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Non-process elements are present in all kraft

recovery systems. Non-process elements are defined as

those elements which are not essential to the chemical

process, i.e., are neither active pulping chemicals (e.g.,

NaOH and Na2S in the kraft process), nor compounds present

as a result of incomplete conversion of makeup chemicals

to active pulping chemicals. Problems associated with the

build up of these elements include scaling, fouling and

corrosion of heat exchangers, and various operating

problems in the preparation of pulping liquors. A better

understanding of the solubility of these elements in

solutions similar to recovery cycles would facilitate

the elimination of these problems.

The solubility of aluminosilicates was measured in

aqueous solutions of high ionic strengths and hydroxide

ion concentrations. Temperature, ionic strength,
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hydroxide ion concentration and Al/Si ratio were varied to

determine their effect on the solubility of aluminum and

silicon. Several cations (Ca,Mg,Mn,V,Fe,K) were also

studied to determine their effect on the solubility of

aluminum and silicon.

The results show that the solubility of aluminum and

silicon increases with increasing hydroxide ion

concentration and temperature, and decreases with

increasing ionic strength. The solubility of aluminum and

silicon was found to be a complicated function of Al/Si

ratio at varying hydroxide ion concentrations and ionic

strengths. Magnesium salts were found to decrease the

solubility of aluminum when no silicon was present, but

increase it when silicon was present. The other salts had

no effect on the solubility of aluminosilicates, although

calcium aluminosilicates were formed under some

conditions.

A thermodynamic model was developed using parameters

that were obtained from the experimental solubility data.

The model gives a reasonable fit to the data at 0.1 and

1N hydroxide ion concentration and can be used to estimate

the solubility of aluminum and silicon in aqueous

solutions where data are not available. Limitations to

the model are discussed.
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Chemical Equilibrium of Nonprocess Elements

in the Kraft Recovery Cycle

I. Introduction

The kraft pulping process is the most common process

for the production of full chemical pulp. The main

objective in kraft pulping is to separate the fibers

(mainly cellulose) in the wood from the interfiber binding

material (lignin) for the production of pulp. The process

is primarily an alkaline cook, with sodium hydroxide

(NaOH) being the primary cooking chemical. The reasons

for its success are (1) the strength of the pulp, (2) the

versatility of the process in its ability to handle a

whole range of raw materials and (3) the ready

availability of a chemical recovery system (52).

Chemical recovery has been an integral part of kraft

pulping almost from the onset because the cost of

chemicals is too high for economic operation unless they

are recovered and reused (14). Figure 1 shows a typical

kraft recovery cycle. The wood chips enter the digester

where they are cooked in an alkaline solution. After

cooking, the spent chemicals and pulp are sent to washers

where they are separated into pulp and weak black liquor

which contains chemicals and dissolved organics. The weak

black liquor is then concentrated in evaporators before

going to the recovery boiler. The two major functions of

the recovery boiler are recovery of the sodium and sulfur
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from the spent liquor in a form suitable for regeneration

of cooking liquor, and recovery of the energy value in the

liquor in the form of high-pressure steam (31). The

recovered chemicals are then dissolved in water to produce

green liquor which consists of Na2S and Na2CO3. The green

liquor then enters the lime cycle where a series of

reactions produces white liquor which is mostly NaOH and

Na2S. Figure 2 shows the process of converting green

liquor into white liquor. This white liquor is then

introduced into the digestor as the source of pulping

chemicals.

Along with the dissolved organics and pulping

chemicals, there are other chemical elements found in the

recovery cycle. These are termed non-process elements

and can cause several problems in the kraft recovery cycle

when they accumulate to certain levels in the system.

Non-process elements are defined as those elements which

are not essential to the chemical process, i.e. are

neither the active pulping chemicals (eg., NaOH and Na2S

in the kraft process), nor compounds present as a result

of incomplete conversion of makeup chemicals to active

pulping chemicals.

These non-process elements are divided into two

groups according to their behavior when they are

introduced into a tightly closed pulping chemical recovery

system. One group, including Ca, Mg, Mn, and Fe, will not

accumulate to higher levels with system closure because



GREEN LIQUOR FROM
DISSOLVING TANK
(No2S+No2CO3)

GREEN
LIQUOR
CLARIFIER

DREGS GRITS
(heovy metols)

CO2

L

LIME SLAKER
Co0+H20Co(OH)2

Co0 CoCO3

TO --c
DIGESTER

LIME KILN
CoCO3+HEATCo0+CO2

WHITE
LIQUOR
STORAGE

CAUSTICIZERS
Co (01-1)2+ No2 CO3-2No0H+CoCO3

No0H

NozS

4

'1'

wHITE
LIQUOR
CLARIFIER

Figure 2. The process for converting green liquor into
white liquor.



5

they form insoluble compounds in the green and white

liquors and almost are completely removed from the liquor

system by natural purges, i.e. in dregs, lime mud and

grits. The other group, including K, Al, Si, and V, are

soluble in conditions found in a recovery cycle and will

tend to accumulate in the liquor system (93).

Many of these non-process elements (Mg, Ca, Fe, Mn)

have natural purges from the system, but others such as K,

Al, Si, V, do not (20). The concentration of non-process

elements will increase as a result of decreasing chemical

cycle outlets, e.g. increasing system closure, and of

increasing input, e.g. as a result of firing of wood

residues in the lime kiln and/ or as a result of whole

tree utilization. Common input and purge locations of

non-process elements are shown in Figure 1 by the solid

and hollow arrows.

Problems associated with the build-up of non-process

elements include scaling in the black liquor evaporators

(24,25,26,71,41), fouling and corrosion of heat transfer

surfaces (99,80,81), and various operating problems in the

cycle such as reduced lime reactivity and filtration

problems (97,10,17). The possible use of wood waste as an

alternative to fossil fuel is limited because of the

accumulation of these non-process elements (53).

Non-process elements enter pulp mill chemical cycles

mainly with the wood chips, the lime makeup and, to a

smaller extent, with the mill process water. Wood
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accounts for nearly all input of calcium (to the sodium

cycle), potassium, and manganese. Over 90 percent of the

manganese and potassium and more than half of the

silicon, magnesium, iron, and chloride originate from the

wood (47). The amount of these elements entering the

recovery cycle will increase considerably if the

biologically active parts of the tree such as bark, roots,

and foliage are utilized in pulping (63). Table 1 gives

the origin of some elements entering the kraft recovery

system of a typical northwest kraft pulp mill in grams per

ovendry ton of pulp. Make-up lime (CaO) may account for

up to 40 percent of the total input of aluminum, silicon,

iron, and magnesium. The sodium sulphate used for makeup

chemicals can account for up to 30 percent of the total

chloride input (47). The input of non-process elements

with the water is usually rather minor pompared to input

with wood and make-up chemicals) but should not be ignored

when determining inputs.

It is essential to have methods available for the

removal of non-process elements if scaling and other

problems are to be avoided. The most promising method at

present is to enhance the element removal through natural

purges (20). Therefore, a detailed understanding of the

solubility of these non-process elements in the recovery

cycle is required.

At present there is some disagreement on how non-

process elements distribute between the liquor and lime
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Table 1. Non-process element sources in a kraft mill,
grams per ovendry ton of pulp.

Data from Erickson (21)

Limestone Chips
Mill
Water

Spent
Acid

Aluminum (Al) 17.5 25.4 0.4 0.0

Calcium (Ca) 18048.0 1079.0 94.4 0.4

Iron (Fe) 27.8 56.7 0.4 1.2

Potassium (K) 0.0 1004.0 8.3 1.6

Magnesium (Mg) 240.5 218.7 19.0 0.0

Manganese (Mn) 2.8 138.0 0.0 0.0

Sodium (Na) 0.0 488.0 32.5 0.4

Silicon (Si) 71.4 64.7 64.3 0.8

Vanadium (V) 0.0 0.0 0.0 0.0
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cycles in kraft pulp mills. Erickson and Holman (20)

reported data in which aluminum transfers from the lime to

the liquor cycle. The data of Magnusson and co-workers

(63) and Keitaanniemi et al. (47) show aluminum

transferring from the liquor to the lime cycle. There is

also some question as to the transport of silicon in the

recovery cycle.

The uncertainty about the direction of transport of

aluminum and silicon between the liquor and lime cycles is

probably explainable in terms of chemical equilibrium

(94). Unfortunately there is very little published

information about the solubility of aluminum and silicon

in concentrated alkaline solutions. It is possible today

to estimate the solubilities of chemical species at high

concentrations in aqueous solutions. The main limitation

is inadequate thermodynamic data. Also there are many

possible compounds that may form as precipitates during

equilibration. It is important to know what compounds may

precipitate under various conditions of solution

composition and temperature in order to facilitate

solubility calculations.

The primary objective of this study was to obtain

equilibrium data on aluminum and silicon in concentrated

alkaline solutions. Secondly, it was desired to determine

the effects of Al/Si ratio, hydroxide ion concentration,

ionic strength, temperature, and the presence of other

multivalent cations on the equilibrium of aluminum
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and silicon in concentrated alkaline conditions. A third

objective was to interpret and present data in a form

that can be used to estimate accurately the solubility of

non-process elements in alkaline pulping liquors.



II. Review of Literature

Many processes in the chemical recovery cycle of a

pulp mill are influenced by the concentrations of elements

that exist. There are many elements in the recovery cycle

that have detrimental effects when certain levels are

exceeded. Upon review of the literature it was determined

that there was very little published information on the

solubility of elements in high concentrations and pH that

are typical of a pulp mill recovery cycle. The solubility

of these elements in alkaline solutions is not well

understood. A model capable of predicting the solubility

of these elements in the kraft recovery cycle would be

useful for controlling problems associated with these

elements. It is the purpose of this review to discuss the

solubility of certain elements (Si, Al, Ca, Cl, K, Mg, Fe,

Mn, V,) in conditions that are typical of a recovery cycle

i.e., high concentrations , pH, and ionic strengths. The

effect of temperature will also be discussed. Secondly,

the data will be examined in light of the need for methods

for the removal of these elements. Thirdly, a discussion

of some of the problems that are encountered when the

solubility limits of these elements are exceeded will be

presented. Fourthly, possible models that would be

capable of predicting the solubility of elements in the

recovery cycle will be reviewed.

10



Silicon

Silicon is distributed throughout the liquor and lime

cycles, and is found at all source and purge points.

Material balances for silicon do not close well primarily

due to the uncertainty of the transfer of silicon through

the recovery cycle. The uncertainty of the transport of

silicon in the recovery cycle is due to the lack of

experimental solubility data on silicon in conditions

that are typical of a pulp mill recovery cycle.

There have been several methods investigated for the

removal of silicon from the recovery cycle of a pulp mill.

At present, there is neither an efficient or economical

method that is suitable for the removal of silicon. Some,

but not all, of the silicon leaves the system as dregs.

With no adequate removal techniques, and continuous

buildup of silicon in the recovery system, there are

several problems caused by the presence of silicon.

Solubility

Temperature, liquor composition, and the presence of

cations effects the solubility of silicon. It has been

shown by many researchers (21,95,40,60,27,92,45,2,22),

that the solubility of silicon in water increases with

temperature. The change in the solubility of silicon with

varying hydroxide ion concentrations has been noted by

several researchers (41,99,2,103,9,55). Below pH 9, the

11
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solubility of silicon is independent of pH (2,103), above

pH 9 the solubility of silicon increases with increasing

pH (2).

The increase in the solubility of silicon above pH 9

can be explained by the formation of another silicon ion.

Below pH 9, there exists only a monosilicic acid, Si(OH)4.

The increase in total dissolved silicon is shown to be due

to the presence of H3SiO: ion in addition to Si(OH)4 in

solution (2).

The solubility of silicon is affected by certain

cations. According to Magnusson (63), the solubility of

silicon decreases in the presence of calcium. It has also

been shown that in fresh water and salt water that the

solubility of silicon is greatly reduced by the addition

of aluminum (103). The addition of aluminum to a system

containing silicon will cause a coprecipitation of silicon

with aluminum and the product of the reaction is an

aluminosilicate.

Removal of Silicon

The are various methods that can be found in the

literature for the removal of silicon from pulping liquors.

The methods can be divided into the following three

groups: (1) removal methods during digestion of raw

materials, (2) removal methods before or during

evaporation of black liquor and (3) removal methods before

causticization of the green liquor (71).
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According to Rinman (82), the removal of silicon

during digestion can be accomplished by precipitating the

silicon in the fibers of the resulting pulp by addition of

lime, CaO, calcium hydroxide, Ca(OH)2, magnesium

hydroxide, Mg(OH)2, or aluminum hydroxide, Al(OH)3 during

the cooking process. Precipitation of silicon on the pulp

will result in black liquor that contains a lower amount

of silicon. A disadvantage of the method is that the

paper produced has lower strength properties than typical

chemical pulps.

The removal of silicon before or during evaporation

can be accomplished by several methods. The methods

include: (1) addition of cations to form insoluble

compounds, (2) lowering of the pH of the black liquor, (3)

both lowering the pH and the addition of cations.

The Lemaire method (59), Gruco method (32), and the

Jayme method (44) all involve the addition of cations for

the removal of silicon from black liquor. The Lemaire

method recommends precipitating the silicon before

concentrating the black liquor by treating it with calcium

sulphate or sulphite in the presence of calcium sulfide.

This will precipitate a calcium silicate that may be

filtered. This method involved complicated processes and

was found to be not economical.

The Gruco method precipitates silicon from the black

liquor by the addition of lime (CaO). The results from

using this method suggest that precipitation of silicon is
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more complete when the black liquor is dilute and is in a

temperature range of 90 - 100 C.

The Jayme method, which is a modified method of the

Gruco process states that a partially concentrated (30

percent solids) black liquor can be used for treatment

with the lime. By concentrating the black liquor, less

lime is required for the same results as the Gruco method

because many of the side reactions that appear in the

Gruco method are reduced.

There are several methods that remove silicon by

lowering the pH. The pH of the black liquor can be

lowered by the addition of any acid . Inorganic acids such

as sulfuric and hydrochloric are uneconomical, and due to

their strong acid character, "overacidification" takes

place. This means that lignin is precipitated with

silicon and the resulting slurry is almost unfilterable

(71). A weak acid like carbonic acid can be used to lower

the pH with very little overacidification.

Schwalbe (85), patented a method to precipitate

silicon from black liquor by passing carbon dioxide gas

into it. With heating, the colloidal precipitate of

silicon could be brought to a crystalline form that

precipitates and is easily filtered. A similar method

proposed by Idrees and Veeramani (41), indicated that

desilification of green liquor by carbonation at 80 C to

a pH of 9.5 will remove 85 percent of the silicon in the

liquor.
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A method was developed by Schmidt (83), which combines

lowering the pH and addition of cations. Carbon dioxide

was passed into the black liquor to reduce the pH and then

precipitation of the silicon was carried out by treatment

with magnesium sulphate. This method along with the

Schwalbe method is not a workable method because it

precipitates wood organics from the black liquor and

releases hydrogen sulfide from kraft liquors.

Epsom salts were used to clarify the green liquor

containing ferrous salts, aluminates, and silicates (54).

Laboratory studies conducted by Panda showed that 57

percent of silicon can be removed by addition of

34.0 grams of Epsom salt (MgSO4.7H20) per liter of green

liquor containing 13.5 grams/liter Si02 before treatment.

It was found by Bohmer (7) that the addition of

sodium aluminate solution to green liquor precipitated

95 percent of the silicon in the form of a zeolite. This

precipitate could then be removed via normal green liquor

clarification. Care must be taken to prevent an overdose

of sodium aluminate so there is not an excess of aluminum

ions in solution.

Magnusson (63), stated that silicon may be removed

from the recovery cycle of a kraft mill by the addition of

calcium ions. An excess of calcium ion will precipitate

calcium silicate, CaSiO3. This could happen at the end of

causticizing if the slaker lime is overcharged.

A method was patented in the name of Societe Procedes
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Navarre in Lyon (90) in which carbon dioxide was passed

through the black liquor to obtain a value of 0.44 for the

ratio of bicarbonates to carbonates in the green liquor

(pH of 6.7). This caused the silicon to precipitate; it

could then be filtered from the green liquor.

Problems in Recovery Cycle

There are several problems associated with the

presence of silicon in the recovery cycle. They are (1)

the silicon increases the recirculation of inerts (dead

load) in the system, (2) silicon forms very hard scales

that are hard to remove, and (3) the presence of silicon

reduces lime reactivity and causticizing efficiency.

Silicon serves no purpose in the recovery cycle and

becomes a dead load. This causes more material to flow

through the system which decreases the efficiency of the

system. As the level of silicon increases in the system,

the efficiency is reduced.

Several researchers have shown (41,99,71) that the

presence of silicon along with aluminum will result in a

sodium aluminosilicate scale. This scale forms on

evaporator tubes, heat exchangers, digester walls, and in

recovery boilers. The formation of these scales results

in a lower capacity for the equipment because it lowers

the heat transfer rate.

The presence of silicon lowers the reactivity of lime

and also reduces causticizing efficiency. According to
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some researchers (41,48), silicon reduces the reactivity

of the lime. This is caused because the silicon compounds

melt at a lower temperature than the lime. As the silicon

compounds melt, they forma coating on the lime which

reduces the porosity of the lime. By decreasing the

porosity of the lime, the reactivity is decreased.

Silicon also reduces the causticizing efficiency

(20,41,47). Silicon in the green liquor forms a

calcium silicate (CaSiO3) during causticization. It was

found by Idrees (41) that the causticizing efficiency in

green liquor decreased from 92 percent to 66 percent as

silicon increased from 0 to 8.0 grams Si02 per liter.

The calcination of the lime sludge containing this calcium

silicate will also be incomplete. For this reason part of

the lime mud in most mills must be purged periodically out

of the system.

Aluminum

Aluminum is found in both the liquor and lime cycles

of the recovery cycle. The aluminum enters with the

limestone and chips, and is purged by the green liquor

dregs and pulp. There is currently disagreement on how

aluminum distributes beteween the liquor and lime cycles.

This uncertainty is mostly due to the lack of knowledge of

the solubility of aluminum in conditions typical of a

recovery cycle.



