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ABSTRACT

The dissolution of magnesium metal in equimolar sodium 
chloride/potassium chloride aqueous electrolytes was 
investigated. The focus of the work conducted was on the 
electrochemical aspects of the dissolution process, as it 
relates to the equilibria in the electrolyte and the 
dissolution kinetics. The research was initiated based on 
the perceived need (circa 1993) to remove the reactive 
metals - magnesium, aluminum, sodium and potassium - in a 
class of waste salts generated at Rocky Flats. These salts, 
because of Resource Conservation and Recovery Act (RCRA) 
regulations, could not be shipped for disposal because of 
the reactive metals cited that they contained. Today, 1996, 
this is no longer a high-priority RCRA regulations 
requirement. Magnesium, rather than sodium or potassium, 
was selected as the candidate metal to be investigated since 
its characteristics would define an "upper bound" as to the 
treatment strategy which would ultimately be developed. 
Aluminum was considered to be the least reactive, and not 
truly a hazardous material. The results of the study have 
delineated the corrosion characteristics of magnesium in 
high-concentration (5-7m) aqueous chloride-electrolytes. In
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addition, an academic component of the research has 
developed a semi-empirical dissolution-rate model for the 
system. The model behavior appeared to be fundamentally 
consistent for ambient-temperature (21°C) dissolution, but 
at high temperature (70°C) the behavior was anomalous. The 
dissolution-rate was such that at 21°C, for an electrolyte 
volume to magnesium surface-area ratio of »200, the 
dissolution for this system could be achieved in 
approximately 10 minutes with an asymptotic magnesium 
concentration of approximately 40/iffi when the initial pH of 
the electrolyte was as-prepared («7.0) and 90MS when the 
initial pH was adjusted by hydrochloric-acid addition to 
&4.0. Employing an elevated temperature for the process 
does not appear to offer any clear benefit.
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CHAPTER 1 

INTRODUCTION

In the text which follows, a background on pyrochemical 
operations at the Rocky Flats Environmental Technology Site 
in Colorado is provided so that the reasons for conducting 
the research reported in this thesis can be placed in 
perspective.

Pyrochemical operations have been performed within the 
Nuclear Weapons Complex in the United States and at Rocky 
Flats to purify plutonium for weapons production. The 
primary plutonium-americium separation process was molten 
salt extraction (MSE). In this pyrochemical process, 
americium-bearing plutonium is contacted with a molten 
sodium chloride/potassium chloride/magnesium chloride salt 
in a two-stage process. The solubility of plutonium in the 
molten salt at 700 °C is low while that of the americium is 
high, resulting in a redistribution of the plutonium and 
americium in the system. The primary products are then a 
plutonium button and a residue salt containing the americium 
and other metal impurities.
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Electrorefining (ER) was used at Rocky Flats as a final 
purification step whereby plutonium metal of desired purity 
was obtained electrolytically from a molten electrolyte 
consisting of equimolar mixtures of sodium chloride and 
potassium chloride with magnesium chloride additions and 
plutonium. This molten salt was similar in chemical 
composition to that employed in the MSE process. The 
primary products were a plutonium (cathode) button and a 
residue salt containing metal impurities.

The residue salts generated during the electrorefining 
(ER) and molten salt extraction (MSE) processes for 
plutonium contained too high concentrations of actinides 
(primarily plutonium and americium) and could not be 
discarded. Thus, these residue salts were generally treated 
to remove the residual plutonium before being discarded.
One extractive process used to remove the residual plutonium 
was a process referred to as "salt scrub", where aluminum 
and magnesium metal (as reductant) were added to the molten 
salt residues to lower its actinide content, and forming an 
alloy-product button. The treated salt contained little or 
no actinide and was considered waste salt.

However, the waste salts contain reactive metals such 
as magnesium, aluminum, sodium, and/or potassium. These 
metals originate from the ER and MSE processes, or as a
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result of the aluminum-magnesium salt scrub process. 
Treatment of the waste salts was considered prior to 
shipping and disposal to remove or destroy the reactive 
metal constituents. The absence of reactive metal 
constituents in materials undergoing shipping was a 
requirement stipulated by the regulations promulgated under 
the Resource Conservation and Recovery Act (RCRA).

A candidate process for deactivating these residual 
metal constituents consisted of forming a comminuted 
salt/water slurry whereby the reactive metals would be 
hydrolyzed to their oxidized state. This could potentially 
render the salts free of reactive metal constituents and 
thereby meet the RCRA requirements. This basic concept 
prompted the study of the potentially reactive metal, 
magnesium, which is reported in this thesis.

1.1 Scope of the Research
The literature search did not reveal information 

specifically related to magnesium corrosion in a plutonium 
system with equimolar aqueous salt electrolytes. However, 
articles were found which discussed the corrosion of 
magnesium in various aqueous salt electrolytes, both with 
and without applied potentials, and in seawater.

Papers and texts dealing with corrosion of magnesium
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have been focused on. However, the specific (corrosion) 
dissolution of magnesium in aqueous electrolytes of the type 
indicated previously of interest in this research was not 
discussed.

1.2 Objective of the Research
Of the potentially reactive metals present in the waste 

salts, magnesium was selected for study because it appeared 
that the dissolution of magnesium would be the limiting 
constituent in the salt. Sodium and potassium, unlike 
magnesium, do not passivate (form solid reaction products), 
and would therefore be expected to react readily with water. 
In contrast, magnesium forms a hydrated oxide Mg(0H)2 which 
can influence its oxidation in an aqueous electrolyte.

The primary objective of the research reported in 
this thesis was focused on the electrochemical aspects of 
the dissolution behavior of pure magnesium metal in 
equimolar (NaCl/KCl) aqueous salt solutions. Specifically, 
the species distribution in the electrolyte and the reaction 
kinetics have been developed. In addition, experiments have 
been conducted whereby measurements of the dissolution rate 
as manifested by the increase in pH of the electrolyte have 
been conducted for two temperatures, and correspondingly two 
near saturation concentrations of the chloride salts.
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1.3 Organization of Thesis
The background of the issue prompting the study is 

described briefly in this first chapter along with the scope 
of research associated with the study of magnesium 
dissolution (corrosion) in aqueous salt systems. The 
research objectives are outlined and the organization of the 
thesis are also provided.

Chapter 2, includes a review of relevant literature 
from 1943 to the present. Topics related to magnesium 
corrosion in aqueous salt-solutions are covered. This is 
followed, in Chapter 3, by the development of the relevant 
theoretical components.

Chapter 4 provides a description of the equipment used 
in the experiments as well as the experiments conducted.
Also described are the procedures and supplemental 
analytical methods employed.

In Chapter 5, the actual experimental results are 
compared with those predicted by the mathematical model for 
the system. Finally, the thesis is concluded in Chapter 6 
by providing a summary or the results obtained, enumerated 
conclusions and suggestions for further work.
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CHAPTER 2 

LITERATURE REVIEW

The research conducted for this thesis included a 
comprehensive literature review. A computer aided search of 
the Chemical and Metal Abstracts was conducted at the 
Colorado School of Mines Library. The key words used in 
this search were magnesium and corrosion. The Institute of 
Metals-Metallurgical Abstracts was also reviewed.

There were no articles or patents which related 
directly to the topic of magnesium corrosion in equimolar 
NaCl-KCl salt systems. However, there were several 
technical papers which addressed the corrosion of magnesium 
from a general perspective in either NaCl electrolytes or in 
seawater.

A literature review of internal Rocky Flats 
Environmental Technology Site reports related to 
Electrorefining and Molten Salt Extraction salts and Salt 
Scrub was also conducted. Information on the process 
principles is presented in Chapter 1.
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2.1 Electrochemical Corrosion-Behavior of Magnesium
Magnesium is the most active metal in the Emf Series 

which is used for structural purposes, albeit rarely in the 
unalloyed condition [1,2]. Magnesium alloys are used for a 
variety of nonstructural and structural purposes including 
sacrificial anodes for cathodic protection; as a reducing 
agent in a limited class of metals production, notably 
titanium and beryllium; oxygen scavenging and desulfurizing 
in nickel and copper alloy manufacture; pyrotechnics; tool 
parts, ladders, aerospace equipment, etc. [2,3,4].
Magnesium is the lightest of the commercially available 
metals, and has a high strength-to-weight ratio when alloyed 
with other elements [5]. Magnesium alloys can be used at 
moderately elevated temperatures with no significant 
oxidation [2].

Magnesium and its alloys exhibit chemical compatibility 
with a wide class of chemical compounds. These include most 
strong bases; some acids including hydrofluoric acid; oils; 
most organic compounds such as aliphatic and aromatic 
hydrocarbons, ketones, ethers, glycols; and dry halogens 
[1,2,5].

Several chemical compounds exhibit varying degrees of 
corrosion or attack of magnesium and its alloys. These 
include seawater; fuel systems in which water, which serves
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as an electrolyte, can accumulate; freon containing water; 
neutral salt solutions of metals such as copper, nickel and 
iron; and all mineral acids except hydrofluoric acid and 
chromic acid [1,2,6].

Not surprisingly, the corrosion behavior of magnesium 
depends on the aqueous electrolyte with which it is 
contacted. The corrosion rate in alkali metal (Li, Na, K, 
Cs) and alkaline earth (Be, Mg, Ca, Sr, Ba) hydroxides, 
silicates, fluorides, borates, sulfites, and carbonates is 
extremely low near "room temperature" [7]. However, for 
electrolytes which contain anions such as Cl', Br‘, S04', or 
C104~, the corrosion rate can be extremely high [3].

Compared with other structural metals, magnesium alloys 
behave anodically and are susceptible to galvanic attack if 
coupled to incompatible metals such as iron, copper, or 
nickel. [2,3,5,8]. Several commercial applications take 
advantage of this anodic property by using magnesium or 
magnesium-based alloys as sacrificial anodes [4]. In fact, 
magnesium or magnesium-based alloys are more often used as 
sacrificial anodes for cathodic protection than are zinc or 
aluminum.

It might appear intuitive, but incorrect, that 
magnesium would be highly reactive with water since it has 
approximately the same standard electron potential as sodium
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(-2.375V and -2.714V respectively, at 25°C) [9,10].
However, in distilled water, at "near to room temperature" 
the corrosion rate is in fact very low. Indeed, it becomes 
passive when exposed to water in the presence or absence of 
oxygen, and the primary corrosion mechanism is accompanied 
by hydrogen evolution [1].

The impurity type and concentration level of magnesium 
metal influences its corrosion resistance much more than 
that observed for aluminum [1,2]. For example, the 
corrosion rate of "high purity distilled magnesium" in 
seawater is 0.01 inch per year, while that of commercial 
magnesium is 100 to 500 times greater, with hydrogen 
evolution via bubbles clearly visible [1]. "High purity 
distilled magnesium" is typically defined as 99.99% Mg while 
commercially pure magnesium is typically defined as 99.8% Mg 
with 0.10% max Mn, 0.02% max Cu, 0.01% max Sn, 0.001% max 
Ni, 0.001% max Pb, and 0.05% other impurities [3, 11]. 
Chlorides are especially harmful because of the hydrochloric 
acid which is formed during the reaction of the chloride 
with moisture [12].

The low corrosion-rate of the high-purity magnesium is 
due to its unique electrochemical behavior whereby the 
primary formation of a coherent corrosion-product film 
ultimately controls the rate process. Robinson and King
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have reported that, based on characterization conducted by 
x-ray and electron diffraction methods, the protective film 
on magnesium in most aqueous environments has been 
identified to be magnesium hydroxide, never magnesium oxide 
[13]. The magnesium hydroxide (Mg(OH)2) film formed on 
magnesium in these environments is coherent with a high- 
impedance transport property, which modifies the inherently 
high reactivity of magnesium [14]. Physical damage to this 
film, which exposes the underlying magnesium, will result in 
reaction (transiently) with water, comparable to that of 
sodium and water.

Several researchers have discussed the potential 
degradation of the Mg(0H)2 film which can occur in aqueous 
media containing extraneous anions, via the precipitation of 
soluble magnesium salts at the anode-solution interface. 
These salts become occluded in the Mg(OH)2 film, whereby its 
structure (and electrical properties) is modified and mass- 
transport impedance between the underlying magnesium metal 
and the electrolyte is compromised. Thus, for example, in 
NaCl electrolytes, magnesium hydroxy chloride has been 
observed as a corrosion product. The local "increased 
acidity" at an anodic site, where Mg2+ is produced in the 
presence of Mg(0H)2(s) , has been cited by Robinson and King 
[13] and Robinson [15]. This phenomenon is due to the



T—4046 11

required compliance of the "solubility product", viz.

®Mg*« * faoH')2 = »

whereby the further hydrolysis of Mg2+ results in a decrease 
in the OH* concentration.
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CHAPTER 3 

THEORETICAL CONSIDERATIONS

This chapter consists of three sections. The first 
section presents the formulation of the equations describing 
the species distribution (speciation) in the electrolyte 
during the dissolution of magnesium, including the 
precipitation of the Mg(0H)2(s) hydrolysis product. In the 
second section, the relevant electrode reactions and their 
potentials are quantified. In the third section, the 
electrochemical reaction kinetics are formulated on the 
basis of a conceptualization of the mass-transfer mechanisms 
associated with the anodic dissolution of the magnesium.

