 3.0 1 0.001 bdl bdl bdl bdl bdl 
020194R5 quartz 23 3.0 1 0.001 bdl bdl bdl bdl bdl 
020294R1 albite 10 3.4 1 0.101 n.a. n.a. n.a. n.a. n.a. 
020294R2 microcline 10 3.0 1 0.004 n.a. n.a. n.a. n.a. n.a. 
020294R3 kyanite 10 3.0 1 0.001 n.a. n.a. n.a. n.a. n.a. 
020294R4 andalusite 10 3.0 1 0.001 n.a. n.a. n.a. n.a. n.a. 
020294R5 quartz 23 3.0 1 0.001 n.a. n.a. n.a. n.a. n.a. 
020494R1 albite 10 3.5 5 0.093 n.a. n.a. n.a. n.a. n.a. 
020494R2 microcline 10 3.1 5 0.003 n.a. n.a. n.a. n.a. n.a. 
 
Note:  * Numbers determined from spectrophotometric (molybdosilicic) method. ** Determined using ICP. 

n.a.: Not analyzed. bdl: Below instrumental detection limit. 
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Appendix 2.1. Continued. 
    [LiCl] Si* Si** Al** Ca** Mg** Fe** 
sample ID reactor T(°C) pH (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
020494R3 kyanite 10 3.0 5 0.000 n.a. n.a. n.a. n.a. n.a. 
020494R4 andalusite 10 3.0 5 0.001 n.a. n.a. n.a. n.a. n.a. 
020494R5 quartz 24 3.0 5 0.001 n.a. n.a. n.a. n.a. n.a. 
020694R1 albite 10 - 5 0.092 n.a. n.a. n.a. n.a. n.a. 
020694R2 microcline 10 - 5 0.003 n.a. n.a. n.a. n.a. n.a. 
020694R3 kyanite 10 - 5 0.000 n.a. n.a. n.a. n.a. n.a. 
020694R4 andalusite 10 - 5 0.001 n.a. n.a. n.a. n.a. n.a. 
020694R5 quartz 24 - 5 0.001 n.a. n.a. n.a. n.a. n.a. 
020894R1 albite 25 3.5 5 0.104 0.148 0.134 0.040 bdl bdl 
020894R2 microcline 25 3.0 5 0.007 bdl bdl bdl bdl bdl 
020894R3 kyanite 25 3.0 5 0.001 bdl bdl bdl bdl bdl 
020894R4 andalusite 25 3.0 5 0.002 bdl bdl bdl bdl bdl 
020894R5 quartz 24 3.0 5 0.001 bdl bdl bdl bdl bdl 
020994R1 albite 25 3.5 5 0.114 n.a. n.a. n.a. n.a. n.a. 
020994R2 microcline 25 3.0 5 0.009 n.a. n.a. n.a. n.a. n.a. 
020994R3 kyanite 25 3.0 5 0.002 n.a. n.a. n.a. n.a. n.a. 
020994R4 andalusite 25 3.0 5 0.003 n.a. n.a. n.a. n.a. n.a. 
020994R5 quartz 24 3.0 5 0.001 n.a. n.a. n.a. n.a. n.a. 
021294R1 albite 35 3.5 5 0.113 0.150 0.127 0.041 bdl 0.001 
021294R2 microcline 35 3.1 5 0.015 0.006 bdl bdl bdl bdl 
021294R3 kyanite 35 3.0 5 0.002 bdl bdl bdl bdl bdl 
021294R4 andalusite 35 3.1 5 0.005 bdl bdl bdl bdl bdl 
021294R5 quartz 24 3.0 5 0.002 bdl bdl bdl bdl bdl 
021494R1 albite 50 3.5 5 0.114 0.159 0.106 0.049 bdl 0.002 
021494R2 microcline 50 3.0 5 0.035 0.026 bdl bdl bdl bdl 
021494R3 kyanite 50 3.0 5 0.003 bdl bdl bdl bdl bdl 
021494R4 andalusite 50 3.1 5 0.011 0.001 0.006 bdl bdl 0.001 
021494R5 quartz 24 3.0 5 0.001 bdl bdl bdl bdl bdl 
021594R1 albite 50 3.5 5 0.124 n.a. n.a. n.a. n.a. n.a. 
021594R2 microcline 50 3.1 5 0.042 n.a. n.a. n.a. n.a. n.a. 
021594R3 kyanite 50 3.0 5 0.003 n.a. n.a. n.a. n.a. n.a. 
021594R4 andalusite 50 3.1 5 0.012 n.a. n.a. n.a. n.a. n.a. 
021594R5 quartz 24 3.0 5 0.001 n.a. n.a. n.a. n.a. n.a. 
021894R1 albite 50 3.5 10 0.108 0.141 0.110 0.040 bdl 0.002 
021894R2 microcline 50 3.1 10 0.035 0.026 0.003 bdl bdl bdl 
021894R3 kyanite 50 3.1 10 0.002 bdl bdl bdl bdl bdl 
021894R4 andalusite 50 3.1 10 0.009 bdl 0.005 bdl bdl 0.001 
021894R5 quartz 24 3.1 10 0.001 bdl bdl bdl bdl bdl 
022194R1 albite 35 3.4 10 0.096 0.126 0.119 0.032 bdl 0.002 
022194R2 microcline 35 3.0 10 0.015 0.005 0.001 bdl bdl bdl 
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Appendix 2.1. Continued. 
    [LiCl] Si* Si** Al** Ca** Mg** Fe** 
sample ID reactor T(°C) pH (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
022194R3 kyanite 35 3.0 10 0.002 bdl bdl bdl bdl bdl 
022194R4 andalusite 35 3.0 10 0.005 bdl 0.002 bdl bdl bdl 
022194R5 quartz 24 3.0 10 0.002 bdl bdl bdl bdl bdl 
022294R1 albite 35 3.4 10 0.095 n.a. n.a. n.a. n.a. n.a. 
022294R2 microcline 35 3.0 10 0.014 n.a. n.a. n.a. n.a. n.a. 
022294R3 kyanite 35 3.0 10 0.001 n.a. n.a. n.a. n.a. n.a. 
022294R4 andalusite 35 3.0 10 0.003 n.a. n.a. n.a. n.a. n.a. 
022294R5 quartz 23 3.0 10 0.001 n.a. n.a. n.a. n.a. n.a. 
022594R1 albite 25 3.4 10 0.083 n.a. n.a. n.a. n.a. n.a. 
022594R2 microcline 25 3.0 10 0.008 n.a. n.a. n.a. n.a. n.a. 
022594R3 kyanite 25 3.0 10 0.001 n.a. n.a. n.a. n.a. n.a. 
022594R4 andalusite 25 3.0 10 0.002 n.a. n.a. n.a. n.a. n.a. 
022594R5 quartz 23 3.0 10 0.002 n.a. n.a. n.a. n.a. n.a. 
022694R1 albite 25 3.4 10 0.078 0.118 0.070 0.027 bdl 0.002 
022694R2 microcline 25 3.0 10 0.007 bdl bdl bdl bdl bdl 
022694R3 kyanite 25 3.0 10 0.001 bdl bdl bdl bdl bdl 
022694R4 andalusite 25 3.0 10 0.002 bdl bdl bdl bdl bdl 
022694R5 quartz 23 3.0 10 0.002 bdl bdl bdl bdl bdl 
022794R1 albite 25 - 10 0.082 n.a. n.a. n.a. n.a. n.a. 
022794R2 microcline 25 - 10 0.008 n.a. n.a. n.a. n.a. n.a. 
022794R3 kyanite 25 - 10 0.001 n.a. n.a. n.a. n.a. n.a. 
022794R4 andalusite 25 - 10 0.002 n.a. n.a. n.a. n.a. n.a. 
022794R5 quartz 23 - 10 0.001 n.a. n.a. n.a. n.a. n.a. 
030294R1 albite 10 3.4 10 0.075 n.a. n.a. n.a. n.a. n.a. 
030294R2 microcline 10 3.0 10 0.003 n.a. n.a. n.a. n.a. n.a. 
030294R3 kyanite 10 3.0 10 0.001 n.a. n.a. n.a. n.a. n.a. 
030294R4 andalusite 10 3.0 10 0.001 n.a. n.a. n.a. n.a. n.a. 
030294R5 quartz 25 3.0 10 0.001 n.a. n.a. n.a. n.a. n.a. 
030394R1 albite 10 3.3 10 0.075 n.a. n.a. n.a. n.a. n.a. 
030394R2 microcline 10 3.1 10 0.003 n.a. n.a. n.a. n.a. n.a. 
030394R3 kyanite 10 3.0 10 0.000 n.a. n.a. n.a. n.a. n.a. 
030394R4 andalusite 10 3.0 10 0.001 n.a. n.a. n.a. n.a. n.a. 
030394R5 quartz 25 3.0 10 0.002 n.a. n.a. n.a. n.a. n.a. 
030494R1 albite 10 3.3 10 0.077 0.095 0.090 0.022 bdl bdl 
030494R2 microcline 10 3.1 10 0.004 bdl bdl bdl bdl bdl 
030494R3 kyanite 10 3.0 10 0.001 bdl bdl bdl bdl bdl 
030494R4 andalusite 10 3.1 10 0.001 bdl bdl bdl bdl bdl 
030494R5 quartz 25 3.1 10 0.002 bdl bdl bdl bdl bdl 
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Appendix 2.1. Continued. 
    [LiCl] Si* Si** Al** Ca** Mg** Fe** 
sample ID reactor T(°C) pH (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
030894R1 albite 10 3.3 50 0.080 n.a. n.a. n.a. n.a. n.a. 
030894R2 microcline 10 3.1 50 0.003 n.a. n.a. n.a. n.a. n.a. 
030894R3 kyanite 10 3.1 50 0.000 n.a. n.a. n.a. n.a. n.a. 
030894R4 andalusite 10 3.1 50 0.001 n.a. n.a. n.a. n.a. n.a. 
030894R5 quartz 25 3.1 50 0.001 n.a. n.a. n.a. n.a. n.a. 
030994R1 albite 10 3.3 50 0.056 n.a. n.a. n.a. n.a. n.a. 
030994R2 microcline 10 3.0 50 0.002 n.a. n.a. n.a. n.a. n.a. 
030994R3 kyanite 10 3.0 50 0.001 n.a. n.a. n.a. n.a. n.a. 
030994R4 andalusite 10 3.1 50 0.001 n.a. n.a. n.a. n.a. n.a. 
030994R5 quartz 24 3.0 50 0.001 n.a. n.a. n.a. n.a. n.a. 
031094R1 albite 10 3.3 50 0.070 n.a. n.a. n.a. n.a. n.a. 
031094R2 microcline 10 3.0 50 0.003 n.a. n.a. n.a. n.a. n.a. 
031094R3 kyanite 10 3.0 50 0.000 n.a. n.a. n.a. n.a. n.a. 
031094R4 andalusite 10 3.0 50 0.001 n.a. n.a. n.a. n.a. n.a. 
031094R5 quartz 24 3.0 50 0.001 n.a. n.a. n.a. n.a. n.a. 
031194R1 albite 10 3.3 50 0.078 n.a. n.a. n.a. n.a. n.a. 
031194R2 microcline 10 3.0 50 0.002 n.a. n.a. n.a. n.a. n.a. 
031194R3 kyanite 10 3.0 50 0.000 n.a. n.a. n.a. n.a. n.a. 
031194R4 andalusite 10 3.0 50 0.001 n.a. n.a. n.a. n.a. n.a. 
031194R5 quartz 24 3.0 50 0.001 n.a. n.a. n.a. n.a. n.a. 
031494R1 albite 25 3.3 50 0.085 n.a. n.a. n.a. n.a. n.a. 
031494R2 microcline 25 3.0 50 0.007 n.a. n.a. n.a. n.a. n.a. 
031494R3 kyanite 25 3.0 50 0.001 n.a. n.a. n.a. n.a. n.a. 
031494R4 andalusite 25 3.0 50 0.002 n.a. n.a. n.a. n.a. n.a. 
031494R5 quartz 24 3.0 50 0.001 n.a. n.a. n.a. n.a. n.a. 
031894R1 albite 35 3.4 50 0.078 n.a. n.a. n.a. n.a. n.a. 
031894R2 microcline 35 3.0 50 0.011 n.a. n.a. n.a. n.a. n.a. 
031894R3 kyanite 35 3.0 50 0.001 n.a. n.a. n.a. n.a. n.a. 
031894R4 andalusite 35 3.1 50 0.003 n.a. n.a. n.a. n.a. n.a. 
031894R5 quartz 24 3.1 50 0.002 n.a. n.a. n.a. n.a. n.a. 
031994R1 albite 35 3.4 50 0.075 n.a. n.a. n.a. n.a. n.a. 
031994R2 microcline 35 3.0 50 0.011 n.a. n.a. n.a. n.a. n.a. 
031994R3 kyanite 35 3.0 50 0.001 n.a. n.a. n.a. n.a. n.a. 
031994R4 andalusite 35 3.0 50 0.003 n.a. n.a. n.a. n.a. n.a. 
031994R5 quartz 24 3.0 50 0.003 n.a. n.a. n.a. n.a. n.a. 
032194R1 albite 50 3.4 50 0.097 n.a. n.a. n.a. n.a. n.a. 
032194R2 microcline 50 3.1 50 0.031 n.a. n.a. n.a. n.a. n.a. 
032194R3 kyanite 50 3.1 50 0.003 n.a. n.a. n.a. n.a. n.a. 
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Appendix 2.1. Continued. 
    [LiCl] Si* Si** Al** Ca** Mg** Fe** 
sample ID reactor T(°C) pH (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
032194R4 andalusite 50 3.0 50 0.006 n.a. n.a. n.a. n.a. n.a. 
032194R5 quartz 24 3.0 50 0.002 n.a. n.a. n.a. n.a. n.a. 
032294R1 albite 50 3.4 50 0.096 n.a. n.a. n.a. n.a. n.a. 
032294R2 microcline 50 3.1 50 0.032 n.a. n.a. n.a. n.a. n.a. 
032294R3 kyanite 50 3.0 50 0.002 n.a. n.a. n.a. n.a. n.a. 
032294R4 andalusite 50 3.1 50 0.007 n.a. n.a. n.a. n.a. n.a. 
032294R5 quartz 24 3.0 50 0.002 n.a. n.a. n.a. n.a. n.a. 
032394R1 albite 50 3.3 50 0.096 n.a. n.a. n.a. n.a. n.a. 
032394R2 microcline 50 3.0 50 0.034 n.a. n.a. n.a. n.a. n.a. 
032394R3 kyanite 50 3.0 50 0.003 n.a. n.a. n.a. n.a. n.a. 
032394R4 andalusite 50 3.0 50 0.007 n.a. n.a. n.a. n.a. n.a. 
032394R5 quartz 24 3.0 50 0.002 n.a. n.a. n.a. n.a. n.a. 
           

