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ABSTRACT

The polymerization of silicic acid in géothermal brine-like aqueous
solutions to produce amorphous silica in colloidal form has been studied
experimentally and theoretically. A large amount of high quality experimen-
tal data has been generated over the temperature range 23 to 100°C. Wide
ranges of dissolvéd silica concentration, bH, and sodium chloride concentra~
tion were covered. The catalytic effects of fluoride and the reaction
inhibiting effects of alﬁminum and boron were studied also. Two basic
processes have been separately studied: the formation of new colloidal
particles by the homogeneous nucleation process and the deposition of dis-
solved silica on pre-existing colloidal particles.

A rigorous theory of the formation of colloidal particles of amorphous
silica by homogeneous nucleation was developed. This theory employs the
Lothe-Pound formalism, and is embodied in the computef code SILNUC which
quantitatively mpdels the.homogeneous nucleation and growth of colloidal
silica particles in more than enough detail for practical application._ The
theory and code were extensively used in planning the experiméntal work and
analyzing the data produced. The code is now complete and ruhning in 1its
final form. It is capable of reproducing most of the experimental results to
within experimental error. It is also capable of'extrapblation to experimen-
tally-inaccessible conditions, i.e., high temperatures, rapidly varying
temperature and pH, etc. Aside from ite practical utility, the theoretical -
" work reported here is probably the most extensive and detailed application of
homogeneous nucleation theory to a real physical system to date. ‘ ,

The literature on aspects of the chemistry of amorphous silica that were
not directly studied by us has been extensivély reviewed. This review covers
both fundamentaliéhemical properties and the practical experience gained

working with geothermal brines throughout the world.







© ‘Table of Contents

_Abstract
‘Table of Contents
. List of Tables
~ List of Figures

'yChapter 1 - Introduction

sl.l
Sl.2

‘Chapter 2 -

S2.8
$2.9
S2.10°

S2.11
S2.12
S2.13
S2.14
S2.15
52.16
S2.17°
S2.18

$2.19

$2.20
§2.21

The Scope of this Report |
Acknowledgements -

Topics in the Aqueous Chemistry of Amorphous Silica.
A Review and Synthesis of the Literature ‘
Introduction ‘ Lo R e S
Solubility of Silicai" The Effect of Temperature,ﬁ\“
Salinity and pH “oememeia

Complexing of Dissolved Silica by Ions

Amorphous Silica and Quartz =~

Deposition of Silica Upon Other Surfaces

The Surface Structure of Amorphous Silica’

The Partially Hydrophobic Nature of the Amorphous
Silica Surface ~

The Electronic Structure of " Silicon Dioxide

The Acid-Base Properties of Surface’ Silanols _
The First Steps of Silica Polymerization: Dimer to o
Pentamer v

Silica Polymerization' ‘Hexamer ‘and Beyond - -
The Molecular Mechanism of Silica Polymerization o
The Base-Catalyzed Condensation Reaction * - - o
Catalysis by Hydrogen Fluoride and Hydrogen Ion e
Other Catalysts o
Toward Predicting the Rates of Molecular Deposition

“The Nucleation of Colloidal Amorphous-Siliea”

The "Induction Time" for Nucleation and the Value of
the Surface Tension =

The Practical Significance of Nucleation Phenomena and
the Study of Homogeneous Nucleation ‘

Other Nucleation Phenomena o :
Colloidal Stability’ and Coagulation of Colloidal

_Amorphous Silica

$2,22

S2.23
$2.24

H;Chapter 3 -

83.1
83.2

The Mechanism of Destabilization RS
Ion Exchange on' the Surface of Amorphous Silica o
The Gelation of Colloidal Silica SRR P

The Kinétics of Silica Polymerization in Aqueous f”f
Solution meld

'Introduétioniﬁ"’f”it:lif auéjlﬂ;viu?

Experimental Methods

" = Timing of the experiments S

= Temperature

39

Page
111

vii
viii

12
15
17
18

20
21
23

25
28
29
32
34
43
46

49
51

53

59
61

©o63

64
65
65



§3.3

S3.4

A3.3

Chapter 4 -

S4.1
S4.2

-

vi !