3.1 Species Distribution (Speciation)
The formation of hydrolysis products in the NaCl 

electrolyte solution has been discussed by several authors. 
Baes and Mesmer summarized the results of previous work on 
the hydrolysis of Mg2+ in chloride electrolytes [16]. They 
referenced the investigations of Stock and Davies and 
Hostetler who confirmed that MgOH+ is the only aqueous



T—4046 13

hydrolysis product formed for magnesium concentrations in 
the range of 0.002 to 0.045£i. This research was conducted 
with cells consisting of dilute chloride electrolytes. The 
hydrolysis reaction is described by:

Mgr+ HjO ** MgOH* + H* (3.1)
The formation constant is reported as:

log Kn = -11.44 +/-.01 (25°C)
Hostetler identified the hydroxide layer on the 

magnesium surface, i.e. Mg(OH)2 or brucite, and represented 
its equilibrium with the electrolyte by the reaction:

Mg (OH) 2 Mg2* +20H" (3.2)
In regard to polynuclear hydroxyl complexes, Lewis 

reported that Mg4(OH)44+ was the principal hydrolysis product 
in concentrated MgCl2 electrolytes. He presented the 
hydrolysis reaction thus:

4Mg2* + 41̂ 0 Mg4(0H)J* +4H* (3.3)

However, it became apparent that in the present study 
the magnesium concentration would not exceed 0.01M as 
compared to magnesium concentrations of 1.0 to 1.5& in 3M 
chloride electrolytes which Lewis cited.
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3.1.1 Model-Equations Development
The species distribution in the electrolyte can be 

described by the following equations which embody principles 
relating to conservation of moles, electroneutrality 
(conservation of charge) and chemical equilibrium. The
species of interest are: Na+, K+, Cl', Mg2+, H+, OIT and
MgOH+• For convenience, these are identified by numerical 
subscripts according to the following list:

1 = Na+; 2 = K+; 3 = Cl'; 4 s Mg2+
5 s h+; 6 s OH*; 7 s MgOH+

Molar Accounts:
The molar accounts are conducted on sodium, potassium, 

chloride, and magnesium. Thus:

(3.4)

(3.5)

(3.6)

Cot = C4 + C7 (3.7)

where, the quantities on the left side of Equations 3.4, 3.5 
and 3.6 are the molar concentrations (M) of sodium, 
potassium and chloride introduced into the electrolyte by
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NaCl and KC1 salts. The total magnesium in the system is a 
quantity which is either specified or predicted via the 
reaction-kinetics model developed subsequently. 
Electroneutralitv (Charge Account):

The charge account which assures electroneutrality in 
the electrolyte can be stated as follows:

1-Cj + l-Cj + 2 «C4 + 1-C5 + l-Cy * l-Cj + 1-C6 (3.8)

In the above equation, the numerical quantities 
premultiplying the concentrations are the charges associated 
with the respective species designated by the subscript on 
the concentrations.
Equilibrium Constraints:

Two independent chemical reactions are required to 
describe the equilibria between the species in the 
electrolyte. These are:

H20 = H+ + OIT (3.9)
and, Reaction 3.1 stated previously.

The mass-action expression for Reaction 3.9 can be 
stated in terms of the ion product for water, K* [17]:

Kw = CH+ • COH
- C5*C6 (3.10)

The mass-action expression for Reaction 3.1 is obtained 
from the compilation by Baes and Mesmer [16] who defined the
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"formation quotient" for this hydrolysis reaction, and which 
is described in greater detail in Appendix I. The 
relationship takes the form:

Q = [Mgom [H*] (3. XI)
[Mg1*]

where the bracketed quantities are the concentrations of the 
species contained therein.

Substituting for the concentrations yields:

Q„ = ̂  (3.12)

Equations 3.4 to 3.7 and 3.8, 3.10 and 3.12 provide seven 
equations which, in principle, allow the values of Ct to C7 
to be determined. However, it is possible to recast the 
system of equations based on the specific features of the 
system studied. These considerations are stated below:

The sodium and potassium cations do not hydrolyze nor 
form complexes with the chloride anion. Furthermore, 
since these three ions are introduced into the 
electrolyte via the corresponding (Na or K) chloride 
salt, their contributions are cancelled in the charge 
balance. Also, it was anticipated that the pH of the 
electrolyte would be adjusted, by the addition of 
hydrochloric acid, so that the effect of electrolyte pH
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oil the dissolution of magnesium metal could be 
assessed.
Consequently, since this modification to the 

electrolyte speciation only involves the addition of 
chloride anion to the system, the charge account represented 
by Equation 3.8 can be recast as:

where, C* is the (invariant) excess chloride (via HC1) which 
is added to achieve a specific pH.

Experiments were to be conducted whereby the pH of the 
electrolyte was monitored during the dissolution of 
magnesium (a rotating disc). The pH of the system is of 
course recorded prior to the contact of the electrolyte with 
the magnesium disc. Thus, since there are no magnesium 
species present initially, Equation 3.13 in conjunction with 
Equation 3.10 allows the quantity C* to be determined.

These calculations utilize the definition of pH, 
namely:

and, as a first approximation, the activity coefficient of 
the hydronium ion is unrealistically assigned a value of 
unity, whereby Equation 3.14a can be rewritten as:

204 + 05 + 07 = 06 +  0* (3.13)

pH = -logI0aH. (3.14a)

pH = -log10C5 (3.14b)
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or

C5 = 10"*H (3.15)

When Equations 3.15 and 3.10 are combined, a 
relationship for the hydroxyl concentration can then be 
obtained, thus:

The resulting expression for (the ncharge excess" due to 
chloride anion via HC1) is then obtained by substituting 
into Equation 3.13. Thus:

where, the symbol E is introduced for convenience, and pH° 
is the initial pH of the electrolyte. Equation 3.13 can now 
be rewritten so that it incorporates the relationships 
provided by Equations 3.10 and 3.12. The resulting equation 
contains only the unknown concentrations for the hydronium 
(H+) and magnesium (Mg2*) cations in the electrolytes:

On rearranging this equation, the following quadratic 
equation for Cs arises:

C6 = (3.16)

E ■ C* = 10-*H* - Kw10pH* (3.17)

(3.18)

cj * ( 2C4 - E) Cj + (QuC4 -K. ) = 0 (3.19)
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The physically realistic root to this equation is:

Thus, for a specified value of Mg2* in the electrolyte, 
the pH of the electrolyte can be predicted by employing 
Equation 3.14b. It is noted that initially C4 is zero, and 
the resulting expression for C5|tao is given by:

Thus, for example, if E is zero then the expected pH value 
of 7 is predicted when K* (25°C) is assigned the value of 
l.OxlO14.

A computer program was written in QBASIC whereby the 
species distribution could be determined, and thus the Mg2* 
and MgOH* concentrations in the NaCl-KCl electrolyte as a 
function of pH could be predicted. This was employed in 
conjunction with the anodic electrode potential for Reaction 
3.22 shown as an auxiliary axis on Figures 3.4 and 3.5. The 
QBASIC code is presented in Appendix II. Also, this 
equilibria code was an integral part of the QBASIC code 
developed for predicting the pH versus time response based 
on the dissolution-rate model presented in Section 3.3, and 
the results of which are shown in Section 5.2 of Chapter 5.

(3.21)
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3.2 Electrode Reactions and Potentials
Four electrode reactions can be identified which 

contribute to the electrochemical mechanism for the 
dissolution of magnesium metal. Two anodic reactions can be 
identified as being responsible for the dissolution 
(oxidation) of the magnesium metal:

Mg2* + 2e" = Mg° ; E° (298°K) = 2.375V (vs. SHE) (3.22)

In addition, because of the relative electrode-kinetics 
(electrodics) the oxidation of the magnesium can also take 
place via the reaction:

Mg(0H)2(s) +2e~ = Mg° + 20H"; E° (298°K) =-2.69V (vs. SHE) (3.23)

This would then be followed by the decomposition of the 
solid hydroxide phase, according to the reaction:

Mg (OH) 2 (s) = Mg2* + 20H‘ (3.24)

When the electrode processes proceed in the direction 
indicated by the arrows, the electrons generated must be 
consumed by a sequential (cathodic) electrode process. Two 
electrode reactions (depending on the pH and electrodics), 
which are compatible with the electrolyte of interest, are:

2H*+2e" ̂  Hj (g) ; E° (298°K) =0.00V (vs. SHE) (3.25)
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and,

2H20 + 2e- = 20H-+H2(g) ; E° (298°K) =-0.828V (vs. SHE) (3.26)

According to Reaction 3.25, the electrons are consumed 
via the reduction of hydronium ions on the electrode (or 
interphase region thereof). However, unless the pH is nlow" 
this reaction may be impeded because of the low 
concentration (activity) of H+ ions relative to that of the 
solvent, water. Thus, Reaction 3.26 may then provide for 
the more facile path by which electrons are consumed, and 
hydrogen generated, at the electrode.

The actual electrode potential which would be measured 
depends on the intrinsic electrodics associated with the 
electrode reactions presented, Reactions 3.22 and 3.23, and 
Reactions 3.25 and 3.26. In general, the measured 
(corrosion) potential must lie between the lowest possible 
potential associated with either (anodic) Reaction 3.22 or 
Reaction 3.23, and the highest possible potential associated 
with either (cathodic) Reaction 3.25 or Reaction 3.26. The 
potential (at 298°K) for Reaction 3.22 is dependent on the 
free magnesium (Mg2+) activity (concentration), whereas for 
Reaction 3.23, it is pH dependent. On considering Reactions 
3.25 and 3.26, it is apparent that the potentials of both 
reactions are pH dependent, for a selected hydrogen partial
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pressure.
The potential for these electrode reactions can be 

calculated by use of the Nernst equation, which for a 
selected temperature can be written as:

ps^0jl RT  ̂/activity of the oxidized species! 
n 7  \ activity of the reduced species /

where: E°is the standard electrode potential at
temperature T,

R is the gas constant,
T is the absolute temperature, 
n is the number of electrons participating in 
the reaction 

& is the Faraday 
On assigning unit activity to the magnesium metal Mg°, 

the hydroxide Mg(OH)2(s) and as a first approximation also 
to the solvent water, then the potentials (vs. SHE) for 
Reactions 3.23, 3.25, and 3.26 can be obtained by 
manipulating Equation 3.27 to give (for T=298°K):

(for Reaction 3.25)
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(for either Reactions 3.23 or 3.26)

E = E ° + .5? log

= e ° + ~  i°g10 [ iô 14̂ )  2]
m*

10
1 2

10-<14-pH> mV

where E° is for the appropriate reaction. 
Since, by definition,

pH = -log10aH.

= l o g _  aH.

(3.29a)

(3.29b)

(3.30a)

(3.30b)

(3.31)and,
* w  = a OH- * a H*

whereby, since K* (298°K) « 10*14,

aoH- = lO^14̂  (3.30c)
In addition, for the reactions where Hj(g) 

participates, the partial pressure is selected to be 1 atm, 
for convenience and on the basis that a nucleated hydrogen 
bubble would experience the ambient pressure in the 
electrolyte. In Golden, of course, the ambient pressure is 
approximately 0.8 atm. However, the selection of 1 atm 
rather than the actual pressure does not impose a 
significant error.

In summary, the equation developed for calculating the
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electrode potential for both Reaction 3.23 and Reaction 
3.26, at 298°K is:

E = E° + 59 (14-pH) (mV) (3.32)
(where, E° is unique for each of the two reactions); and, 
for Reaction 3.25 the corresponding equation is:

E * E° - 59 (pH) (mV) (3.33)
The equation developed for calculating the electrode 

potential of Reaction 3.22 is:

E » E» + *1 log10 (C^) (mV) (3.34)

This relationship was formulated on the same basis as 
before, and in addition, as a first approximation, the 
activity of free magnesium ion is replaced by its 
concentration.

The electrode potential versus pH behavior at 298°K, 
for Reactions 3.23, 3.25, and 3.26 are displayed in Figures
3.1 through 3.3, respectively.

The electrode potential versus magnesium concentration 
behavior for Reaction 3.22 is displayed in Figures 3.4 and 
3.5. In addition, on both figures the corresponding pH of 
the electrolyte due to magnesium dissolution is also 
displayed for initial pHs of 4.00 and 7.00. This pH 
response, due to magnesium dissolution, was computed on
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the basis of the equilibrium model developed earlier in 
Section 3.1.

It was mentioned previously that the measured 
(corrosion) potential must lie between the lowest possible 
potential associated with either anodic reactions, and the 
highest possible potential associated with either cathodic 
reactions. This can now be quantified. Thus, for example, 
at a pH of 7 the corrosion potential would be approximately 
-2560 mV if anodic Reaction 3.22 were occurring (Figure 3.4) 
and approximately -3103 mV if anodic Reaction 3.23 were 
occurring (Figure 3.1). Similarly, at the same pH the 
corrosion potential would be approximately -413 mV if 
cathodic Reaction 3.25 were occurring (Figure 3.2), and 
-1241mV if cathodic Reaction 3.26 were occurring (Figure 
3.3) .
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Figure 3.1 Electrode potential vs pH for reaction 
Mg (OH) 2 (s) + 2e‘ = Mg° + 20IT at 298 °K.
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Figure 3.2 Electrode potential vs pH for reaction 

2H+ + 2e' = H2(g) at 298°K.
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Figure 3.3 Electrode potential vs pH for reaction 
2H20 + 2e' = 20H* + H2(g) at 298°K.
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Figure 3.4 Electrode potential versus magnesium ion
concentration for reaction Mg2"*" + 2e' = Mg° at 
298°K. On the right axis is the pH versus 
magnesium concentration behavior, due to 
magnesium dissolution, for initial pH of 7.
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Figure 3.5 Electrode potential versus magnesium ion
concentration for reaction Mg2+ + 2e‘ = Mg° at 
298°K. On the right axis is the pH versus 
magnesium concentration behavior, due to 
magnesium dissolution, for initial pH of 4.
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The Butler-Volmer equation is a fundamentals-based 
mathematical model that can be used to describe the 
intrinsic electrodics for a system. This corresponds to 
conditions where mass-transfer of the electroactive species 
is not rate-limiting. This equation provides for a 
relationship between current-density and the overpotential 
present on the electrode. The temperature must be specified 
as well as the concentration(s) of ionic species in the 
electrolyte participating in the reaction. Three 
quantities, the transfer coefficients for the anodic and 
cathodic contributions (aa,ae) and the exchange current 
density i0, are intrinsic kinetic parameters in the 
equation. The influence of the concentration(s) of the 
ionic species is manifested by the magnitude of the exchange 
current. The equation may be written as follows:

where i0 is the exchange current density 
aa is the transfer coefficient for the

anodic contribution
ar is the transfer coefficient for the

cathodic contribution 
i}t is the overpotential (i.e. the deviation

from the equilibrium potential)
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Displays of current versus overpotential, referred to 
as polarization curves, are presented in Figure 3.6. The 
electrode area selected is the same for each electrode 
process and corresponds to the interfacial-area projected 
onto a plane surface. The two curves displayed are for 
hypothetical anodic and cathodic reactions which must occur 
simultaneously in order for dissolution (corrosion) to 
occur. These reactions would, for example, correspond to, 
respectively:

Mg2* + 2e* - Mg (3.35)
2H2O + 2e' = H^g) + 20H* (3.36)

The prominent feature of the display is the 
identification of the corrosion potential, Ecqrr, where the 
anodic and cathodic currents are equal (since two electrons 
participate in both reactions). At the corrosion potential 
the overpotential for the anodic process, 17(a), is positive 
and measured relative to the equilibrium potential E? . 
Similarly, the overpotential for the cathodic process, 17(c), 
is negative, again being measured relative to the 
equilibrium potential, E* , in this case. Before leaving 
this section, it is important to reiterate that these 
aspects of electrodics are intrinsic and mass-transport in 
the electrolyte is considered (for convenience) not to have 
an impact on the kinetics. In fact, the dissolution-rate
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model developed in the next section is based on mass- 
transport processes in the electrolyte. The inherent large 
overpotentials associated with this system facilitate the 
electron-transfer processes such that mass-transfer becomes 
the rate-limiting behavior for the system studied.
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Figure 3.6 Current versus potential for Reactions
Mg2* + 2e* = Mg and 2H20 + 2e’ = H2(g) + 20K 
predicted by the Butler-Volmer equation for 
hypothetical parameters, viz. exchange current 
density and the transfer coefficients.
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3.3 Dissolution-Rate Model Development
The dissolution (corrosion) of the Mg can be described 

by the following electrochemical reactions:

Mg2* + 2e" = Mg° Anodic (3.37)

21^0+ 2e~ ■ (g) +20H- Cathodic (3.38)
On the basis that the dissolution rate is controlled by 

diffusion of Mg2* and OH~ in the electrolyte, a schematic of 
the concentration profiles which would be expected in the 
vicinity of the magnesium surface is displayed in Figure 
3.7. At time (tt), the Mg2* and OH* concentrations at the 
magnesium surface are higher than at the later time (tj), 
whereas the concentrations in the bulk electrolyte increase 
with time.