Solubility

The solubility of aluminum is affected by the

temperature, pH, and the presence of other cations. The

chemistry of aluminum in solution is very complex because

of the many different forms that it may exist in. A major

area of disagreement appears to be whether the hydrolyzed

aluminum species are monomeric or polynuclear. Part of

this disagreement is attributed to the fact that aluminum

solutions are very slow to approach a true equilibrium so

that meaningful measurements are difficult to obtain (38).

According to Ulmgren (98), the solubility of aluminum

is affected by temperature. At higher temperatures (120-

150 C), the solubility of aluminum is not very dependent

on temperature but at lower temperatures (70-95 C) the

solubility of aluminum is dependent on temperature.

The form of aluminum in solution and its solubility

are affected by pH (78,84). Below pH 4, the predominant

form of aluminum is believed to be Al(H20)6+3, and above

pH 7 the predominant species is Al(OH)4(H20)2- (88).

Between pH 4 and 6.7, Reesmann et al. (78) found that

Al(OH)2+ (or the hydrated equivalent Al(OH)2(H20)+ was the

predominant species. The region of lowest aluminum

solubility was found to be between pH 4 and 8 (39,78).

Arnson (3) found that under conditions used in the

papermaking system (pH 4-5.5), the aluminum ion can form a

multitude of species including the simple trivalent

18
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cation, various hydroxo-aluminum complexes, and the

insoluble aluminum hydroxide precipitate. Ulmgren (98,99)

showed that the solubility of aluminum is affected by the

pH. The amount of soluble aluminum (Al(OH)4) left in an

alkaline liquor decreased as the pH was decreased from 1

to 0.5.

Removal of Aluminum

Magnusson (63) stated that in general there was no

good removal process for aluminum from the kraft recovery

cycle. The addition of magnesium to a solution containg

aluminum will cause a reduction in soluble aluminum

(4,94). Ulmgren found in laboratory studies that it is

possible to reduce extensively the concentration of

aluminum in the liquor of the recovery system by adding a

magnesium salt, i.e. magnesium sulphate to the smelt

dissolving tank. An insoluble double salt, hydrotalcite

(Mg6Al2CO3(OH)16. 4H20), is then precipitated and may be

removed by filtration.

Willey (103) found that the addition of silicon

removes aluminum from solution. The reaction is the same

one that occurs when aluminum is added to a solution which

contains silicon. The aluminum and silicon coprecipitate

to form an insoluble aluminosilicate.

Problems in Recovery Cycles

The two main problems associated with the presence of
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aluminum in the recovery cycle are the accumulation of a

dead load in the cycle and the formation of

aluminosilicate scales. Aluminum is fairly soluble in

alkaline pulp mill liquors. It may build up to fairly

high levels and moves through the system as a dead load.

As the level of aluminum increases, it finally reaches

its saturation limit. The aluminum then precipitates in

the recovery cycle as an aluminosilicate scale on heat

transfer surfaces (47,84). The scale is glassy and is

very hard to remove. This lowers both the capacity and

efficiency of many of the processes involved.

Calcium

Calcium is a process element in the lime cycle. If

good liquor clarification is present, calcium will be

confined to the lime cycle (20). There are many published

reports on the effects of calcium in the liquor cycle.

Solubility

According to Magnusson (63), calcium is very insoluble

in conditions that are typical of a pulp mill. For this

reason, calcium forms compounds that are removed from the

system as dregs or grits. The solubility of compounds

formed from calcium (CaCO3, and CaSO4) have inverted

solubility curves (23,19,70,102,37,96,6). It has also

been reported that the solubility of calcium carbonate

decreases with increasing sodium chloride content
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(23,13,87,61).

Removal of Calcium

There are no known methods for the removal of calcium

from the liquor cycle. The only purge points are as dregs

and grits in the lime cycle or as formation of scales on

the surfaces of equipment. If good liquor clarification

occurs, calcium will be confined to the lime cycle and

will be removed almost completely from the white liquor.

Problems in Recovery Cycle

Calcium scales are the most common type of scale

encountered in the pulp and paper industry today. The two

main types of calcium scales are calcium carbonate (CaCO3)

and calcium sulphate (CaSO4). Calcium carbonate is the

most common type of scales and can cause problems in the

digesters, heat exchangers, and the multiple effect

evaporators. Calcium carbonate scales have been studied

by many reseachers (102,34,64,33,5,36,96,100,6).
Calcium carbonate scales can form in various zones of

continuous digesters, especially in the upper cooking zone

and the upper heater (12,33). The availability of a spare

liquor heater allows periodic cleaning of the heaters

without interfering with digester operation. Cleaning the

scales from the cooking screens can be accomplished either

by acid-washing the empty digester or by a more rapid

acid-washing procedure that does not require emptying the
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digester (104).

The formation of calcium carbonate scales in black

liquor evaporators is caused by an equilibrium shift

between calcium and ajacent hydroxyl groups on the

aromatic rings of lignin fragments that are formed during

pulping (25,102). Westervelt et. al. stated that calcium

will chelate with the lignin fragments in black liquor

which greatly increases the solubility of calcium. As the

chelate approaches the evaporator tube walls, an

equilibrium shift occurs that will tend to release the

calcium from the lignand. This calcium will then form

scales with the abundant carbonate ion already in the

liquor. The formation of these scales on heat transfer

surfaces can be costly from several points of view. A

loss of production along with downtime during cleaning of

the surfaces is often experienced.

Chloride

Sodium chloride is a contaminant in all kraft mill

liquor systems. It has no positive value to the process

because the sodium is not available for conversion to

alkali. Indeed, with the necessity of handling this dead

load, and considering the corrosion potential of chloride

ions, it imposes a net cost to the process (46). The

chlorides enter the system with wood, process water, make-

up chemicals and with spent acid. Outputs include

particulates in the recovery stack, spills, and with dregs
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and grits. There are high levels of chloride found in

most mills.

Solubility

According to Magnusson (63), chlorides are very

soluble in conditions found in a kraft recovery cycle.

These chlorides are not naturally purged from the cycle

and can build up to very high levels when input is

significant. As the level of chloride in the system

increases there are several problems associated with it.

Removal of Chlorides

There is no natural purge for chlorides. The main

area of removal occurs in the recovery furnace. The

chlorides are relatively volatile in the furnace compared

to sodium compounds. According to Keitaanniemi et. al.

(47), chlorides have a lower vaporization temperature than

sodium compounds in the furnace conditions. They form

fine dust particles that are not easily removed on

electrostatic precipitators. For these reasons, the

recovery stack is one of the main points in the cycle

where chlorides are removed.

Problems in Recovery Cycle

The main impacts of chlorides are in the recovery

boilers where increased corrosion and slagging of heat

transfer surfaces was noted (80,81,97,79). There are also
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other areas in the mills that chlorides cause corrosion

(1). Chlorides have also been reported to retard

delignification in the digesters (1).

There is some disagreement on the influence of

chlorides on corrosion in the recovery boilers. The

presence of chlorides increases corrosion in the recovery

boilers (80,81,97,79,86,101). Chlorides lower the

eutectic melting point of the smelt. This causes the

smelt to run off the waterwall tubes and eliminates the

protective layer on the tubes. This leads to increased

corrosion in the recovery boilers. According to Shivgulam

(86), the sodium chloride compound causes a depression of

the smelt melting point which does decrease the thickness

of the smelt layer on the furnace waterwall. But he

states that is difficult to asses impacts on the

waterwalls.

The lower melting points caused by chlorides causes

other problems in the recovery cycle. According to

Karjalainen (46), chlorides have serious effects on

operation of the recovery boiler in terms of black liquor

heating value, dust carryover, and total solids to be

fired per ton of pulp. The sodium chloride contributes

nothing to the heating value of the liquor, and in fact

reduces it by acting as an inert diluent. Additional

energy is required to evaporate the water associated with

it. Also, as the sodium chloride melts and deposits on

boiler tubes as molten salt it traps fly ash particles
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which in turn blocks gas passages that must be cleaned

resulting in down time.

It was reported by Ahlers et. al. (1), that the

presence of chloride ions in the cooking liquor retards

the delignification rate. He stated that an increase from

0 grams sodium chloride per liter to 50 grams per liter in

the white liquor increased cooking time to kappa number 35

by 15 percent. A further increase to 100 grams per liter

lead to almost a tripled cooking time.

Potassium

Potassium salts act much like chlorides in the

recovery cycle. They are very soluble and will tend to

accumulate when introduced into a tightly closed cycle.

They also cause many of the same problems as the chlorides

do.

Solubility

According to Gilbert (28), potassium is one element

that cannot be purged by the chemistry of the kraft liquor

recovery process because it forms potassium compounds of

hydroxide, sulphate, and carbonate which are all very

soluble in the recovery cycle.

Removal of Potassium

Keitaanniemi et. al. (47) indicated that much of the

potassium is removed from the system at the recovery
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furnace. Like chlorides, potassium has a lower

vaporization temperature than sodium compounds in the

furnace conditions and for that reason is the main point

in the cycle where potassium is removed from the system

most efficiently.

Problems in Recovery Cycle

There are several problems associated with the

presence of potassium in the recovery cycle. Several

researchers (63,86,28) have found that potassium causes

many of the same problems as the chlorides in the recovery

furnace. Potassium lowers the melting point of the smelt

which is believed to increase corrosion in the recovery

boilers. It was also noted by Magnusson (63) that

potassium may increase fly ash formation in the recovery

boilers which leads to plugging problems.

It was also reported by Keitaanniemi (48) that

potassium produces slabbing and ring formation in the lime

kiln at high concentrations. This is caused because of

the low melting point of potassium carbonate (891 C).

Magnesium

Solubility

The solubility of magnesium ion in the liquor cycle is

quite low, and magnesium salts will separate from the

causticizing plant almost entirely with the dregs, grits,
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and lime mud if clarification of the liquor is efficient.

It was reported by Keitaanniemi et. al. (48) that the

solubility of magnesium in green liquor is approximately

10-8 moles per liter.

Removal of Magnesium

The only method of removal currently being used in the

recovery cycle is to remove the magnesium as precipitated

solid with the dregs and grits from the recovery cycle.

Problems in Recovery Cycle

According to Boniface (8), the presence of magnesium

increases the amount of water retained by the lime mud.

The magnesium causes difficulties especially in filtering

because Mg(OH)2 is gelatinous and plugs up the filter

fabric easily. Impaired filtration means a decrease in

the dry solids content of lime mud going to the kiln which

requires more energy for reburning. Boniface also stated

that the maximum acceptable content of MgO in the lime is

2 percent.

According to Magnusson (63) the magnesium buildup will

not be a problem if the mill does not have a tightly

closed recovery cycle. He states that the magnesium

circulation will not form a closed loop. He does state

that problems could occur in a tightly closed mill. If

magnesium builds up to higher levels, rings will build up

in the lime kiln and the lime mud will also be more
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Manganese, Vanadium, Iron

There is almost no information in the literature on

the solubility of manganese, vanadium, and iron in

conditions that are typical of a recovery cycle.

Magnusson (63) stated that manganese and iron are

insoluble in alkaline conditions and may be removed by

natural purges such as dregs and grits in the lime cycle.

He also stated that above a pH of 8, the significant iron

compounds formed are Fe(OH)2 and Fe(OH)3. It was also

stated by Boniface (8) that the presence of iron in the

recovery cycle hampers the separation of lime mud from

white liquor. This increases the amount of water retained

by the lime mud.

Models for Predicting Solubility

The procedures for calculating chemical equilibrium in

aqueous solutions is well defined (105). Chemical

equilibrium equations, and element, species, and charge

balances that describe the system of interest must be

formulated. These equations can then be solved to

determine thermodynamic equilibrium constants that are

used to predict the solubility of elements under similar

conditions. In order to determine these equilibrium

constants, information must be either known or

28
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experimentally determined for activity coefficients and

chemical potentials or free energy data at conditions of

interest.

There are a number of difficulties in calculating

chemical equilibrium. There is a lack of available free

energy or equilibrium constant data for the chemical

reactions involved. Often, only room temperature data is

available. A second and equally important problem is

the need for accurate methods of calculating activity

coefficients of chemical species in high ionic strength

solutions.

Activity Coefficients

The lack of accuracy of the presented models in

multicomponent systems is due mostly to the lack of

accurate activity coefficient data or estimation

procedures. Activity coefficients are a complicated

function of temperature and composition. There is very

little data available for salts in the high concentration

ranges of interest. For this reason, it is often

necessary to estimate ionic activities using various types

of empirical equations. There are a number of these

equations available (11,56,57,58,65,66,67,68,69,72,73,74,

75,76), but most are only moderately successful in

estimating activity coefficients accurately, especially in

multicomponent solutions. Two methods often used are

Pitzer's and Meissner's.
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A method developed by Pitzer and co-workers (72-76)

can predict accurately the activity coefficients for ions

in a multicomponent salt solution. The Pitzer method is

based on the virial expansion of the excess free energy.

The Pitzer method requires several interaction parameters

to be known for estimating activity coefficients. For an

equal number of (+), (-) species, (N/2 of each), the

number of Pitzer ion interaction parameters needed is

between 2N2- 3N + 1 and 2.75N2- 4N + 1. These

interaction parameters can be evaluated from experimental

activity coefficient, osmotic coefficient, or solubility

data. The method was demonstrated by Harvie and Weare for

the system Na-K-Mg-Ca-C1-804-H20 at 25 C which becomes

saturated at a total concentration of about 6 molal. The

main limitation in using this method for predicting

activity coefficients in solutions that are typical of

pulp mill recovery cycles is the lack of ion interaction

parameters at elevated temperatures.

According to Gokcen (29), the method developed by

Meissner and his associates (56-58, 65-69) for estimating

activity coefficients is the easiest method to use and is

accurate. The method is much less rigorous than Pitzer's

and for this reason is less accurate. Meissner's method

has been shown to provide reasonable results when used in

solubility calculations (105).

Both Pitzer's and Meissner's methods have accurately

predicted activity coefficients for inorganic ions in
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aqueous solutions. The main limitation seems to be in the

lack of activity coefficient parameters at 25 C and

especially at elevated temperatures.

Ion- or salt- specific parameters are needed for each

of these methods. Pitzer requires several parameters for

each ion to calculate activity coefficients. Meissner

requires only one parameter for each salt. For this

reason it is much easier to use Meissner's method, but

some of the accuracy in estimating activity coefficients

is lost. For either method, determining activity

coefficients at any temperature requires that the activity

coefficient parameters be known at that temperature.

There is very limited data for which the required

parameters can be obtained at elevated temperatures.

Methods have been proposed by each of these researchers to

estimate these parameters at elevated temperatures but

only very limited accuracy has been noted.

Parameters needed for the Meissner method have been

published for certain salts at 25 C (29,105). Kim and

Frederick (51) have also calculated Pitzer ion interaction

parameters for certain salts at 25 C from published

activity coefficient data. There is very little

information on any parameters at higher temperatures.

Equilibrium Models

There are several models available for predicting the

solubility of inorganic salts in aqueous solutions
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(43,91,77,62,89,50,35,15,49). Most of these models have

been used to predict solubilities in solutions at 25 C and

ionic strengths not exceeding one molal. There is a need

for models that are able to predict the solubility of

elements at higher temperatures and ionic strengths.

One of the largest problems in modeling ionic

equilibrium is the lack of thermodynamic data for systems

of interest. Accurate free-energy data is needed for

solutions of higher temperatures and ionic strengths. A

second and equally important difficulty arises in

predicting the solubility of elements in these conditions

because of the lack of activity coefficient data.

There are currently several models available that have

the ability to estimate accurately activity coefficients

and predict the solubility of elements in solutions of

high ionic strengths.

ISIS

ISIS (Ionic Species Interaction Simulator) is a model

developed at Oregon State University by Kelly and

Frederick (49). It has the ability of estimating the

solubility of inorganic salts in concentrated aqueous

inorganic solutions. ISIS is a modification of SENECA2,

which was developed at Los Alamos Scientific Laboratory.

The activity coefficients for the model are predicted

using the equations developed by Pitzer (72-76). The

use of ISIS is restricted to 25 C by the limited activity



33

coefficient parameter data base. The application of ISIS

to industrial problems is limited by its inability to

estimate activity coefficients over a range of

temperatures. There are methods available for estimating

the temperature dependence of ionic activity coefficients

(105,16). These methods are currently being evaluated for

accuracy at Oregon State University. If the methods are

determined to be acceptable, modifications will be made to

the model which would allow it to be used for industrial

applications.

Chen's Model

Chen's method has been used to predict the solubility

of certain systems (HC1-H20,NH3-0O3) at 25 C and the

system K2CO3-0O2 from 70 - 130 C. Agreement between

experimental and estimated solubilities and vapor

pressures ranged between 3.9 and 16 percent (49).

In Chen's method, activity coefficients are expressed

in terms of a long range interaction model, such as a

Debye-Huckel or Pitzer equation, and a local composition

model (105). By including both short and long range

interactions in multicomponent solutions, Chen felt that

his method should be applicable to multicomponent

solutions containing strong or weak electrolytes.

A limitation of Chen's model is in its limited range

of applicability and the lack of interchangeability of ion

interaction parameters between different forms of the
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activity coefficient equations. Empirical coefficients

are sometimes added to the activity coefficient equations

to improve their fit to the data. When this approach is

used, the ion interaction coefficients obtained from the

multicomponent solution data are not necessarily

applicable to all solutions with the same solvent and

should be used with caution outside the range of solution

composition for which the coefficients were obtained (49).

Harvie & Weare's Implementation of Pitzer's Equations

A model developed by Harvie and Weare (35), was used

to predict the solubility of elements in natural waters.

The model was able to predict solubilities in high ionic

strength solutions. This model incorporated the equations

developed by Pitzer and co-workers (72-76) to predict

activity coefficients. The ion interaction coefficients

were obtained from measurements of single salt solutions

and solutions of two salts with a common ion. These

coefficients were then used with Pitzer's equations to

predict activity coefficients in multicomponent solutions

of any composition. The model predicted very accurately

the phase diagrams for the system Na-K-Mg-Ca-C1-SO4-H20.

The main limitation of this model is that it requires

experimentally determined ion interaction parameters for

each compound in solution. Most of the parameters

available are at 25 C.