* Numbers determined from spectrophotometric (molybdosilicic) method.   
** Determined using ICP.        

n.a. Not analyzed.         
bdl Below instrumental detection limit.       
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Appendix 2.2. Experimental parameters and analytical results - inorganic 
electrolytes, pH 5. 
sample ID reactor Temp pH µ¹ Si* Si** Al** Ca** Na*** K*** 

  (°C)  (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
970502R2 microcline 10 5 0.25 0.0014 n.a. n.a. n.a. n.a. n.a. 
970502R3 andalusite 10 5 0.25 0.0012 n.a. n.a. n.a. n.a. n.a. 
970502R4 kyanite 25 5 0.25 0.0010 n.a. n.a. n.a. n.a. n.a. 
970505R2 microcline 10 5 0.25 0.0008 n.a. n.a. n.a. n.a. n.a. 
970505R3 andalusite 10 5 0.25 0.0014 n.a. n.a. n.a. n.a. n.a. 
970505R4 kyanite 25 5 0.25 0.0008 n.a. n.a. n.a. n.a. n.a. 
970506R2 microcline 10 5 0.25 0.0006 n.a. n.a. n.a. n.a. n.a. 
970506R3 andalusite 10 5 0.25 0.0005 n.a. n.a. n.a. n.a. n.a. 
970506R4 kyanite 25 5 0.25 0.0007 n.a. n.a. n.a. n.a. n.a. 
970509R2 microcline 10 5 0.25 0.0006 0.0411 0.0152 bdl 0.0067 0.0006
970509R3 andalusite 10 5 0.25 0.0009 0.0006 0.0017 bdl n.a. n.a. 
970509R4 kyanite 25 5 0.25 0.0006 0.0001 0.0024 bdl n.a. n.a. 
970529R2 microcline 25 5 0.25 0.0010 n.a. n.a. n.a. n.a. n.a. 
970529R3 andalusite 25 5 0.25 0.0015 n.a. n.a. n.a. n.a. n.a. 
970529R4 kyanite 25 5 0.25 0.0012 n.a. n.a. n.a. n.a. n.a. 
970531R2 microcline 25 5 0.25 0.0012 bdl bdl bdl 0.0045 0.0003
970531R3 andalusite 25 5 0.25 0.0018 0.0007 0.0004 bdl n.a. n.a. 
970531R4 kyanite 25 5 0.25 0.0014 0.0007 0.0019 bdl n.a. n.a. 
970601R2 microcline 25 5 0.25 0.0013 n.a. n.a. n.a. n.a. n.a. 
970601R3 andalusite 25 5 0.25 0.0024 n.a. n.a. n.a. n.a. n.a. 
970601R4 kyanite 25 5 0.25 0.0013 n.a. n.a. n.a. n.a. n.a. 
970603R2 microcline 25 5 0.25 0.0014 0.0010 0.0008 bdl 0.0002 0.0003
970603R3 andalusite 25 5 0.25 0.0013 0.0010 0.0017 bdl n.a. n.a. 
970603R4 kyanite 25 5 0.25 0.0006 bdl 0.0007 bdl n.a. n.a. 
970609R2 microcline 35 5 0.25 0.0028 0.0033 bdl bdl bdl 0.0003
970609R3 andalusite 35 5 0.25 0.0021 0.0005 bdl bdl n.a. n.a. 
970609R4 kyanite 25 5 0.25 0.0002 bdl bdl bdl n.a. n.a. 
970610R2 microcline 35 5 0.25 0.0010 n.a. n.a. n.a. n.a. n.a. 
970610R3 andalusite 35 5 0.25 0.0030 n.a. n.a. n.a. n.a. n.a. 
970610R4 kyanite 25 5 0.25 0.0007 n.a. n.a. n.a. n.a. n.a. 
970614R2 microcline 35 5 0.25 0.0012 n.a. n.a. n.a. n.a. n.a. 
970614R3 andalusite 35 5 0.25 0.0027 n.a. n.a. n.a. n.a. n.a. 
970614R4 kyanite 25 5 0.25 0.0003 n.a. n.a. n.a. n.a. n.a. 
970615R2 microcline 35 5 0.25 0.0025 0.0011 0.0009 bdl 0.0033 0.0003
970615R3 andalusite 35 5 0.25 0.0039 n.a. n.a. n.a. n.a. n.a. 
970615R4 kyanite 25 5 0.25 0.0004 0.0007 0.0020 bdl n.a. n.a. 
970616R2 microcline 55 5 0.25 0.0083 n.a. n.a. n.a. n.a. n.a. 
 