The concentration gradients are a result of the 
diffusion-limited process which occurs in the electrolyte 
within the near-region of the electrode. This Mdiffusion 
layer" extends from the electrolyte-side of the magnesium 
electrode surface into the electrolyte. The fluxes (i.e. 
the rate at which a species diffuses through unit (plane) 
interfacial area of Mg2* and OIT away from the surface are 
expressed in terms of the mass-transfer coefficients for
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0.8 —

0.0
0 DISTANCE

Figure 3.7 Hypothetical concentration profiles for Mg2+ and 
OH* at two selected times during the 
dissolution process. The concentrations of Mg2+ 
and OH* at the interface (distance=0) for both 
tj and tj are consistent with the saturated 
condition for Mg(OH)2(s) at the surface.
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these two ions:

iW- = (3-39)

I S B \ (3 '4 0 )Hoh- = M C o V - C o V )  

where: N| is the flux of species i
i « Mg2-*- or OH*
C® is the surface concentration of species i 
C® is the bulk concentration of species i 
k* is the mass transfer coefficient for the 

species i
On examining the stoichiometry of Reactions 3.37 and 

3.38, it is apparent that the flux of Mg2* can be related to 
that of 01T, thus (note that both fluxes are positive):

= "2^0!!- (3.41)

In addition, the system is considered "saturated" at 
the magnesium surface as controlled by the precipitation of 
Mg(OH)2(s) according to the reaction:

Mg2"" + 20ff - Mg (OH) 2 (s) (3.42)
At the surface of the magnesium electrode, the 

solubility product K,,, is related to the local Off and Mg2+ 
concentrat ions, thus:
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M
(3.43a)

'OH* f e ] ; (3.43b)

Rearranging Equations 3.39 through 3.41 yields:

s (cqh-” Coh.) (3.44)

Substituting the value of c i H . from Equation 3.43b gives:

,2*
'Mf

-cOH- (3.45)

On manipulating this equation the following quadratic 
equation is obtained which allows the surface concentration 
of Mg2+ to be determined:

(3.46)

Equation 3.46 can be rewritten as:

y3 +by-d = 0 (3.47)

where:
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The three roots to this equation can be obtained by 
defining:

Providing that "a" is always positive, there is only 
one real root, viz.:

A demonstration of the validity of the solution is presented 
in Appendix III.

The quantity "a" would always be positive if b, 
likewise, is also always positive. Initially, 
when c£,. = 0 , it is definitely positive. However, as Ĉ ,. 
increases the accompanying C®H. also increases. Inspection 
of the equation for wbM, i.e.,

reveals that it may be possible, depending on the value of

(3.48a)

(3.48b)

and
(3.49 a,b)

y = u + v (3.50)

(3.51)
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kj/kj, for "bH to become negative. However, for the values 
of kj and kj which are characteristic of this system, this 
behavior was not observed.

A molar account for the transfer of Mg3'1’ to the 
electrolyte of volume V, gives:

-̂ (vĉ ».) + * Akj (c,̂ .-Ĉ .) (3.52)

where: V is the invariant solution volume
A is the projected (plane) area of the 
magnesium disc on which the reaction is 
occurring.

For conditions (a constraint!) where Ĉ ,. ► CjĴ . then 

for conditions where, also, Ĉ ,. is zero initially:

<3-53>

I.e. Ĉ ,. (t = 0) = 0 (3.54)

Also, the surface concentration Ĉ ,. is given by the 
real root to the cubic equation (Equation 3.47) according to 
the steps developed in Equations 3.48 through 3.50.

Note that the equilibrium species distribution in the
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bulk electrolyte is computed in conjunction with the time 
dependent C,̂,. as presented in Section 3.1. Thus, the 
time-dependent pH of the electrolyte is determined 
simultaneously. Also, the mass transfer coefficients, 
and k2, which are related to the diffusion coefficients of 
the Mg2* and OH" ions and the mass-transfer boundary layer 
thickness of the electrolyte in contact with the magnesium 
surface, are not known, a priori. These (kt and k2) are 
determined by an optimization strategy where the objective 
function for this procedure is that "the sum of the squares 
of the deviation between the predicted and measured pHs of 
the electrolyte, for a selected run, are minimum."

This optimization strategy was incorporated into a 
QBASIC program which calculates the optimum mass-transfer 
coefficients, kt and k2. The programming code is listed in 
Appendix V.
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CHAPTER 4 

DETAILS OF EXPERIMENTS CONDUCTED

A limited campaign of runs was designed to study 
magnesium corrosion in an equimolar KCl/NaCl aqueous 
electrolyte. A magnesium rotating-disc electrode was 
employed and the pH of the electrolyte, which increased as 
the magnesium dissolved (corroded), was monitored. In 
addition, the corrosion potential of the magnesium electrode 
was monitored relative to a calomel reference electrode.

This chapter provides details related to this aspect of 
the research and is divided into three sections. The 
materials used in the experiments and their preparation are 
described in Section 4.1. The laboratory-scale equipment 
employed for conducting the experiments is described in the 
Section 4.2. Features of the primary components are 
highlighted. In Section 4.3, the details of the procedures 
employed are outlined.

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL Of MINES GOLDEN, CO 00401 -
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4.1 Materials Used
Details on the magnesium rotating-disc electrode, the 

chloride electrolytes and the cover gas used in the 
experiments are provided below.

A) Magnesium (Mg) Rotating-Disc Electrode 
The rotating-disc electrode consisted of a 
magnesium core encased in epoxy resin. The 
overall dimensions were 0.442 in. (11.2 mm) 
diameter x 0.990 in. (25.2 mm) length. The 
exposed magnesium disc was 0.200 in. (5.08 mm) 
diameter, providing for a plane surface area of 
0.203 cm2. The magnesium rod from which the 
electrode was prepared (5/8 in. nominal diameter) 
was supplied by Alfa Aesar, Lot Number 129C20, and 
met a magnesium metals-basis analysis of 99.9%.
This designation meets the following 
specif ications:

Mg 99.955% A1 0 .002%
Ca 0 .001% Cu 0 .002%
Fe 0.025% Mn 0.0046%
Ni 0.0007% Pb 0 .002%
Si 0 .002% Sn <0 .001%
Ti <0 .001% Zn 0.0008%

A cross-sectional view of the magnesium rotating-
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Epoxy Resin

Figure 4.1 Cross-sectional and end view of the magnesium 
rotating-disc electrode.
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disc electrode is shown in Figure 4.1. Prior to being 
used in an experiment, it was wet-polished on 600-grit 
abrasive paper followed by dry-polishing on 1200-grit 
abrasive paper. The cylinder was then rinsed with 
distilled water and dried with a Scott Microwipe.
B) Sodium Chloride (NaCl)/Potassium Chloride (KC1) 
Electrolyte
The sodium chloride and potassium chloride used in 
the studies were reagent grade, with 99.1 and 
99.7% purity respectively. Masses of 42.81g of 
sodium chloride and 52.88g of potassium chloride 
were dissolved in 254.17g of distilled water to 
form a mixed NaCl/KCl electrolyte containing 2.79m 
KC1 and 2.88^ NaCl. This electrolyte was used for 
all of the experiments except two. These two 
experiments, which were conducted at higher 
temperatures, employed an electrolyte comprised of 
53.61 grams of sodium chloride and 66.45 grams of 
potassium chloride dissolved in 251.00 grams of 
distilled water, thus forming an electrolyte 
containing 3.55m KC1 and 3.66m NaCl.
C) Argon (Ar) Cover Gas
During selected experiments, argon flow to the 
vessel was supplied as a cover gas. Typical
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average impurity contents of this gas are 0.8 ppm 
oxygen, 0.4 ppm water, and 6-8 ppm nitrogen.

4.2 Details of Equipment
The system used for the electrochemical studies was a 

standard three-electrode system shown in the schematic of 
Figure 4.2. Electrode potentials were measured with respect 
to a Hg/Hg2Cl2 (calomel) reference electrode with a double 
junction KC1/KN03 bridge (Radiometer K701 double junction 
electrode). A Princeton Applied Research Corp. (PARC) Model 
173 Potentiostat/Galvanostat with an EG&G PARC Model 276 
Interface and an Apple lie computer was employed for the 
experiments conducted. The magnesium rotating-disc 
(working) electrode was assembled onto the threaded spindle 
of an IBM EC/219 Model 1A rotator, which was activated by an 
ancillary speed-controiler unit. Electrolyte pH was 
measured using a Radiometer PHM62 digital pH meter with a 
Ross 81-03 combination pH electrode manufactured by Orion 
Research Incorporated. The IBM electrochemical cell 
consisted of a threaded glass vessel with a polycarbonate 
cap to hold the electrodes and to provide for an argon gas 
purge in selected experiments. A HAAKE FS circulating water 
bath provided for temperature control via a water jacket 
surrounding the cell. This was utilized for two experiments
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conducted at above-ambient temperature. A solid state 
digital thermometer with Teflon-coated probe was used to 
monitor the temperature of the electrolyte in the cell.
Argon flow into the vessel was provided as a cover gas for 
selected experiments, via a gas-supply system consisting of 
a tank, with a pressure regulator, containing the argon.
The gas flow to the cell was monitored by a float-type 
flowmeter.

4.3 Procedures Employed
Before conducting an experiment, the pH 

meter/electrode was calibrated (pH-7.00 and 10.01 buffers - 
25°C). When conducting the experiments at above ambient 
temperatures («70°), the buffer solutions (pH=6.98 and 9.70) 
were sequentially placed in the thermostated cell and each 
allowed to equilibrate to the run temperature before 
calibration.

A measured volume (40 ml) of the electrolyte was placed 
in the IBM cell and the temperature was measured. The 
electrolyte was stirred with a magnetic stirrer-bar placed 
on the bottom of the vessel. The polycarbonate cap, 
designed to hold the three electrodes in place, was screwed 
onto the cell. The pH electrode was inserted into the 
electrolyte through one of the openings in the polycarbonate
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cap and the pH of the electrolyte was monitored by the 
digital display of the pH meter as well as by a 
potentiometer strip chart recorder which measured the analog 
output of the pH meter (-500mV per pH; OmV at pH=0). The 
reference calomel-electrode was inserted through another 
opening in the polycarbonate cap and into the electrolyte. 
The potentiostat/galvanostat was powered on. In selected 
experiments, an argon purge/cover gas was used prior to and 
during the run.

The polished magnesium rotating-disc electrode (the 
working electrode) was prepared as described in Section 4.1 
and then screwed onto the electrode rotator. The electrode 
was operated at 1600 rpm for all the runs conducted. It was 
inserted above the center opening of the polycarbonate cap 
but not into the electrolyte until the run and the PARC 
software were initiated simultaneously. The reference and 
working electrodes were connected to the potentiostat —  the 
working electrode connection was established through the 
brush contact of the rotator.

The data collected during the run were controlled via 
the EG&G PARC software supplied with the Model 276 
interface. The experiment type (ECORR VS TIME) was selected 
from the menu and the parameters (i.e. the total scan time 
and scanning frequency) were entered via the PC keyboard.
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During an experiment, the electrode potential (designated 
Ecorr in the data) were measured and acquired by the EG&G 
PARC software. In addition, the pH was recorded, as the 
analog voltage output from the pH meter, on the strip chart 
recorder.

At the end of the run, the magnesium rotating-disc 
electrode was removed from the cell. Generally, a dark 
greyish film was observed on the surface of the magnesium 
cylinder when it was removed from the salt solution.
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CHAPTER 5 

RESULTS AND DISCUSSION

The results presented in this chapter include those 
obtained during the experimental investigation as well as 
predictions generated on the basis of employing the 
"optimum" rate parameters. These parameters were developed 
by conducting a search strategy which consisted of 
correlating the predictions of the model developed in 
Chapter 3, to the pH-time data generated for a specific 
experiment. The optimum correlation was achieved when the 
values of the rate parameters produced a minimum in the sum 
of the squares of the deviation between the predicted values 
and the measured values of pH recorded over the duration of 
the experiment.

The first section provides details of the conditions 
employed in the experiments and the measured electrode 
potentials recorded. In the second section, the time 
dependent pH measured during each of the experiments 
conducted are presented together with the model predictions 
consistent with optimum rate parameters.
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5.1 Results of Experiments Conducted
The pH response of the electrolyte (due to Mg 

dissolution) was measured for conditions where: i) the 
initial pH, at ambient temperature (21°), was approximately 
7, and for one run approximately 4; ii) instead of the 
electrolyte being exposed to air, an argon gas purge/sparge 
was employed; iii) the electrolyte temperature was increased 
above ambient (to approximately 70°C) and concomitantly the 
concentration of the chloride salts in the electrolyte was 
also increased (so as to take advantage of the higher 
solubility). Table 5.1 is a matrix which summarizes the 
conditions employed in these experiments.
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Table 5.1 Matrix of Conditions Employed for Experiments

EXPER.
I.D.