Causticization Model

A model was developed by Daily and Genco (18) to

estimate the equilibrium composition for the reaction

Na2CO3 + Ca(OH)2 4 2NaOH + CaCO3. Their model included

Pitzer's equations for estimating activity coefficients.

Ion interaction parameters were obtained by fitting the

equilibrium model to experimental equilibrium data.

35
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III. Model Development

A thermodynamic equilibrium model has been developed

using a set of equations to determine thermodynamic

constants. These equations may come from equilibrium

equations, mass balances, and charge balances that

describe the system of interest. The equations are

combined with experimental solubility data, as well as

known activity coefficient data, and solved to determine

chemical potentials and Meissner parameters that are

needed to predict the solubility of aluminum and silicon

in similar solutions.

Equilibrium Constants

A chemical reaction occurring in an aqueous solution

at equilibrium may be represented by the equation

aA + bB = cC + dD (1)

The condition of chemical equilibrium in a solution is

represented by

a pA + bpB = cpc + dpD (2)

where p i is the chemical potential of the species i in the

reaction. The basic relationship between activity and

chemical potential was developed by G.N. Lewis who first

established a relationship for the chemical potential for

a pure ideal gas, and then generalized his results to all

systems to define the chemical potential of species i in

terms of its activity ai as



p i (T) = PT) + RT in (at) (3)

Here p°i is a reference chemical potential or the standard

chemical potential at an arbitrary standard state. The

activity (at), can be represented by the product of the

activity coefficient and molal concentration

di = Vi Mi.

Substituting equations (3) and (4) into (2) and

rearranging the terms, we get

(Ycmc)c (YD111,D)d
ap°11 + bp°B - cec - der) = RT in

Of EmA) a Of Bin&
b

Recalling that p°i is a reference chemical potential and

that the partial molar Gibbs free energy is also defined

as the chemical potential we can substitute A Gfi in

for p°i (T) to get

aA Gfa +bAGfb -cA Gfc .cIAGfd =RT in

Knowing that

K(T) =

K(T) =
(Y c niC) c (Y DraD) d

el A InA) a el 13 RIB)
b

(vc
mc) c (fp mD) d

(yAmA) a (y BraB) b

(Yc mc)c (YD rap)d

(yA mA)a (yB mB)b

0
and recalling that AG = -RT in K the complete

expression for the equilibrium constant is given by

0
= exp(-AG /RT)

Rxn
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Mass Balances

Mass balances can be used to write equations that

describe the species involved in the reaction. The law of

conservation of mass must be used in writing these

equations. These mass balance equations can then be used

with chemical equilibrium and charge balance equations to

determine unknown quantities.

Charge Balance

The basis of the charge balance is that all solutions

must be electrically neutral. In a solution, the total

number of positive charges must equal the total number of

negative charges. This allows us to write a charge

balance for any solution.

Determination of Chemical Potentials

Equation (5) can be rearranged to obtain the following

equation

0 0 0 0
apA + bPB - CPc -dPD = RT[c ln (vcmc ) + d ln(v13 mD)

- a ln(vAmA) -b ln(vBmB)]

Equation (7) can then be used in a series of simultaneous

equations, along with mass balance equations, and solved

for the unknown chemical potentials and activity

coefficients if activity coefficients and/or experimental

solubility data is known.

38
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Determination of Meissner Parameters

Meissner's method is based on the observation that in

plotting the reduced activity coefficient, r° , versus the

ionic strength, I , the experimental data fall into a

single family of curves. Meissner (66) defined the new

variable,10 , by

log r

0
log vmx

zx I
z

0
where rnm = the reduced activity coefficient of

electrolyte, mx, in a single component

solution.
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equation (7), the Meissner parameter qo , can be obtained

by solving the nonlinear equation (8)

= [1 + B (1 + 0.11) q:x - 13] r * (8)

since it requires that only one experimental activity

coefficient at an ionic strength be known for a particular

electrolyte. In equation (8)

q MX = the empirical parameter, which accounts for the

interaction between a cation and anion pair in an aqueous

solution which contains a single salt.

zm ,zx = charges of cation and anion respectively.
0

mx = the mean activity coefficient of electrolyte,

mx, in a single component solution.

0 = superscript denotes single component solution.

Once activity coefficients have been determined from



B = 0.75 - 0.065 q°

log r * = -0.5107 IT
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1 + c

C = 1 + 0.055 qo exp (-0.023 I3 )

mx

I = total ionic strength

mx subscripts represent cations and anions respectively.

Equation (8) is an analytic expression developed by

Meissner to approximate all isotherms of Figure 3. Figure

3 is a plot of reduced activity coefficient,ro , versus
mx

the ionic strength, and shows that the experimental data

fall into a single family of curves.

Using the experimentally determined activity

coefficients and solving for the Meissner parameter, q ,

activity coefficients may be determined that can be used

in equilibrium equations to solve for equilibrium

constants. The equilibrium constants can then be used to

predict the solubility of elements in similar solutions.
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IV. Experimental Design

Accurate measurements of the solubility of aluminum

and silicon in solutions of high ionic strength and pH

were necessary to develop a model that would be capable of

predicting the solubility of aluminum and silicon in

conditions that are typical of a recovery cycle. Along

with the solubility data, the precipitate must also be

identified to write equilibrium equations that were

necessary for the model. In order to identify the

amorphous precipitate, mass balances were necessary.

Mass balances were also used in the cases where the

precipitate was crystalline and identifiable by x-ray

diffraction.

The solubility of aluminum and silicon was determined

for varying conditions that exist in a recovery cycle.

The effect of hydroxide ion concentration, ionic strength,-

temperature, and Al/Si ratio were all determined because

they vary throughout the recovery cycle. These effects

could then be included when predicting the solubility of

aluminum and silicon.

The effect of cations that are present in the recovery

cycle must also be determined. Experiments had to be run

with cations that are found in a recovery cycle to

determine if they had an effect on the solubility of

aluminum and silicon. If a cation was determined to

affect the solubility of aluminum and silicon, this had to

42



43

be accounted for when Predicting the solubility of

aluminum and silicon in the recovery cycle.

Combining the experimental solubility data with the

identified equilibrium precipitate will allow for the

chemical equilibrium equations that describe the reactions

to be solved. From these equilibrium equations, chemical

potentials along with activity coefficients can be

determined.

The method of Meissner was used for determining

activity coefficients that were used to predict the

solubility of aluminum and silicon. Meissner's method was

chosen because it requires much less solubility data to

calculate activity coefficients than Pitzer's method. If

one experimental activity coefficient at an ionic strength

is known for a particular pure electrolyte, a parameter

"q" can be calculated which can then be used to predict

activity coefficients.



V. Materials and Methods

There were two types of vessels used for the

solubility studies. A one liter bench top Parr pressure

reactor bomb constructed of Monel 400 alloy and equipped

with an adjustable speed stirrer was utilized for 150 C

solubility studies. This was similar to the method

employed by Ulmgren (99). The Parr reactor was modified

by attaching a Monel filter and sintered element (15

micron) to the sampling tube. This allowed filtering to

be done completely inside the bomb, which would insure the

sample was representative of the conditions inside.

Monel 400 was chosen because of its high resistance to

alkali attack and because it contained insignificant

amounts of the chemical elements that were of interest .

A diagram of the Parr reactor is shown in Figure 4.

The second type of vessels used was also constructed

of Monel, but were not pressurized. A diagram of these

vessels is shown in Figure 5. Six of these two and a half

liter vessels were constructed for obtaining solubility

data at 95 C. Each vessel contained a thermocouple well

and sampling port. The vessels were also equipped with a

stirring device that allowed sampling from any vessel

without interupting the stirring of the other vessels. A

teflon stopper was placed in the sampling port along with

a gasket around the lid of the vessels to prevent

evaporation of the experimental solution. The vessels
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Figure 4. Parr reactor for solubility studies at
high temperatures (150 C).
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were also equipped with a Teflon packing gland to prevent

evaporation. Each of the vessels were placed in a Blue M

Magniwhirl constant temperature oil bath and stirred

continuously during equilibration.

Solubility Measurements

Starting with solutions of Al and Si, with no solid

phase present at the start, the solutions were mixed to

create a supersaturated solution. Data was obtained using

initial charges of A1C13 and Na2SiO3, resulting in molar

ratios of Al/Si at equilibrium varying from 0.08 to 275.

The solubility data was also obtained at varying hydroxide

ion concentrations (0.1N - 4N) and ionic strengths (1N-

4N).

The solutions prepared for the vessels were mixed in

one liter nalgene volumetric flasks. One flask contained

a measured amount of aluminum chloride and the other

contained sodium meta-silicate. The proper amount of

sodium chloride and sodium hydroxide was then added to

each flask to obtain the desired hydroxide ion

concentration and ionic strength. The solutions were

stirred continuously until the chemicals had completely

dissolved. The solutions were then placed in a water bath

at 95 C for a period of 12 hours. After the specified

time, the two separate solutions in the nalgene flasks

were poured into the equilibration vessels through the

sample port. The completely dissolved aluminum solution
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was added first, followed by the silicon solution. For

experiments in which the effect of other metal ions on the

solubility of aluminum and silicon was studied, the

initial solutions were prepared in 3 or 4 nalgene flasks

of different sizes to obtain a final mixed solution in the

equilibration vessels equal to two liters. The prepared

solutions were then added to the vessels as previously

described, with the addition of the other metal ions made

last. The same procedure was used for the Parr reactor

except that the final volume of experimental solution

desired was 500 ml.

Figure 6 shows the experimental procedures followed

for obtaining equilibrium data. Samples of the solution

phase were obtained by drawing a sample of the

equilibrating solution through a filter. The samples in

the Parr reactor were filtered inside the reactor using a

monel filter. An experimental trial with filtering

outside the reactor showed no apparent change in the

equilibrium concentration of the solution. The samples

from the pots were filtered outside. An in-line (10-20

micron) teflon filter and membrane was used to draw

samples through the sample port. To determine if

equilibrium had been reached, the filtered samples were

withdrawn at different time intervals, diluted, and

analyzed with a Perkin Elmer model 5000 atomic absorption

spectrophotometer for their concentrations of aluminum and

silicon. When available, a Perkin Elmer plasma
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spectrometer was also used to verify concentrations of

elements in the solution. Equilibrium was assumed when

there was no change with time in the concentrations of

aluminum and silicon in solution. This required up to 40

days for solutions at 95 C and approximately 12-20 days at

150 C.

To improve the accuracy of atomic absorption and

plasma measurements, the standards that were prepared

resembled, as closely as possible, the solutions that were

tested. This required that the standards contained the

same amount of sodium hydroxide and chloride as the

diluted samples. In many instances the samples had to be

diluted several times to insure that the element of

concern was in the linear region of detection.

Once the solutions attained equilibrium, samples of

the solid phase were obtained by collecting the suspended

solids and the precipitate that had deposited on the

stirrer blades, walls, and bottom of the vessels. To do

this, the bomb was cooled, opened, and the solution

filtered through a medium fritted glass filter. The

material that passed through the filter was again analyzed

by atomic absorption and a solids content was also

obtained in some cases for the purpose of material

balances. The 95 C vessels were removed from the oil bath

and filtered, but cooling occurred during filtering. The

precipitate was removed from the filter and stirrer blades

and collected for analysis. A potential problem
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associated with this procedure, as noted by Grace (30), is

that it is a nonequilibrium procedure because the liquor

and precipitate have an opportunity to cool. It was

assumed that the precipitate obtained from filtering was a

representative sample of the precipitate at equilibrium

because our experiments showed that at lower temperatures,

precipitation was extremely slow.

The filtered precipitate was weighed and used for

further experiments. A portion of the precipitate was

used to determine an ovendry moisture content according to

ASTM standard procedures. Some of the precipitate was air

dried and its components identified by x-ray diffraction.

The crystalline composition of the solid phase was

determined by a Phillips x-ray diffraction machine using a

Phillips APD 3600 software package. The APD compare

program was used to identify that part of the precipitate

that resulted from the entrained solution (matrix). The

effect of the matrix was then eliminated in determining

the actual precipitate.

In some cases, where the material in the precipitate

was not crystalline, some of the precipitate was

redissolved using a hot aqueous 1N hydrochloric acid

solution. The resulting solution was analyzed by atomic

absorption to identify the material in the precipitate.

This allowed identification of the amorphous material and

improved closure of the material balance on the system

being investigated.



VI. Results and Discussion

Solubility of Aluminum and Silicon

The apparent solubility product for aluminum and

silicon was determined for conditions that are typical of

a kraft pulp mill. The apparent solubility product is

defined as the product of the concentration of aluminum

and silicon in solution at equilibrium, [Al] * [Si].

Several variables were examined to determine their effect

on the apparent solubility product for aluminum and

silicon. These included the Al/Si mole ratio, hydroxide

ion concentration, ionic strength, temperature, and the

presence of other multivalent cations.

Attainment of Equilibrium

Solutions initially supersaturated with respect to

aluminum and silicon and with no solid phase initially

present required up to 40 days to reach equilibrium at 95

C. Solutions at 150 C required up to 20 days to reach
equilibrium. During the first hours of equilibration,

most precipitation of aluminum and silicon occurs as

shown in Figure 7. Following this rapid initial drop in

concentration, precipitation proceeds much more slowly

until equilibrium is attained. This reaction was found to

proceed much more slowly at room temperature (25 C). It

required approximately 9 days for the concentration of

aluminum and silicon to drop from 0.009 to 0.008 moles/
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Effect of Al/Si Ratio

The equilibrium concentrations of aluminum and silicon

depends on the ratio of Al/Si initially charged to the

vessels. For this reason, the equilibrium data are

compared in terms of apparent solubility product. The

apparent solubility product versus the Al/Si ratio at

equilibrium is shown in Figure 8. The data was obtained

from Table 7 in Appendix A for varying initial charges of

aluminum and silicon. The Al*Si solubility products in

Tables 3 - 10 of Appendix A represent the average of the

solubility product of the last three samples pulled for

each trial. The values used to calculate the solubility

products in the tables of Appendix A came from the raw

data in Appendix B. The location of the raw data in

Appendix B is shown in the tables of Appendix A.

Below an equilibrium mole ratio of 0.067 Al/Si, there

appears to be a doubling of the solubility product. This

change in the solubility product is very abrupt and is

shown as a discontinuity in Figure 8. Figure 8B shows

that there appears to be a step change in both the

aluminum and silicon at the discontinuity. The solubility

of aluminum and silicon appears to increase. The increase

in the apparent solubility product may be due to the

formation of a more soluble species. Another explanation

is that the solutions of higher Si/A1 ratios may not have
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reached equilibrium after 40 days.

her (42) reported that an increase in the solubility

of silicon was noted as the amount of silicon added to

the solution was increased. This increase was due to the

formation of a more soluble silicon species. The two

groups of data represent statistically different averages.

Lines have been drawn through each group of data to

represent the average values of the solubility product for

the group. For each group of data in Figure 8, the only

crystalline component identified in the precipitate by

x-ray analysis was sodalite (Na4A13Si3012C1). This is in

agreement with Ulmgren (99), who also identified a sodium

aluminosilicate in similar conditions. Mass balances were

performed on the contents of the equilibration vessels

after equilibrium was obtained. These balances indicate

that additional silicon coprecipitates (as amorphous

silicon) below an Al/Si equilibrium molar ratio of 0.067

and that an amorphous aluminum salt coprecipitates at very

high Al/Si ratios (>200). Table 2 shows some of the

results from the mass balances performed on the

equilibration vessels at equilibrium. The amount of

amorphous silicon and aluminum in the precipitate was

determined by material balances on precipitate that was

redissolved and analyzed for aluminum and silicon. The

amount of amorphous silicon and aluminum determined for

some of the data in Figure 8 is shown in Table 2.



Equilibrium Al/Si mole ratio Moles of excess Al
Al/Si in precipitate or Si in precipitate
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Table 2: Material balances for some of the experimental
data in Figure 8. The excess silicon and
aluminum represents the amount of amorphous
silicon and aluminum in the precipitate.

her (42) stated that very rapid precipitation of

silicon with other salts can form a precipitate that is

amorphous. This probably accounts for the difference

between the composition of the precipitate we calculated

and what was found by x-ray analysis. Under conditions of

slow precipitation, silicon tends to form a crystalline

precipitate. When there is a very rapid precipitation of

the silicon, there are many different size particles

formed which inhibits the formation of a crystalline

precipitate.

Effect of Hydroxide Ion Concentration

The apparent solubility product of aluminum and

silicon is a function of hydroxide ion concentration.

per mole of Al or Si
in Sodalite

Al Si

250.0 1.96 0.96

100.0 0.955 OM 0.046

.0729 0.940 ORM 0.063

.0150

.0053

0.724

0.336

.I,

ONO

0.383

1.971
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Figures 9 and 10 shows that the apparent solubility

product increases with increasing hydroxide concentration

from 0.1 to 4.0 moles/liter. Figure 9 shows the

relationship between hydroxide ion concentration and

apparent solubility product for aluminum and silicon that

occurs on both sides of the discontinuity shown in Figure

8. The data for these figures was obtained from Tables 5

and 6 in Appendix A. Below a hydroxide concentration of 2

moles/liter, the solubility product for solutions that lie

to the left of the discontinuity in Figure 8 are lower

than the solutions that are on the right of the

discontinuity. Above 2 moles/liter the solution that lies

to the right of the discontinuity has a higher solubility

product than the solution that lies to the left. The

solutions to the right of the discontinuity have much

higher amounts of aluminum at equilibrium than the

solutions to the left. It appears that as the hydroxide

ion concentration increases, a more soluble aluminum

species forms in solution. This accounts for the increase

in the apparent solubility products above 2 moles/liter

hydroxide ion. As the aluminum species in solution

increases, the silicon species in solution decreases.

This is because the higher concentrations of aluminum in

solution causes more of the silicon to precipitate out of

solution.

Figure 10 compares some of the data from this study

with data from a typical northwest mill. All of the mill
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data falls below the solubility limit predicted by my

data. This may be due to several reasons. The presence

of magnesium or calcium in the liquor or lime cycle, as

well as higher ionic strengths of the green and white

liquor, may cause the solubility of aluminum and silicon

to be lower. Another possibility for the lower

concentrations of aluminum and silicon is that the liquors

may not be saturated. Figure 10 shows a slighlty higher

solubility of aluminum and silicon in the white liquor

than in the green liquor. This would be expected if the

liquors are saturated because the hydroxide concentration

in the white liquor is higher than in the green liquor.