Note: bdl: Below analytical detection limit. n.a.: Not analyzed. ¹Ionic strength adjusted by adding LiCl. 
*Numbers based on spectrophotometric analysis results. **Numbers based on ICP analysis results. 
***Numbers based on AAS analysis results. 
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Appendix 2.2. Continued. 
sample ID reactor Temp pH µ¹ Si* Si** Al** Ca** Na*** K*** 

  (°C)  (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
970616R3 andalusite 55 5 0.25 0.0096 n.a. n.a. n.a. n.a. n.a. 
970616R4 kyanite 25 5 0.25 0.0007 n.a. n.a. n.a. n.a. n.a. 
970617R2 microcline 55 5 0.25 - n.a. n.a. n.a. n.a. n.a. 
970617R3 andalusite 55 5 0.25 0.0007 n.a. n.a. n.a. n.a. n.a. 
970617R4 kyanite 25 5 0.25 - n.a. n.a. n.a. n.a. n.a. 
970618R2 microcline 55 5 0.25 0.0091 0.0064 0.0011 bdl 0.0014 0.0003
970618R3 andalusite 55 5 0.25 0.0116 0.0116 0.0011 bdl n.a. n.a. 
970618R4 kyanite 25 5 0.25 0.0000 n.a. n.a. n.a. n.a. n.a. 
970629R2 microcline 10 5 1 0.0020 bdl bdl bdl bdl 0.0003
970629R3 andalusite 10 5 1 0.0024 0.0002 0.0003 bdl n.a. n.a. 
970629R4 kyanite 25 5 1 0.0022 0.0004 bdl bdl n.a. n.a. 
970630R2 microcline 10 5 1 0.0012 0.0001 0.0006 bdl bdl 0.0003
970630R3 andalusite 10 5 1 0.0013 0.0017 0.0011 bdl n.a. n.a. 
970630R4 kyanite 25 5 1 0.0014 0.0003 0.0006 bdl n.a. n.a. 
970701R2 microcline 10 5 1 0.0006 0.0004 bdl bdl bdl 0.0003
970701R3 andalusite 10 5 1 0.0008 0.0000 0.0009 bdl n.a. n.a. 
970701R4 kyanite 25 5 1 0.0008 0.0003 0.0005 bdl n.a. n.a. 
970706R2 microcline 25 5 1 0.0008 bdl 0.0004 bdl bdl 0.0002
970706R3 andalusite 25 5 1 0.0012 0.0000 0.0007 bdl n.a. n.a. 
970706R4 kyanite 25 5 1 0.0005 bdl 0.0003 bdl n.a. n.a. 
970707R2 microcline 25 5 1 0.0009 bdl bdl bdl 0.0005 0.0003
970707R3 andalusite 25 5 1 0.0017 0.0007 0.0010 bdl n.a. n.a. 
970707R4 kyanite 25 5 1 0.0009 0.0005 0.0012 bdl n.a. n.a. 
970710R2 microcline 25 5 1 0.0009 bdl 0.0000 bdl bdl 0.0003
970710R3 andalusite 25 5 1 0.0012 0.0006 0.0012 bdl n.a. n.a. 
970710R4 kyanite 25 5 1 0.0008 bdl 0.0013 bdl n.a. n.a. 
970711R2 microcline 25 5 1 0.0001 0.0001 0.0008 bdl bdl 0.0003
970711R3 andalusite 25 5 1 0.0004 0.0001 0.0001 bdl n.a. n.a. 
970711R4 kyanite 25 5 1 0.0002 bdl 0.0009 bdl n.a. n.a. 
970713R2 microcline 35 5 1 0.0008 n.a. n.a. n.a. n.a. n.a. 
970713R3 andalusite 35 5 1 0.0014 n.a. n.a. n.a. n.a. n.a. 
970713R4 kyanite 25 5 1 0.0004 n.a. n.a. n.a. n.a. n.a. 
970714R2 microcline 35 5 1 0.0006 0.0004 bdl bdl bdl 0.0003
970714R3 andalusite 35 5 1 0.0009 0.0008 0.0001 bdl n.a. n.a. 
970714R4 kyanite 25 5 1 0.0000 n.a. n.a. n.a. n.a. n.a. 
970715R2 microcline 35 5 1 0.0012 0.0002 bdl bdl bdl 0.0003
970715R3 andalusite 35 5 1 0.0015 0.0013 0.0000 bdl n.a. n.a. 
970715R4 kyanite 25 5 1 0.0002 bdl 0.0004 bdl n.a. n.a. 
970716R2 microcline 35 5 1 0.0013 0.0006 0.0006 bdl 0.0026 0.0003
970716R3 andalusite 35 5 1 0.0019 0.0541 0.0204 bdl n.a. n.a. 
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Appendix 2.2. Continued. 
sample ID reactor Temp pH µ¹ Si* Si** Al** Ca** Na*** K*** 

  (°C)  (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
970716R4 kyanite 25 5 1 0.0004 bdl 0.0006 bdl n.a. n.a. 
970718R2 microcline 56 5 1 0.0055 n.a. n.a. n.a. n.a. n.a. 
970718R3 andalusite 56 5 1 0.0069 n.a. n.a. n.a. n.a. n.a. 
970718R4 kyanite 25 5 1 0.0005 n.a. n.a. n.a. n.a. n.a. 
970719R2 microcline 56 5 1 0.0070 0.0047 bdl bdl bdl 0.0003
970719R3 andalusite 56 5 1 0.0082 0.0064 bdl bdl n.a. n.a. 
970719R4 kyanite 25 5 1 0.0002 bdl bdl bdl n.a. n.a. 
970720R2 microcline 56 5 1 0.0073 0.0048 0.0004 bdl 0.0002 0.0003
970720R3 andalusite 56 5 1 0.0083 0.0065 bdl bdl n.a. n.a. 
970720R4 kyanite 25 5 1 0.0000 n.a. n.a. n.a. n.a. n.a. 
970721R2 microcline 56 5 1 0.0080 0.0053 0.0009 bdl 0.0033 0.0003
970721R3 andalusite 56 5 1 0.0085 0.0062 bdl bdl n.a. n.a. 
970721R4 kyanite 25 5 1 0.0005 bdl 0.0006 bdl n.a. n.a. 
970727R2 microcline 10 5 5 0.0005 bdl bdl bdl 0.0060 0.0003
970727R3 andalusite 10 5 5 0.0006 bdl bdl bdl n.a. n.a. 
970727R4 kyanite 10 5 5 0.0015 0.0006 bdl bdl n.a. n.a. 
970806R2 microcline 25 5 5 0.0007 n.a. n.a. n.a. n.a. n.a. 
970806R3 andalusite 25 5 5 0.0009 n.a. n.a. n.a. n.a. n.a. 
970806R4 kyanite 25 5 5 0.0017 n.a. n.a. n.a. n.a. n.a. 
970807R2 microcline 25 5 5 0.0002 0.0017 0.0007 bdl 0.0109 0.0003
970807R3 andalusite 25 5 5 0.0004 0.0004 0.0010 bdl n.a. n.a. 
970807R4 kyanite 25 5 5 0.0009 0.0013 0.0016 bdl n.a. n.a. 
970809R2 microcline 25 5 5 0.0007 0.0000 bdl bdl 0.0079 0.0003
970809R3 andalusite 25 5 5 0.0008 bdl bdl bdl n.a. n.a. 
970809R4 kyanite 25 5 5 0.0013 0.0007 0.0008 bdl n.a. n.a. 
970815R2 microcline 35 5 5 0.0009 0.0003 0.0002 bdl 0.0067 0.0003
970815R3 andalusite 35 5 5 0.0010 0.0001 bdl bdl n.a. n.a. 
970815R4 kyanite 35 5 5 0.0011 0.0014 0.0001 bdl n.a. n.a. 
970817R2 microcline 35 5 5 0.0010 0.0008 bdl bdl 0.0037 0.0003
970817R3 andalusite 35 5 5 0.0010 0.0008 0.0002 bdl n.a. n.a. 
970817R4 kyanite 35 5 5 0.0011 0.0013 bdl bdl n.a. n.a. 
970819R2 microcline 56 5 5 0.0034 n.a. n.a. n.a. n.a. n.a. 
970819R3 andalusite 56 5 5 0.0022 n.a. n.a. n.a. n.a. n.a. 
970819R4 kyanite 56 5 5 0.0016 n.a. n.a. n.a. n.a. n.a. 
970820R2 microcline 56 5 5 0.0046 0.0037 bdl bdl 0.0133 0.0003
970820R3 andalusite 56 5 5 0.0035 0.0033 bdl bdl n.a. n.a. 
970820R4 kyanite 56 5 5 0.0018 0.0021 bdl bdl n.a. n.a. 
970821R2 microcline 56 5 5 0.0047 n.a. n.a. n.a. n.a. n.a. 
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Appendix 2.2. Continued. 
sample ID reactor Temp pH µ¹ Si* Si** Al** Ca** Na*** K*** 