Ar
SPARGE

INITIAL
pH

ELECTROLYTE
TEMPERATURE

(°C)

Ckci/Cn«ci 
(IONIC STRENGTH)

(£)

JMEC3 NO 7.68 21 2.79/2.88
(5.67)

JMEC4 NO 7.78 21 2.79/2.88
(5.67)

JMEC5 NO 8.02 21 2.79/2.88
(5.67)

JMEC6 YES 6.77 21 2.79/2.88
(5.67)

JMEC7 YES 4.08 21 2.79/2.88
(5.67)

JMEC8 YES 7.59 21 2.79/2.88
(5.67)

JMEC9 NO 7.29 71 3.55/3.66
(7.21)

JMEC10 NO 7.39 72 3.55/3.66
(7.21)
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The electrode potentials (SCE) versus time were 
measured for each experiment conducted. These data were 
acquired via the PARC 173/Model 276 Interface/Apple lie 
computer system. The potentials relative to the Standard 
Calomel Electrode (SCE) were converted to be relative to the 
Standard Hydrogen Electrode (SHE) by adding the difference 
in the potentials between these two reference electrodes, 
+242 mV at 25 °C and 224 mV at 70 °C [18]. These 
measurements, adjusted to be relative to the SHE, are 
compiled in Appendix IV.

Graphical displays of these data of electrode 
{corrosion) potentials versus time are presented in Figures
5.1 through 5.8. In addition, curves (lines) corresponding 
to smoothing of these data either by polynomial least- 
squares fit or orthogonal splines, are also presented.

In general, for the experiments where the initial pH 
was approximately 7 and the electrolyte temperature was the 
same as that of the surroundings (21 °C), runs JMEC3 to 
JMEC6 , the electrode potential increased continuously during 
the 10 to 15 minutes of monitoring while the dissolution of 
magnesium occurred. The increase in electrode potential was 
never more than 15 mV and the potentials encountered for 
these four experiments corresponded to "mixed" potentials 
within the range -1460 mV (initially) to -1440 mV. The
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results are depicted graphically in Figures 5.1 through 5.4.
These results can be compared with the potentials 

calculated in Section 3.2 for the candidate anodic and 
cathodic reactions which were identified for this system.
It was previously mentioned that the measured (corrosion) 
potential must lie between the lowest possible potential 
associated with either of the anodic reactions 
(corresponding to -2650 mV or -3103, mV for Reactions 3.22 
and 3.23 respectively), and the highest possible potential 
associated with either of the cathodic reactions 
(corresponding to -413 mV or -1241 mV, for Reactions 3.25 
and 3.26 respectively) for a pH of approximately 7. Indeed, 
the potentials observed in the experiments do fall within 
the range of -3103 mV and -1241 mV.

The measured potential for the experiment in which the 
pH was decreased by the addition of 0.04M HC1 to provide for 
an initial pH of 4.12 (JMEC7) exhibited a large fluctuating 
component with a continuously decreasing time-averaged value 
(Figure 5.5). The regressed (polynomial) line indicates 
that the average electrode potentials decreased from 
approximately -1240 mV to -1420 mV. Again, these potentials 
fall within the range indicated above for the candidate 
anodic and cathodic reactions identified.

The results of the experiments (JMEC9 and JMEC10) which
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were conducted with an electrolyte containing a higher salt 
content because of the higher temperature employed (71/72 
°C) are displayed in Figures 5.7 and 5.8. The rapid 
increase of 100 mV observed in Figure 5.8 and which occurred 
during the first minute of the run is most likely associated 
with the manner in which the experiment was conducted; 
namely, the insertion of the rotating electrode from the 
ambient conditions in the laboratory into the electrolyte.
If this initial period is not considered, then for both runs 
the potentials lie in the range -1510 mV to -1472 mV with 
the potential increasing as the dissolution proceeded.
Once again, the potentials measured during the experimental 
runs were within the range for the candidate reactions.
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Figure 5.1 Electrode potential versus time for run JMEC3.
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Figure 5.2 Electrode potential versus time for run JMEC4.
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Figure 5.4 Electrode potential versus time for run JMEC6
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Figure 5.6 Electrode potential versus time for run JMEC8



T-4046 59

-1460

(mV)
-1480 —

-1500
0 800200 600400

TIME (s)
Figure 5.7 Electrode potential versus time for run JMEC9.
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Figure 5.8 Electrode potential versus time for run JMEC10.
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5.2 Model Predictions of the System Behavior
In Section 3.3 it was stated that in order to be able 

to describe the dissolution-rate behavior of the system 
based on the mass-transfer limiting mechanism proposed, the 
equilibria between the species in the electrolyte would also 
have to be predicted. Thus, the pH of the electrolyte, 
which increased as magnesium dissolution occurred, was 
indirectly predicted by the dissolution-rate model developed 
in Chapter 3.

The parameters and 1̂ , the mass-transfer coefficients 
for magnesium and hydroxide ions in the system are, of 
course, not known a priori and were obtained posteriori by 
an optimization strategy, which for the optimum values of kj 
and k2, achieved the condition that: "the sum of the squares 
of the deviation between the predicted and measured pHs of 
the electrolyte for a selected run, were minimum". The 
QBASIC program code which executed this strategy is 
presented in Appendix V.

It was recognized that the ion product of water, K,*, is 
temperature dependent. Therefore, this feature was 
incorporated into the QBASIC code so that for the higher 
temperature runs, approximately 70°C, the appropriate value 
would be selected. The available data [17] were fitted to a 
second order polynomial:
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pK* « 14.93 - 4• 089X10'2 T + 1.571x10"* T2; 0°C£T£50°C 
It is noted that at 25 °C, pK* ■ 14.00; while at 70*0, 
pK* ■ 12.84.

The predictions of pH versus time for the optimum 
values of the rate parameters together with the measured 
data for the runs conducted, are displayed graphically in 
Figures 5.9 through 5.16. The measured pH, converted from 
the voltage analog of pH as acquired by the strip chart 
recorder, were tabulated for each run. These data were 
incorporated as input files in the QBASIC program code which 
optimized kt and kj, and ultimately predicted the pH versus 
time response corresponding to the optimum values of these 
parameters. Each measured data set appears as part of the 
output generated by this computer program, and is listed in 
Appendix V.

It is seen that the computer model predictions follow 
the pH-time trajectory for runs in which there was no argon 
sparge or pH adjustment (runs JMEC3, JMEC4, and JMEC5) as 
well as for runs at the higher temperature (70°C)/higher 
chloride-salts concentration (runs JMEC9 and JMEC10). 
However, the pH-time trajectory for the ambient temperature 
run at the higher hydronium ion activity (pH=4, run JMEC7), 
which also was argon sparged, did not match the measured 
pH-time response recorded. The same behavior is also
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observed for the argon-sparged ambient-temperature (21°C)
runs (JMEC6 and JMEC8) where the initial pH was that
associated with the as-prepared electrolyte.

The optimized mass-transfer coefficients for magnesium
cation, k,, are listed in Table 5.2. It should be noted
that the computer code utilizes the rate coefficient,
kj according to the equations listed with Equation 3.53 on
page 39, as well as the ratio of kj/kj ( = / k̂) . The mass- 
transfer coefficients obtained for the runs conducted are
conveniently discussed by organizing them into three
categories:
I.) ambient temperature (21°) runs where the electrolyte was 
in contact with air and the initial pH was the as-prepared 
value (JMEC3, JMEC4, and JMEC5);
II.) the two elevated temperature (71/72°C) higher chloride 
salts concentration runs where the elecrolyte was in contact 
with air and the initial pH was the as-prepared value (JMEC9 
and JMEC10); and,
III.) ambient temperature (21°C) runs where the electrolyte 
was sparged with argon and the initial pH was either the as- 
prepared value, or was decreased to a value of «4.0 (JMEC6, 
JMEC7, and JMEC8).
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Figure 5.9 Predicted and measured pH versus time for run 
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Figure 5.10 Predicted and measured pH versus time for run

JMEC4 (Air contact; pH°=7.8; T=21°C).
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Figure 5.11 Predicted and measured pH versus time for run 

JMEC5 (Air contact; pH°=8.0; T=21°C).
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Figure 5.12 Predicted and measured pH versus time for run
JMEC6 (Ar sparge; pH°=6.8; T=21°C).
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Figure 5.13 Predicted and measured pH versus time for run 

JMEC7 (Ar sparge; pH°=4.1; T=21°C).
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Figure 5.14 Predicted and measured pH versus time for run

JMEC8 (Ar sparge; pH°=7.6; T=21°C).
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Figure 5.15 Predicted and measured pH versus time for run 

JMEC9 (Air contact; pH°=7.3; T=71°C).
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Figure 5.16 Predicted and measured pH versus time for run

JMEC10 (Air contact; pH°=7.4; T=72°C).
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I. The predicted pH versus time, obtained with the optimized 
parameters, for two of the runs (JMEC3 and JMEC4) produced 
response trajectories which match the measured data well 
(Figures 5.9 and 5.10). In general, the tendency, because 
of the "least-squares" optimization criterion employed, is 
that during the first five minutes, the model over estimates 
the pH relative to the measured values, while for the time 
beyond this period this feature is reversed. However, for 
run JMEC4 the over-estimate/under-estimate features are more 
pronounced (Figure 5.10). These characteristics are 
manifested by the optimum values of kt derived for these 
runs, listed in Table 5.2. The values of 2.3xl0'3 cm-s'1 and 
2.6xl0*3 cm'S'1 for runs JMEC3 and JMEC4 are replicated with 
an uncertainty of 15%. The corresponding values for kj (the 
mass-transfer coefficient for OH" are 86xl0'3 cm-s'1 and 
118xl0*3 cm-s'1, which are less than 40% of each other. 
However, for the remaining run in this category, JMEC5, the 
value of kj is approximately five times larger than the 
values obtained for the two runs cited previously. In 
addition, the value for kj is 41xl0'3 cm-s'1, which is two to 
three times smaller than that of the values obtained for 
runs JMEC3 and JMEC4.
II. On inspecting Figures 5.15 and 5.16, it is apparent that 
the predicted pH versus time response for runs JMEC9 and
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Table 5.2 Summary of Rate Coefficients, Mass Transfer
Coefficients and Mass-Transfer Coefficient Ratios 
Obtained by the Computer-Aided Optimization 
Strategy. kt refers to Mg2+ and k2 to OK; =
0.203 cm2; Vd = 40 cm3.

EXPER.
I.D.

RATE COEFF. FOR 
Mg DISSOLUTION

k’= A“* k,Vel

ki xlO5 (s'1)

MASS TRANSFER 
COEFF. FOR 

Mg24

k,xl03 (cm*s‘!)

K

JMEC3
Air;21°C;pH=7.7

1.15 2.26 38

JMEC4 
Air;21°C;pH=7.8

1.30 2.56 46

JMEC5 
Air ;21°C;pHss8.0

6.97 13.74 3

JMEC6 
Ar;21°;pH=6.8

1.14 2.26 34

JMEC7
Ar;21°C;pH=4.1

3.15 6.21 159

JMEC8 
Ar;21°C;pH=7.6

0.812 1.60 25

JMEC9 
Air;71°C;pH=7.3

0.171 0.34 7024

JMEC10
Air;72°C;pH=7.4

0.089 0.18 33725
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JMEC10 (the higher temperature counterpart of the ambient 
temperature runs) are well correlated to the measurements 
recorded. Except for the first 100 seconds, the recorded 
measurements fall on the line generated by the model as 
determined by the computer-aided calculations. However, it 
is also apparent on inspecting Table 5.2 that the mass- 
transfer coefficient for magnesium-diffusion is 
significantly smaller than those for the lower temperature 
runs, 0.34xl0'3 cm-s’1 and 0.18xl0*3 cm-s’1, respectively. 
Furthermore, the corresponding values of kj (hydroxyl ion 
mass-transfer coefficient) are 2.4 cm*s'1 and 6.12 cm-s*1.
The values for both kj and kj are well replicated if the 
sensitivity of the model predictions, to the values of kt 
and kj selected, are examined. This is demonstrated in 
Figure 5.17 where the predicted pH versus time response, as 
optimized for run JMEC9, is now placed on a plot of the 
measured data for run JMEC10. It is seen that while the 
predicted response after the first 200 seconds over
estimates the measured values of pH, the deviation is less 
than one tenth of a pH unit. The lower value of kj is 
surprising since at a higher temperature the value of kt 
would be expected to increase rather than decrease. A 
reasonable and fundamentally consistent hypothesis is that 
the thickness of the Mg(OH)2 film, present on the Mg surface
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Figure 5.17 Predicted and measured pH versus time for run 
JMEC10 when optimized values of and k2 from 
JMEC9 are used.
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in these runs, is on the average much larger than it is for 
the lover temperature runs. Consequently, the diffusion of 
Mg2* in the electrolyte, as per the model concept, would be 
impeded, and this would be manifested by a lower value for 
the mass-transfer1 coefficient. The extraordinarily high

ivalues for the mass-transfer coefficient of the hydroxyl ion 
is a result of the complex interactions where, simultaneous 
with the confounding effect of the Mg(0H)2 film, the 
solubility product and molar flux relationship for Mg2* and 
OH", have to be satisfied.
III. The ambient-temperature runs where the electrolyte was 
sparged with argon and the pH was nas-prepared" (JMEC6 and 
JMEC8) are now considered. It is apparent, on examining 
Figures 5.12 and 5.13, that the predicted pH versus time 
response and that which was measured, are not well 
correlated. The pH is significantly over-estimated during 
the first five minutes and under-estimated during the final 
five minutes. Surprisingly, however, the values for kj and 
k2, 2 .3x10"3/1.6x10'3 cm*s'1 and 78xl0*3/40xl0'3 cm-s1 
respectively, are comparable to the values obtained for the 
runs (JMEC3 and JMEC4) where the electrolyte was in contact 
with air. While it is possible to advance a hypothesis for 
the poor correlation, as indicated in the plots shown in 
Figures 5.12 and 5.14, the relatively good agreement between
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the two series of runs can only be considered fortuitous.
In regard to the hypothesis, the presence of oxygen in the 
electrolyte may play a significant role in maintaining the 
Mg (OH) 2 film on the surface of the magnesium electrode at a 
virtual "zero" thickness as conceptualized in the 
dissolution-rate model. This could be due to the parallel 
reduction of oxygen (Mg oxidation) which may modify the 
Mg(OH)2 structure such that it offered no significant 
impedance to the oxidation of Mg via the primary reaction 
with hydroxyl ion (Reaction 3.23).