The concentration of the hydroxide ion determines

where the precipitate forms. Figure 11 is a qualitative

map of the location of the precipitate formed at

equilibrium in the equilibration vessels as a function of

hydroxide ion concentration. It shows that at low

hydroxide ion concentration (0.1 moles/liter) the

precipitate occurred in solution as suspended particles.

At one mole/liter hydroxide ion concentration, the

precipitate formed on the walls and stirrer blades of the

vessels. In the range from 2-4 hydroxide ion

concentration the precipitation occured on the walls and

as particles in solution. This was also noted by Ulmgren

(99), who observed a change in the location of the

precipitate as the concentration of hydroxide ion

increased from 0.3-1.7 moles/liter.
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Ionic Strength Effects

The solubility of aluminum and silicon decreases with

increasing ionic strengths as shown in Figures 12 and 13.

Figure 12 shows that the apparent solubility product is a

strong function of ionic strength, decreasing by a factor

of 20 as ionic strength increases from 1.0N to 4.0N.

Figure 12 was created from the data in Tables 3,4, and 8

in Appendix A. Figure 12 shows that the solubility of

[A1]*[Si] on both sides of the discontinuity in Figure 8

is a strong function of ionic strength. Figure 12 shows

that data that lies to the left of the discontinuity has a

higher apparent solubility product than the data that lies

to the right at an ionic strength of 4. As the ionic

strength is decreased, the data that lies to the right of

the discontinuity has a higher solubility product than the

data that lies to the left. One explanation for this

would be a change in the soluble species formed in

solution. The silicon species that is formed may become

less soluble, while the aluminum species that is present

may become more soluble as ionic strength decreases.

Figure 13 shows typical ionic strength regions that

are found in green liquor, white liquor, and in the weak

wash of a kraft mill. It can be seen in Figure 13 that

the solubility of aluminum and silicon should be lower in

the green liquor than in the white liquor if ionic

strength was the only factor involved in the solubility of
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aluminum and silicon. The hydroxide ion concentration and

the presence of other cations in the green and white

liquor must also be considered when determining the

solubility of aluminum and silicon in the liquors. Figure

10 shows that the solubility of aluminum and silicon is

lower in the green liquor. This is due to the higher

ionic strength of the green liquor and also because the

hydroxide ion concentration is lower in the green liquor.

Effect of Temperature

Temperature has an effect on the solubility product of

aluminum and silicon as shown in Figure 14. The data for

Figure 14 appears in Tables 7 and 9 of Appendix A.

Although data at higher temperatures is limited, Figure 14

shows that the solubility product on either side of the

apparent solubility product discontinuity at 150 C is

higher than the corresponding solubility product at 95 C.

Ulmgren's (99) data showed no effect of temperature on the

apparent solubility product from 120 - 150 C. This

indicates that the solubility product is a function of

temperature from 95 - 120 C, but not from 120 - 150 C.

Figure 15 shows that at elevated temperatures (150 C),

the solubility of aluminum and silicon is a function of

hydroxide ion concentration. The data of Ulmgren (99) and

this study at 150 C shows that the solubility of aluminum

and silicon increases as hydroxide concentration

increases. This was also found to be true at lower
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temperatures as shown in Figure 9.

Effect of Cations on Solubility

Several cations (K,V,Fe,Mn,Ca,Mg) were studied to

determine if they affected the apparent solubility of

aluminum and silicon. Some of these cations were found to

be very soluble under the conditions of interest. Other

were found to have limited solubility under the same

conditions. It was determined from experiments that

potassium og, vanadium (V), iron (Fe), and manganese (Mn)

had very little effect on the solubility of aluminum and

silicon. It was also determined from solubility studies

that calcium does not reduce the solubility of

aluminosilicates, although calcium aluminosilicates are

found in the solid phase. Magnesium salts were found to

reduce the solubility of aluminum and silicon under some

conditions.

Effect of Potassium and Vanadium

Potassium and vanadium were found to be very soluble

in conditions that are typical of white liquor in a kraft

recovery cycle. Figure 16 shows that neither potassium or

vanadium had any significant influence on the apparent

solubility product of aluminum and silicon. The standard

in Figure 16 contains an initial molar ratio of 1.3 Si/

1.0 Al. Table 10 in Appendix A shows the equilibrium

concentrations of aluminum, silicon, and other cations.
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Effect of Iron and Manganese

Iron and manganese are very insoluble in conditions

that are typical of a kraft recovery cycle. Iron

precipitated as iron oxide (Fe203) and manganese

precipitated as manganese hydroxide (Mn(OH)2). It was

also found that manganese is very insoluble in solutions

of high hydroxide ion concentration. Figure 16 shows that

neither iron or manganese had any significant effect on

the apparent solubility product of aluminum and silicon.

The equilibrium concentrations of solutions containing

iron and manganese are given in Table 10 of Appendix A.

Effect of Calcium

Calcium is nearly insoluble under conditions found in

the kraft recovery cycle and it has an effect on the rate

of precipitation of aluminum and silicon but not on the

apparent solubility product.

When calcium ion is present, we obtained one of two

different aluminosilicates in the solid phase at

equilibrium. The specific aluminosilicate depended on the

molar ratio of Al/Si in the system. When the initial Si

molar charge exceeded the aluminum charge, the precipitate

formed was mainly aluminum tobermorite

(Ca5Si5A1(OH)17.5H20), although small quantities of

sodalite (Na4A13Si3012C1) were also present. With an

equimolar charge of Al and Si, the precipitate contained
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sodalite and calcium hydroxide. The precipitate expected

in pulping liquors would be aluminum tobermorite since

most pulping liquors contain more Si than Al. This

implies that the amount of Si removed would be five times

that of Al. The actual amount of Si and Al removed from

solution in a specific situation, of course, depends on

material balances as well as equilibrium considerations.

The addition of calcium has no effect on the Al*Si

solubility product when the initial molar ratio of Al/Si

charged to the system is 1/1. Figure 17 shows that the

apparent solubility product is the same or slightly lower

when calcium is added to the solution. The data for

Figure 17 is from Table 11 of Appendix A. The

precipitate is sodalite regardless of whether calcium was

present or not in the solution. It should be noted that

the ionic strengths were not all the same at equilibrium

because of the varying amounts of calcium that

precipitated. The data for these solutions is also

contained in Table 11 of Appendix A.

At lower Al/Si ratios (1/1.3) charged to the

equilibration vessels, the solutions were not at

equilibrium after 35 days. The solutions contained a

colloidal suspension which did not settle, but could be

removed by micropore filtration. The filtered solutions

contained more aluminum than silicon even though they

initially were charged with more silicon than aluminum.
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This result is consistent with the fact that the

aluminosilicate found in the precipitate was aluminum

tobermorite which contains a 5/1 ratio of Si/Al.

An experiment was run to determine the rate at

which precipitation occurs when calcium is added to a

solution of aluminum and silicon. It can be seen in

Figure 18 that precipitation occurs very quickly when

calcium is added. The data for Figure 18 is in Table 54

of Appendix B. In one hour, the solutions that contained

calcium had precipitated approximately 90 percent more

aluminum and silicon than the solution that contained no

calcium.

Effect of Magnesium

Magnesium has an effect on the solubility of aluminum

in alkaline solutions (4,98). As the amount of magnesium,

in the form of magnesium sulphate (MgSO4), added to an

alkaline solution is increased, the solubiltiy of aluminum

decreases. This was shown by Ulmgren (98), whose data are

shown in Figure 19. As seen in Figure 19, the amount of

aluminum that precipitates for a given ratio of magnesium

to aluminum is much greater at lower hydroxide

concentrations. An insoluble double salt, hydrotacite

(Mg1_xAlx(OH)2(CO3)x/2.nH20) was reported to precipitate.

The hydrotalcite had a variable composition (0.1 < x <

0.34). It was also reported by Ulmgren that the presence
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of silicon leads to a 15 - 25 percent lower expulsion of

aluminum due to the interaction of aluminum with silicon.

The rate at which magnesium precipitated aluminum

from alkaline solutions was also determined. Solutions

containing no silicon were charged with constant aluminum

concentrations. The initial Mg/A1 ratio was varied to

determine the rate at which the aluminum was precipitated.

The results are shown in Figure 20. Values for Figure 20

were obtained from Table 12 in Appendix A. The rate of

removal of aluminum varies for varying Mg/A1 ratios. The

solutions containing the highest ratio of Mg/A1

precipitates the aluminum out of solution faster. It can

also be seen that there is a very rapid initial

precipitation occuring at time zero. The higher Mg/A1

ratios resulted in much more rapid precipitation of the

aluminum.

In solutions containing magnesium, aluminum, and

silicon, the apparent solubility product increases

with the presence of magnesium. It can be seen in Figure

21 that the solutions which contain magnesium have a much

higher Al*Si solubility product. The values for Figure 21

are in Table 13 of Appendix A. Figure 21 aslo shows that

this increased solubility product becomes lower as the

ratio of magnesium in solution is increased. This

apparent increase in the solubility product may be caused

by the formation of colloidal material which inhibits

crystal growth or by the formation of a more soluble
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magnesium aluminate complex since the aluminum level in

solution increases in the presence of magnesium. The

solution containing the magnesium becomes very gelatinous

and this may inhibit the precipitation of the aluminum and

silicon. This increase in apparent solubility product is

in disagreement with that found by Ulmgren (99). Ulmgren

stated that the presence of magnesium in an alkaline

solution decreased the solubility of aluminum. Ulmgren

also found that the presence of silicon in the solution

decreased the amount of aluminum precipitated. In this

study, the solutions contained a much higher initial

silicon concentration than the solutions used by Ulmgren.

This increase in silicon concentration may be the reason

for the gelatinous solutions which probably accounts for

the differences in observed behavior.

Thermodynamic Model

A program was written to extract the Meissner

parameters, along with the sum of chemical potentials,

using known activity coefficients and experimental data.

The determined q's and sum of chemical potentials were

then used in a program to predict the solubility of

aluminum and silicon in alkaline solutions.

The program for determining the Meissner parameters

and chemical potentials used a set of equilibrium

equations that were determined using the program "Stoich"

(Appendix C). This program solves for the necessary
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number of independent reactions that are required to

describe the system being investigated. The program is

based on the Gibbs phase rule, which gives the correct

number of equations to describe the system. The number of

equilibrium equations that must be considered is fixed,

but any consistent set of reactions may be used as long as

you use the same number of reactions and as long as each

chemical species appears in at least one reaction in the

set of equations.

A model was developed for predicting the solubility of

aluminum and silicon in the following system. The system

contained NaOH, NaCl, Na2SiO3, A1C13, and H20. The

following reactions describe this system at equilibrium:

4/3 Nal- + Si02(OH)2= + 1/3 Cl- +Al(OH)4- <=>
(9)

2 OH- + 2 H20 + 1/3 Na4A13Si3012C1

4/3 Na.4- + SiO(OH)3- + 1/3 Cl- + A1(OH)4- <=>
(10)

OH- + 3H20 + 1/3 Na4A13S13012C1

Equations (9) and (10) where then written as

equilibrium equations in the form of equation (7). These

two equilibrium equations were combined with the following

two mass balance equations:

[Sitotal] = [Si02(OH)2=] + [SiO(OH)3-]

[°H-total] = [OH-] + [SiO(OH)3-] - 4[Al(OH)4-] (12)

The resulting four equations were written for each data
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point. Using these four equations, with known activity

coefficients and determined experimental data, sum of

chemical potentials and Meissner parameters can be

solved for.

A simplified flow diagram of program "Crunch" which

solves the previous four equations for Meissner parameters

"q" and sum of the chemical potentials follows:

Program CRUNCH

I

Initial guesses

> ZXSSQ

Q's, U, Si ratios

Q's and Molalities
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The Meissner parameters and sum of chemical potentials

were solved for using program "Crunch". This program

required initial guesses for unknown q's, sum of chemical

potentials, and silicon distributions. These initial

guesses were then passed to an International Math and

Statistics Library subroutine called ZXSSQ. ZXSSQ is an

optimization routine that is a nonlinear equation solver

that solves for a set of equations using a finite

Levenberg - Marquardt algorithm. This was used to find

the set of unknown q's and chemical potentials that

minimized the difference between the estimated and actual

data. ZXSSQ uses the initial guesses for q's, sum of

chemical potentials, and silicon distributions and solves

for the q's at 95 C and molalities. These q,s at 95 C,

along with the molalities, were then used to solve for

activity coefficients at 95 C. The estimated activity

coefficients and calculated molalities were used in the

equilibrium equations to minimize the difference between

the sum of the chemical potentials and a function of

activity coefficients and molalities. Once the difference

was minimized, ZXSSQ returned the values of q, sum of

chemical potentials, and silicon distributions that solved

the equilibrium equations. These values were then used in

the predictor program ("Test") to estimate the solubility

of aluminum given a silicon concentration and the

molalities of the species in solution.

There was some difficulties in getting program
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"Crunch" to converge to a solution that would satisfy the

equilibrium equations. Constraints were placed on the

silicon distribution and q's. If not, the program would

not converge. Program "Crunch" was found to be sensitive

to the initial guesses. Depending on the initial silicon

distributions provided, the program would converge to a

different solution that satisfied the equations. The data

for 2.0 and 4.0N NaOH were not used in the program because

of convergence problems. The actual data had to be

replaced with smoothed data to get convergence. The data

was smoothed so that it fell on the line that represents

the average value for data to the right of the

discontinuity in Figure 8.

There was two separate programs that were used to

solve for the unknown parameters. The first set was

determined using program "Crunchl" (4D]plamdix D). The

program includes the initial data, as well as, the output

provided by the program. The second program "Crunch2" is

also in Appendix D with the output provided by the

program. Program 1 used only experimental data at 1N

hydroxide concentration to calculate the necessary

parameters that were used to predict the solubility of

aluminum in alkaline solutions. The calculated q's and

silicon distributions fall into a realistic range of

values. Program 2 used data at 1N and 0.1N to calculate

q's and silicon distributions. Program 2 contained a
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hydroxide balance, because of varying hydroxide

concentrations, that was not included in program 1. The

q,s fall into a range of realistic values but the silicon

distribution does not agree with published data.

The calculated values from programs 1 and 2 were

used to estimate the solubility of the actual aluminum

using a predictor program "Test" (Appendix D). Figure 23

represents the values predicted using the constants from

program 1. The values from Figure 23 appear in Table 55

of Appendix B. It can be seen in Figure 23 that the

predicted aluminum concentration is fairly accurate for 1N

data (within 23%). However the predicted concentration of

aluminum for 0.1N is not as accurate (75% error). The

concentration of aluminum predicted using constants from

program 2 are in Figure 24. The values for this figure

appears in Table 56 of Appendix B. Figure 24 shows that

the aluminum concentration can be predicted accurately

at both 1N and 0.1 N hydroxide concentration (within 20%).

These results demonstrate our ability to predict

fairly accurately the solubility of aluminum and silicon

in alkaline solutions. The main limitation of the program

is in its inability to predict the solubility of aluminum

and silicon at higher hydroxide ion concentrations that

would be found in a recovery cycle.
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VII. Conclusions

The apparent solubility product of [Al] *[Si] increases

with increasing hydroxide ion concentration. The

solubility product increased by a factor of 1100 as the

hydroxide ion concentration increased from 0.1 to 4.0

moles/liter. Ulmgren also found an increase in the

solubility product as hydroxide ion concentration

increased.

The apparent solubility product of [A1]*[Si] decreased

with increasing ionic strength. The solubility product

decreased by a factor of 20 as the ionic strength

increased from 1 to 4N.

The formation of the precipitate is controlled by the

concentration of the hydroxide ion. At 0.1N hydroxide ion

concentration, the precipitate formed as particles in the

solution. At 1.0N, the precipitate formed on the vessel

walls and stirrer blades. From 2.0 to 4.0N, the

precipitate formed in solution as particles and also on

the blades and walls of the vessels.

Temperature has an effect on the apparent solubility

product of [A1]*[Si]. The solubility product increased

from 95 C to 150 C. Ulmgren found that there was no

increase in the solubility product from 120 - 150 C. This

implies that the apparent solubility product is a function

of temperature from 95 C to 120 C.

88
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The Al/Si ratio has an effect on the apparent

solubility product. It is a complicated function of Al/Si

ratio, ionic strength, and hydroxide concentration. At 1N

NaOH and an ionic strength of 4 there appears to be a

doubling of the solubility product below a molar ratio of

0.067 Al/Si. This apparent doubling of the solubility

product is probably because of the formation of a more

soluble or colloidal silicon.

Salts containing potassium, manganese, vanadium, and

iron have no effect on the apparent solubility product of

[A1]*[Si] in alkaline solutions. The potassium and

vanadium were completely soluble over the range of

concentration studied, while iron and manganese

precipitate as Fe203 and Mn(OH)2.

Magnesium decreases the solubility of aluminum in

alkaline solutions. The amount of aluminum removed

increased by a factor of 7 as the ratio of Mg/A1 charged

to the vessel increased to 6/1. When silicon-containing

salts are present, our results show that the solubility of

aluminum increases by a factor of 6-9, while the silicon

decreases slightly. This result is in conflict with

previously reported results. The reason for this conflict

is believed to be due to the difference in intial starting

solutions. Our vessels were initially charged with much

higher silicon concentrations which are believed to have

formed a gelatinous solution that may have inhibited the
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growth of crystals.

The presence of calcium salts does not effect the

apparent solubility product of [A1]*[Si]. However, the

presence of calcium effects the rate of precipitation.

There were different aluminosilicates found in the

precipitate depending on the ratio of Al/Si initially

charged to the vessels. For Al/Si charges lower than 1,

the aluminum and silicon were removed from solution at a

ratio of 1/5. This is the ratio that would be expected

in a recovery cycle since the silicon level is almost

always higher. For higher Al/Si ratios, the ratio of

Al/Si in the precipitate was found to be 1/1. The

apparent lowering of the solubility product for initial

charges of Al/Si greater than 1 was due to the

formation of Ca(OH)2 which lowered the hydroxide ion

concentration. This is an artifact of how the experiments

were run. The level of calcium put in the vessels should

never be encountered in recovery. Therefore, the

hydroxide concentration would not be lowered due to the

formation of Ca(OH)2.