- Silica stock solution
Buffers
Colloidal silica
Other materials and water
Preparation of the experimental solutions
- Concentration units employed
Reaction vessels
= pH Measurement
The Rate of Molecular Deposition as a Function of pH
- Fitting the data
- Introducing a standard state
- The separate effects of pH and pHnom
-~ Sources of error
~ Polymerization rates at high pH
The Rate of Molecular Deposition
- Experimental data
~ Data reduction. .
= Trial rate functions
- Final results- .
"Adsorbed Silica" .. . -
Catalysis by Fluoride . ..
Nucleation Theory: The Lothe-Pound Factor

Nucleation Theory: Further Development

Homogeneous Nucleation: Experimental Results -
Homogeneous Nucleation: Data Reduction and the Surface
Tension o
Solubility of Silica in Salt Solutions

The Effect of Added Sodium Chloride

The Effects of Other Salts
Methods of Practical Prediction

- A Sample Calculation

Inhibition by Aluminum and Boron

Empirically Fitted Formulas and Tables for the pH Functions
Further Experimental Details

= The continuous flow kinetic system

~ Adsorbed silica determination

- Spectrophotometric determination of silica

-~ Materials for molybdate analysis '

~ Procedure: molybdate yellow method

- Procedure: molybdate blue method

- Preparation of a primary silicon standard solution .
- Characterization of colloidal silica sols -
- Surface area determinatipn by the sears titration

method " '

‘Sources of Supplementary Data and Further Details of

Data Reduction
Silica and the Reinjection of Geothermal Brines ..

Introduction P
Types of Silica Deposits

102
104

107
114
116
120
125
131
134
137
141
141
144
145
146
146
147
147
148
149

149

168
169



S4.3

Shob

S4.5
S4.6

Chapter 5

S5.1
§5.2
§5.3

Chapter 6

. 86.1
S6.2
15643
S6.4
S6.5
- 5646
S6.7
S6.8
A6.1

""List of References

- List of Tables = =~ 0 iUt

it

P i

Possible Mechanism for Post*Reinjection Plugging by
Silica =~
Brine Treatment for Silica ‘Control’

T N - . p
: AN ES R

- Avoidance or minimization of silica supersaturation 1 Cend

- Kinetic inhibition of molecular deposition and
nucleation -
- "Aging" the brine to convert dissolved silica to
colloidal silicd o
- Removal of colloidal silica by coagulation and
gettling =
Field Experience with Geothermal Reinjection
Outstanding Research Needs' :

- The Status of Geothermal Brine Treatment Technology

Overview 5

The Nature of the. Problem ‘ o
Brine Treatment Technology R
Outstanding Research Needs' 8

-~ Documentation for Computer Code SILNUC

Introduction’™ "~ 0 T

The Basic Algorithms in SILNUC V

Program Structure = '

Control of Printed Output ‘ -
Control of Timesteps and the’ Start of Calculation
Input and Default Values'_”“ﬁ*
Limitations and PrecautionS"~~
A Sample Calculation oA
Full Listing of Program SILNUC

L]

'Solubility of Amorphous'SilicafandiQoartz‘in'Pure Water - -
"Solubility of Amorphous. Silica ‘and Quartz in NaCl Solutions;*i

Complexing Constants of Mg and Ca +2 with Monosilicate
Ions at 25°C in 1 M NaClO, ‘

Catalytic Coefficients for Various Nucleophilic Catalysts ',‘§
‘of the Silica Depolymerization’ Reaction R SR

Fitting of Homogeneous Nucleation Data 2 S
"Reference' Values" to be Used with Figures 3 24 to 28