Finally, in regard to run JMEC7, where the electrolyte 
pH was decreased to 4 by addition of dilute hydrochloric 
acid, it is apparent on examining Figure 5.13 that here 
again the correlation between the predicted behavior and 
measured behavior are poor. The model predictions under
estimate the measured values during the first five minutes, 
whereas the pH is over-estimated during the final five 
minutes. The characteristic S-shape curve is related to the 
"titration" behavior of magnesium, added to the electrolyte 
via dissolution, where compared to when the actual pH was 
the as-prepared value («7), approximately twice as much 
magnesium is required to produce a final pH in the 
neighborhood of 9.9 (for example). This can be observed in 
the listings provided in Appendix II, where the pH behavior
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of the electrolyte for starting pHs of 4.0 and 7.0 are 
provided. This equilibrium species-distribution in the 
electrolyte was determined in connection with the Mg2+-pH 
relationship developed for the equilibrium electrode
potential behavior presented in Figures 3.4 and 3.5 of 
Chapter 3.

Another aspect of this behavior is the asymptotic 
concentration of Mg2* (due to the bulk electrolyte 
composition conforming to the solubility product for 
Mg(OH)2(s)) which can be discerned from these listings. It 
is observed that the concentrations of magnesium in the 
electrolyte for initial pHs of 7 and 4 are 40j*m and 90/ra, 
respectively.

As a final exercise in reviewing the results —  both 
the theoretical predictions and the measurements obtained 
from the experiments —  it is important to assess the 
magnitudes obtained for the mass-transfer coefficients of 
Mg2+ and OH* in the electrolyte. This can be accomplished by 
determining the thickness of the mass-transfer boundary 
layer in the interfacial region of the rotating disc 
electrode (RDE). Only the data for the low temperature runs 
(JMEC3 and JMEC4) were considered, since the higher 
temperature runs and the low pH run were considered to be 
anomalous. The equation for calculating this quantity is
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given by [19]:
€0 W 2.8

where, S0 is the boundary-layer thickness (cm)
v = , the momentum diffusivity (cm2,s'1)0)

and, v is the RDE angular rotational speed
(rad's'1) of the electrolyte 

The viscosity of the electrolyte, n, was estimated based on 
data for a 25wt% NaCl brine [20] and the density was the 
measured value for the electrolyte used in the experiments.

The results of the calculations conducted are presented 
in Table 5.3. It is seen that the boundary-layer thickness 
is approximately 300jm and the values for the diffusion- 
coefficient of magnesium and hydroxyl ions are 7.4X1CT4 
cm2-s'1 and 31xl0'3 cm2*s'1. The values are significantly 
larger than would be expected for "dilute" electrolytes and 
this may be attributed to the high ionic strength of the 
electrolyte. The basis for this contention is that the 
diffusion coefficient of these ions can be correlated to the 
electrical conductivity of the electrolyte. In general, the 
electrical conductivity increases with increased ionic 
strength [9; Chapter 2].

The smaller value for the diffusion coefficient of Mg2+ 
relative to that for OIT may be attributed to their relative
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ionic size in the electrolyte. The size of the magnesium 
ion is larger than that of the hydroxyl ion.

Table 5.3 Summary of Number-Averaged Mass Transfer 
Coefficients and Corresponding Diffusion 
Coefficients for Runs JMEC3 and JMEC4. 
kt refers to Mg2+ and k2 to OH-.

Rotating Disc Electrode Speed: 1600 RPM
Electrolyte Properties (20°C)

Density, pi 1.2 g*cm"3 
Viscosity, pi 2.4xl0~2 P (g-crn̂ s*1) 

Momentum Diffusivity, vi 2.0xl0‘2 cm-s'1

k. xio3m
(cm-s'1)

k, xlO3 
(cm-s*1) (pm)

D^xlO3 
(cm2, s*1)

Doh-XIO5
(cm2, s*1)

2.41 101 306 0.74 31
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CHAPTER 6 

CONCLUSION

This chapter consists of three sections. In the first 
section of this concluding chapter, the results of the 
investigation are discussed in summary. The second section 
enumerates pertinent conclusions. In the third and last 
section, recommendations for further research are provided.

6.1 Discussion and Summary
In a generic sense, the research reported in this 

thesis provides a contribution to the body of knowledge 
concerning the corrosion of magnesium in high-concentration 
chloride aqueous-electrolyte (equimolar sodium chloride/ 
potassium chloride). The study was prompted by Resource 
Conservation and Recovery Act (RCRA) prohibitions on the 
shipping of waste salts from Rocky Flats, Colorado if 
potentially reactive metals, e.g. magnesium, aluminum, 
sodium, and/or potassium, were present in the salts. A 
method of deactivating the reactive metals which had been 
proposed was to form a comminuted salt/water slurry and
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hydrolyze the metals to their oxidized state. The 
dissolution (corrosion) of magnesium was of interest 
because, on review of the pertinent literature, the 
protective Mg(OH)2 film which is formed when magnesium is 
contacted with water was likely to influence its oxidation/ 
hydrolysis behavior during dissolution.

The experiments conducted on the dissolution of 
magnesium by use of a rotating-disc electrode have provided 
valuable data on the rate of dissolution in the chloride- 
salts aqueous electrolyte of interest for this system. 
Significant contributions have been provided regarding:
i) the role of oxygen in the electrolyte (the argon-sparged 
versus the air-contacted electrolyte) on the dissolution 
rate;
ii) the increase in magnesium capacity of the electrolyte 
when its as-prepared pH is decreased by relatively small 
addition of hydrochloric acid; and,
iii) no increased dissolution rate when the electrolyte 
temperature was increased. In addition, several theoretical 
aspects regarding the electrochemical fundamentals related 
to the system have been incorporated in analyzing the 
results of the experiments. These included the ionic 
species distribution in the system, the intrinsic electrode 
kinetics (Butler-Volmer analysis) and the mass-transfer



T—4046 78

limited dissolution model. At the same time, several 
constraints were imposed on the theoretical contribution on 
the basis that a more accurate treatment was not warranted 
because of the exploratory nature of the work. In 
particular, activity coefficients of species in the 
electrolyte (including water) were assigned values of unity. 
This is clearly not justifiable because of the high ionic- 
strength (in the range 5 to 7b ) of the electrolyte. Also, 
except for the ion-product for water, K*, the temperature 
dependency of the solubility product, and the formation 
constant for the hydrolysis product Mg(0H)+, were not 
incorporated as components in the model. A cursory analysis 
centered on the solubility product indicated that the 
enthalpy change associated with this reaction (Reaction 
3.42) is small and consequently (per the van't Hoff Isobar) 
the change in its value for the temperature range of 
interest would not be significant.

A final remark regarding the magnesium associated with 
the waste salts is warranted. While the information in this 
thesis, as presented in the literature survey, the 
theoretical aspects, and experimental results, provides a 
basis for understanding the dissolution behavior of pure 
magnesium, the importance of characterizing the physical and 
chemical properties of the reactive metals (including Mg) in
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the waste salt cannot be overstated.

6.2 E n u m e ra t e d  Conclusions
The following conclusions are selected as significant

contributions provided by this research effort:
1. The dissolution rate of magnesium in an equimolar 

NaCl/KCl aqueous electrolyte (5 to 7ffl ionic strength) 
is such that for an electrolyte volume to magnesium 
surface-area ratio of 200, the dissolution can be 
achieved in approximately 10 minutes.

2. The asymptotic magnesium concentration (i.e. as the 
magnesium and hydroxyl ion concentration in the bulk 
electrolyte approach the solubility product for 
Mg(0H)2(s)) is approximately 40^s when the initial pH 
was as-prepared («7.0) and 90/Lim when the initial pH was 
adjusted to «4.0 by hydrochloric acid addition.

3. Raising the tempterature to 70°C does not lincrease the 
rate of dissolution or the magnesium capacity of the
electrolyte. However, it does allow more salt to be
processed with the same amount of water. The ionic 
strength of the electrolyte can be increased by 
approximately 40% (5m to 7b )•

4. Oxygen in the electrolyte appears to enhance the
"short-times" (during the first five minutes)

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES 
GOLDEN, CO 80401



T—4046 80

dissolution rate. However, based on the experiments 
with the argon-sparged electrolyte, the asymptotic 
magnesium-concentration is achieved in approximately 
the same time.

6.3 Recommendations for Further Work
After the research work was initiated, the RCRA 

regulations changed so that now the presence of potentially 
reactive metals in the waste salts is no longer a high- 
priority regulatory concern. However, the recommendations 
listed below were developed on the basis that, if 
implemented, the results of such work would complement the 
present investigation.
1. The waste salts should be characterized to determine 

the distribution of magnesium (and other metals).
Also, the chemical composition of these residual metals 
should be determined so that their dissolution behavior 
could be predicted.

2. The effect of impurities, for example iron, in the 
magnesium metal can have a dramatic influence on the 
dissolution (corrosion) of magnesium. Assessment of 
these aspects may warrant further corrosion studies. 
Also, the addition of iron (ferrous chloride for 
example) to the electrolyte cause a significant
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increase in the dissolution rate.
3. The results of argon-sparged experiments were, from an 

electrochemical-principles perspective, intriguing. 
Consequently, the role of oxygen on the characteristics 
of the surface film which forms on the magnesium could 
be the basis for further research on this topic.
Surface analysis by XPS or Auger spectroscopy would be 
expected to contribute to this effort. In addition, it 
is conceivable that the surface film may not be simply 
Mg (OH) 2(s), but instead a mixed hydrated oxy-chloride.
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APPENDIX I 

Definition of Equilibrium Quotients and 
Constants for the System

The following are transcribed from Baes and Mesmer [17].
The overall formation quotient for a hydrolysis product 
produced by reaction with water (the electrolyte solution) 
is given by:

_ [M1(OH)^-] [H«]> (AI_1}

where, [M*+] = the concentration of the hydrolyzable
cation

x = the subscript denoting the number of 
cations M*+ in a hydrolysis product 

y = the subscript denoting the apparent 
number of OH* ions in a hydrolysis 
product

z = the charge on an ion (the hydrolyzing 
cation unless otherwise specified)
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The formation constant for the same reaction is:

^  (ai. 
h,o

where,
gMH, gx- are the ionic activity coefficients of M**, 

a^ is the activity of water
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APPENDIX II

QBASIC Computer Code for Determination of 
Speeiee Distribution and Listing of Generated 

Output for Initial pH of 4.0 and 7.0
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REM**************************************************************
REM PROGRAM DETERMINES SPECIES DISTRIBUTION IN AN ELECTROLYTE AS 
REM A FUNCTION OF pH, WHERE pH INCREASE IS DUE TO Mg DISSOLUTION. 
REM ALSO, HYPOTHETICAL Mg(OH)2(S) SOLUBILITY PRODUCT FOR THE 
REM BULK ELECTROLYTE IS DETERMINED—  THE LIMITING VALUE (25 C) IS 
REM 10*(—11.44) ■ 3.63 E-12 !!.REM ***********************************************************
CLS
DIM KSPHYP(50), PH(50), Y(50)

OPEN "O", #1, "JM.DAT"
IPAGE = 0 
NT - 50 
PKW = 14
KW# = 10 * (—PKW)

REM SOLUBILITY PRODUCT AND MgOH+ HYDROLYSIS DATA DERIVED BROM BAES 
PKSP = 11.15 
KSP * 10 * (-PKSP)
PK11 * 11.44 
Qll# = 10 * (-PK11)

10 PRINT #1,
INPUT "INITIAL pH*"; PHM 
PRINT #1, "INITIAL pH *"; PHM
E = (10 * (-PHM)) * (1 - 10 * (2 * PHM - PKW))
PRINT "EXCESS CHARGE, DUE TO EXTRANEOUS IONS*"; E 
PRINT #1, "EXCESS CHARGE, DUE TO EXTRANEOUS IONS*"; E 

REM Y TRACKS THE CONCENTRATION OF Mg 
Y (1) - 0INPUT "DELTA Mg-CONC="; DY
PRINT #1, "DELTA Mg-CONC="; DY: PRINT #1,
PRINT "(Mg2+)Cone", "(MgOH+)Cone", " pH", "HYP-KSP", 
"CHRG-ACT"; " E-SHE"
PRINT " (X 10*5) "
PRINT #1, "(Mg2+)Cone", "(MgOH+)Cone", " pH", "HYP-KSP",
"CHRG-ACCT",
PRINT #1, " E-SHE"
PRINT #1, " (X 10*5) "
FOR I = 1 TO NT 
IF I * 1 GOTO 20 
Y(I) = Y(I - 1) + DY
ESHE * -2375 + 59 / 2 / 2.303 * LOG(Y(I))

20 Y# = Y(I)
TRM1# * 2 * Y* - E
TRM2# * Qll# * Y# - KW#
CBH# = -TRM1# / 2 + SQR((TRM1# / 2) * 2 - TRM2#)
CBOH# = KW# / CBH#
PH(I) = -LOG(CBH^) / 2.303 
MGOHP1# = Qll# * Y# / CBH#
KSPHYP(I) * Y# * CBOH# * 2
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CHRGBAL# = 2 * Y# + MGOHP1# + CBH# - CBOH# - E
PRINT #1, USING "; Y(I) * 10 * 5; MGOHP1#;
PRINT #1, USING "##.## PH (I) ;
PRINT #1, USING " ##.##**** "? KSPHYP(I); CHRGBAL#;
PRINT #1, USING " ESHE
PRINT USING n̂ .//AAAA Y(I); MGOHP1#;
PRINT USING PH(I);
PRINT USING " #/.#/AAAA KSPHYP(I); CHRGBAL#;
PRINT USING " "? ESHE
NEXT I
INPUT " ANOTHER RUN- YES (NO)"? RUNIND$
IPAGE = IPAGE + 1: IF IPAGE < 3 GOTO 30 
PRINT #1, CHR$(12): IPAGE = 0
IF RIGHT $ (RUNIND$, 1) = "Y" OR RIGHT$(RUNIND$, 1) « "y" GOTO 10 
IF IPAGE = 0 GOTO 200 
PRINT #1, CHR$(12)
END
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INITIAL pH = 4
EXCESS CHARGE, DUE TO EXTRANEOUS IONS= 9.99999E-05 
DELTA Mg-CONC= .0000018
(Mg2+)Cone (MgOH+)Cone P«(X 10A5)
0.00E+00 0.00D+00 4.00
1.80E-01 6.78D-14 4.02
3.60E-01 1.41D-13 4.03
5.40E-01 2.20D-13 4.05
7.20E-01 3.05D-13 4.07
9.00E-01 3.99D—13 4.09
1.08E+00 5.00D-13 4.10
1.26E+00 6.12D-13 4.13
1.44E+00 7.34D-13 4.15
1.62E+00 8.70D-13 4.17
1.80E+00 1.02D-12 4.19
1.98E+00 1.19D-12 4.22
2.16E+00 1.38D-12 4.24
2.34E+00 1.60D-12 4.27
2.52E+00 1.84D-12 4.30
2.70E+00 2.13D-12 4.34
2.88E+00 2.47D-12 4 . 37
3.06E+00 2.86D-12 4.41
3.24E+00 3.34D-12 4.45
3.42E+00 3.93D-12 4 . 50
3.60E+00 4.67D-12 4.55
3.78E+00 5.62D-12 4.61
3.96E+00 6.91D-12 4.68
4.14E+00 8.74D—12 4.76
4.32E+00 1.15D-11 4 .87
4.50E+00 1.63D-11 5. 00
4.68E+00 2.65D-11 5.19
4.86E+00 6.29D-11 5.55
5.04E+00 1.51D-08 7.92
5.22E+00 8.50D-08 8.65
5.40E+00 1.60D-07 8.91
5.58E+00 2.40D-07 9.07
5.76E+00 3.25D-07 9. 19
5.94E+00 4.14D-07 9.28
6.12E+00 5.09D-07 . 9.36
6.30E+00 6.09D-07 9.42
6.48E+00 7.13D-07 9.48
6.66E+00 8.23D-07 9.53
6.84E+00 9.37D-07 9.58
7.02E+00 1.06D-06 9.62
7.20E+00 1.18D-06 9. 65
7.38E+00 1.3ID-06 9.69
7.56E+00 1.45D—06 9.72
7.74E+00 1.58D-06 9.75
7.92E+00 1.73D-06 9.78
8.10E+00 1.88D-06 9.80
8.28E+00 2.03D-06 9.83
8.46E+00 2.19D-06 9.85
8.64E+00 2.36D-06 9.87
8.82E+00 2.53D-06 9.90