A model was developed, using the method of Meissner,

that was able to predict the solubility of aluminum

(within 20%) in alkaline solutions given a silicon

concentration. The model was able to predict fairly

accurately experimental data for 0.1 to 1.0N hydroxide

ion concentrations. The model was unable to be used to
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predict the concentration of aluminum at higher hydroxide

concentrations because of convergence problems.



VIII. List of Notation

N = Normality

P = Reference or standard chemical potential at an

arbitrary standard state

P = Chemical potential

ai = Activity of species i

R = Universal gas constant, 1.987 cal/mole K

T = Temperature ( K)

Yi = Activity coefficient of species i

mi = molality of species i, moles/kg

r = reduced activity coefficient

I = Ionic strength

zm,zx = Charges of cation and anion respectively

mx
= Mean activity coefficient of an electrolyte in a

single component solution

'fon = superscript denotes a single component solution

qmx = Meissner parameter for single component solutions

[ ] = Total concentration, moles/liter
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APPENDIX A. EXPERIMENTAL DATA

TABLE 3. The apparent equilibrium solubility product for
Al*Si at 95 C for varying ionic strengths.
Initial Si/A1 was 1/1.

Ionic Al*Si Standard Raw Data
Strength mole/1 Deviation Appendix B

(1E-3) (1E-5) (Table)
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TABLE 4. The apparent equilibrium solubility product for
Al*Si at 95 C for varying ionic strengths.
Initial Si/A1 was 1.3/1.

Ionic Al*Si Standard Raw Data
Strength mole/1 Deviation Appendix B

(1E-3) (1E-5) (Table)

TABLE 5. The apparent equilibrium solubility product for
Al*Si at 95 C for varying [OH-] concentrations.
Initial Si/A1 was 1/1.

[OH] Al*Si Standard Raw Data
mole/1 Deviation Appendix B
(1E-3) (1E-3) (Table)

1 0.127 0.972 14
2 0.0585 0.564 15
3 0.0210 0.136 16
4 0.00576 0.015 23
4 0.00590 0.025 24
4 0.00560 0.101 25

0.1 0.00080 0.00003 22
1 0.00576 0.00015 23
1 0.00590 0.00025 24
1 0.00560 0.0011 25
2 0.0685 0.0018 26
4 0.874 0.0939 27

1 0.118 0.436 17
2 0.0722 0.255 18
3 0.0455 0.229 19
4 0.00520 0.0190 20
4 0.00531 0.145 21
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TABLE 6. The apparent equilibrium solubility product for
Al*Si at 95 C for varying [OH-] concentrations.
Initial Si/A1 was 3/1.

[OH] Al*Si Standard Raw Data
mole/1 Deviation Appendix B
(1E-2) (1E-4) (Table)

0.1 0.000321 0.0006 28
1 0.0010 0.004 29
1 0.00139 0.028 30
2 0.00828 0.0643 31
4 0.0303 0.176 32

TABLE 7. The apparent equilibrium solubility product for
Al*Si at 95 C for varying initial Si/A1 ratios.

TABLE 8. The apparent equilibrium solubility product for

Si/A1 Al*Si Standard Raw Data
(Initially) mole/1 Deviation Appendix B

(1E-3) (1E-5) (Table)

1/10 0.00663 0.09 33
1/3 0.00926 0.19 34
1/1 0.00576 0.015 23
1/1 0.00591 0.025 24
1/1 0.00560 0.10 25
1.3/1 0.00531 0.145 21
1.3/1 0.00520 0.019 20
1.4/1 0.00743 0.106 39
1.5/1 0.0137 0.163 36
2/1 0.0145 0.217 37
2.5/1 0.0145 0.296 38
3/1 0.0139 0.280 30
3/1 0.0106 0.040 29
10/1 0.0108 0.078 35

Al*Si at 95 C for varying ionic strengths.
Initial Si/A1 was 3/1.

Ionic Al*Si Standard Raw Data
Strength mole/1 Deviation Appendix B

(1E-3) (1E-5) (Table)

1 0.0898 1.23 48
2 0.0450 0.92 49
3 0.0284 0.31 50
4 0.0100 0.04 29
4 0.0139 0.28 30



Table 10. Equilibrium concentration of Al*Si and the
cation that is present.

Table 11. Apparent equilibrium solubility product of
Al*Si versus calcium concentration for initial
conditions of 1 NaOH, 4 ionic strength, 95 C.

Ca/Al/Si Al*Si Calcium [OH-] Ionic
(Molar) (mole/1) (mole/1) (mole/1) Strength
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TABLE 9. The apparent equilibrium solubility product for
Al*Si at 150 C for varying initial Si/A1 ratios.

1/1 0.00928 0.151 42
1/1 0.00981 0.179 43
3/1 0.0231 0.0794 44
1/3 0.0172 0.0690 45
1/10 0.0365 0.0609 46
1.3/1 0.0198 0.0969 47

0/1/1 .0000055 .000000 1 4.00
0.1/1/1 .0000052 .000049 0.99 3.99
3/1/1 .00000082 .00025 0.83 3.83
10/1/1 .00000045 .00140 0.44 3.44

Al*Si Standard Cation Raw Data
(mole/1) Deviation (mole/1) Appendix B
(1E-4) (1E-5) (Table)

0.089 0.051 standard 51
0.091 0.044 K= 0.032 51
0.088 0.096 Mn=0.0000064 51
0.074 0.069 Fe=0.0000388 51
0.089 0.240 V=0.0229 51

Si/A1 Al*Si Standard Raw Data
(Initially)1 y) mole/1 Deviation Appendix B

(1E-3) (1E-5) (Table)
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Table 12. The solubility of Al for varying initial
magnesium concentrations. Medium: 4 moles/liter
Na(C1,0H). Hydroxide ion concentration was 1
mole/liter.

Time Standard Mg/A1 = 3/1 Mg/A1 = 6/1
(Hours) (Al only) (Moles/1) (Moles/1)

(Moles/1)

Table 13. The apparent equilibrium solubility product for
Al*Si as a function of initial magnesium
concentrations.

Mg/Al/Si Al*Si Mg Raw Data
(molar) (Moles/1) (Moles/1) Appendix B

(1E-4) (1E-2) (Table)

0/1/1.3 0.0531 0.000 53
1/1/1.3 0.315 0.226 53
3/1/1.3 0.178 0.596 53
5/1/1.3 0.170 0.868 53

0 0.0200 0.0200 0.0200
0.1 0.0174 0.0144 0.0055
1 0.0173 0.0143 0.00415
4 0.0174 0.0135 0.00262
8 0.0172 0.0124 0.00238



APPENDIX B. TABLES OF EXPERIMENTAL RAW DATA

TABLE 14. The concentration of aluminum and silicon for
ionic strength = 1. Initial Al/Si was 1/1.
Hydroxide ion concentration was 1 mole/liter.
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TABLE 15. The concentration of aluminum and silicon for
ionic strength = 2. Initial Al/Si was 1/1.
Hydroxide ion concentration was 1 mole/liter.

TABLE 16. The concentration of aluminum and silicon for
ionic strength = 3. Initial Al/Si was 1/1.
Hydroxide ion concentration was 1 mole/liter.

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

9 374 0.0140 346 0.0125
16 297 0.0111 308 0.0111
20 295 0.0111 288 0.0104
27 332 0.0124 298 0.0108
30 322 0.0121 297 0.0107

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

9 304 0.0114 238 0.00863
16 285 0.0107 230 0.00833
20 249 0.00939 192 0.00694
27 223 0.00838 183 0.00661
30 219 0.00826 183 0.00663

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

9 191 0.00719 133 0.00483
16 163 0.00614 106 0.00385
20 155 0.00583 101 0.00368
27 145 0.00546 112 0.00406
30 136 0.00514 104 0.00377
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TABLE 17. The concentration of aluminum and silicon for
ionic strength = 1. Initial Al/Si was 1/1.3.
Hydroxide ion concentration was 1 mole/liter.

TABLE 18. The concentration of aluminum and silicon for
ionic strength = 2. Initial Al/Si was 1/1.3.
Hydroxide ion concentration was 1 mole/liter.

TABLE 19. The concentration of aluminum and silicon for
ionic strength = 3. Initial Al/Si was 1/1.3.
Hydroxide ion concentration was 1 mole/liter.

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

20 216 0.00812 305 0.0109
26 257 0.00963 358 0.0128
33 255 0.00958 337 0.0121
37 252 0.00946 342 0.0123
39 259 0.00970 354 0.0127

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

20 182 0.00683 273 0.00985
26 203 0.00760 300 0.0108
33 182 0.00685 282 0.0101
37 191 0.00716 289 0.0104
39 190 0.00714 281 0.0101

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

20 145 0.00548 240 0.00866
26 188 0.00710 285 0.0103
33 142 0.00535 248 0.00898
37 137 0.00516 239 0.00865
39 126 0.00473 255 0.00921
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TABLE 20. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/1.3.
Hydroxide ion concentration was 1 mole/liter.

TABLE 21. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/1.3.
Hydroxide ion concentration was 1 mole/liter.

TABLE 22. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/1.
Hydroxide ion concentration was 0.1 mole/liter.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

20 19.4 0.000728 217 0.00787
26 17.5 0.000659 234 0.00847
33 12.5 0.000470 224 0.00813
37 16.0 0.000603 230 0.00834
39 15.8 0.000592 244 0.00882

17.1 0.000641 234 0.00845

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

20 78.0 0.00295 262 0.00947
26 53.3 0.00201 233 0.00842
33 17.2 0.000650 227 0.00821
37 19.9 0.000752 235 0.00852
39 13.4 0.000506 230 0.00831

15 79.7 0.00301 9.56 0.000347
22 72.0 0.00272 8.06 0.000292
27 74.2 0.00280 7.59 0.000275
30 73.0 0.00276 8.28 0.000300
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TABLE 23. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/1.
Hydroxide ion concentration was 1 mole/liter.

TABLE 24. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/1.
Hydroxide ion concentration was 1 mole/liter.

TABLE 25. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/1.
Hydroxide ion concentration was 1 mole/liter.

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

1 117 0.00445 53.9 0.00194
3 122 0.00461 51.7 0.00186
5 119 0.00450 49.7 0.00179

12 116 0.00438 48.1 0.00173
16 109 0.00414 39.0 0.00140
24 104 0.00394 38.2 0.00137
28 109 0.00412 39.9 0.00144
34 108 0.00410 38.1 0.00137
37 111 0.00419 37.1 0.00134

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

1 132 0.00499 72.8 0.00263
3 125 0.00473 63.9 0.00231
5 121 0.00458 55.8 0.00201

12 120 0.00454 52.5 0.00189
16 107 0.00408 35.8 0.00129
24 114 0.00431 37.4 0.00135
28 113 0.00429 39.6 0.00143
34 115 0.00436 37.4 0.00135
37 113 0.00427 36.3 0.00131

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

12 98.4 0.00372 66.0 0.00238
20 89.5 0.00338 59.1 0.00213
27 72.1 0.00272 56.1 0.00203
33 75.4 0.00285 54.2 0.00195
36 84.1 0.00317 62.1 0.00224
38 77.8 0.00292 49.1 0.00177



108

TABLE 26. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/1.
Hydroxide ion concentration was 2 mole/liter.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

TABLE 27. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/1.
Hydroxide ion concentration was 4 mole/liter.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

TABLE 28. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/3.
Hydroxide ion concentration was 0.1 mole/liter.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

15 278 0.0104 249 0.009009
22 228 0.00859 222 0.008056
27 200 0.00755 243 0.008804
30 215 0.00809 239 0.008639

15 995 0.0374 742 0.0268
22 985 0.0370 729 0.0263
27 915 0.0344 688 0.0248
30 876 0.0329 659 0.0238

15 5.99 0.000225 423 0.0152
22 5.56 0.000209 427 0.0154
27 5.68 0.000213 413 0.0149
30 6.08 0.000228 399 0.0144
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TABLE 29. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/3.
Hydroxide ion concentration was 1 mole/liter.

TABLE 30. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/3.
Hydroxide ion concentration was 1 mole/liter.

TABLE 31. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/3.
Hydroxide ion concentration was 2 mole/liter.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

1 16.5 0.000622 779 0.0281
3 15.3 0.000574 772 0.0279
6 13.7 0.000515 790 0.0285

10 12.3 0.000461 785 0.0283
15 10.9 0.000412 692 0.0250
20 10.8 0.000408 698 0.0252
26 9.51 0.000357 743 0.0268

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

9 21.5 0.000808 684 0.0247
16 17.7 0.000667 697 0.0251
20 14.4 0.000541 679 0.0245
23 17.2 0.000647 728 0.0263
27 12.5 0.000470 669 0.0242

15 93.0 0.00349 768 0.0277
22 89.1 0.00335 775 0.0280
27 78.2 0.00294 764 0.0276
30 81.4 0.00306 761 0.0275



110

TABLE 32. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/3.
Hydroxide ion concentration was 4 mole/liter.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

TABLE 33. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 10/1.
Hydroxide ion concentration was 1 mole/liter.

TABLE 34. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 3/1.
Hydroxide ion concentration was 1 mole/liter.

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

1 825 0.0310 18.9 0.000684
3 830 0.0312 10.7 0.000387
6 836 0.0314 10.4 0.000375

10 840 0.0316 10.5 0.000382
15 863 0.0324 9.81 0.000354
20 781 0.0294 7.68 0.000277
26 860 0.0323 6.93 0.000250

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

1 1112 0.04187 5.73 0.000206
3 1131 0.04257 4.41 0.000158
6 1131 0.04255 5.39 0.000194

10 1157 0.04353 3.11 0.000111
15 1115 0.04196 5.07 0.000182
20 1087 0.04092 4.19 0.000150
26 1076 0.04051 4.09 0.000147

15 217 0.00816 1040 0.03746
22 220 0.00830 1035 0.03728
27 209 0.00789 1022 0.03682
30 215 0.00811 1035 0.03728
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TABLE 35. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/10.
Hydroxide ion concentration was 1 mole/liter.

TABLE 36. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/1.5.
Hydroxide ion concentration was 1 mole/liter

TABLE 37. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/2.
Hydroxide ion concentration was 1 mole/liter.

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

1 17.6 0.000661 1250 0.04496
3 14.2 0.000533 1268 0.04562
6 11.5 0.000433 1248 0.04489

10 6.85 0.000257 1255 0.04517
15 6.93 0.000260 1224 0.04402
20 6.03 0.000226 1254 0.04513
26 6.24 0.000234 1279 0.04603

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

9 61.8 0.00232 360 0.0129
16 41.2 0.00155 354 0.0127
20 29.7 0.00111 359 0.0129
23 32.0 0.00120 358 0.0128
28 25.4 0.000955 354 0.0127
30 30.0 0.00112 335 0.0120

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

9 31.5 0.001184 521 0.0187
16 27.8 0.001045 517 0.0186
20 19.8 0.000746 529 0.0190
23 21.1 0.000792 525 0.0189
27 16.8 0.000631 532 0.0191
30 23.0 0.000866 528 0.0190
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TABLE 38. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/2.5.
Hydroxide ion concentration was 1 mole/liter.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

TABLE 39. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/1.4.
Hydroxide ion concentration was 1 mole/liter.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

TABLE 40. The concentration for aluminum and silicon for
ionic strength = 4. Initial Al/Si was 1/42.
Hydroxide ion concentration was 1 mole/liter.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

9 26.9 0.00101 627 0.0225
16 21.7 0.000815 626 0.0225
20 15.8 0.000594 627 0.0225
23 19.9 0.000748 651 0.0234
27 13.4 0.000504 634 0.0228
30 16.7 0.000626 642 0.0231

9 73.2 0.00275 355 0.0127
16 46.6 0.00175 318 0.0114
20 18.9 0.000712 289 0.0104
27 21.1 0.000792 298 0.0107
30 16.8 0.000631 280 0.0101

17 6.19 0.000232 3778 0.1359
28 4.77 0.000179 3697 0.1330
34 4.61 0.000173 3647 0.1311
36 4.70 0.000176 3614 0.1300
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TABLE 41. The concentration of aluminum and silicon for
ionic strength = 4. Initial Al/Si was 42/1.
Hydroxide ion concentration was 1 mole/liter.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

TABLE 42. The concentration of aluminum and silicon at
150 C. Ionic strength = 4. Initial Al/Si was
1/1.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Molesil

TABLE 43. The concentration of aluminum and silicon at
150 C. Ionic strength = 4. Initial Al/Si was
1/1.

Time
(Days)

Aluminum
(PPM)

(Al)
Moles/1

Silicon
(PPM)

(Si)
Moles/1

1 145 0.00546 114 0.00412
3 95.6 0.00359 93.6 0.00336
6 91.5 0.00344 77.2 0.00277
8 98.7 0.00371 66.4 0.00238
9 117 0.00440 60.8 0.00218

13 120 0.00452 74.1 0.00266
16 109 0.00411 57.3 0.00205

17 3033 0.1141 4.12 0.000148
28 2855 0.1074 3.34 0.000120
34 3074 0.1156 4.09 0.000147
36 2844 0.1070 4.25 0.000152

3 138 0.00519 60.0 0.00215
6 133 0.00501 62.6 0.00225
9 123 0.00465 52.1 0.00187

12 124 0.00467 50.8 0.00182



114

TABLE 44. The concentration of aluminum and silicon at
150 C. Ionic strength = 4. Initial Al/Si was
1/3.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

TABLE 45. The concentration of aluminum and silicon at
150 C. Ionic strength = 4. Initial Al/Si was
3/1.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

TABLE 46. The concentration of aluminum and silicon at
150 C. Ionic strength = 4. Initial Al/Si was
10/1.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

3 29.7 0.00111 750 0.0269
6 24.5 0.000922 739 0.0266
9 23.5 0.000885 730 0.0262

12 22.7 0.000855 754 0.0271

15 828 0.0311 15.2 0.000545
18 817 0.0307 15.9 0.000574
20 838 0.0315 16.2 0.000582

5 19.0 0.000715 1461 0.05255
14 18.7 0.000704 1452 0.05224
19 18.9 0.000713 1482 0.05330
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TABLE 47. The concentration of aluminum and silicon at
150 C. Ionic strength = 4. Initial Al/Si was
1/1.3.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

TABLE 48. The concentration of aluminum and silicon for
ionic strength = 1. Initial Al/Si was 1/3.
Hydroxide ion concentration was 1 mole/liter.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

TABLE 49. The concentration of aluminum and silicon for
ionic strength = 2. Initial Al/Si was 1/3.
Hydroxide ion concentration was 1 mole/liter.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

18 113 0.00426 738 0.0265
22 106 0.00399 722 0.0259
26 86.8 0.00326 717 0.0258
30 83.1 0.00312 722 0.0259

12 86.1 0.00324 167 0.00601
16 91.1 0.00342 170 0.00614
18 88.9 0.00334 163 0.00588

18 55.3 0.00208 715 0.0257
22 57.6 0.00216 708 0.0254
26 45.2 0.00170 697 0.0250
30 38.7 0.00145 709 0.0255



Table 52. The effect of calcium on the solubility of
aluminum and silicon at 95 C.