  (°C)  (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
970821R3 andalusite 56 5 5 0.0033 n.a. n.a. n.a. n.a. n.a. 
970821R4 kyanite 56 5 5 0.0015 n.a. n.a. n.a. n.a. n.a. 
970822R2 microcline 56 5 5 0.0042 0.0045 bdl bdl 0.0084 0.0003
970822R3 andalusite 56 5 5 0.0027 0.0039 bdl bdl n.a. n.a. 
970822R4 kyanite 56 5 5 0.0007 0.0020 bdl bdl n.a. n.a. 
           

bdl Below analytical detection limit.       
n.a. Not analyzed.         

¹ Ionic strength adjusted by adding LiCl.      
* Numbers based on spectrophotometric analysis results.    
** Numbers based on ICP analysis results.      
*** Numbers based on AAS analysis results.      
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Appendix 3.1. Experimental parameters and analytical results - citric acid 
electrolyte solutions. 
sample ID reactor Temp pH citrate Si* Si** Al** Ca** Na*** K*** 
  (°C)  (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
950208R2 microcline 10 3.2 2 0.0010 n.a. 0.000 bdl n.a. n.a. 
950208R3 kyanite 10 3.2 2 0.0000 n.a. bdl bdl n.a. n.a. 
950208R4 andalusite 10 3.4 2 0.0003 n.a. 0.044 bdl n.a. n.a. 
950209R2 microcline 10 3.1 2 0.0050 n.a. n.a. n.a. n.a. n.a. 
950209R3 kyanite 10 3.1 2 0.0009 n.a. n.a. n.a. n.a. n.a. 
950209R4 andalusite 10 3.1 2 0.0008 n.a. n.a. n.a. n.a. n.a. 
950210R2 microcline 10 3.0 2 0.0040 n.a. n.a. n.a. n.a. n.a. 
950210R3 kyanite 10 3.0 2 0.0001 n.a. n.a. n.a. n.a. n.a. 
950210R4 andalusite 10 3.0 2 0.0005 n.a. n.a. n.a. n.a. n.a. 
950213R2 microcline 10 3.0 2 0.0046 n.a. bdl bdl n.a. n.a. 
950213R3 kyanite 10 3.0 2 0.0001 n.a. bdl bdl n.a. n.a. 
950213R4 andalusite 10 3.0 2 0.0004 n.a. bdl bdl n.a. n.a. 
950214R2 microcline 25 3.0 2 0.0084 n.a. bdl bdl n.a. n.a. 
950214R3 kyanite 25 3.0 2 0.0004 n.a. bdl bdl n.a. n.a. 
950214R4 andalusite 25 3.0 2 0.0008 n.a. bdl bdl n.a. n.a. 
950215R2 microcline 25 3.0 2 0.0115 n.a. 0.001 bdl n.a. n.a. 
950215R3 kyanite 25 3.0 2 0.0003 n.a. bdl bdl n.a. n.a. 
950215R4 andalusite 25 3.0 2 0.0012 n.a. 0.000 bdl n.a. n.a. 
950216R2 microcline 25 3.0 2 0.0120 n.a. 0.001 bdl n.a. n.a. 
950216R3 kyanite 25 3.0 2 0.0007 n.a. bdl bdl n.a. n.a. 
950216R4 andalusite 25 3.0 2 0.0014 n.a. bdl bdl n.a. n.a. 
950217R2 microcline 25 3.0 2 0.0137 n.a. 0.003 bdl n.a. n.a. 
950217R3 kyanite 25 3.0 2 0.0005 n.a. bdl bdl n.a. n.a. 
950217R4 andalusite 25 3.0 2 0.0013 n.a. 0.001 bdl n.a. n.a. 
950218R2 microcline 25 3.0 2 0.0147 n.a. 0.003 bdl n.a. n.a. 
950218R3 kyanite 25 3.0 2 0.0008 n.a. bdl bdl n.a. n.a. 
950218R4 andalusite 25 3.0 2 0.0016 n.a. 0.000 bdl n.a. n.a. 
950220R2 microcline 25 3.0 2 0.0146 n.a. n.a. n.a. n.a. n.a. 
950220R3 kyanite 25 3.0 2 0.0004 n.a. n.a. n.a. n.a. n.a. 
950220R4 andalusite 25 3.0 2 0.0011 n.a. n.a. n.a. n.a. n.a. 
950221R2 microcline 25 3.0 2 0.0143 n.a. 0.006 bdl n.a. n.a. 
950221R3 kyanite 25 3.0 2 0.0005 n.a. 0.000 bdl n.a. n.a. 
950221R4 andalusite 25 3.0 2 0.0010 n.a. 0.002 bdl n.a. n.a. 
950222R2 microcline 25 3.0 2 0.0144 n.a. n.a. n.a. n.a. n.a. 
950222R3 kyanite 25 3.0 2 0.0002 n.a. n.a. n.a. n.a. n.a. 
950222R4 andalusite 25 3.0 2 0.0007 n.a. n.a. n.a. n.a. n.a. 
950223R2 microcline 25 3.0 2 0.0145 n.a. 0.005 bdl n.a. n.a. 
 
Note:  bdl: Below analytical detection limit. n.a.: Not analyzed. 