Values of £’(pH) vs. pH
Values of I(pH) vs. pH

Formulas and Values for Calculating Activity Coefficients /

and i1
Molecular Deposition Data for 500¢c

< 214

‘j“:' 170
- 172

172

~173
174

<175

177
178

181

181

186
193

195

- 197

200
202
204
208
212

220

231

10
14
40

112
130

139
140

152
‘156



6.1
6.2

{
- viid ¢

Molecular Deposition Data for 75°C

Molecular Deposition Data for 100°C

Fluoride Catalysis Data: Homogeneous Nucleation at 70°C
Homogeneous Nucleation Data for 23°C ‘ C
Homogeneous Nucleation Data for 300C T
Homogeneous. Nucleation Data for 50°C = ° ' '
Homogeneous Nucleation Data for 75°C

Homogeneous Nucleation Data for.100°C :
Effect of Sodium Chloride on Homogeneous Nucleation.
Selected Data for 30 and 100°¢ . ‘
Effect of Sodium Chloride on Homogeneous Nucleation.
Selected Data. for 509 . |

Effect of Sodium Chloride on Homogeneous Nucleation.
&haaDaahrn%

Silica Concentrations, Saturation Ratios, and Deposition'#
Rates in Flashed Geothermal Brines

Listing of Input Deck for SILNUC Sample- Problem
Output from SILNUC Sample Problem

List of Figures

2.1

® O o & @ & o ° & & o o+
P et et et et et et = = AD 0O NN BN
co~NOTWNMPHWN=O

WWwwwwwwwwkwwbwwiwwwww

Known and Suspected Silicic Acid Oligomer Structures

Continuous Flow Kinetic System for Experiments at 100°0C
Effect of Varying pH ‘ '
Graph of d log f(pH) / d pH vs. pH .

Variation of Deposition Rate with pH

Molecular Deposition at High pH .

Homogeneous Nucleation at High pH

Continuous Flow System Kinetic Data

Molecular Deposition Data

Residual Scatter of Rate Constant Values

Rates of Moleculdr Deposition at pH ,, = pH =7.0

Adsorbed Silica vs. Dissolved Silica Concentration at 50°C

Fluoride Catalysis Data at 50°C

Rate of Fluoride Catalyzed Pathway Alone vs. pH
Homogeneous Nucleation Data for 100°C

Homogeneous Nucleation Data for 75°C

Homogeneous Nucleation Data for 50°C

Homogeneous Nucleation Data for 23 and 30°C
Comparison of Experimental and Calculated. Homogeneous
Nucleation Curves

Effect of NaCl on Homogeneous Nucleation

Comparison of Experimental and Calculated Homogeneous
Nucleation Curves in NaCl Solutions

Effect of Varying the Cation

Effect of Varying the Anion

Effect of Sodium Sulfate , .
Theoretically Calculated Homogeneous Nucleation Curves
for 50°C : .

166

167

180

220
221

31

66
73
75
78
81
81
83
83

89
90

92

- 95
96

105

106

106

107

111
116

119

121

122
123

126



L]

ix

Theoretically Calculated Homogeneous Nucleation Curves
for 75°C

Theoretically Calculated Homogeneous Nucleation Curves
for 100°C

Theoretically Calculated Homogeneous Nucleation Curves
for 125°C

Theoretically Calculated Homogeneous Nucleation Curves
for 150°C

Effects of Aluminum

Effect of Boron

Generalized Schematic of Available Brine Treatment Processes

»

127
127
128
128
135
136

190




CHAPTER ONE - INTRODUCTION K = ‘' ¢

SlQi‘The chpe‘of this Report 7 il T T R P

‘“fhe precipitation of colloidal amorphous silica from brines and the
deposition of amorphous silica sca1e~cause‘seriouswpracticalfproblems~in"a
number of important geothermal resource areas. 'Unfortunately, it is in .
precisely those geothermal resource'areaS‘whose brines are hotter and, -
thereby, most suitable for power generation that the greatest problems - :
with silica scaling and precipitation are encountered. These resource
areas%include“Niland and the Baca site in the United States), Cerro Prieto and -
Los Azufres in Mexico, &nd Wairakei and Broadlands in New ‘Zealand. .