Ca/Al/Si (Al) (Si) (Ca)
(molar) Moles/1 Moles/1 Moles/1

116

TABLE 50. The concentration of aluminum and silicon for
ionic strength = 3. Initial Al/Si was 1/3.
Hydroxide ion concentration was 1 mole/liter.

Time Aluminum (Al) Silicon (Si)
(Days) (PPM) Moles/1 (PPM) Moles/1

Table 51. The concentration of aluminum,silicon, and the
cation that is present.

Aluminum (Al) Silicon (Si) Cation
(PPM) Moles/1 (PPM) Moles/1 Moles/1

25.9 0.000970 249 0.0090 standard
25.1 0.000940 267 0.0097 K= 0.032
22.0 0.000830 296 0.0110 Mn= 0.0000064
21.7 0.000810 252 0.0091 Fe= 0.0000388
22.0 0.000830 299 0.0108 V= 0.0229

18 32.4 0.00122 671 0.0241
22 35.2 0.00132 672 0.0241
26 29.5 0.00111 662 0.0238
30 29.8 0.00112 667 0.0240

0/1/1 0.00406 0.00136 0.00000
0.1/1/1 0.00388 0.00134 0.0000499
3/1/1 0.00121 0.00068 0.000249

10/1/1 0.00086 0.00052 0.00137



Mg/Al/Si
(molar)

0/1/1.3
1/1/1.3
3/1/1.3
5/1/1.3

Table 54. The concentration of aluminum and silicon for
varying initial ratios of calcium to aluminum
and silicon after 1 hour.

Ca/Al/Si
(molar)

0/1/1
3/1/1
10/1/1

Table 55. The actual and predicted concentration of
aluminum at ionic strength of 4 for 0.1
and 1 N OH- concentration. Values
predicted using constants from program
Crunch1.

[OH-] Smoothed Predicted Actual Actual
(Moles/1) Silicon Aluminum Silicon Aluminum

(Moles/1) (Moles/1) (Moles/1) (Moles/1)

Aluminum
(moles/1)

0.000601
0.00556
0.00371
0.00385

Aluminum Silicon Calcium
(moles/1) (moles/1) (moles/1)

0.0247 0.0315 0.00000
0.00713 0.00764 0.00395
0.00248 0.00605 0.00418

Silicon
(moles/1)

0.00883
0.00566
0.00480
0.00441
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Table 53. The concentration of aluminum and silicon for
varying initial ratios of magnesium to
aluminum and silicon.

Magnesium
(moles/1)

0.00000
0.00226
0.00596
0.00868

1 0.000198 0.0311 0.000289 0.0309
1 0.00151 0.00405 0.00136 0.00405
1 0.00149 0.00412 0.00134 0.00412
1 0.00210 0.00292 0.00196 0.00292
1 0.00985 0.000628 0.00823 0.00062
1 0.0102 0.000608 0.00841 0.00060
1 0.00875 0.000707 0.0103 0.00070

0.1 0.000285 0.000634 0.000285 0.00271
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Table 56. The actual and predicted concentration of
aluminum at an ionic strength of 4 for 0.1
and 1N OH- concentration. Values predicted
using constants from program crunch2.

[OH-] Smoothed Predicted Actual Actual
(Moles/1) Silicon Aluminum Silicon Aluminum

(Moles/1) (Moles/1) (Moles/1) (Moles/1)

1 0.000198 0.03410 0.000289 0.0309
1 0.00151 0.00438 0.00137 0.00412
1 0.00149 0.00440 0.00134 0.00412
1 0.00210 0.00311 0.00196 0.00292
1 0.00986 0.00068 0.00823 0.000623
1 0.01018 0.00066 0.00841 0.000603
1 0.00876 0.00076 0.0103 0.000701

0.1 0.00029 0.00283 0.000285 0.00271
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APPENDIX C. PROGRAM "STOICH" USED FOR DETERMINING CORRECT
NUMBER OF REACTIONS THAT DESCRIBE THE SYSTEM
AT EQUILIBRIUM (89).

100 REM STOICHIOMETRY ALGORITHM

110 HOME
120 PRINT CHR$ (13) + CHR$ (4)

;"PR#1":PRINT CHR$ (12):PRINT
CHR$ (4);"PR#0"

160 INPUT "NUMBERS OF SPECIES:";

165 PRINT
170 INPUT "NUMBER OF ELEMENTS:"

;M
175 PRINT
180 DIM W(M),B2(M,N),S$(12 * N),

F$(N)
200 FOR J = 1 TO N
205 PRINT : PRINT : PRINT
210 PRINT "SPECIES #";J;" NAME:

";: INPUT F$(J)
215 PRINT
230 PRINT VECTOR NUMBERS:"
235 FOR I = 1 TO M
240 PRINT ";I;":";: INPUT

B2(I,J)
245 NEXT I
260 F$ = LEFT$ (F$,12)
270 NEXT J
275 PRINT : HOME
280 PRINT CHR$ (4);"PR#1"
285 PRINT
290 FOR J = 1 TO N: PRINT J;" "

;F$(J);":";: HTAB 20
300 FOR I = 1 TO M: PRINT B2(I,J

); ;: NEXT I
310 PRINT : PRINT : NEXT J
325 PRINT : PRINT : PRINT : PRINT

: PRINT "CORRECTIONS??? <Y>E
S/<N>0...";: GET A$

330 IF A$ = "Y" THEN 1190
335 IF A$ = "N" THEN 350
340 GOTO 325
350 LET M1 = M + 1
360 FOR I = 1 TO M
370 LET Ii = I + 1
380 FOR K = I TO N
390 FOR L = I TO M
400 IF B2(L,K) < 0 THEN 460



410 NEXT L
420 NEXT K
430 LET M = I - 1
440 LET M1 = I
450 GOTO 620
460 IF K = I THEN 480
470 GOSUB 900
480 IF L = I THEN 520
490 FOR J = I TO N
500 LET B2(I,J) = B2(I,J) + B2(L

/J.)

510 NEXT J
520 IF Ii > N THEN 600
530 FOR L = 1 TO M
540 IF L = I OR B2(L,I) = 0 THEN

590
550 LET R = B2(L,I) / B2(I,I)
560 FORJ=I1 TON
570 LET B2(L,J) = B2(L,J) - B2(I

,J) * R
580 NEXT J
590 NEXT L
600 NEXT I
610 PRINT "RESULTS FOLLOW:": PRINT
620 IF M < N THEN 650
630 PRINT "NO REACTIONS"
640 GOTO 1020
650 FOR I = 1 TO M
660 FOR J = M1 TON
670 B2(I,J) = B2(I,J) / B2(I,I)
680 NEXT J
690 NEXT I
700 R1 = N - M
705 FOR L=1 TO 5: PRINT : NEXT

710 PRINT "SPECIES:";N,"COMPONE
NTS: ";N - Rl:PRINT "REACTI
ONS: ";R1

720 PRINT
750 FOR J = M1 TON
760 PRINT F$ (J);: HTAB 13: PRINT

it= 11;

780 FOR I = 1 TO M
790 IF B2(I,J) = 0 THEN 840
810 PRINT B2(I,J);: PRINT " ";: PRINT

F$(1);: PRINT " ;

840 NEXT I
860 PRINT : PRINT
870 NEXT J
880 GOTO 1020
890 REM SUBROUTINE SWITCH
900 G$ = F$(K)
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910 F$(K) = F$(1)
920 F(I) = G$
960 FOR J3 = 1 TO M
970 T = B2(J3,K)
980 B2(J3,K) = B2(J3,I)
990 B2(J3,I) = T
1000 NEXT J
1010 RETURN
1020 PRINT CHR$ (4);"PR#0"
1030 END
1190 PRINT : PRINT
1200 PRINT "INPUT <0> FOR SPECIE

S NUMBER": PRINT "TO EXIT CO
RRECTIONS AND PRINT": PRINT
"RESULTS...": PRINT :

1210 INPUT "SPECIES NUMBER:";K
1220 IF K = 0 THEN 290
1230 IF K > N THEN 1210
1240 INPUT VECTOR NUMBER:";L
1250 IF L > M OR L < 1 THEN 1240
1260 PRINT F$(K);" VECTOR #";L;

" = ";: INPUT B2(L,K): PRINT
1270 GOTO 1210
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APPENDIX D. CRUNCH PROGRAMS AND TEST PROGRAMS USED FOR
DEVELOPING THERMODYNAMIC MODEL.

PROGRAM CRUNCH1

C*****************************************************

C FITS MEISSNER PARAMETERS TO ALUMINUM AND SILICON *
C SOLUBILITY DATA DATA FROM R.C. STREISEL *

MICHAEL J. McINTYRE
CHEMICAL ENGINEERING DEPARTMENT
OREGON STATE UNIVERSTIY
CORVALLIS OREGON

C*****************************************************

EXTERNAL FUNC
COMMON /IONS/ Z(10), ITABLE(6,2), Q0(7),IPTRS(5,5)
COMMON /INITS/ NPTS,CINITS(10,10),T,R
COMMON /COUNT/ COUNT
REAL X(16),F(22),PARM(4),FNORM,WORK(260),

* XJAC(22,16),XJTJ(136)

N = 10
COUNT = 0.
M = 10
NSIG = 4
EPS = 0.
DELTA = .0001
MAXFN = 1500
IOPT = 2
PARM(1) = .1
PARM(2) = 2.
PARM(3) = 160.
PARM(4) = .1
IXJAC = 22

= 10000.
= 8000.
= .5
= .5
= .5
= .1
= .1
= .1
= .1
=.1

CALL SETUP



C
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CALL ZXSSQ(FUNC,M,N,NSIG,EPS,DELTA,MAXFN,IOPT,PARM,
* X,SSQ,F,XJAC,IXJAC,XJTJ,WORK,INFER,IER)

WRITE (*,*) ' SUM OF CH POT 1 = ', X(1)
WRITE (*,*) ' SUM OF CH POT 2 = ', X(2)
WRITE (*,*) ' Q NAAL(OH)4 = ', X(3)
WRITE (*,*) ' Q NASIO(OH)3 = ', X(4)
WRITE (*,*) ' Q NASIO2(OH)2 = 1, X(5)
WRITE (*,*) 'INFER IS ',INFER
WRITE (*,*) 'SSQ IS ',SSQ
DO 297, K=6,N

L = K-5
WRITE (*,*) 'SI DISTRIBUTION',L,'IS',X(K)

297 CONTINUE
DO 300, K=1,4
WRITE (*,*) PARM(K),'=PARM'

300 CONTINUE
STOP
END

C
C
C FuNc *************************************************
C
C
C SUBROUTINE FOR ZXSSQ CALCULATION
C

SUBROUTINE FUNC (X,M,N,F)
REAL X(N),F(M)
DOUBLE PRECISION COMP(10),ACT(10),SRAT(10),WACT

COMMON /IONS/ Z(10), ITABLE(6,2), Q0(7),IPTRS(5,5)
COMMON /INITS/ NPTS,CINITS(10,10),T,R
COMMON /COUNT/ COUNT

C
C
C X(1) IS K1 (SUM OF CH POT)
C X(2) IS K2
C X(3) IS Q(25) OF NA AL(OH)4
C X(4) IS Q(25) OF NA SIO(OH)3
C X(5) IS Q(25) OF NA SIO2(OH)2
C X(6)-X(10) ARE SIO(OH)3 PERCENTAGES
C
C
C

DO 3,K=1,N
WRITE (*,*) X(K),'=X(',K

3 CONTINUE
C
C
C INITIALIZE QO'S TO X'S
C X(1) & X(2) ARE SUM OF CHEMICAL POTENTIALS



FOR EQUATIONS 1 & 2 RESPECTIVELY
CONSTRAIN Q'S TO REALISTIC VALUES
IF FORCED BEYOND REALISTIC LIMITS

C INITIALIZE SI DISTRIBUTIONS

DO 7, I=1,NPTS
SRAT(I) = X(I+5)
IF (SRAT(I) .LE. 0. ) THEN
WRITE (*,*) 'LB SET'

SRAT(I) = .01
ENDIF
IF (SRAT(I) .GE. 1. ) THEN
WRITE (*,*) 'UB SET'

SRAT(I) = .99
ENDIF

7 CONTINUE

C SOLVES FOR SUM OF CHEMICAL POTENTIALS

DO 10, K=1,NPTS
I = 2*K -1

CALL COMPLD (K,
CALL MEISNER (T
F(I) = X(1)/(R*
F(I+1) = X(2)/(

10 CONTINUE

124

SRAT,COMP)
,COMP,ACT,WACT)
(T+273.15)) - EQUAl(COMP,ACT,WACT)
R* (T+273.15)) - EQUA2(COMP,ACT,WACT)

COUNT = COUNT + 1.
WRITE (*,*) 'ANOTHER FUNCTION CALL' ,COUNT
DO 200, K=1,M
WRITE (*,*) 'F(',K,')=',F(K)

200 CONTINUE
RETURN
END

compLD **********************************************

C COMPLD LOADS INTIAL VALUES INTO THE COMP ARRAY

Q0(4) = X(3)
IF ( Q0(4) .LT. -5.8 ) Q0(4) = -5.8
Q0(5) = X(4)
IF ( Q0(5) .LT. -5.8 ) Q0(5) = -5.8
Q0(6) = X(5)
IF ( Q0(6) .LT. -5.8 ) Q0(6) = -5.8



SUBROUTINE COMPLD ( I,SRAT,COMP )
DOUBLE PRECISION COMP(10),SRAT(10)
COMMON /INITS/ NPTS,CINITS(10,10),T,R

DO 10 K=1,10
COMP(K) = CINITS(I,K)

10 CONTINUE
COMP(10) = COMP(8) - SRAT(I)*COMP(8)
COMP(8) = COMP(8)*SRAT(I)
RETURN
END

EQuAl *********************************************

DOUBLE PRECISION FUNCTION EQUAl (COMP,ACT,WACT)
DOUBLE PRECISION COMP(10),ACT(10),WACT

EQUAl = 2.*DLOG(WACT)
EQUAl = EQUAl + 2.*DLOG(COMP(2)*ACT(2))
EQUAl = EQUAl - DLOG(COMP(10)*ACT(10))
EQUAl = EQUA1 - 4./3.*DLOG(COMP(1)*ACT(1))
EQUAl = EQUAl - 1./3.*DLOG(COMP(6)*ACT(6))
EQUAl = EQUAl - DLOG(COMP(4)*ACT(4))

RETURN
END

EquA2 ************************************************

DOUBLE PRECISION FUNCTION EQUA2 (COMP,ACT,WACT)
DOUBLE PRECISION COMP(10),ACT(10),WACT

EQUA2 = 3.*DLOG(WACT)
EQUA2 = EQUA2 + DLOG(COMP(2)*ACT(2))
EQUA2 = EQUA2 - DLOG(COMP(8)*ACT(8))
EQUA2 = EQUA2 - 4./3.*DLOG(COMP(1)*ACT(1))
EQUA2 = EQUA2 - 1./3.*DLOG(COMP(6)*ACT(6))
EQUA2 = EQUA2 - DLOG(COMP(4)*ACT(4))

RETURN
END

mEisNER *********************************************

C MEISNER CALCULATES ACTIVITY COEFFICIENTS USING
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MEISNER'S METHOD FOR IONS & WATER

SUBROUTINE MEISNER(T,COMP,ACT,WACT)
REAL T
DOUBLE PRECISION I(10),ITOT,Q,QT(7),ACT(10),WACT,
* COMP(10), GAM
COMMON /IONS/ Z(10), ITABLE(6,2), Q0(7),IPTRS(5,5)

C SALTS

C FIND IONIC STRENGTHS AND TOTAL I

DO 10, K=1,10
10 CONTINUE

ITOT = 0.
DO 30, K=1,10
ACT(K) = 0.
I(K)=0.5*COMP(K)*(Z(K)**2)
ITOT=ITOT + I(K)

30 CONTINUE

C FIND QIJ AT T OF INTEREST

DO 35, K=1,6
ZCOMB = Z(ITABLE(K,1)) * Z(ITABLE(K,2))
QT(K)=Q0(K)*(1.0 - 0.0027*(T-25.)/ZCOMB )

35 CONTINUE
QT(7) = 0.

C REFERENCE CALCULATION
C KCL AT TOTAL I

ICOMP = 3
Q = QT(ICOMP)
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
DO 345, K=1,10

345 CONTINUE
GAMKCL = GAM
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1 IS NAOH (1,2)
2 IS NACL (1,6)
3 IS KCL (5,6)
4 IS NAAL(OH)4 (1,4)
5 IS NASIO(OH)3 (1,8)
6 IS NA2SIO2(OH)2 (1,10)
7 IS EVERYTING ELSE



C REFERENCE CALCULATION
C NACL AT TOTAL I

ICOMP = 2
Q = QT(ICOMP)
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
GAMNACL = GAM

C ACTIVITY OF NA BASED ON ACT(KCL) = ACT(K) = ACT(CL)
AT TOTAL I

ACT(1) = (GAMNACL**2)/GAMKCL

C ACTIVITY OF CL

ICOMP = 2
Q = I(1)*QT(2) + I(6)*QT(2) + I(2)*QT(1)
Q = Q/(I(1) + I(6) + I(2))
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
ACT(6) = (GAM**2)/ACT(1)

C ACTIVITY OF OH

ICOMP = 1
Q = I(1)*QT(1) + I(6)*QT(2) + I(2)*QT(1)
Q = Q/(I(1) + I(6) + I(2))
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
ACT(2) = (GAM**2)/ACT(1)

C ACTIVITY OF AL(OH)4

ICOMP = 4
Q = QADD (ICOMP,I,ITOT,QT)
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
ACT(4) = (GAM**2)/ACT(1)

C ACTIVITY OF SIO(OH)3

ICOMP = 5
Q = QADD (ICOMP,I,ITOT,QT)
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
ACT(8) = (GAM**2)/ACT(1)

C ACTIVITY OF SIO2(OH)2

ICOMP = 6
Q = QADD (ICOMP,I,ITOT,QT)
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
ACT(10) = (GAM**3)/(ACT(1)**2)
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RAcT ***************************************************

REDUCED ACTIVITY COEFFICIENT FOR IJ

DOUBLE PRECISION FUNCTION RACT ( Q,ITOT )
DOUBLE PRECISION ITOT,GSTAR,G,Q,C,B

C = 1.0 + 0.055*Q*DEXP(-0.023*(ITOT**3))
GSTAR = 10.**((-0.5107*DSQRT(ITOT))/(1.0+C*DSQRT
*(ITOT)))
B = 0.75 - 0.065*Q
PACT =(1.0 + B* (1.0 +0.1*ITOT)**Q - B)*GSTAR
RETURN
END

SETUP ***********************************************

SUBROUTINE SETUP
COMMON /INITS/ NPTS,CINITS(10,10),T,R
COMMON /IONS/ Z(10), ITABLE(6,2),Q0(7),IPIRS(5,5)

T = 95.
R = 1.987

C ION 1 = NA
C ION 2 = OH
C ION 3 =
C ION 4 = AL(OH)4
C ION 5 = K (NEEDED FOR NA CALC)
C ION 6 = CL ( ALSO NEEDED )
C ION 7 =
C ION 8 = SIO(OH)3
C ION 9 =
C ION 10= SIO2(OH)2

= 1.
= 1.
= 0.
= 1.
= 1.
= 1.
= 0.
= 1.
= 0.
= 2.