*Numbers based on spectrophotometric analysis results. **Numbers based on ICP analysis results. 
*** Numbers based on AAS analysis results. 
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Appendix 3.1. Continued. 
sample ID reactor Temp pH citrate Si* Si** Al** Ca** Na*** K*** 
  (°C)  (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
950223R3 kyanite 25 3.0 2 0.0002 n.a. bdl bdl n.a. n.a. 
950223R4 andalusite 25 3.0 2 0.0006 n.a. 0.001 bdl n.a. n.a. 
950224R2 microcline 25 3.0 2 0.0139 n.a. n.a. n.a. n.a. n.a. 
950224R3 kyanite 25 3.0 2 0.0003 n.a. n.a. n.a. n.a. n.a. 
950224R4 andalusite 25 3.0 2 0.0006 n.a. n.a. n.a. n.a. n.a. 
950225R2 microcline 39 3.0 2 0.0245 n.a. n.a. n.a. n.a. n.a. 
950225R3 kyanite 39 3.0 2 0.0006 n.a. n.a. n.a. n.a. n.a. 
950225R4 andalusite 39 3.0 2 0.0012 n.a. n.a. n.a. n.a. n.a. 
950227R2 microcline 40 3.0 2 0.0387 n.a. n.a. n.a. n.a. n.a. 
950227R3 kyanite 40 3.0 2 0.0008 n.a. n.a. n.a. n.a. n.a. 
950227R4 andalusite 40 3.0 2 0.0018 n.a. n.a. n.a. n.a. n.a. 
950301R2 microcline 40 3.0 2 0.0402 n.a. n.a. n.a. n.a. n.a. 
950301R3 kyanite 40 3.0 2 0.0022 n.a. n.a. n.a. n.a. n.a. 
950301R4 andalusite 40 3.0 2 0.0013 n.a. n.a. n.a. n.a. n.a. 
950302R2 microcline 40 3.0 2 0.0406 n.a. 0.016 bdl n.a. n.a. 
950302R3 kyanite 40 3.0 2 0.0023 n.a. 0.001 bdl n.a. n.a. 
950302R4 andalusite 40 3.0 2 0.0018 n.a. 0.003 bdl n.a. n.a. 
950303R2 microcline 40 3.0 2 0.0412 n.a. 0.017 bdl n.a. n.a. 
950303R3 kyanite 40 3.0 2 0.0026 n.a. 0.001 bdl n.a. n.a. 
950303R4 andalusite 40 3.0 2 0.0017 n.a. 0.003 bdl n.a. n.a. 
950304R2 microcline 40 3.0 2 0.0416 n.a. n.a. n.a. n.a. n.a. 
950304R3 kyanite 40 3.0 2 0.0031 n.a. n.a. n.a. n.a. n.a. 
950304R4 andalusite 40 3.0 2 0.0016 n.a. n.a. n.a. n.a. n.a. 
950306R2 microcline 40 3.0 2 0.0431 n.a. 0.014 bdl n.a. n.a. 
950306R3 kyanite 40 3.0 2 0.0022 n.a. bdl bdl n.a. n.a. 
950306R4 andalusite 40 3.0 2 0.0017 n.a. bdl bdl n.a. n.a. 
950308R2 microcline 40 3.0 2 0.0411 n.a. n.a. n.a. n.a. n.a. 
950308R3 kyanite 40 3.0 2 0.0002 n.a. n.a. n.a. n.a. n.a. 
950308R4 andalusite 40 3.0 2 0.0015 n.a. n.a. n.a. n.a. n.a. 
950309R2 microcline 40 3.0 2 0.0425 n.a. 0.014 bdl n.a. n.a. 
950309R3 kyanite 40 3.0 2 0.0004 n.a. bdl bdl n.a. n.a. 
950309R4 andalusite 40 3.0 2 0.0016 n.a. bdl bdl n.a. n.a. 
950310R2 microcline 40 3.1 2 0.0433 n.a. 0.014 bdl n.a. n.a. 
950310R3 kyanite 40 3.0 2 0.0002 n.a. bdl bdl n.a. n.a. 
950310R4 andalusite 40 3.0 2 0.0015 n.a. bdl bdl n.a. n.a. 
950312R2 microcline 60 3.0 2 0.1214 n.a. n.a. n.a. n.a. n.a. 
950312R3 kyanite 60 3.0 2 0.0016 n.a. n.a. n.a. n.a. n.a. 
950312R4 andalusite 60 3.0 2 0.0058 n.a. n.a. n.a. n.a. n.a. 
950313R2 microcline 60 3.0 2 0.1112 n.a. 0.041 bdl n.a. n.a. 
950313R3 kyanite 60 3.0 2 0.0008 n.a. bdl bdl n.a. n.a. 
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Appendix 3.1. Continued. 
sample ID reactor Temp pH citrate Si* Si** Al** Ca** Na*** K*** 
  (°C)  (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
950313R4 andalusite 60 3.0 2 0.0051 n.a. 0.006 bdl n.a. n.a. 
950314R2 microcline 60 3.1 2 0.1066 n.a. 0.046 bdl n.a. n.a. 
950314R3 kyanite 60 3.0 2 0.0014 n.a. bdl bdl n.a. n.a. 
950314R4 andalusite 60 3.0 2 0.0053 n.a. 0.007 bdl n.a. n.a. 
950315R2 microcline 60 3.0 2 0.1151 n.a. 0.048 bdl n.a. n.a. 
950315R3 kyanite 60 3.0 2 0.0013 n.a. bdl bdl n.a. n.a. 
950315R4 andalusite 60 3.0 2 0.0058 n.a. 0.006 bdl n.a. n.a. 
950323R2 microcline 10 3.0 1 0.0047 n.a. 0.001 bdl 0.001 0.003
950323R3 kyanite 10 3.0 1 0.0001 0.015 bdl bdl n.a. n.a. 
950323R4 andalusite 10 3.0 1 0.0003 0.020 0.000 bdl n.a. n.a. 
950324R2 microcline 10 3.0 1 0.0044 n.a. n.a. n.a. n.a. n.a. 
950324R3 kyanite 10 2.9 1 0.0002 n.a. n.a. n.a. n.a. n.a. 
950324R4 andalusite 10 3.0 1 0.0004 n.a. n.a. n.a. n.a. n.a. 
950325R2 microcline 10 3.0 1 0.0044 n.a. 0.001 0.014 0.001 0.003
950325R3 kyanite 10 3.0 1 0.0005 bdl bdl 0.000 n.a. n.a. 
950325R4 andalusite 10 3.0 1 0.0007 0.001 0.000 bdl n.a. n.a. 
950328R2 microcline 25 3.0 1 0.0100 n.a. 0.004 bdl 0.003 0.004
950328R3 kyanite 25 3.0 1 0.0001 0.017 bdl bdl n.a. n.a. 
950328R4 andalusite 25 3.0 1 0.0006 0.013 0.000 bdl n.a. n.a. 
950329R2 microcline 25 3.0 1 0.0120 n.a. 0.003 bdl 0.003 0.005
950329R3 kyanite 25 3.0 1 0.0003 bdl bdl bdl n.a. n.a. 
950329R4 andalusite 25 3.0 1 0.0007 0.004 0.000 bdl n.a. n.a. 
950330R2 microcline 25 3.0 1 0.0185 n.a. 0.005 bdl 0.003 0.005
950330R3 kyanite 25 3.0 1  bdl bdl bdl n.a. n.a. 
950330R4 andalusite 25 3.0 1 0.0004 bdl 0.000 bdl n.a. n.a. 
950404R2 microcline 40 3.1 1 0.0339 n.a. 0.014 bdl 0.008 0.011
950404R3 kyanite 40 3.1 1 0.0003 bdl 0.000 bdl n.a. n.a. 
950404R4 andalusite 40 3.0 1 0.0012 bdl 0.001 bdl n.a. n.a. 
950405R2 microcline 40 3.1 1 0.0346 n.a. 0.015 bdl 0.008 0.011
950405R3 kyanite 40 3.1 1 0.0005 bdl 0.000 bdl n.a. n.a. 
950405R4 andalusite 40 3.0 1 0.0014 bdl 0.001 bdl n.a. n.a. 
950407R2 microcline 60 3.1 1 0.0878 n.a. 0.037 bdl 0.025 0.026
950407R3 kyanite 60 3.0 1 0.0009 bdl 0.000 bdl n.a. n.a. 
950407R4 andalusite 60 3.1 1 0.0039 bdl 0.005 0.001 n.a. n.a. 
950410R2 microcline 60 3.1 1 0.1064 n.a. n.a. n.a. n.a. n.a. 
950410R3 kyanite 60 3.0 1 0.0011 n.a. n.a. n.a. n.a. n.a. 
950410R4 andalusite 60 3.0 1 0.0053 n.a. n.a. n.a. n.a. n.a. 
950411R2 microcline 60 3.1 1 0.1052 n.a. n.a. n.a. n.a. n.a. 
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Appendix 3.1. Continued. 
sample ID reactor Temp pH citrate Si* Si** Al** Ca** Na*** K*** 
  (°C)  (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
950411R3 kyanite 60 3.0 1 0.0013 n.a. n.a. n.a. n.a. n.a. 
950411R4 andalusite 60 3.0 1 0.0055 n.a. n.a. n.a. n.a. n.a. 
950425R2 microcline 10 5.2 1 0.0033 n.a. n.a. n.a. n.a. n.a. 
950425R3 kyanite 10 5.2 1 0.0002 n.a. n.a. n.a. n.a. n.a. 
950425R4 andalusite 10 5.2 1 0.0006 n.a. n.a. n.a. n.a. n.a. 
950426R2 microcline 10 5.2 1 0.0028 0.004 0.001 0.000 bdl bdl 
950426R3 kyanite 10 5.2 1 0.0005 n.a. n.a. n.a. n.a. n.a. 
950426R4 andalusite 10 5.2 1 0.0006 n.a. n.a. n.a. n.a. n.a. 
950427R2 microcline 10 5.2 1 0.0028 0.006 0.001 bdl bdl bdl 
950427R3 kyanite 10 5.2 1 0.0006 0.006 0.000 0.000 n.a. n.a. 
950427R4 andalusite 10 5.2 1 0.0011 0.007 0.002 0.002 n.a. n.a. 
950501R2 microcline 25 5.1 1 0.0037 0.011 0.003 0.000 n.a. n.a. 
950501R3 kyanite 25 5.2 1  0.002 0.001 bdl n.a. n.a. 
950501R4 andalusite 25 5.1 1 0.0009 n.a. n.a. n.a. n.a. n.a. 
950504R2 microcline 25 5.1 1 0.0032 n.a. n.a. n.a. n.a. n.a. 
950504R3 kyanite 25 5.1 1 0.0004 n.a. n.a. n.a. n.a. n.a. 
950504R4 andalusite 25 5.1 1 0.0011 n.a. n.a. n.a. n.a. n.a. 
950505R2 microcline 25 5.1 1 0.0030 0.006 0.002 0.000 bdl bdl 
950505R3 kyanite 25 5.1 1 0.0004 0.003 bdl bdl n.a. n.a. 
950505R4 andalusite 25 5.1 1 0.0008 0.004 0.000 0.000 n.a. n.a. 
950508R2 microcline 40 5.1 1 0.0057 0.016 0.001 0.000 bdl bdl 