' Complex chemical processes: are involved io'the precipitation of amorphous
silica from geothermal brines. These include the deposition of -dissolved silica
on solid surfaces molecule by molecule ("molecular:deposition"), the formation
of colloidsl“amorphOus'siliCa particles by homogeneous nucleation, heterogeneOus
nucleation, the growth of colloidal silica-particles»by«furtherﬂmolecular.:iﬁa
depos1tioﬁ'of'dissolved(siiica upon them, the flocculation: or-coagulation of .
colloidal silica by electrolytes, its adhesion to solid surfaces, and the:..
cementation'of'these-depoSits'to=form solid silica scale: That.this list
includes unsolved generic problems in physical chemistry suggests: the magni-
tude of the task of properly describing and predicting the precipitation of -
amorphous silica from geothermal brines, i : o

Fortunately, in most of the high temperature resource areas the pre- -
cipitetioh of'oearly’pure*cblloidelfambrphoustsilic&*formedfby hOmogeneousir
nucleation is the dominant process. Amorphous-and crystalline silicate phases
are ‘also cbmmonijVobserved;Lbut'are\usually9presehtxinrmuch‘smaller amounts.. -
Therefore;dthe”méjor‘précticel‘Questions‘cansBé addressed by studying the ;. .
precipitation of pure colloidal amorphous silica alone.: o

g The goal of the work reported herein was’ to’ lay a’ firm scientific basis:
for describing'and predicting the" precipitation*of amorphous silica from
geothermal brines. The 'work began with an extensive review of the literature
on the fundamental chemical processes involved. This review is presented in

'Chapter 2 of this report.
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The most important processes are the formation of colloidal silica
particles by homogeneous nucleation and their further growth by the molecular
deposition of dissolved silica upon them. These two process were extensively
studied both experimentally and theoretically. Thesékstudiés are rép&fted »
in Chapter 3. They were successful, and the results obtained allow meaningful
quantitative predictions to be made throughout most of the range of physical
conditions of practical interest. . This predictive capabilitylis,gmbbdied in

" the computer code SILNUC which is documented in Chapter 6 of thisA;eport,:..

Practical experience gained in working with silica rich géothgrmal
brines in various geothermal fields throughout the world is reviewed in.
Chapters 4 and 5. Chapter 4 focuses on the important problem of removal of
amorphous silica from geothermal brines prior to reinjection. .Chapter 5 dis-
cusses the problem of treatment of geothermal brine from a general perspective.

-+ The mechanism of formation of solid silica scale is discussed in Chaﬁter,4.
The basic principles and phenomenology of the flocculation and‘coagul#tion o£>
colloidal silica are discussed in Chapter 2, and the practical aspects of
this subject as they apply to preinjection brines treatment afe'discussed in
Chapter 4. Our original work in these areas is presented in a separate repgré
(Weres et al., 1980). . )

This report is an anthology rather than a unitary work. Its various

Chapters were written separately and may be fead separately. Chapter 4 is
excerpted from a longer paper that was presented by O. Weres and J.A. Apps at
Recent Trends in Hydrogeology - A Symposium Honoring Paul A. Witherspoon on
his Sixtieth Birthday, which was held at the Lawrence Bérkeley Laboratory,

- February 8 and 9, 1979. The proceedings of this Symposium will be published

in book form in the near future. Chapter 5 was originally presented as a

paper at the Electric Power Research Institute’s Third Geothermal Conference

and Workshop which was held in Monterey, June 26-29, 1979. This conference

paper has its own report number, LBL-9249, and will soon appear as partrofll
thevpublished proceedings of that conference. Although Chapters 2, 3 and 6
have not been presented or published elsewhere, they differ in form and
content, and each may be read almost independently of the others as'well;;ﬂA
small amount of redundant material has been allowed to remain in order to

preserve the separate readability of the various Chapters.
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. .-Throughout this report, 1arge and small numbers are written in the kind
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CHAPTER TWO — TOPICS IN THE AQUEQUS CHEMISTRY OF AMORPHOUS SILICA: ~A REVIEW
AND SYNTHESIS OF THE LITERATURE ] ‘ ‘ '