HYP-KSP CHRG-ACCT E-SHE
O.OOE+OO 6.64D-21 0.001.94E-26 5.44D-21 -2544.444.18E-26 3.18D-21 -2535.56
6.79E-26 -4.07D-21 -2530.37
9.83E-26 1.59D-22 -2526.68
1.34E-25 1.42D-21 -2523.82
1.76E-25 2.67D-21 -2521.49
2.25E-25 1.67D-21 -2519.51
2.84E-25 -5.39D-21 -2517.80
3.55E-25 —6.51D-21 -2516.29
4.39E-25 1.53D-21 -2514.94
5.43E-25 2.35D-21 -2513.72
6.70E-25 -1.87D-21 -2512.61
8.27E-25 -1.65D-22 -2511.58
1.02E-24 -3.16D-21 -2510.63
1.28E-24 -3.26D-21 -2509.75
1.60E-24 -1.12D-21 -2508.92
2.03E-24 2.75D-21 -2508.15
2.61E-24 4.63D-22 -2507.42
3.42E-24 -2.51D-21 -2506.72
4.59E-24 —1.24D-21 -2506.07
6.35E-24 —1.64D-21 -2505.44
9.15E-24 5.62D-22 -2504.84
1.40E-23 1.25D-21 -2504.28
2.34E-23 1.19D-22 -2503.73
4.50E—23 —1.99D-23 -2503.21
1.14E-22 -1.19D-22 -2502.70
6.18E-22 -7.94D-23 -2502.22
3.45E-17 3.97D-23 -2501.76
1.05E-15 -2.92D-21 -2501.31
3.60E-15 4.27D-21 -2500.87
7.82E-15 -7.28D-21 -2500.45
1.39E-14 8.14D-20 -2500.04
2.19E-14 -4.29D-20 -2499.65
3.21E-14 -2.10D-19 -2499.27
4.46E-14 5.20D-19 -2498.90
5.95E-14 -2.61D-19 -2498.54
7.71E-14 -2.59D-19 -2498.19
9.74E-14 4.67D-19 -2497.84
1.21E-13 -2.72D-19 -2497.51
1.47E-13 2.13D-19 -2497.19
1.77E-13 1.18D-18 -2496.87
2.10E-13 6.12D-19 -2496.56
2.46E-13 1.17D-18 -2496.26
2.86E-13 -2.96D-18 -2495.97
3.3IE—13 3.92D-19 -2495.68
3.79E-13 —3.13D-18 -2495.40
4.31E-13 3.34D-18 -2495.12
4.88E-13 -2.85D-18 -2494.85
5.49E-13 9.17D-19 -2494.59
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INITIAL pH = 7
EXCESS CHARGE, DUE TO EXTRANEOUS IONS= 0 
DELTA Mg-CONC= .0000008
(Mg2+)Cone 
(X 10~5)

(MgOH+)Cone PH HYP-KSP CHRG-ACCT E-SHE
0.00E+00 0.00D+00 7.00 0.00E+00 -1.32D-23 0.008.00E-02 4.67D-10 8.20 2.07E-18 -1.85D-22 -2554.831.60E-01 1.86D-09 8.50 1.64E—17 -3.72D-22 -2545.952.40E-01 4.19D-09 8.68 5.54E-17 -1.22D-21 -2540.753.20E-01 7.45D-09 8.81 1.31E-16 -2.17D-21 -2537.074.00E-01 1.16D-08 8.90 2.57E-16 -2.12D-21 -2534.21
4.80E-01 1.68D-08 8.98 4.44E-16 -1.59D-20 -2531.885.60E-01 2.28D-08 9.05 7.05E-16 3.52D-22 -2529.90
6.40E-01 2.98D-08 9.11 1.05E-15 -4.76D-21 -2528.19
7.20E-01 3.77D-08 9.16 1.50E-15 3.37D-20 -2526.68
8.00E-01 4.66D-08 9.20 2.06E—15 -1.30D-20 -2525.33
8.80E-01 5.64D-08 9.25 2.74E-15 1.56D-19 -2524.11
9.60E-01 6.72D-08 9.28 3.56E-15 -1.32D-19 -2523.00
1.04E+00 7.88D-08 9.32 4.53E-15 3.00D-20 -2521.97
1.12E+00 9.15D-08 9.35 5.67E-15 1.8ID-19 -2521.02
1.20E+00 1.05D-07 9.38 6.97E-15 1.78D-19 -2520.14
1.28E+00 1.20D-07 9.41 8.47E-15 5.31D-19 -2519.31
1.36E+00 1.35D—07 9.44 1.02E-14 -1.02D-19 -2518.53
1.44E+00 1.51D-07 9.46 1.21E-14 -5.84D-19 -2517.80
1.52E+00 1.69D-07 9.48 1.42E-14 1.02D-19 -2517.11
1.60E+00 1.87D-07 9.51 1.66E-14 -4.48D-19 -2516.45
1.68E+00 2.06D-07 9.53 1.92E-14 -3.43D-19 -2515.83
1.76E+00 2.26D-07 9.55 2.21E-14 2.97D-19 -2515.23
1.84E+00 2.48D-07 9.57 2.53E-14 1.36D-19 -2514.66
1.92E+00 2.70D-07 9.59 2.87E-14 -8.62D-19 -2514.12
2.00E+00 2.93D-07 9.60 3.25E-14 -4.58D-19 -2513.59
2.08E+00 3.17D-07 9.62 3.65E-14 -1.24D-18 -2513.09
2.16E+00 3.4ID—07 9.64 4.10E-14 1.25D-18 -2512.61
2.24E+00 3.67D-07 9.65 4.57E-14 9.77D-20 -2512.14
2.32E+00 3.94D—07 9.67 5.08E-14 4.48D-20 -2511.69
2.4 0E+00 4.22D—07 9.68 5.63E-14 1.89D-18 -2511.26
2.48E+00 4.51D-07 9.70 6.21E—14 1.87D-18 -2510.84
2.56E+00 4.80D-07 9.71 6.84E-14 1.42D-18 -2510.43
2.64E+00 5.11D-07 9.73 7.50E-14 1.52D-18 -2510.04
2.72E+00 5.4 3D—07 9.74 8.21E-14 1.59D-18 -2509.66
2.80E+00 5.75D-07 9.75 8.96E-14 -1.71D-18 -2509.28
2.88E+00 6.09D-07 9.76 9.76E-14 -1.33D-18 -2508.92
2.96E+00 6.43D-07 9.78 1.06E-13 2.75D-18 -2508.57
3.04E+00 6.79D-07 9.79 1.15E-13 -5.95D-19 -2508.23
3.12E+00 7.15D-07 9.80 1.24E-13 -2.55D-18 -2507.90
3.20E+00 7.52D-07 9.81 1.34E-13 -3.08D-19 -2507.57
3.28E+00 7.91D-07 9.82 1.45E-13 3.47D-18 -2507.26
3.36E+00 8.30D-07 9.83 1.56E-13 8.64D-19 -2506.95
3.44E+00 8.70D-07 9.84 1.67E-13 5.73D-19 -2506.65
3.52E+00 9.11D-07 9.85 1.79E-13 -1.21D-19 -2506.35
3.60E+00 9.54D-07 9.86 1.92E-13 -6.54D-20 -2506.07
3.68E+00 9.97D-07 9.87 2.05E-13 2.4ID-19 -2505.78
3.7 6E+00 1.04D-06 9 .88 2.19E-13 9.59D-19 -2505.51
3.84E+00 1.09D-06 9.89 2.33E-13 2.22D-19 -2505.24
3.92E+00 1.13D-06 9.90 2.48E-13 5.93D-18 -2504.97
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APPENDIX III 

Chaok of Solution

For: ,y3 + by - d = 0 (AIII-1)

°r# y3 + by = d (AXII-2)

for the case where b is always positive, the only real 
solution is:

where,

y = u + v (AIII-3)

V=(--\/ d )’ (AIII-5)2

where, D = (( | ) 3 ♦ (-|)3) (AIII_6)

A check of the solution for a cubic root is determined in 
the following steps. Let:
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0 = (AIII-8)

Then:
, o»-3 , a.-J (AIII-9)y - (a-/?)1 + (a-0 )’

Consider the left side of equation (2), i.e. yA3 = by, and 
solve to determine if both sides of the equation are equal. 
Recalling that:

(p+q)3 ■ p3 +3p2q + 3pq2 + q3 (AIII-10)
Then:

2 1 1 2  
y J = (a+l8) + 3 (a+0)3 (a-0) 3 + 3(a+|8)3 (a-0)3 + (a-/J) (aiii-ii)

- 2a + 3((a + /J))3 + 3 ((a+0) (a-0)*)3 (AIII-12)

» 2a + 3((a+0) (a+|8) (a-/*))'3 + ((a+/S) (a-0) (a-0))3 <AIII“13)

= 2a + 3 ((a2-/32) 3 ((a+/S) 3 + (a-/S)3 (AIII-14)

1
2a +3 (a2-02) 3y2 *2*1- (AIII-15)

However, if the above equation is rearranged and the value 
for a is substituted:
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y3 = d + 3 {a*-0,)'*y (*111-16)

i.e.:

/P -  ( | ) W

Therefore,
i

Substitution into equation (11-16) gives:

(AIII-17)

- ( | ) 3 - a2-/?2 (AIII-18)

- (a2-/?2)-5 (*111-19)

y3 = d + 3 (-i)y (AIII-20)

°r' y3 = d-by (AIII-21)

Therefore: _ __Ty +by = d (AIII—22)

Thus, it is proven that the left side of equation (2) equals 
the right side of the equation.
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APPENDIX IV

Summary of Corrosion Potentials Relative 
to the Standard Hydrogen Electrode Potentials
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TIME E CORR E CORR E CORR E CORR E CORR E CORR E CORR E CORR
SEC ImV) (mV) (mV| (mV) (mV) (mV) (mVI (mV)

JMEC3 JMEC4 JMEC5 JMEC6 JMEC7 JMEC8 JMEC9 JMEC10
0 -1460 -1458 -1459 -1457 -1242 -1467 -1484 -1234

20 -1460 -1457 -1457 -1456 -1281 -1463 -1488 -1576
40 -1458 -1456 -1454 -1454 -1253 -1463 -1492 -1510
60 -1457 -1455 -1454 -1453 -1237 -1461 -1492 -1497
80 -1458 -1453 -1453 -1453 -1242 -1461 -1493 -1497

100 -1457 -1454 -1455 -1453 -1270 -1460 -1492 -1496
120 -1457 -1455 -1453 -1453 -1259 -1461 -1490 -1494
140 -1457 -1454 -1454 -1451 -1250 -1460 -1489 -1494
160 -1456 -1453 -1454 -1451 -1256 -1460 -1490 -1494
180 -1455 -1454 -1454 -1450 -1263 -1460 -1492 -1494
200 -1454 -1453 -1454 -1450 -1290 -1459 -1489 -1489
220 -1454 -1453 -1453 -1451 -1303 -1459 -1486 -1490
240 -1453 -1452 -1454 -1450 -1256 -1459 -1484 -1490
260 -1452 -1453 -1454 -1451 -1286 -1458 -1483 -1489
280 -1452 -1453 -1452 -1450 -1293 -1457 -1480 -1488
300 -1451 -1452 -1453 -1449 -1329 -1456 -1476 -1488
320 -1452 -1452 -1452 -1448 -1296 -1456 -1475 -1484
340 -1450 -1452 -1451 -1448 -1284 -1457 -1472 -1485
360 -1450 -1451 -1452 -1448 -1285 -1454 -1473 -1483
380 -1452 -1452 -1453 -1445 -1293 -1455 -1474 -1482
400 -1451 -1452 -1452 -1445 -1294 -1454 -1473 -1486
420 -1452 -1451 -1452 -1445 -1453 -1475 -1486
440 -1450 -1451 -1451 -1445 -1452 -1476 -1488
460 -1451 -1451 -1450 -1444 -1453 -1480 -1487
480 -1451 -1451 -1450 -1443 -1450 -1475 -1483
500 -1451 -1450 -1449 -1444 -1448 -1473 -1486
520 -1451 -1450 -1448 -1443 -1450 -1476 -1484
540 -1450 -1450 -1448 -1444 -1450 -1477 -1483
560 -1450 -1450 -1448 -1441 -1449 -1474 -1483
580 -1450 -1449 -1446 -1442 -1449 -1350 -1484
600 -1451 -1450 -1447 -1443 -1448 -1520 -1483
620 -1450 -1449
640 -1450 -1449
660 -1450 -1450
680 -1451 -1450
700 -1450 -1449
720 -1450 -1450
740 -1450 -1448
760 -1449
780 -1450
800 -1450
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APPENDIX V

QBASXC Coda for Determination of Rate Constants and 
Corresponding Predicted pH Versus Time Behavior.