950508R3 kyanite 40 5.1 1 0.0007 0.004 0.000 0.000 n.a. n.a. 
950508R4 andalusite 40 5.1 1 0.0013 0.005 0.000 0.000 n.a. n.a. 
950509R2 microcline 40 5.1 1 0.0057 n.a. n.a. n.a. n.a. n.a. 
950509R3 kyanite 40 5.1 1 0.0009 n.a. n.a. n.a. n.a. n.a. 
950509R4 andalusite 40 5.1 1 0.0014 n.a. n.a. n.a. n.a. n.a. 
950510R2 microcline 40 5.1 1 0.0055 0.003 0.001 bdl bdl bdl 
950510R3 kyanite 40 5.1 1 0.0007 bdl bdl bdl n.a. n.a. 
950510R4 andalusite 40 5.1 1 0.0011 bdl bdl 0.000 n.a. n.a. 
950512R2 microcline 60 5.1 1 0.0136 0.015 0.003 bdl bdl 0.001
950512R3 kyanite 60 5.1 1 0.0012 bdl bdl bdl n.a. n.a. 
950512R4 andalusite 60 5.1 1 0.0025 bdl 0.002 bdl n.a. n.a. 
950513R2 microcline 60 5.1 1 0.0137 n.a. n.a. n.a. n.a. n.a. 
950513R3 kyanite 60 5.1 1 0.0012 n.a. n.a. n.a. n.a. n.a. 
950513R4 andalusite 60 5.1 1 0.0026 n.a. n.a. n.a. n.a. n.a. 
950514R2 microcline 60 5.1 1 0.0177 0.017 0.005 0.001 bdl bdl 
950514R3 kyanite 60 5.1 1 0.0018 0.002 0.001 bdl n.a. n.a. 
950514R4 andalusite 60 5.1 1 0.0037 0.005 0.004 0.003 n.a. n.a. 
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Appendix 3.1. Continued. 
sample ID reactor Temp pH citrate Si* Si** Al** Ca** Na*** K*** 
  (°C)  (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
950714R2 microcline 10 5.1 1 0.0002 0.002 bdl bdl bdl bdl 
950714R3 kyanite 10 5.1 1 0.0007 0.003 bdl bdl n.a. n.a. 
950714R4 andalusite 10 5.1 1 0.0009 0.003 0.005 0.000 n.a. n.a. 
950716R2 microcline 10 5.0 1 0.0006 n.a. n.a. n.a. n.a. n.a. 
950716R3 kyanite 10 5.0 1 0.0006 n.a. n.a. n.a. n.a. n.a. 
950716R4 andalusite 10 5.0 1 0.0008 n.a. n.a. n.a. n.a. n.a. 
950717R2 microcline 10 4.9 1 0.0005 n.a. n.a. n.a. n.a. n.a. 
950717R3 kyanite 10 4.9 1  n.a. n.a. n.a. n.a. n.a. 
950717R4 andalusite 10 4.9 1 0.0010 n.a. n.a. n.a. n.a. n.a. 
950718R2 microcline 10 4.9 1 0.0008 bdl 0.002 0.000 bdl bdl 
950718R3 kyanite 10 4.9 1 0.0007 bdl 0.002 0.000 n.a. n.a. 
950718R4 andalusite 10 5.0 1 0.0013 bdl 0.004 0.000 n.a. n.a. 
950721R2 microcline 25 4.9 1 0.0017 n.a. n.a. n.a. n.a. n.a. 
950721R3 kyanite 25 4.9 1 0.0005 n.a. n.a. n.a. n.a. n.a. 
950721R4 andalusite 25 4.9 1 0.0015 n.a. n.a. n.a. n.a. n.a. 
950724R2 microcline 25 5.0 1 0.0015 0.000 0.000 bdl bdl 0.001
950724R3 kyanite 25 5.0 1 0.0009 bdl bdl bdl n.a. n.a. 
950724R4 andalusite 25 5.0 1 0.0014 bdl 0.003 bdl n.a. n.a. 
950725R2 microcline 25 5.0 1 0.0017 n.a. n.a. n.a. n.a. n.a. 
950725R3 kyanite 25 5.0 1 0.0007 n.a. n.a. n.a. n.a. n.a. 
950725R4 andalusite 25 5.0 1 0.0017 n.a. n.a. n.a. n.a. n.a. 
950727R2 microcline 40 5.0 1 0.0032 0.001 bdl bdl bdl bdl 
950727R3 kyanite 40 5.0 1 0.0007 bdl bdl bdl n.a. n.a. 
950727R4 andalusite 40 5.0 1 0.0018 0.000 0.002 bdl n.a. n.a. 
950728R2 microcline 40 5.1 1 0.0037 0.003 bdl bdl bdl bdl 
950728R3 kyanite 40 5.0 1 0.0009 bdl bdl bdl n.a. n.a. 
950728R4 andalusite 40 5.0 1 0.0022 0.004 0.001 bdl n.a. n.a. 
950731R2 microcline 34 5.1 1 0.0040 n.a. n.a. n.a. n.a. n.a. 
950731R3 kyanite 34 5.1 1 0.0008 n.a. n.a. n.a. n.a. n.a. 
950731R4 andalusite 34 5.1 1 0.0021 n.a. n.a. n.a. n.a. n.a. 
950801R2 microcline 40 5.1 1 0.0038 0.007 0.001 bdl bdl bdl 
950801R3 kyanite 40 5.1 1 0.0008 bdl 0.001 bdl n.a. n.a. 
950801R4 andalusite 40 5.1 1 0.0018 0.010 0.004 0.000 n.a. n.a. 
950802R2 microcline 40 5.1 1 0.0039 n.a. n.a. n.a. n.a. n.a. 
950802R3 kyanite 40 5.1 1 0.0006 n.a. n.a. n.a. n.a. n.a. 
950802R4 andalusite 40 5.1 1 0.0024 n.a. n.a. n.a. n.a. n.a. 
950808R2 microcline 60 5.1 1 0.0115 n.a. n.a. n.a. n.a. n.a. 
950808R3 kyanite 60 5.1 1 0.0017 n.a. n.a. n.a. n.a. n.a. 
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Appendix 3.1. Continued. 
sample ID reactor Temp pH citrate Si* Si** Al** Ca** Na*** K*** 
  (°C)  (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
950808R4 andalusite 60 5.1 1 0.0039 n.a. n.a. n.a. n.a. n.a. 
950809R2 microcline 60 5.1 1 0.0101 0.015 0.004 0.000 bdl 0.001
950809R3 kyanite 60 5.1 1 0.0017 0.002 bdl bdl n.a. n.a. 
950809R4 andalusite 60 5.1 1 0.0045 0.007 0.006 0.001 n.a. n.a. 
950810R2 microcline 60 5.1 1 0.0107 0.012 0.003 bdl bdl bdl 
950810R3 kyanite 60 5.1 1 0.0020 bdl 0.000 0.000 n.a. n.a. 
950810R4 andalusite 60 5.1 1 0.0051 0.007 0.005 0.001 n.a. n.a. 
950822R2 microcline 10 5.0 2 0.0010 bdl bdl bdl bdl bdl 
950822R3 kyanite 10 5.0 2 0.0005 bdl bdl bdl n.a. n.a. 
950822R4 andalusite 10 5.0 2 0.0040 bdl 0.009 0.001 n.a. n.a. 
950823R2 microcline 10 5.0 2 0.0007 n.a. n.a. n.a. n.a. n.a. 
950823R3 kyanite 10 5.0 2 0.0004 n.a. n.a. n.a. n.a. n.a. 
950823R4 andalusite 10 5.0 2 0.0028 n.a. n.a. n.a. n.a. n.a. 
950824R2 microcline 10 5.0 2 0.0006 bdl bdl bdl bdl 0.000
950824R3 kyanite 10 5.0 2 0.0004 bdl 0.003 0.000 n.a. n.a. 
950824R4 andalusite 10 5.0 2 0.0021 0.002 0.006 0.001 n.a. n.a. 
950825R2 microcline 10 5.0 2 0.0007 n.a. n.a. n.a. n.a. n.a. 
950825R3 kyanite 10 5.0 2 0.0004 n.a. n.a. n.a. n.a. n.a. 
950825R4 andalusite 10 5.0 2 0.0017 n.a. n.a. n.a. n.a. n.a. 
950829R2 microcline 25 5.0 2 0.0010 bdl bdl bdl bdl bdl 
950829R3 kyanite 25 5.0 2 0.0006 bdl bdl 0.000 n.a. n.a. 
950829R4 andalusite 25 5.0 2 0.0018 bdl 0.004 0.001 n.a. n.a. 
950830R2 microcline 25 5.0 2 0.0009 n.a. n.a. n.a. n.a. n.a. 
950830R3 kyanite 25 5.0 2 0.0003 n.a. n.a. n.a. n.a. n.a. 
950830R4 andalusite 25 5.0 2 0.0012 n.a. n.a. n.a. n.a. n.a. 
950831R2 microcline 25 5.1 2 0.0009 0.002 0.000 0.000 bdl bdl 
950831R3 kyanite 25 5.1 2 0.0002 0.000 0.000 0.000 n.a. n.a. 
950831R4 andalusite 25 5.1 2 0.0010 0.001 0.002 0.000 n.a. n.a. 
950904R2 microcline 35 5.2 2 0.0015 0.002 0.003 0.000 bdl bdl 
950904R3 kyanite 35 5.2 2 0.0004 bdl 0.001 0.000 n.a. n.a. 
950904R4 andalusite 35 5.2 2 0.0007 bdl 0.003 0.000 n.a. n.a. 
950906R2 microcline 35 5.2 2 0.0022 bdl bdl bdl bdl bdl 
950906R3 kyanite 35 5.2 2 0.0007 bdl 0.001 0.000 n.a. n.a. 
950906R4 andalusite 35 5.2 2 0.0009 bdl 0.000 bdl n.a. n.a. 
950907R2 microcline 35 5.2 2 0.0015 n.a. n.a. n.a. n.a. n.a. 
950907R3 kyanite 35 5.2 2 0.0004 n.a. n.a. n.a. n.a. n.a. 
950907R4 andalusite 35 5.2 2 0.0006 n.a. n.a. n.a. n.a. n.a. 
950910R2 microcline 50 5.2 2 0.0039 0.010 0.002 bdl bdl bdl 
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Appendix 3.1. Continued. 
sample ID reactor Temp pH citrate Si* Si** Al** Ca** Na*** K*** 
  (°C)  (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
950910R3 kyanite 50 5.2 2 0.0007 bdl 0.002 bdl n.a. n.a. 
950910R4 andalusite 50 5.2 2 0.0011 bdl 0.002 0.000 n.a. n.a. 
950911R2 microcline 50 5.2 2 0.0055 n.a. n.a. n.a. n.a. n.a. 
950911R3 kyanite 50 5.2 2 0.0011 n.a. n.a. n.a. n.a. n.a. 
950911R4 andalusite 50 5.2 2 0.0016 n.a. n.a. n.a. n.a. n.a. 
950912R2 microcline 50 5.2 2 0.0055 0.006 0.000 bdl bdl 0.005
950912R3 kyanite 50 5.2 2 0.0010 bdl 0.000 bdl n.a. n.a. 
950912R4 andalusite 50 5.2 2 0.0017 bdl 0.004 0.000 n.a. n.a. 
           