S2.1 Introduction

This Chapter is a review of the literature on those basic chemical
properties of amorphous silica which may be relevant to'its chemical behavior

in geothermal brines and brine-like solutionms. This review: was executed

prior to the start of experimental work and contributed to its. planning.,

Portions of it were later revised in~1light of the new data. -Other portions
that were rendered obsolete by our’ own work have been completely dropped.
The reader is reassured that the major ‘gaps in this review have been filled
by our own work. e SR ' T 34 S
It appears  that under most conditions silica precipitates as relatively
Vpﬁre amorphous silica. The scope of ‘this review, as well as that of our own
work, was restricted'accofdingly.
The process of amorphous silica precipitation from supersaturated bulk
aqueous phase consists of the following steps:
1) Formation of silica polymers of less than critical‘nucleus size.
2)  Nucleation of an amorphous silica phase (from here on simply AS) in the
form of colloidal particles. v S
3) Growth of the supercritical AS particles by further chemical deposition
of silicic acid on their surfaces.
4) Coagulatioh or floccuiation of colloidal particles to give either a pre-
cipitate or a semisolid material.
5) Cementation of the particles in the depogit by chemical bonding and fur-
 ther deposition of silica between them. :
6) Rarely, growth of a secondary phase in the interstices between the AS
particles.
When a solid surface is present, a layer of amorphous silica forms on it,
and further deposition may proceed as step 3) alone. If an AS colloid is
present in the medium, the particles may adhere to the surface in analogy to

. steps 4) and 5), and step 6) may follow.



Our original work consisted of an exhaustive quantitative experimental
and theoretical study of steps 2) and 3). There is, ‘very . little information
of this sort available in the literature. Therefore, the discussion of
these processes in this review is, perforce, of argeneralhbachgroundwnature
and emphasizes the qualitative aspects of these matters. . L YVIA4 A‘:

On the other hand, the extensive and often usable (if only in a semiquan-
titative sense) information about steps 1) Q“ACA)EFbﬁﬁ-is available in the
literature has been reviewed and discussed in detail;"h o

.- Important . subsidiary topics. such: as the nature of silica surface are -
also discussed here. Considerable space has, been devoted to reviewing '

important German and Russian ‘language materials to which the reader might not'

i

have access otherwise. e e
In a few places, our own recent: results are also quoted in order to fill‘
in what might otherwise be major gaps in the narrative.: In all such cases, :
the. new results referred to are to. be found ;in other Chapters of this report.wi
. Detailed reviews of the practical aspects of the chemistry of silica in_
geothermal brines  and . of brine treatment methods are presented in Chapters
IV -and V of this reporte . . ... . .. . P ' oo i
This review is. strong, (even definitive) in some areas, but by no meansl
exhaustive. 'The - serious reader is - referred to. R.K. Iler s (1979) massivey
recent book 'for a much more extensive review. of the general field of silica
chemistry. . There .is much material in Iler's book that should by rights,i
~also have been in this review. However, because this review was in an:
advanced . draft stage when. the book appeared little attempt was made toﬁ

assimilate material from the book.

Y

i

SZ.Z;Solubilityrof Silica: The.Effect of Temperature;’Salinity and pH

4 Silica in geothermal brines may come from a variety ‘of sourcess Its cofi~
‘ ~centration is usually controlled by the solubility ofkquartz. The precipita-"
tion of AS is controlled by AS solubility. : R e
;i The solubilities of AS and quartz in pure water at various temperatures
are presented in Iable 2 1. : Up to 250 C and at saturation pressure, ‘the

equilibrium solubility of AS in g/kg ‘of water is’ ‘given by the equation;"



log ¢ = -731/THL.52 ' o (2.2.1)

(Fournier and Rowe, 1977)
Up to about 220°cC, the solubility of quartz is given by the equation

log c¢o = -1160/T+1.93 IR R (2.2.2)

(An empirical fit to data collected in an unpublished literature search
by S. Cosner and J.A. Apps of this Laboratory.) ‘