SALTS



INITIALIZE THE DATA

NPTS = 5

C INITIALIZE ZERO VALUES

DO 20, J=1,10
CINITS(J,3) = 0.
CINITS(J,5) = 0.
CINITS(J,7) = 0.
CINITS(J,9) = 0.

20 CONTINUE
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CINITS (1,1) = 3.43048
CINITS (2,1) = 3.4779
CINITS (3,1) = 3.4779
CINITS (4,1) = 3.4779
CINITS (5,1) = 3.4779
CINITS (1,2) = .86957
CINITS (2,2) = .86957
CINITS (3,2) = .86957
CINITS (4,2) = .86957
CINITS (5,2) = .86957
CINITS (1,6) = 2.68632
CINITS (2,6) = 2.64522
CINITS (3,6) = 2.64522
CINITS (4,6) = 2.64522
CINITS (5,6) = 2.64522
CINITS (1,4) = .0309
CINITS (2,4) = .000623
CINITS (3,4) = .00412
CINITS (4,4) = .00292
CINITS (5,4) = .00405
CINITS (1,8) = .0001987
CINITS (2,8) = .0098555
CINITS (3,8) = .0014903
CINITS (4,8) = .0021027
CINITS (5,8) = .001516
CINITS (1,10) = .0
CINITS (2,10) = .0
CINITS (3,10) = .0
CINITS (4,10) = .0
CINITS (5,10) = .0

1 IS NAOH (1,2)
2 IS NACL (1,6)
3 IS KCL (5,6)
4 IS NAAL(OH) 4 (1,4)
5 IS NASIO(OH)3 (1,8)
6 IS NA2SIO2(OH)2 (1,10)
7 IS EVERYTING ELSE



C INITIALIZE THE POINTER (IPRTS) ARRAY
C THE POINTER ARRAY TAKES THE FORM
C QIJ = QT( IPTRS( (I+1)/2 , J/2 ))

C INITIALIZE ALL Q'S FOR NONEXISTANT
C SALTS IN THE POINTER ARRAY TO A NULL
C VALUE

DO 10 J=1,5
DO 5, K= 1,5

IPTRS(J,K) = 7
5 CONTINUE

10 CONTINUE

C INITIALIZE ALL VALID SALTS
C (THOSE WITH ASSCOCIATED Q'S)

C THEH ITABLE ARRAY IS THE OPPOSITE OF THE
PTRS ARRAY IT POINTS TO THE ION OF THE
SALT CORRESPONDING TO THE Q

EXAMPLE: CATION OF Q(4) IS ITABLE(4,1)

131

IPTRS (1,1) = 1
IPTRS (1,3) = 2

IPTRS (3,3) = 3

IPTRS (1,2) = 4

IPTRS (1,4) = 5
IPTRS (1,5) = 6

ANION OF Q(4) IS ITABLE(4,2)

ITABLE(1,1) = 1

ITABLE(1,2) = 2

ITABLE(2,1) = 1
ITABLE(2,2) = 6

ITABLE(3,1) = 5

ITABLE.(3,2) = 6

ITABLE(4,1) = 1

ITABLE(4,2) = 4

ITABLE(5,1) = 1

ITABLE(5,2) = 8

ITABLE(6,1) = 1

ITABLE(6,2) = 10



C
C INITIALIZE KNOWN MEISNER Q'S
C
C
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SI DISTRIBUTION lIS 0.23736
SI DISTRIBUTION 2IS 0.23336
SI DISTRIBUTION 3IS 0.23336
SI DISTRIBUTION 4IS 0.23323
SI DISTRIBUTION 5IS 0.23323

SUM OF CH POT 1 = 9576.451
SUM OF CH POT 2 = 8686.233
Q NAAL(OH)4 = 0.66411
Q NASIO(OH)3 = 6.46052
Q NASIO2(OH)2 = .180657
INFER IS 4

Q0(1) = 3.0
Q0(2) = 2.23
Q0(3) = .92
Q0(7) = 0.00
RETURN
END

C THIS IS OUTPUT FROM COMPUTER



PROGRAM CRUNCH2

C*****************************************************

C FITS MEISSNER PARAMETERS TO ALUMINUM AND SILICON *
C SOLUBILITY DATA DATA FROM R.C. STREISEL *

MICHAEL J. McINTYRE
CHEMICAL ENGINEERING DEPARTMENT
OREGON STATE UNIVERSTIY
CORVALLIS OREGON

C*****************************************************

EXTERNAL FUNC
COMMON /IONS/ Z(10), ITABLE(6,2), Q0(7),IPTRS(5,5)
COMMON /INITS/ NPTS,CINITS(10,10),T,R
COMMON /COUNT/ COUNT
REAL X(16),F(22),PARM(4),FNORM,WORK(260),

* XJAC(22,16),XJTJ(136)

N = 10
COUNT = 0.
M = 10
NSIG = 4
EPS = 0.
DELTA = .0001
MAXFN = 1500
IOPT = 2
PARM(1) = .1
PARM(2) = 2.
PARM(3) = 160.
PARM(4) = .1
IXJAC = 22

= 10000.
= 8000.
= .5
= .5
= .5
= .25
= .25
= .25
= .25
= .25

CALL SETUP
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CALL ZXSSQ(FUNC,M,N,NSIG,EPS,DELTA,MAXFN,IOPT,PARM,
X,SSQ,F,XJAC,IXJAC,XJTJ,WORK,INFER,IER)



WRITE (*,*) ' SUM OF CH POT 1 = X(1)
WRITE (*,*) ' SUM OF CH POT 2 = S X(2)
WRITE (*,*) Q NAAL(OH)4 = X(3)
WRITE (*,*) ' Q NASIO(OH)3 = X(4)
WRITE (*,*) ' Q NASIO2(OH)2 = X(5)
WRITE (*,*) 'INFER IS ',INFER
WRITE (*,*) 'SSQ IS ',SSQ
DO 297, K=6,N

L = K-5
WRITE (*,*) 'SI DISTRIBUTION',L,'IS',X(K)

297 CONTINUE
DO 300, K=1,4
WRITE (*,*) PARM(K),'=PARM'

300 CONTINUE
STOP
END

FuNc *************************************************

SUBROUTINE FOR ZXSSQ CALCULATION

SUBROUTINE FUNC (X,M,N,F)
REAL X(N),F(M)
DOUBLE PRECISION COMP(10),ACT(10),SRAT(10),WACT

COMMON /IONS/ Z(10), ITABLE(6,2), Q0(7),IPTRS(5,5)
COMMON /INITS/ NPTS,CINITS(10,10),T,R
COMMON /COUNT/ COUNT

C X(1) IS K1 (SUM OF CH POT)
C X(2) IS K2
C X(3) IS Q(25) OF NA AL(OH)4
C X(4) IS Q(25) OF NA SIO(OH)3
C X(5) IS Q(25) OF NA SIO2(OH)2
C X(6)-X(10) ARE SIO(OH)3 PERCENTAGES

DO 3,K=1,N
WRITE (*,*) X(K),'=X(',K

3 CONTINUE

C INITIALIZE QO'S TO X'S
C X(1) & X(2) ARE SUM OF CHEMICAL POTENTIALS

FOR EQUATIONS 1 & 2 RESPECTIVELY
CONSTRAIN Q'S TO REALISTIC VALUES
IF FORCED BEYOND REALISTIC LIMITS
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C INITIALIZE SI DISTRIBUTIONS

DO 7, I=1,NPTS
SRAT(I) = X(I+5)
IF (SRAT(I) .LE. 0. ) THEN
WRITE (*,*) 'LB SET'

SRAT(I) = .01
ENDIF
IF (SRAT(I) .GE. 1. ) THEN
WRITE (*,*) 'UB SET'

SRAT(I) = .99
ENDIF

7 CONTINUE

C SOLVES FOR SUM OF CHEMICAL POTENTIALS

DO 10, K=1,NPTS
I = 2*K -1

CALL COMPLD (K,SRAT,COMP)
CALL MEISNER (T,COMP,ACT,WACT)
F(I) = X(1)/(R*(T+273.15)) - EQUAl(COMP,ACT,WACT)
F(I+1) = X(2)/(R*(T+273.15)) - EQUA2(COMP,ACT,WACT)

10 CONTINUE

COUNT = COUNT + 1.
WRITE (*,*) 'ANOTHER FUNCTION CALL',COUNT
DO 200, K=1,M
WRITE (*,*) 'F(',K,')=',F(K)

200 CONTINUE
RETURN
END

compm **********************************************

C COMPLD LOADS INTIAL VALUES INTO THE COMP ARRAY

SUBROUTINE COMPLD ( I,SRAT,COMP )
DOUBLE PRECISION COMP(10),SRAT(10)
COMMON /INITS/ NPTS,CINITS(10,10),T,R

135

Q0(4) = X(3)
IF ( Q0(4) .LT. -5.8 ) Q0(4) = -5.8
Q0(5) = X(4)
IF ( Q0(5) .LT. -5.8 ) Q0(5) = -5.8
Q0(6) = X(5)
IF ( Q0(6) .LT. -5.8 ) Q0(6) = -5.8
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C MEISNER CALCULATES ACTIVITY COEFFICIENTS USING
MEISNER'S METHOD FOR IONS & WATER

SUBROUTINE MEISNER(T,COMP,ACT,
REAL T
DOUBLE PRECISION I(10),ITOT,Q,
* COMP(10), GAM
COMMON /IONS/ Z(10), ITABLE(6,

SALTS

FIND IONIC STRENGTHS AND TOTAL I

DO 10, K=1,10
10 CONTINUE

ITOT = 0.
DO 30, K=1,10
ACT(K) = 0.
I(K)=0.5*COMP(K)*(Z(K)**2)
ITOT=ITOT + I(K)

30 CONTINUE

C FIND QIJ AT T OF INTEREST

DO 35, K=1,6
ZCOMB = Z(ITABLE(K,1)) * Z(ITABLE(K,2))
QT(K)=Q0(K)*(1.0 - 0.0027*(T-25.)/ZCOMB )

35 CONTINUE
QT(7) = 0.

REFERENCE CALCULATION
KCL AT TOTAL I

ICOMP = 3
Q = QT(ICOMP)
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
DO 345, K=1,10

345 CONTINUE

WACT)

QT(7),ACT(10),WACT,

2), Q0(7),IPTRS(5,5)
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1 IS NAOH (1,2)
2 IS NACL (1,6)
3 IS KCL (5,6)
4 IS NAAL(OH)4 (1,4)
5 IS NASIO(OH)3 (1,8)
6 IS NA2SIO2(OH)2 (1,10)
7 IS EVERYTING ELSE



GAMKCL = GAM

C REFERENCE CALCULATION
C NACL AT TOTAL I

ICOMP = 2
Q = QT(ICOMP)
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
GAMNACL = GAM

C ACTIVITY OF NA BASED ON ACT(KCL) = ACT(K) = ACT(CL)
AT TOTAL I

ACT(1) = (GAMNACL**2)/GAMKCL

C ACTIVITY OF CL

ICOMP = 2
Q = I(1)*QT(2) + I(6)*QT(2) + I(2)*QT(1)
Q = Q/(I(1) + I(6) + I(2))
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
ACT(6) = (GAM**2)/ACT(1)

C ACTIVITY OF OH

ICOMP = 1
Q = I(1)*QT(1) + I(6)*QT(2) + I(2)*QT(1)
Q = Q/(I(1) + I(6) + I(2))
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
ACT(2) = (GAM**2)/ACT(1)

C ACTIVITY OF AL(OH)4

ICOMP = 4
Q = QADD (ICOMP,I,ITOT,QT)
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
ACT(4) = (GAM**2)/ACT(1)

C ACTIVITY OF SIO(OH)3

ICOMP = 5
Q = QADD (ICOMP,I,ITOT,QT)
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
ACT(8) = (GAM**2)/ACT(1)

C ACTIVITY OF SIO2(OH)2

ICOMP = 6
Q = QADD (ICOMP,I,ITOT,QT)
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
ACT(10) = (GAM**3)/(ACT(1)**2)
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ACTIVITY OF WATER IN THE SOLUTION

WACT = .95

RETURN
END

QADD *********************************************

FIND THE WEIGHTED Q DEPENDING ON IONIC
STRENGTHS OF SALTS WITH COMMON IONS

DOUBLE PRECISION FUNCTION QADD (ICOMP,I,ITOT,QT)
DOUBLE PRECISION ITOT,I(10),QT(7)
COMMON /IONS/ Z(10), ITABLE(6,2),Q0(7),IPTRS(5,5)

QADD = 0.
DO 10, K=1,5
MODD = 2*K - 1
MEVEN = 2*K
QADD=QADD+ I(MODD)* QT(IPTRS(K , ITABLE(ICOMP,2)/2 ))
QADD=QADD+ I(MEVEN)*QT(IPTRS((ITABLE(ICOMP,1)+1)/2,K))

10 CONTINUE
QADD = QADD/ITOT
RETURN
END

mEiscAL ***********************************************

SUBROUTINE MEISCAL (ICOMP,Q,GAM,ITOT)

C ICOMP IS COMPONENT #
C Q IS QIJ AT T
C GAM (ACTIVITY OF COMPONENT IJ ) IS RETURNED

DOUBLE PRECISION ITOT,G,Q,GAM
COMMON /IONS/ Z(10), ITABLE(6,2),Q0(7),IPTRS(5,5)

GAM = RACT(Q,ITOT)**(Z(ITABLE(ICOMP,1))*Z(ITABLE
*(ICOMP,2)))

RETURN
END
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C
C = 1.0 + 0.055*Q*DEXP(-0.023*(ITOT**3))
GSTAR = 10.**((-0.5107*DSQRT(ITOT))/(1.0+C*DSQRT

*(ITOT)))
B = 0.75 - 0.065*Q
RACT =(1.0 + B* (1.0 +0.1*ITOT)**Q - B)*GSTAR
RETURN
END'

C
C
C SETUP ***********************************************
C
C

SUBROUTINE SETUP
COMMON /NITS! NPTS,CINITS(10,10),T,R
COMMON /IONS/ Z(10), ITABLE(6,2),Q0(7),IPTRS(5,5)

C
C

T = 95.
R = 1.987

C
C ION 1 = NA
C ION 2 = OH
C ION 3 =
C ION 4 = AL(OH)4
C ION 5 = K (NEEDED FOR NA CALC)
C ION 6 = CL ( ALSO NEEDED )
C ION 7 =
C ION 8 = SIO(OH)3
C ION 9 =
C ION 10= SIO2(OH)2
C

= 1.
= 1.
= 0.
= 1.
= 1.
= 1.
= 0.
= 1.
= 0.
= 2.

C
C SALTS

140

C
C RAcT ***************************************************
C
C
C REDUCED ACTIVITY COEFFICIENT FOR IJ
C

DOUBLE PRECISION FUNCTION RACT ( Q,ITOT )
DOUBLE PRECISION ITOT,GSTAR,G,Q,C,B



C
C 1 IS NAOH (1,2)
C 2 IS NACL (1,6)
C 3 IS KCL (5,6)
C 4 IS NAAL(OH)4 (1,4)
C 5 IS NASIO(OH)3 (1,8)
C 6 IS NA2SIO2(OH)2 (1,10)
C 7 IS EVERYTING ELSE
C
C
C INITIALIZE THE DATA
C

NPTS = 5
CINITS (1,1) = 3.4304
CINITS (2,1) = 3.4779
CINITS (3,1) = 3.4779
CINITS (4,1) = 3.4779
CINITS (5,1) = 3.5518
CINITS (1,2) = .86957
CINITS (2,2) = .86957
CINITS (3,2) = .86957
CINITS (4,2) = .86957
CINITS (5,2) = .086957
CINITS (1,6) = 2.68632
CINITS (2,6) = 2.64522
CINITS (3,6) = 2.64522
CINITS (4,6) = 2.64522
CINITS (5,6) = 3.50144
CINITS (1,4) = .0309
CINITS (2,4) = .000623
CINITS (3,4) = .00412
CINITS (4,4) = .00292
CINITS (5,4) = .00271
CINITS (1,8) = .0001987
CINITS (2,8) = .0098555
CINITS (3,8) = .0014903
CINITS (4,8) = .0021027
CINITS (5,8) = .000285
CINITS (1,10) = .0
CINITS (2,10) = .0
CINITS (3,10) = .0
CINITS (4,10) = .0
CINITS (5,10) = .0

C
C INITIALIZE ZERO VALUES
C

DO 20, J=1,10
CINITS(J,3) = 0.
CINITS(J,5) = 0.
CINITS(J,7) = 0.
CINITS(J,9) = 0.