bdl Below analytical detection limit.       
n.a. Not analyzed.         

* Numbers based on spectrophotometric analysis results.     
** Numbers based on ICP analysis results.      
*** Numbers based on AAS analysis results.      
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Appendix 3.2. Experimental parameters and analytical results - tropolone 
electrolyte solutions. 

sample ID reactor Temp pH tropoln SiO2* SiO2** Al** Ca** Na*** K*** 

  (°C)  (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
951003R2 microcline 10 4.7 1 0.0037 bdl 0.0051 bdl n.a. 0.0029
951003R3 kyanite 10 4.7 1 0.0003 bdl 0.0023 bdl n.a. n.a. 
951003R4 andalusite 10 4.7 1 0.0003 0.0012 0.0021 bdl n.a. n.a. 
951004R2 microcline 10 4.7 1 0.0037 n.a. n.a. n.a. n.a. n.a. 
951004R3 kyanite 10 4.7 1 0.0003 n.a. n.a. n.a. n.a. n.a. 
951004R4 andalusite 10 4.7 1 0.0002 n.a. n.a. n.a. n.a. n.a. 
951005R2 microcline 10 4.7 1 0.0036 0.0036 0.0020 bdl n.a. 0.0029
951005R3 kyanite 10 4.7 1 0.0001 0.0001 0.0015 bdl n.a. n.a. 
951005R4 andalusite 10 4.7 1  bdl 0.0015 bdl n.a. n.a. 
951009R2 microcline 25 4.7 1 0.0086 0.0042 0.0018 bdl n.a. 0.0069
951009R3 kyanite 25 4.7 1 0.0002 bdl 0.0025 bdl n.a. n.a. 
951009R4 andalusite 25 4.6 1 0.0005 0.0002 0.0030 bdl n.a. n.a. 
951010R2 microcline 25 4.8 1 0.0086 n.a. n.a. n.a. n.a. n.a. 
951010R3 kyanite 25 4.7 1 0.0002 n.a. n.a. n.a. n.a. n.a. 
951010R4 andalusite 25 4.6 1 0.0006 n.a. n.a. n.a. n.a. n.a. 
951011R2 microcline 25 4.8 1 0.0083 0.0055 0.0013 bdl n.a. 0.0052
951011R3 kyanite 25 4.7 1 0.0002 0.0028 0.0009 0.0004 n.a. n.a. 
951011R4 andalusite 25 4.6 1 0.0006 0.0026 0.0024 0.0022 n.a. n.a. 
951013R2 microcline 40 4.8 1 0.0158 n.a. n.a. n.a. n.a. n.a. 
951013R3 kyanite 40 4.7 1 0.0001 n.a. n.a. n.a. n.a. n.a. 
951013R4 andalusite 40 4.6 1 0.0012 n.a. n.a. n.a. n.a. n.a. 
951014R2 microcline 40 4.8 1 0.0161 0.0170 0.0132 bdl n.a. 0.0071
951014R3 kyanite 40 4.7 1 0.0003 bdl 0.0217 bdl n.a. n.a. 
951014R4 andalusite 40 4.6 1 0.0015 bdl 0.0120 0.0000 n.a. n.a. 
951016R2 microcline 40 4.9 1 0.0163 0.0203 0.0051 bdl n.a. 0.0059
951016R3 kyanite 40 4.7 1 0.0004 0.0021 0.0027 bdl n.a. n.a. 
951016R4 andalusite 40 4.7 1 0.0019 0.0041 0.0056 0.0006 n.a. n.a. 
951018R2 microcline 60 4.9 1 0.0335 0.0328 0.0067 bdl n.a. 0.0085
951018R3 kyanite 60 4.7 1 0.0010 0.0015 0.0008 bdl n.a. n.a. 
951018R4 andalusite 60 4.7 1 0.0057 0.0052 0.0062 0.0007 n.a. n.a. 
951019R2 microcline 60 4.9 1 0.0370 0.0349 0.0075 bdl n.a. 0.0089
951019R3 kyanite 60 4.7 1 0.0010 bdl 0.0043 bdl n.a. n.a. 
951019R4 andalusite 60 4.7 1 0.0067 0.0068 0.0065 0.0009 n.a. n.a. 
951020R2 microcline 60 4.9 1 0.0362 0.0336 0.0045 bdl n.a. 0.0089
951020R3 kyanite 60 4.7 1 0.0012 bdl 0.0013 bdl n.a. n.a. 
951020R4 andalusite 60 4.7 1 0.0071 0.0062 0.0049 0.0009 n.a. n.a. 
951114R2 microcline 10 5.0 0.5 0.0017 n.a. n.a. n.a. n.a. n.a. 
 
Note:  bdl: Below analytical detection limit. n.a.: Not analyzed. 

*Numbers based on spectrophotometric analysis results. **Numbers based on ICP analysis results. 
***Numbers based on AAS analysis results. 
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Appendix 3.2. Continued. 
sample ID reactor Temp pH tropoln SiO2* SiO2** Al** Ca** Na*** K*** 

  (°C)  (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
951114R3 kyanite 10 5.0 0.5 0.0002 n.a. n.a. n.a. n.a. n.a. 
951114R4 andalusite 10 5.0 0.5 0.0002 n.a. n.a. n.a. n.a. n.a. 
951115R2 microcline 10 5.0 0.5 0.0016 0.0197 0.0071 bdl n.a. 0.0059
951115R3 kyanite 10 5.0 0.5 0.0002 bdl 0.0023 bdl n.a. n.a. 
951115R4 andalusite 10 5.0 0.5 0.0003 bdl 0.0014 bdl n.a. n.a. 
951116R2 microcline 10 5.0 0.5 0.0018 n.a. n.a. n.a. n.a. n.a. 
951116R3 kyanite 10 5.0 0.5 0.0002 n.a. n.a. n.a. n.a. n.a. 
951116R4 andalusite 10 5.0 0.5 0.0002 n.a. n.a. n.a. n.a. n.a. 
951120R2 microcline 25 5.0 0.5 0.0046 bdl 0.0064 bdl n.a. 0.0059
951120R3 kyanite 25 5.0 0.5 0.0002 bdl 0.0017 bdl n.a. n.a. 
951120R4 andalusite 25 5.0 0.5 0.0004 bdl 0.0007 bdl n.a. n.a. 
951121R2 microcline 25 5.0 0.5 0.0048 0.0092 0.0024 bdl n.a. 0.0031
951121R3 kyanite 25 5.0 0.5 0.0002 0.0000 bdl bdl n.a. n.a. 
951121R4 andalusite 25 5.0 0.5 0.0003 0.0001 0.0027 bdl n.a. n.a. 
951125R2 microcline 40 5.1 0.5 0.0108 0.0120 0.0385 0.0074 n.a. 0.0054
951125R3 kyanite 40 5.0 0.5 0.0004 0.0002 bdl bdl n.a. n.a. 
951125R4 andalusite 40 5.0 0.5 0.0014 0.0026 0.0016 bdl n.a. n.a. 
951127R2 microcline 40 5.0 0.5 0.0106 0.0117 0.0023 bdl n.a. 0.0041
951127R3 kyanite 40 5.0 0.5 0.0004 bdl bdl bdl n.a. n.a. 
951127R4 andalusite 40 5.0 0.5 0.0014 bdl 0.0010 bdl n.a. n.a. 
951130R2 microcline 60 5.1 0.5 0.0246 0.0354 0.0241 0.0052 n.a. 0.0071
951130R3 kyanite 60 4.9 0.5 0.0008 bdl bdl bdl n.a. n.a. 
951130R4 andalusite 60 4.9 0.5 0.0047 0.0035 0.0046 0.0002 n.a. n.a. 
951201R2 microcline 60 5.2 0.5 0.0238 0.0246 0.0056 bdl n.a. 0.0071
951201R3 kyanite 60 4.9 0.5 0.0009 0.0019 0.0009 bdl n.a. n.a. 
951201R4 andalusite 60 5.0 0.5 0.0052 0.0051 0.0057 0.0004 n.a. n.a. 
           

bdl Below analytical detection limit.       
n.a. Not analyzed.         