At higher temperatures the solubility ‘of both forms ‘drops below these
curves because of the decreasing density and solvent power of water. - The
solubility reaches a maximum at about 340°C and then. rapidly decreases
as the critical point of water 1is approached:

The fact that quartz solubility controls initial silica concentration
in brines while AS precipitates greatly ‘reduces the incidence and ratée of
precipitation. For example,‘ a low salinity brine saturated with quartz at
2209C does not become_ supersaturated with AS until the temperature’ drops to
below about 100°C. Between 100°C and 220°C the only silica precipitation to
be 'expected is a Vslow and very likely kinetically insignificant growth of
quartz on some surfaces. Even below 100°C the precipitation of silica will
be limited to slow and, again, probably insignificant molecular deposition of
ASZ on solid surfaces.

However, if the temperature is low enough and, thereby, the degree of
supersaturation great enough; homogeneous nucleation will occur. Available
evidence (Harvey et al., 1976; Midkiff and Foyt, 1976, 1977) suggests that
a saturation ratio of about two is required for homogeneous nucleation to-
occur. In our example, this value will be reached when the brine is cooled to
about 50°C. However, at temperatures ‘this low the rate of precipitation is
slow and this will delay precipitation although cert/ainly not prevent it.

In general we anticipate that sillca precipitation will be a significant'
problem only with brines of initial temperature above about 200°C. This

seems to be borne out by available field experience.



- Table 2,1
" Solubility of Amorphous Silica and Quartz in Pure Water

(mg $105/kg Hy0)

™°c) . M™% . . . Aworphous Silica . . = Quarts

. bt i STt
20 29315 . 106
s . asas 1o T
60 - 33315 22 P
100 . 33as . 3%k 66
e Tt o2 15,\!%;{5J; i i ot e o v s e
wo . aaas, sy 13
160 S e 79
200 a0 e IR Y
220 493.15 ' 1091 378
260 . . ., S13.15 1246 . 46
260  533.15 o 506
280  553.15 » | 541
300 573.15 | ' - se71
320 (593415 L 892

‘Amorphous silica values from Fournier -and ;,ngwe:"(1977),.‘;‘«~
. Quartz. values ‘are a_ "best fit". to the values . of Van Lier, DeBruyn and

Overbeek (1960), -Slever . (1962) and _Crerar. and Anderson (1971) _This fit
was generated by S. Cosner and J.A. Apps (unpublished).



The salts in the brine also effect the gsolubility of silica. Using

theoretical methods, we have demonstrated that this effect is approximately
described by the equation ' '

co(m) = ¢o(0) ay (RN (2.2.3)
where

oo(m) = the solubilityiof silica in the brine solution,

m = the concentration of dissolved salt in the solution in moles per
' kg of water, _
ay = the activity of water under the given conditions

co(O) = the solubility in pure water at the same temperature and

pressure.

This equation is probably accurate enough for all practical purposes
when most of the ions in the solution are univalent, as is almost always the
case with geothermal brines. (Niland is the one major ‘exception to this.)
The derivation of (2.2.3) is presented in Chapter III of this report.

The activity of water has been experimentally determined for many

solution compositions. For a solution containing one dissolved salt, it is
given by the equation: ‘

lna, =-0.018 vu ¢ | (2.2.4)
where
v = the number of ions per mole of salt (2 for NaCl)

¢ = the practical osmotic coefficient

In the case of sodium and 'potassium chloride solutions, the osmotic

coefficient is between 0.9 and 1.0 over a large ‘range of temperature and
concentration. R



%

The solubilities of quartz at 300°C ‘and of quartz and AS at 100°C in
NaCl solutions of varidus concentrations are presented in Table 2.2. The
effect of ‘the salt is seen to be minor at concentrations up to 1 molal, but is
clearly important at 6 molal. The effect 1is smaller at the higher temperature
than at the lower. This means that the saturation ratio will increase faster
with falling temperature in brine than in“pure water, and this increases the
driving force for precipitation in the cooled brine.