Listing of Measured pH Versus Time Response Included with 
Generated Output for Each of the Eight Runs Processed.
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CLS
DIM PHM(50), TOR(50), T9(50), PH(50) , PHS(50)
DIM S(20), ST(20)
TOL = 1! * 10 * (-3): P = .2#: NITER = 0: NMAX = 50:
NGP = 3
OPEN "O", #1, "JM.DAT”
OPEN "I", #2, ”MG10•DAT”
INPUT #2, TITLE$
INPUT #2, NT 
PRINT TITLE$
PRINT NT 
FOR 1 = 1  TO NT 

REM READ MEASURED pH FROM FILE #2.
INPUT #2, PHM(I)
PRINT I, PHM(I)
NEXT I
FOR I = 1 TO NT 

REM READ CORRESPONDING TIMES FROM FILE #2.
INPUT #2, T9(I)
PRINT I, T9(I)
NEXT I

REM READ SCALING FACTOR FROM FILE #2.
REM SCALING FACTOR MAKES MAXIMUM TIME = 10.

INPUT #2, SIGMA 
PRINT ”SIGMA="; SIGMA 

REM KW VALUE WILL VARY FOR TEMPERATURE.
KW = 10 ~ -12.84 

REM SOLUBILITY PRODUCT AND MgOH+ HYDROLYSIS DATA FROM 
REM BAES & MESMER.

KSP = 10 * -11.15
Qll = 10 * -11.44

REM**********************************************************
REM CALCULATION OF SUM OF ABS. VALUES OF DEV. AT GRID POINTS 
REM ON A SQUARE GRID (NGPxNGP; NGP=3) FOR VALUES OF
REM K1 & K2/K1; P IS THE FRACTIONAL VARIATION ON K1
REM AND K2/K1 RELATIVE TO THE CENTRAL POINT NOMINAL VALUE. 
REM (E.G. P=.02, THE VALUES OF THE TWO RATE PARAMETERS AT 
REM EACH GRID POINT IN THE POSITIVE DIRECTION IS INCREASED 
REM SUCCESSIVELY BY TWO PERCENT, AND DECREASED SUCCESSIVELY 
REM BY TWO PERCENT FOR THE NEGATIVE DIRECTION.)
REM* *********************** **********************************

FOR I = 1 TO NGP
SIGN(I) = I - ((NGP +1) / 2)
NEXT I
INPUT "KR-Mg ="; K10
INPUT "KR-OH TO KR-Mg;k2/kl ="; KRO
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JJ = 2: KK = 2: Kl(KK) = K10: KR(JJ) = KRO 
REM SUBROUTINE CALCULATES pH VERSUS TIME BY 
REM RUNGE-KUTTA ALGORITHM.

GOSUB 5
FMIN = F(JJ, KK): JROW = 2: KCOL = 2 
PRINT "FMIN="; FMIN, JROW, KCOL 

35 NITER = NITER + 1
PRINT "ITERATION No.:”; NITER
FOR JJ = 1 TO NGP
KR(JJ) = KRO * (1 + P * SIGN(JJ))
FOR KK = 1 TO NGP
IF KK = 2 AND JJ = 2 GOTO 45
Kl(KK) = K10 * (1 + P * SIGN(KK))
F(JJ, KK) = 0!
GOSUB 5
IF F(JJ, KK) > FMIN THEN 40 
FMIN = F(JJ, KK): JROW = JJ: KCOL = KK 

40 PRINT ”JJ="; JJ; "KK="; KK; "SUM OF ABS. VAL.=”; F(JJ, KK) 
PRINT "FMIN=”; FMIN, JROW, KCOL 
PRINT 

45 NEXT KK 
NEXT JJ

REM PRINT VALUES OF K2/K1 AND CORRESPONDING K1 ON A 3x3 GRID. 
FOR I = 1 TO NGP 
PRINT KR(I)
FOR J = 1 TO NGP 
PRINT K1(J);
NEXT J 
PRINT 
NEXT I
PRINT : PRINT

REM PRINT VALUES OF SUM OF ABSOLUTE VALUES OF DEVIATION AT 
REM GRID POINTS FOR VALUES OF K2/K1 AND K1 INDICATED ABOVE. 

FOR 1 = 1  TO NGP 
FOR J = 1 TO NGP 
PRINT F(I, J);
NEXT J

REM DETERMINE LOCATION OF LOCAL MINIMUM OF SUM OF ABSOLUTE 
REM VALUES OF DEVIATION.

PRINT 
NEXT I
IF JROW = 2 AND KCOL = 2 GOTO 50 
KRO = KR(JROW): K10 = Kl(KCOL)
PRINT ”FMIN="; FMIN, JROW, KCOL 
PRINT
JROW = 2: KCOL = 2: F(JROW, KCOL) = FMIN 
GOTO 35
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REM IF SUM OF ABSOLUTE VALUES OF DEVIATION CENTERED, THEN 
REM CHECK TOLERANCE FOR K2/K1 AND Kl. IF ACCEPTABLE, PRINT 
REM RESULTS; IF NOT, HALVE VALUE OF P.
50 IF P < TOL GOTO 110 

PRINT "P WAS:”; P 
P = P / 2 
PRINT "P NOW:"; P 
PRINT "FMIN="; FMIN, JROW, KCOL 
PRINT 
GOTO 35

REM*********************************************************
REM RUNGE-KUTTA ROUTINE (NUMERICAL SOLUTION TO THE SCALED 
REM ODE) —  PREDICTS Mg CONC VERSUS TIME FOR VALUES OF Kl 
REM AND K2/K1 THAT ARE PROVIDED.REM*********************************************************
5 E = 10 * (-PHM(l)) - (10 * (PHM(l)) * KW)

PRINT "E="; E
G(1) = 0: G(2) = .5: G(3) = .5: G(4) = 1 

REM Y TRACKS THE CONCENTRATION OF Mg.
CBMGI = 01: Y = CBMGI
TRM1 = 2 * Y - E 
TRM2 = Qll * Y - KW
CBH = -TRM1 / 2 + SQR((TRM1 / 2) * 2 - TRM2)
PH(1) = —LOG(CBH) / 2.303 
KR1 = Kl(KK): KRR21 = KR(JJ)
PRINT "Kl="; KR1, "K2/K1«"; KRR21, WP="; P
PRINT " TIME", " Surf-pH ", " Bulk-pH ", " J "
T = 0! : DT = .0002
J = 2: TSC =0: J9 = 0

10 Z = Y
FOR L = 1 TO 4 
IF L = 1 THEN 20 

REM DUMMY Z TO REPLACE Y (RUNGE-KUTTA ALGORITHM) .
Z = Y + G(L) * K(L - 1)

P F M ** * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
REM SOLUTION TO CUBIC EQUATION FOR DETERMINING Mg CONC.
REM AT SURFACE.
'P'EM* * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

20 TRM1 = 2 * Z - E
TRM2 = Qll * Z - KW
CBH * -TRM1 / 2 + SQR((TRM1 / 2) * 2 - TRM2)
CBOH = KW / CBH
BCUBT = KRR21 / 2 * CBOH - Z
DCUBT = KRR21 / 2 * SQR(KSP)
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INTDT = (BCUBT / 3) * 3 + (DCUBT / 2) * 2
IF INTDT <= 0 THEN PRINT "CUBIC SOLUTION INVALID": END
U = (DCUBT / 2 + SQR(INTDT)) " (1 / 3)
VT = (DCUBT / 2 - SQR(INTDT))
ABSV = ABS(VT)
SIGNV = SGN(VT)
V « SIGNV * ABSV * (1 / 3)
CSMG = (U + V) A 2
F = KR1 * (CSMG - Z)
K(L) = F * DT 
NEXT L
V = Y + (K(l) + 2 * (K(2) + K(3)) + K(4)) / 6 
T = T + DT
J9 = J9 + 1

REM TSC IS NUMBER OF ADJUSTMENTS TO TIME STEP.
IF TSC = 7 THEN 25 

REM ADJUSTS TIME STEP PROGRESSIVELY DURING THE EARLY TIME 
REM PERIOD. MAXIMUM TIME STEP 27.

IF J9 = 200 THEN DT = 2 * DT: J9 = 0: TSC = TSC + 1
REM PRINT VALUES OF PREDICTED pH AT TIMES CORRESPONDING
REM TO MEASURED VALUES.
25 IF T < T9(J) THEN 10
REM CALCULATION TO DETERMINE pH CORRESPONDING TO Mg CONC. 

TRM1 = 2 * Y - E 
TRM2 = Qll * Y - KW
CBH = -TRM1 / 2 + SQR((TRM1 / 2) * 2 - TRM2)
CBOH = KW / CBH
BCUBT = KRR21 / 2 * CBOH - Y
DCUBT = KRR21 / 2 * SQR(KSP)
INTDT = (BCUBT / 3) * 3 + (DCUBT / 2) * 2
IF INTDT <= 0 THEN PRINT "CUBIC SOLUTION INVALID": END
U = (DCUBT / 2 + SQR(INTDT)) A (1 / 3)
VT = (DCUBT / 2 - SQR(INTDT))
ABSV = ABS(VT)
SIGNV = SGN(VT)
V = SIGNV * ABSV * (1 / 3)
CSMG = (U + V) * 2: CSOH = SQR(KSP / CSMG)
PH(J) = -LOG(CBH) / 2.303 
PHS(J) = —LOG(KW / CSOH) / 2.303

REM F(JJ,KK) TALLIES THE SUM OF THE ABSOLUTE VALUES OF
REM THE DEVIATIONS.

F(JJ, KK) = F(JJ, KK) + ABS(PH(J) - PHM(J))
PRINT T, PHS(J), PH(J), J 
IF T9(J) >= 10 THEN 200 
J = J + 1: GOTO 10 

200 RETURN
110 JJ = JROW: KK = KCOL
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REM DETERMINES Mg CONC VERSUS TIME —  RUNGE KUTTA ROUTINE —  
REM AND ULTIMATELY pH VERSUS TIME FOR OPTIMUM Kl & K2.

GOSUB 5
REM PRINTS RESULTS ACCORDING TO SAMPLE PROVIDED.

PRINT #1, "TIME", " SURF ", " PRED ", " MEAS ", " %
DEV"
PRINT #1, " ", " pH ", " pH ", " pH "
PABSV = 0 
FOR I = 1 TO NT
PDEV = (PH(I) - PHM(I)) / (PHM(I))

REM PABSV TALLIES THE SUM OF THE ABSOLUTE VALUES OF THE 
REM RELATIVE DEVIATION.

PABSV = PABSV + ABS(PDEV)
PDEV = PDEV * 100 
PDEV = INT(PDEV * 1000) / 1000 
PH(I) = INT(PH(I) * 100) / 100 
PHS(I) = INT(PHS(I) * 100) / 100
PRINT T9(I) * SIGMA, PHS(I), PH(I), PHM(I), PDEV 
PRINT #1, T9(I) * SIGMA, PHS(I), PH(I), PHM(I), PDEV 
NEXT I
PRINT #1, "SUM. OF ABS. VAL.(FMIN) ="; FMIN 
PRINT #1, "SUM. OF ABS. VAL. PERCENT="; PABSV 
PRINT #1,
PRINT #1, "SCALED VALUE OF Kl=" ; K10
PRINT #1, "SCALED VALUE OF K2="; K10 * KRO
PRINT #1, "SCALED VALUE OF K-RATIO(2:1)="; KRO 
PRINT #1, "ACTUAL VALUE OF Kl="; K10 / SIGMA
PRINT #1, "ACTUAL VALUE OF K2="; KIO * KRO / SIGMA
PRINT #1, "EXCESS CHARGE— (BECAUSE pH NE ZERO) ="; E 
PRINT #1, "NUMBER OF ITERATIONS^"; NITER 

REM CHECKS THAT OPTIMUM RATE PARAMETERS WERE LOCATED AT 
REM THE CENTRAL GRID POINT.

PRINT #1, "THE COORDINATES OF THE OPT. RATE-PARAMETERS 
ARE:"; JROW; KCOL 
PRINT #1, CHR$(12)

300 END



T—4046 1 0 2

EXPERIMENT JMEC3

?IME SURF PRED MEAS % DET
PH PH PH

0 0 7.65 7.66 -.019
20 9.85 8 . 02 7.9 1.629
40 9.85 8.22 8.12 1.308
60 9.85 8.36 8.3 .737
79.99998 9.86 8.46 8.42 .527
100 9.86 8.54 8.5 .549
120 9.86 8.61 8.58 .413
140 9.86 8. 67 8.64 . 399
160 9.86 8.72 8.69 .428
180 9.86 8.77 8.74 . 378
200 9.86 8.81 8.78 .391
220 9.86 8.85 8.82 .36
240 9.86 8.88 8.86 .295
260 9.87 8.91 8.9 .199
280 9.87 8.94 8.94 . 079
300 9.87 8.97 8.97 . 049
320 9.87 9 9 0
340 9.87 9.02 9.03 -.066
360 9.87 9.04 9. 06 -.147
380 9.87 9.06 9.09 -.241
400 9.87 9.08 9.12 -.347
420 9.88 9.1 9.14 -.354
440 9.88 9. 12 9.17 -.464
460 9.88 9 .14 9.2 -.599
480 9.88 9 . 16 9.22 -.634
500 9.88 9 .17 9.24 -.675
520 9.88 9.19 9.26 -.724
540 9.88 9.2 9.28 -.779
560 9.88 9.22 9.31 -.946
580 9.88 9.23 9.33 -1.012
600 9.89 9 .24 9.35 -1.083
SUM. OF ABS. VAL.(FMIN) = 1.395584 
SUM. OF ABS. VAL. PERCENT= .1583252
SCALED VALUE OF Kl= 6.878916E-04 
SCALED VALUE OF K2= 2.630801E-02 
SCALED VALUE OF K-RATIO(2:1)= 38.24442 
ACTUAL VALUE OF Kl= 1.146486E-05 
ACTUAL VALUE OF K2= 4.384669E-04
EXCESS CHARGE— (BECAUSE pH NE ZERO) =-4.3 52104E-07 
NUMBER OF ITERATIONS= 19
THE COORDINATES OF THE OPT. RATE-PARAMETERS ARE: 2 2
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EXPERIMENT JMEC4