* Numbers based on spectrophotometric analysis results.    
** Numbers based on ICP analysis results.      
*** Numbers based on AAS analysis results.      
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Appendix 3.3. Experimental parameters and analytical results – 3,4-
dihydroxybenzoic acid electrolyte solutions. 
sample ID reactor Temp pH 34dhba SiO2* SiO2** Al** Ca** Na*** K*** 

  (°C)  (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
951211R2 microcline 10 3.1 0.5 0.0032 n.a. n.a. n.a. n.a. n.a. 
951211R3 kyanite 10 3.1 0.5 0.0004 n.a. n.a. n.a. n.a. n.a. 
951211R4 andalusite 10 3.1 0.5 0.0004 n.a. n.a. n.a. n.a. n.a. 
951212R2 microcline 10 3.1 0.5 0.0032 0.0028 0.0047 bdl n.a. 0.0024
951212R3 kyanite 10 3.1 0.5 0.0007 bdl 0.0052 bdl n.a. n.a. 
951212R4 andalusite 10 3.1 0.5 0.0008 bdl 0.0057 bdl n.a. n.a. 
951213R2 microcline 10 3.1 0.5 0.0030 n.a. n.a. n.a. n.a. n.a. 
951213R3 kyanite 10 3.1 0.5 0.0003 n.a. n.a. n.a. n.a. n.a. 
951213R4 andalusite 10 3.1 0.5 0.0004 n.a. n.a. n.a. n.a. n.a. 
951218R2 microcline 25 3.1 0.5 0.0072 0.0061 0.0059 bdl n.a. 0.0041
951218R3 kyanite 25 3.1 0.5 0.0004 0.0000 0.0039 bdl n.a. n.a. 
951218R4 andalusite 25 3.1 0.5 0.0005 bdl 0.0031 bdl n.a. n.a. 
951219R2 microcline 25 3.1 0.5 0.0071 n.a. n.a. n.a. n.a. n.a. 
951219R3 kyanite 25 3.0 0.5 0.0006 n.a. n.a. n.a. n.a. n.a. 
951219R4 andalusite 25 3.1 0.5 0.0007 n.a. n.a. n.a. n.a. n.a. 
951221R2 microcline 40 3.1 0.5 0.0161 0.0140 0.0095 bdl n.a. 0.0054
951221R3 kyanite 40 3.0 0.5 0.0007 bdl 0.0014 bdl n.a. n.a. 
951221R4 andalusite 40 3.1 0.5 0.0007 bdl 0.0028 bdl n.a. n.a. 
951222R2 microcline 40 3.1 0.5 0.0170 n.a. n.a. n.a. n.a. n.a. 
951222R3 kyanite 40 3.0 0.5 0.0005 n.a. n.a. n.a. n.a. n.a. 
951222R4 andalusite 40 3.1 0.5 0.0008 n.a. n.a. n.a. n.a. n.a. 
951225R2 microcline 60 3.1 0.5 0.0491 0.0480 0.0257 bdl n.a. 0.0101
951225R3 kyanite 60 3.1 0.5 0.0007 0.0005 0.0033 bdl n.a. n.a. 
951225R4 andalusite 60 3.1 0.5 0.0028 0.0030 0.0066 0.0004 n.a. n.a. 
960103R2 microcline 10 3.1 1 0.0019 n.a. n.a. n.a. n.a. n.a. 
960103R3 kyanite 10 3.1 1  n.a. n.a. n.a. n.a. n.a. 
960103R4 andalusite 10 3.1 1 0.0004 n.a. n.a. n.a. n.a. n.a. 
960104R2 microcline 10 3.1 1 0.0021 0.0024 0.0020 bdl bdl 0.0034
960104R3 kyanite 10 3.1 1 0.0003 bdl 0.0002 bdl n.a. n.a. 
960104R4 andalusite 10 3.1 1 0.0007 bdl 0.0033 bdl n.a. n.a. 
960109R2 microcline 25 3.1 1 0.0066 0.0083 0.0045 bdl bdl 0.0050
960109R3 kyanite 25 3.1 1 0.0004 bdl bdl bdl n.a. n.a. 
960109R4 andalusite 25 3.1 1 0.0004 bdl bdl bdl n.a. n.a. 
960110R2 microcline 25 3.1 1 0.0064 n.a. n.a. n.a. n.a. n.a. 
960110R3 kyanite 25 3.1 1 0.0004 n.a. n.a. n.a. n.a. n.a. 
960110R4 andalusite 25 3.1 1 0.0005 n.a. n.a. n.a. n.a. n.a. 
960113R2 microcline 40 3.1 1 0.0134 bdl 0.0109 bdl 0.0016 0.0066
 
Note:  bdl: Below analytical detection limit. n.a.: Not analyzed. 

*Numbers based on spectrophotometric analysis results. **Numbers based on ICP analysis results. 
***Numbers based on AAS analysis results. 
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Appendix 3.3. Continued. 
sample ID reactor Temp pH 34dhba SiO2* SiO2** Al** Ca** Na*** K*** 

  (°C)  (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)
960113R3 kyanite 40 3.1 1 0.0005 0.0000 0.0015 bdl n.a. n.a. 
960113R4 andalusite 40 3.1 1 0.0007 0.0005 0.0009 bdl n.a. n.a. 
960115R2 microcline 40 3.1 1 0.0151 n.a. n.a. n.a. n.a. n.a. 
960115R3 kyanite 40 3.1 1 0.0005 n.a. n.a. n.a. n.a. n.a. 
960115R4 andalusite 40 3.1 1 0.0009 n.a. n.a. n.a. n.a. n.a. 
960118R2 microcline 60 3.1 1 0.0408 0.0431 0.0205 bdl 0.0080 0.0110
960118R3 kyanite 60 3.1 1 0.0007 bdl 0.0032 bdl n.a. n.a. 
960118R4 andalusite 60 3.1 1 0.0024 0.0028 0.0050 0.0004 n.a. n.a. 
960131R2 microcline 10 5.1 1 0.0010 n.a. n.a. n.a. n.a. n.a. 
960131R3 kyanite 10 5.0 1 0.0003 n.a. n.a. n.a. n.a. n.a. 
960131R4 andalusite 10 5.0 1 0.0004 n.a. n.a. n.a. n.a. n.a. 
960201R2 microcline 10 5.0 1 0.0009 n.a. n.a. n.a. n.a. n.a. 
960201R3 kyanite 10 5.0 1 0.0004 n.a. n.a. n.a. n.a. n.a. 
960201R4 andalusite 10 5.0 1 0.0003 n.a. n.a. n.a. n.a. n.a. 
960202R2 microcline 10 5.1 1 0.0004 0.0015 bdl bdl 0.0045 0.0043
960202R3 kyanite 10 5.1 1 0.0019 0.0001 bdl 0.0030 n.a. n.a. 
960202R4 andalusite 10 5.1 1 0.0023 0.0012 bdl 0.0060 n.a. n.a. 
960205R2 microcline 10 5.0 1  bdl bdl bdl 0.0009 0.0036
960205R3 kyanite 10 5.0 1  bdl bdl bdl n.a. n.a. 
960205R4 andalusite 10 5.1 1  bdl bdl bdl n.a. n.a. 
960206R2 microcline 10 5.0 1 0.0008 0.0001 bdl bdl 0.0009 0.0036
960206R3 kyanite 10 5.0 1 0.0008 0.0003 bdl 0.0014 n.a. n.a. 
960206R4 andalusite 10 5.0 1 0.0011 0.0012 bdl 0.0045 n.a. n.a. 
960211R2 microcline 25 5.0 1 0.0017 0.0015 bdl bdl 0.0018 0.0024
960211R3 kyanite 25 5.0 1 0.0006 bdl bdl bdl n.a. n.a. 
960211R4 andalusite 25 5.0 1 0.0007 bdl bdl 0.0002 n.a. n.a. 
960216R2 microcline 40 5.0 1 0.0038 0.0005 bdl bdl 0.0027 0.0038
960216R3 kyanite 40 5.0 1 0.0005 bdl bdl 0.0018 n.a. n.a. 
960216R4 andalusite 40 5.0 1 0.0005 bdl bdl bdl n.a. n.a. 
960217R2 microcline 40 5.0 1 0.0042 0.0037 0.0001 bdl 0.0016 0.0034
960217R3 kyanite 40 5.0 1 0.0008 0.0004 bdl 0.0010 n.a. n.a. 
960217R4 andalusite 40 5.1 1 0.0008 0.0035 bdl bdl n.a. n.a. 
960219R2 microcline 60 5.1 1 0.0117 0.0095 bdl bdl 0.0038 0.0038
960219R3 kyanite 60 5.0 1 0.0010 0.0004 bdl 0.0000 n.a. n.a. 
960219R4 andalusite 60 5.0 1 0.0022 0.0008 bdl bdl n.a. n.a. 
960220R2 microcline 60 5.1 1 0.0138 n.a. n.a. n.a. n.a. n.a. 
960220R3 kyanite 60 5.0 1 0.0008 n.a. n.a. n.a. n.a. n.a. 
960220R4 andalusite 60 5.0 1 0.0019 n.a. n.a. n.a. n.a. n.a. 
 
Note:  bdl: Below analytical detection limit. n.a.: Not analyzed. 

*Numbers based on spectrophotometric analysis results. **Numbers based on ICP analysis results. 
***Numbers based on AAS analysis results. 
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