20 CONTINUE
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C INITIALIZE THE POINTER (IPRTS) ARRAY
C THE POINTER ARRAY TAKES THE FORM
C QIJ = QT( IPTRS( (I+1)/2 , J/2 ))

C INITIALIZE ALL Q'S FOR NONEXISTANT
C SALTS IN THE POINTER ARRAY TO A NULL
C VALUE

DO 10 J=1,5
DO 5, K= 1,5

IPTRS(J,K) = 7
5 CONTINUE

10 CONTINUE

C INITIALIZE ALL VALID SALTS
C (THOSE WITH ASSCOCIATED Q'S)

C THEH ITABLE ARRAY IS THE OPPOSITE OF THE
PTRS ARRAY IT POINTS TO THE ION OF THE
SALT CORRESPONDING TO THE Q

EXAMPLE: CATION OF Q(4) IS ITABLE(4,1)
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IPTRS (1,1) = 1

IPTRS (1,3) = 2

IPTRS (3,3) = 3

IPTRS (1,2) = 4

IPTRS (1,4) = 5

IPTRS (1,5) = 6

ANION OF Q(4) IS ITABLE(4,2)

ITABLE(1,1) = 1
ITABLE(1,2) = 2

ITABLE(2,1) = 1

ITABLE(2,2) = 6

ITABLE(3,1) = 5
ITABLE(3,2) = 6

ITABLE(4,1) = 1
ITABLE(4,2) = 4

ITABLE(5,1) = 1

ITABLE(5,2) = 8

ITABLE(6,1) = 1
ITABLE(6,2) = 10



C INITIALIZE KNOWN MEISNER Q'S

C THIS IS THE OUPUT FROM PROGRAM
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SI DISTRIBUTION lIS .99472
SI DISTRIBUTION 2IS .99351
SI DISTRIBUTION 3IS .99363
SI DISTRIBUTION 4IS .99358
SI DISTRIBUTION 5IS .99963

SUM OF CH POT 1 = 11794.53
SUM OF CH POT 2 = 10021.13
Q NAAL(OH)4 = -5.8369
Q NASIO(OH)3 = -5.8039
Q NASIO2(OH)2 = 5.8582
INFER IS 1

Q0(1) = 3.0
Q0(2) = 2.23
Q0(3) = .92
Q0(7) = 0.00
RETURN
END



PROGRAM TEST

C*******************************************************

C THE TEST PROGRAM TESTS THE MEISSNER Q'S AND
CHEMICAL POTENTIALS GENERATED BY THE
CRUNCH PROGRAM

C WRITTEN BY MICHAEL J. McINTYRE
CHEMICAL ENGINEERING DEPARTMENT
OREGON STATE UNIVERSITY
CORVALLIS OREGON

C*******************************************************

EXTERNAL FUNC
COMMON /IONS/ Z(10), ITABLE(6,2), Q0(7),IPTRS(5,5)
COMMON /INPUTS/ QIN(3),XMU(2),IVALUE,COMPIN(10)
COMMON /NITS! NPTS,CINITS(10,10),T,R
COMMON /COUNT/ COUNT
REAL X(12),F(14),PARM(4),

* FNORM,WORK(166),XJAC(14,12),XJTJ(78)

N = 1
COUNT = 0.
M = 2
NSIG = 5
EPS = 0.
DELTA = 0.
MAXFN = 1500
IOPT = 2
PARM(1) = .1
PARM(2) = 2.
PARM(3) = 160.
PARM(4) = .1
IXJAC = 14

CALL INVALS ( IVALUE,COMPIN,XMU,QIN )
X(1) = COMPIN(IVALUE)
CALL SETUP

CALL ZXSSQ(FUNC,M,N,NSIG,EPS,DELTA,MAXFN,IOPT,PARM,
X,SSQ,F,XJAC,IXJAC,XJTJ,WORK,INFER,IER)

WRITE (*,*) ' ANSWER IS ',X(1)
DO 300, K=1,4
WRITE (*,*) PARM(K),'=PARM'

300 CONTINUE
STOP
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END

FuNc *************************************************

SUBROUTINE FOR ZXSSQ CALCULATION

SUBROUTINE FUNC (X,M,N,F)
REAL X(N),F(M)
DOUBLE PRECISION COMP(10),ACT(10),SRAT(7),WACT

COMMON /IONS/ Z(10), ITABLE(6,2), Q0(7),IPTRS(5,5)
COMMON /INITS/ NPTS,CINITS(10,10),T,R
COMMON /INPUTS/ QIN(3),XMU(2),IVALUE,COMPIN(10)
COMMON /COUNT/ COUNT

Q0(4) = QIN(1)
Q0(5) = QIN(2)
Q0(6) = QIN(3)

DO 10,1=1,10
COMP(I) = COMPIN (I)

10 CONTINUE

C SET COMPONENT TO VARY AND TEST FOR UNREALISTIC VALUES

COMP(IVALUE) = X(1)
IF (X(1) .LT. .00001) THEN
WRITE (*,*) 'LOWER BOUND SET'
COMP(IVALUE) = .00001
ENDIF

CALL MEISNER (T,COMP,ACT,WACT)
= XMU(1)/(R*(T+273.15)) - EQUAl(COMP,ACT,WACT)
= XMU(2)/(R*(T+273.15)) - EQUA2(COMP,ACT,WACT)

COUNT = COUNT + 1.
WRITE (*,*) 'ANOTHER FUNCTION CALL',COUNT

DO 200, K=1,2
WRITE (*,*) 'F(1,K,1)=',F(K)

200 CONTINUE

C MAKE CERTAIN THAT THE SUBROUTINE RECOVERS
FROM UNREALISTIC VALUES
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IF ( X(1) .LT. .00001 ) THEN
= 44.
= 45.

ENDIF
RETURN
END

********************************************

SUBROUTINE INVALS ( IVALUE, COMPIN, XMU, QIN )
REAL COMPIN (10), XMU(2), QIN(3)

10 CONTINUE
WRITE (*,*)
WRITE (*,*) 'COMPONENTS ARE :

WRITE (*,*) ' 1--Na
WRITE (*,*) ' 2--OH
WRITE (*,*) ' 4--A1(OH)4
WRITE (*,*) ' 6--C1
WRITE (*,*) ' 8--SiO(OH)3
WRITE (*,*) ' 10 Si02(OH)2'
WRITE (*,*) ' WHICH ONE TO VARY?
READ (*,*) IVALUE

WRITE (*,*)
WRITE (*,*) ' INITIAL GUESSES/VALUE
WRITE (*,*) ' INPUT Na Molality
READ (*,*) COMPIN(1)
WRITE (*,*) ' INPUT OH Molality
READ (*,*) COMPIN(2)
WRITE (*,*) ' INPUT Al Molality
READ (*,*) COMPIN(4)
WRITE (*,*) ' INPUT Cl Molality
READ (*,*) COMPIN(6)
WRITE (*,*) ' INPUT SiO(OH)3 Molality
READ (*,*) COMPIN(8)
WRITE (*,*) ' INPUT Si02(OH)2 Molality
READ (*,*) COMPIN(10)

WRITE (*,*) ' INPUT OF MEISSNER QS'
WRITE (*,*) Q of Al SALT
READ (*,*) QIN(1)
WRITE (*,*) ' Q of SiO(OH)
READ (*,*) QIN(2)
WRITE (*,*) ' Q of Si02(OH)2
READ (*,*) QIN(3)
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WRITE (*,*)
WRITE (*,*) 'INPUT OF CHEMICAL POTENTIALS'
WRITE (*,*) ' FOR EQUATION ONE
READ (*,*) XMU(1)
WRITE (*,*) ' FOR EQUATION TWO
READ (*,*) XMU(2)

COMPIN (3) = 0.
COMPIN (5) = 0.
COMPIN (7) = 0.
COMPIN (9) = 0.

WRITE (*,*) 'TYPE A ONE (1) TO RETYPE INPUTS'
READ (*,*) RETYPE
IF ( RETYPE .EQ. 1. ) GOTO 10
RETURN
END

EQuAl *********************************************

DOUBLE PRECISION FUNCTION EQUAl (COMP,ACT,WACT)
DOUBLE PRECISION COMP(10),ACT(10),WACT

EQUAl = 2.*DLOG(WACT)
EQUA1 = EQUAl + 2.*DLOG(COMP(2)*ACT(2))
EQUAl = EQUAl - DLOG(COMP(10)*ACT(10))
EQUAl = EQUAl - 4./3.*DLOG(COMP(1)*ACT(1))
EQUA1 = EQUA1 - 1./3.*DLOG(COMP(6)*ACT(6))
EQUAl = EQUAl - DLOG(COMP(4)*ACT(4))

RETURN
END

EQuA2 ************************************************

DOUBLE PRECISION FUNCTION EQUA2 (COMP,ACT,WACT)
DOUBLE PRECISION COMP(10),ACT(10),WACT

EQUA2 = 3.*DLOG(WACT)
EQUA2 = EQUA2 + DLOG(COMP(2)*ACT(2))
EQUA2 = EQUA2 - DLOG(COMP(8)*ACT(8))
EQUA2 = EQUA2 - 4./3.*DLOG(COMP(1)*ACT(1))
EQUA2 = EQUA2 - 1.13.*DLOG(COMP(6)*ACT(6))
EQUA2 = EQUA2 - DLOG(COMP(4)*ACT(4))

RETURN
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END

mEisNER *********************************************

C MEISNER CALCULATES ACTIVITY COEFFICIENTS USING
MEISNER'S METHOD FOR IONS & WATER

SUBROUTINE MEISNER(T,COMP,ACT,WACT)
REAL T
DOUBLE PRECISION I(10),ITOT,Q,QT(7),ACT(10),WACT,
* COMP(10), GAM
COMMON /IONS/ Z(10), ITABLE(6,2), Q0(7),IPTRS(5,5)

SALTS
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C FIND IONIC STRENGTHS AND TOTAL I

DO 10, K=1,10
10 CONTINUE
ITOT = 0.
DO 30, K=1,10

ACT(K) = 0.
I(K)=0.5*COMP(K)*(Z(K)**2)
ITOT=ITOT + I(K)

30 CONTINUE

C FIND QIJ AT T OF INTEREST

DO 35, K=1,6
ZCOMB = Z(ITABLE(K,1)) * Z(ITABLE(K,2))
QT(K)=Q0(K)*(1.0 - 0.0027*(T-25.)/ZCOMB )

35 CONTINUE
QT(7) = 0.

C REFERENCE CALCULATION
C KCL AT TOTAL I

ICOMP = 3

1 IS NAOH (1,2)
2 IS NACL (1,6)
3 IS KCL (5,6)
4 IS NAAL(OH)4 (1,4)
5 IS NASIO(OH)3 (1,8)
6 IS NA2SIO2(OH)2 (1,10)
7 IS EVERYTING ELSE



Q = QT(ICOMP)
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
DO 345, K=1,10

345 CONTINUE
GAMKCL = GAM

C REFERENCE CALCULATION
C NACL AT TOTAL I

ICOMP = 2
Q = QT(ICOMP)
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
GAMNACL = GAM

C ACTIVITY OF NA BASED ON ACT(KCL) = ACT(K) = ACT(CL)
AT TOTAL I

ACT(1) = (GAMNACL**2)/GAMKCL

C ACTIVITY OF CL

ICOMP = 2
Q = I(1)*QT(2) + I(6)*QT(2) + I(2)*QT(1)
Q = Q/(I(1) + I(6) + 1(2))
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
ACT(6) = (GAM**2)/ACT(1)

C ACTIVITY OF OH

ICOMP = 1
Q = I(1)*QT(1) + I(6)*QT(2) + I(2)*QT(1)
Q = Q/(I(1) + I(6) + 1(2))
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
ACT(2) = (GAM**2)/ACT(1)

C ACTIVITY OF AL(OH)4

ICOMP = 4
Q = QADD (ICOMP,I,ITOT,QT)
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
ACT(4) = (GAM**2)/ACT(1)

C ACTIVITY OF SIO(OH)3

ICOMP = 5
Q = QADD (ICOMP,I,ITOT,QT)
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
ACT(8) = (GAM**2)/ACT(1)

C ACTIVITY OF SIO2(OH)2

ICOMP = 6
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Q = QADD (ICOMP,I,ITOT,QT)
CALL MEISCAL (ICOMP,Q,GAM,ITOT)
ACT(10) = (GAM**3)/(ACT(1)**2)

ACTIVITY OF WATER IN THE SOLUTION

WACT = .95

RETURN
END

QADD *********************************************

FIND THE WEIGHTED Q DEPENDING ON IONIC
STRENGTHS OF SALTS WITH COMMON IONS

DOUBLE PRECISION FUNCTION QADD (ICOMP,I,ITOT,QT)
DOUBLE PRECISION ITOT,I(10),QT(7)
COMMON /IONS/ Z(10), ITABLE(6,2),Q0(7),IPTRS(5,5)

QADD = 0.
DO 10, K=1,5
MODD = 2*K - 1
MEVEN = 2*K
QADD=QADD+ I(MODD)* QT(IPTRS(K , ITABLE(ICOMP,2)/2 ))
QADD=QADD+ I(MEVEN)*QT(IPTRS((ITABLE(ICOMP,1)+1)/2,K))

10 CONTINUE
QADD = QADD/ITOT
RETURN
END

mEiscAL ************************************************

SUBROUTINE MEISCAL (ICOMP,Q,GAM,ITOT)

C ICOMP IS COMPONENT #
C Q IS QIJ AT T
C GAM (ACTIVITY OF COMPONENT IJ ) IS RETURNED

DOUBLE PRECISION ITOT,G,Q,GAM
COMMON /IONS/ Z(10), ITABLE(6,2),Q0(7),IPTRS(5,5)

GAM = RACT(Q,ITOT)**(Z(ITABLE(ICOMP,1))*Z(ITABLE
*(ICOMP,2)))
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C
RETURN
END

C
C
C RAcT *************************************************
C
C REDUCED ACTIVITY COEFFICIENT FOR IJ
C

DOUBLE PRECISION FUNCTION RACT ( Q,ITOT )
DOUBLE PRECISION ITOT,GSTAR,G,Q,C,B

C = 1.0 + 0.055*Q*DEXP(-0.023*(ITOT**3))
GSTAR = 10.**((-0.5107*DSQRT(ITOT))/(1.0+C*DSQRT
*(ITOT)))
B = 0.75 - 0.065*Q
RACT =(1.0 + B* (1.0 +0.1*ITOT)**Q - B)*GSTAR
RETURN
END

C
C
C SETUP ********************************************
C
C
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C

SUBROUTINE SETUP
COMMON /INITS/ NPTS,CINITS(10,10),T,R
COMMON /IONS/ Z(10), ITABLE(6,2),Q0(7),IPTRS(5,5)

T = 95.
R = 1.987

C
C ION 1 = NA
C ION 2 = OH
C ION 3 =
C ION 4 = AL(OH)4
C ION 5 = K (NEEDED FOR NA CALC)
C ION 6 = CL ( ALSO NEEDED )
C ION 7 =
C ION 8 = SIO(OH)3
C ION 9 =
C ION 10= SIO2(OH)2
C

= 1.
= 1.
= 0.
= 1.
= 1.
= 1.
= 0.
= 1.
= 0.
= 2.

C
C



C
C SALTS
C
C 1 IS NAOH (1,2)
C 2 IS NACL (1,6)
C 3 IS KCL (5,6)
C 4 IS NAAL(OH)4 (1,4)
C 5 IS NASIO(OH)3 (1,8)
C 6 IS NA2SIO2(OH)2 (1,10)
C 7 IS EVERYTING ELSE
C
C
C
C INITIALIZE ZERO VALUES
C

DO 20, J=1,10
CINITS(J,3) = 0.
CINITS(J,5) = 0.
CINITS(J,7) = 0.
CINITS(J,9) = 0.

20 CONTINUE
C
C
C
C INITIALIZE THE POINTER (IPRTS) ARRAY
C THE POINTER ARRAY TAKES THE FORM
C QIJ = QT( IPTRS( (I+1)/2 , J/2 ))
C
C INITIALIZE ALL Q'S FOR NONEXISTANT
C SALTS IN THE POINTER ARRAY TO A NULL
C VALUE
C

DO 10 J=1,5
DO 5, K= 1,5

IPTRS(J,K) = 7
5 CONTINUE
10 CONTINUE

C
C INITIALIZE ALL VALID SALTS
C (THOSE WITH ASSCOCIATED Q'S)
C

IPTRS (1,1) = 1
IPTRS (1,3) = 2
IPTRS (3,3) = 3
IPTRS (1,2) = 4
IPTRS (1,4) = 5
IPTRS (1,5) = 6

C
C
C THEH ITABLE ARRAY IS THE OPPOSITE OF THE
C PTRS ARRAY IT POINTS TO THE ION OF THE
C SALT CORRESPONDING TO THE Q
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C INITIALIZE KNOWN MEISNER Q'S
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EXAMPLE: CATION OF Q(4) IS ITABLE(4,1)
ANION OF Q(4) IS ITABLE(4,2)

ITABLE(1,1) = 1
ITABLE(1,2) = 2

ITABLE(2,1) = 1

ITABLE(2,2) = 6

ITABLE(3,1) = 5

ITABLE(3,2) = 6

ITABLE(4,1) = 1

ITABLE(4,2) = 4

ITABLE(5,1) = 1

ITABLE(5,2) = 8

ITABLE(6,1) = 1
ITABLE(6,2) = 10

Q0(1) = 3.0
Q0(2) = 2.23
Q0(3) = .92
Q0(7) = 0.00
RETURN
END