?IME SURF PRED MEAS % DET
PH PH PH0 0 7.79 7.8 -.019

20 9.83 8.15 8.07 .99640 9.83 8.34 8.28 .74260 9.83 8.47 8.43 .51
79.99998 9.83 8.57 8.53 .517
100 9.83 8.65 8.62 .403
120 9.84 8.72 8.68 .487
140 9.84 8.78 8.74 .461
160 9.84 8.83 8.79 .479
180 9.84 8.87 8.84 .42
200 9.84 8.91 8.88 .425
220 9.84 8.95 8.92 .387
240 9.85 8.98 8.96 .315
260 9.85 9.01 9 .214
280 9.85 9.04 9.03 .2
300 9.85 9.07 9.07 .054
320 9.85 9.09 9.1 -.001
340 9.85 9.12 9.13 -.072
360 9.85 9.14 9.16 -.157
380 9.86 9.16 9.19 -.255
400 9.86 9.18 9.23 -.472
420 9.86 9.2 9.26 -.591
440 9.86 9.22 9.28 -.598
460 9.86 9.24 9.31 -.735
480 9.86 9.25 9.33 -.773
500 9.87 9.27 9.35 -.819
520 9.87 9.28 9.38 -.977
540 9.87 9.3 9.4 -1.035
560 9.87 9.31 9.42 -1.099
580 9.87 9.32 9.44 -1.168
600 9.87 9.34 9.46 -1.241
SUM. OF ABS. VAL.(FMIN) = 1.503647 
SUM. OF ABS. VAL. PERCENT= .1662138
SCALED VALUE OF Kl= 7.797975E-04 
SCALED VALUE OF K2= .0355071 
SCALED VALUE OF K-RATIO(2:1)= 45.53375 
ACTUAL VALUE OF Kl= 1.299662E-05 
ACTUAL VALUE OF K2= 5.917851E-04
EXCESS CHARGE— (BECAUSE pH NE ZERO) =-6.151087E-07 
NUMBER OF ITERATIONS= 3
THE COORDINATES OF THE OPT. RATE-PARAMETERS ARE: 2 2
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EXPERIMENT JMEC5

TIME SURF PRED MEAS
pH pH PH

0 0 7.99 8
20 10.21 8.23 8.08
40 10.21 8.38 8.23
60 10.21 8.49 8.36
7 9.99998 10.21 8.58 8.47
3 00 10.21 8.65 8.55
3 20 10.22 8.72 8.61
3 40 10.22 8.77 8.67
160 10.22 8.82 8.72
3 80 10.22 8.86 8.77
200 10.22 8.9 8.82
220 10.22 8.94 8.87
240 10.22 8.97 8.91
260 10.22 9 8.95
280 10.22 9.03 8.99
300 10.22 9.06 9.03
320 10.22 9.08 9.07
340 10.22 9.1 9.11
360 10.22 9.13 9.14
380 10.22 9.15 9.18
400 10.22 9.17 9.21
420 10.22 9.19 9.25
440 10.22 9.21 9.28
460 10.22 9.22 9.32
480 10.22 9.24 9.35
500 10.22 9.26 9.38
520 10.22 9.27 9.41
540 10.22 9.29 9.44
560 10.22 9.3 9.48
580 10.22 9.32 9.51
600 10.23 9.33 9.53
SUM. OF ABS. VAL.(FMIN) = 2.80504
SUM. OF ABS. VAL. PERCENT^ .313461
SCALED VALUE OF Kl— 4.192027E-03
SCALED VALUE OF K2= 1.311442E-02
SCALED VALUE OF K-RATIO(2:1)= 3.128418
ACTUAL VALUE OF Kl= 6.986712E-05

% DEV
-.019
1.898
1.875
1.626
1.36
1.267
1.287
1.213
1.196
1.111
.982
.817
.734
.625
.494
.344
.177
-.004
-.088
-.293
-.399
-.623
-.732
-.971
■1.11-1.255
•1.406
-1.562
•1.827
-1.991
-2.057

ACTUAL VALUE OF K2= 2.185736E-04
EXCESS CHARGE— (BECAUSE pH NE ZERO) =-9.9E-07
NUMBER OF ITERATIONS= 4
THE COORDINATES OF THE OPT. RATE-PARAMETERS ARE:
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EXPERIMENT JMEC6

TIME
0
20
40
60.00001
79.99998
100
120
140
160
180
200
220
240
260
280
300
320
340
360
380
400
420
440
460
480
500
520
540
560
580

SURF
PH

0
9.87
9.87
9.87
9.87
9.87
9.87
9.87
9.87
9.87
9.88
9.88
9.88
9.88
9.88
9.88
9.88
9.88
9.88
9.89
9.89
9.89
9.89
9.89
9.89
9.89
9.89
9.89
9.89 
9.9

PRED
PH6.45

7.47
7.93 
8.15
8.3
8.4 
8.49 
8.56 
8.62 
8.68 
8.73 
8.77 
8.81 
8.84 
8.87
8.9
8.93 
8.96 
8.98 
9.01 
9.03
9.05 
9.07
9.09
9.11
9.12
14
15
17
18

MEAS
PH6.46

6.58
6.78
7.04
7.3 
7.6
7.82 
8.02 
8.18
8.3 
8.42 
8.68 
8.76
8.82 
8.88 
8.92 
8.98 
9.02
08 
12 
16 
22

9.26
9.28
32
36
4
44
46
5

% DEV
-.019 
13.576 
17.017 
15.826 
13.709 
10.655 
8.652 
6.839 
5.501 
4.621 
3 . 693 
1.078 
.595 
.311 
-.001 
-.113 
-.457 
-.62 
-.996 
-1.187 
■1. 388 
-1.797 
■2.016 
-2 . 018 
-2.254 
-2.482 
-2.729 
-2.969 
-3.02 
-3.27

SUM. OF ABS. VAL.(FMIN) = 10.0623 
SUM. OF ABS. VAL. PERCENT= 1.29406
SCALED VALUE OF Kl= 6.64168E-04 
SCALED VALUE OF K2= 2.273556E-02 
SCALED VALUE OF K-RATIO(2:1)= 34.23164 
ACTUAL VALUE OF Kl= 1.145117E-05 
ACTUAL VALUE OF K2= 3.919924E-04
EXCESS CHARGE— (BECAUSE pH NE ZERO) = 3.178965E-07 
NUMBER OF ITERATIONS= 10
THE COORDINATES OF THE OPT. RATE-PARAMETERS ARE: 2 2
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EXPERIMENT JMEC7

FIME SURF PRED MEA2
PH PH PH0 0 4.11 4.12

20 9.64 4.14 4.2240 9.64 4.17 4.3260 9.64 4.2 4.44
79.99998 9.64 4.23 4.58
100 9.64 4.27 4.72
120 9.64 4.3 4.88
140 9.64 4.34 5.02
160 9.64 4.39 5.14
180 9.64 4.44 5.28
200 9.64 4.5 5.4
220 9.64 4.57 5.52
240 9.64 4.65 5.66
260 9.64 4.74 5.82
280 9.64 4.87 6.12
300 9.64 5.04 6.34
320 9.64 5.35 6.68340 9.64 7.03 7.04
360 9.66 8.64 7.42
380 9.67 8.92 7.78
400 9.68 9.08 8.16
420 9.7 9.2 8.42440 9.71 9.29 8.64
460 9.72 9.35 8.82
480 9.73 9.41 8.98
500 9.74 9.45 9.1
520 9.75 9.49 9.18
540 9.76 9.53 9.26
560 9.77 9.56 9.32
580 9.78 9.58 9.38
600 9.79 9. 61 9.44

% DEV
-.019
■1.761
•3.387
■5.325
■7.511
■9.52
■11.715
■13.356
■14.475
■15.779
•16.577
•17.176
■17.823
•18.415
■20.372
•20.353
■19.89
-.042
16.453
14.745
11.392
9.281
7.539
6.092
4.807
3.929
3.455
2.935
2.601
2.237
1.848

SUM. OF ABS. VAL.(FMIN) = 19.13486 
SUM. OF ABS. VAL. PERCENT= 3.008054
SCALED VALUE OF Kl= 1.890091E-03 
SCALED VALUE OF K2= .301245 
SCALED VALUE OF K-RATIO(2:1)= 159.3813 
ACTUAL VALUE OF Kl= 3.150151E-05 
ACTUAL VALUE OF K2= 5.020751E-03
EXCESS CHARGE— (BECAUSE pH NE ZERO) = 7.585764E-05 
NUMBER OF ITERATIONS= 18
THE COORDINATES OF THE OPT. RATE-PARAMETERS ARE: 2 2
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EXPERIMENT JMEC8

TIME SURF PRED MEAS
pH pH pH

0 0 7.57 7.58
20 9.91 7.84 7.6
40 9.91 8.01 7.68
60.00002 9.91 8.13 7.78
79.99998 9.91 8.22 7.9
99.99998 9.92 8.3 8
120 9.92 8.36 8.1
140 9.92 8.42 8.2
160 9.92 8.47 8.28
180 9.92 8.52 8.36
200 9.92 8.56 8.44
220 9.92 8.59 8.5
240 9.92 8.63 8.56
260 9.92 8.66 8.62
280 9.92 8.69 8.66
300 9.92 8.72 8.72
320 9.92 8.74 8.78
340 9.92 8.77 8.82
360 9.92 8.79 8.88
380 9.92 8.81 8.94
400 9.92 8.83 8.98
420 9.92 8.85 9.04
440 9.92 8.87 9.1
460 9.93 8.89 9.16
480 9.93 8.9 9.2
500 9.93 8.92 9.26
520 9.93 8.94 9.3
540 9.93 8.95 9.34
560 9.93 8.97 9.4
SUM. OF ABS. VAL.(FMIN) = 5.700638 
SUM. OF ABS. VAL. PERCENT^ .6646673
SCALED VALUE OF Kl= 4.54877E-04 
SCALED VALUE OF K2= 1.130533E-02 
SCALED VALUE OF K-RATIO(2:1)= 24.8536 
ACTUAL VALUE OF Kl= 8.122804E-06 
ACTUAL VALUE OF K2= 2.018809E-04
EXCESS CHARGE— (BECAUSE pH NE ZERO) =-3.538866E-07 
NUMBER OF ITERATIONS= 5
THE COORDINATES OF THE OPT. RATE-PARAMETERS ARE: 2 2

% DEV
-.019
3.225
4.314
4.526
4.134
3.8
3.328
2.75
2.374
1.931
1.445
1.165
.839
.503
.378
.002

-.389
-.566
-.98
-1.402
-1.612
-2.048
-2.488
-2.931
-3.167
-3.616
-3.861
-4.109
-4.565
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EXPERIMENT JMEC9

TIME SURF PRED MEAS % DE\
PH PH PH

0 0 7.25 7.26 -.019
20 8 7.54 7.4 1.93440 8.03 7.69 7.58 1.54
60.00001 8.05 7.79 7.74 .737
79.99998 8.07 7.87 7.86 .141
100 8.1 7.92 7.92 .107
120 8.12 7.97 7.98 -.066
140 8.13 8.01 8.02 -.084
160 8.15 8.04 8.06 -.174
180 8.17 8.07 8.08 -.071
200 8.18 8.09 8.11 -.135
220 8.19 8.12 8.13 -.109
240 8.21 8.14 8.15 -.112
260 8.22 8.15 8.17 -.137
280 8.23 8.17 8.19 -.182
300 8.24 8.19 8.2 -.12
320 8.25 8.2 8.21 -.068
340 8.26 8.21 8.22 -.039
360 8.27 8.22 8.23 -.01
380 8.28 8.23 8.24 -.001
400 8.29 8.25 8.25 .001
420 8.29 8.26 8.26 .004
440 8.3 8.26 8.26 .113
460 8.31 8.27 8.27 .103
480 8.31 8.28 8.27 .201
500 8.32 8.29 8.28 . 18
520 8.33 8.3 8.28 .269
540 8.33 8.3 8.29 .239
560 8.34 8.31 8.29 .32
580 8.34 8.32 8.3 .283
SUM. OF ABS. VAL.(FMIN) = .5846763
SUM. OF ABS. VAL. PERCENT= 7.498025E—02
SCALED VALUE OF Kl= 9.940617E-05 
SCALED VALUE OF K2= .6982671 
SCALED VALUE OF K-RATIO(2:1) = 7024.384 
ACTUAL VALUE OF Kl= 1.713899E-06 
ACTUAL VALUE OF K2= 1.203909E-02
EXCESS CHARGE— (BECAUSE pH NE ZERO) =-2.575314E-06 
NUMBER OF ITERATIONS= 199
THE COORDINATES OF THE OPT. RATE-PARAMETERS ARE: 2 2
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EXPERIMENT JMEC10

TIME SURF PR:ED MEAS % DET
PH PH PH

0 0 7.35 7.36 -.019
20 7.84 7.62 7.46 2.2240 7.89 7.75 7.64 1.53460.00001 7.94 7.83 7.78 .76179.99998 7.97 7.89 7.9 -.023
100 8 7.94 7.96 -.209
120 8.03 7.97 8.01 -.38
140 8.05 8 8.03 -.254160 8.07 8.03 8.05 -.184
180 8.09 8.05 8.07 -.157
200 8.1 8.07 8.09 -.161
220 8.12 8.09 8.1 -.068
240 8.13 8.11 8.12 -.12
260 8.14 8.12 8.13 -.066
280 8.15 8.13 8.14 -.027
300 8.16 8.15 8.15 0
320 8.17 8.16 8.16 .021
340 8.18 8.17 8.17 .022
360 8.19 8.18 8.18 .025
380 8.2 8.19 8.18 .134
400 8.21 8.19 8.19 .114
420 8.22 8.2 8.2 .097
440 8.22 8.21 8.21 .067
460 8.23 8.22 8.22 .04
480 8.24 8.23 8.22 . 124
500 8.24 8.23 8.23 . 088
520 8.25 8.24 8.24 .042
540 8.26 8.25 8.25 0
560 8.26 8.25 8.26 -.052
580 8.27 8.26 8.27 -.1
SUM. OF ABS. VAL.(FMIN) = .5508356
SUM. OF ABS. VAL. PERCENT= 7.109942E-02
SCALED VALUE OF Kl= 5.175004E-05 
SCALED VALUE OF K2= 1.745319 
SCALED VALUE OF K-RATIO(2:1)= 3 3725.95 
ACTUAL VALUE OF Kl= 8.92242E-07 
ACTUAL VALUE OF K2= 3.009171E-02
EXCESS CHARGE— (BECAUSE pH NE ZERO) =-3.267659E-06 
NUMBER OF ITERATIONS= 84
THE COORDINATES OF THE OPT. RATE-PARAMETERS ARE: 2 2
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