- ‘pH has a major effect on silica solubility in the alkaline range. This

effect' is due to thé formation of orthosilicate ‘ion;: which constitutes a

"gecond species ‘that  s1lica may form when'going into solution. The dissoci-

ation reaction is:
| S1(0H), + OH —> S10(0H); + H)0 T (2.2.5)

Busey and Mesmer (1977) give the following expression for the corres-

ponding concentration product ,1n,;NaC1 solutions of ionic; strength up. to 5:

log Q; = :2346.69 + 2.579791nT - 18.4014

+0.0964146 I — 3.02800 E~7 ITZ + 0.529703F(I)I (2.2.6)
4 0.0157 ¢I
where

1= ionic stength (same éjs%lméiality for :ﬁaCI)

S F(I) = [1 - (1+211/27- zi)ze#p (-21‘42519/ (41) , : (2Q2}7)
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 Table 2.2

Solubility of.Amorphous.$ilica and Quartz in NaCl Solutions

.T = 100°C

‘ o T i Solubility = Solubility

‘Molality Weight % of e e | of AS - of Q

of NaCl . NaCl T e T ay (ug/kg Hy0)  (mg/kg H0)
0.0 0 1 1 364 66
0.1 0.58 ©0.922 0.997 363 66
0.5 2.84 0.913 0.98 358 65
1.0 5.52 0.932 0.967 352 64
2.0 10.46 0.985 0.932 339 62
3.0 ‘ 14,92 1.043 ~ 0.893 . 325 59
4.0 - 18.95 ©1.101 0.853 31 56
5.0 22.61 1.157 0.812 296 54
6.0 © 25,96 1.208 0.770 280 51

T = 3000C

0.0 1 1 597
0.1 0.816 0.997 595
0.5 0.734 0.987 ~ : 589
1.0 | 0.705 0.975 582
2.0 ~ 0.689 0.952 - 568
3.0 0.693  0.928 54
4.0 0.703 0,904 540
5.0 ©0.715 0.879 -~ 525

6.0 0.726 0.855 : 510

Values of ¢ from Sylvester and Pitzer (1976).
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The -function'F (1) arises. from ‘Pitzer's. (1973) theory of: electrolyte
solutions. In (2.2.6), the :value .of; the logarithm of Qp; varies strongly
with temperature, but only moderately with ionic strength. This equilibrium

constant may be converted to that for the equivalent reaction

Si(OH)a,f""* .sio(ou); + H+ S L (2.2.8)
by combining it with the value™0of the water 1lon concentration product
under the same conditions. This may be calculated for NaCl solutions of up
to 3 molal concentration over the temperature range 0 to 300°C using similar
formulas given by Busey and Mesmer (1976) in another paper. They also give
" formulas for KCI solutions. Here we quote orly their formula for the disso-
'ciation equilibrium constant of water in NaCl solutions-' P
 log K = 31286/T + 94.9734 InT - 0.097611 T - 2170870 T > (2.2.9)

~606.522

.For exampla, -at 25°C, and I =0.0 the pKy of MSA is 9.82.. Thus, at
pH = 8.50 the solubility of MSA under these conditions would be about 5%
greater than at acidic. pH's. We conclude that: this effect is of small quan-
titative significance under typical brine conditions as long as the pH 1is
not above about 8, but can become extremely important at higher pH values.
(Note also that the pKa of MSA decreases with inereasing temperature.)

MSA may release more than one proton to give anions of charge greater'

‘than one. The second ionization step 1s:
' - + 2- ‘ ~
SiO(Ol-I)3 —H + Sio2 (OH)2 : . (2.2.10)

Busey and Mesmer (1977) report the pKy for this dissociation in 1 molal
NaCl to be 12.32 at 609C and 10.2 at 300°C. In comparison, the values of

pK, for the first dissociation step under the same conditions are about 8.9
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and 7.8,-re9pectively. It is clear that we may ignore the contribution which
the second dissociation step makes to the solubility of silica in geothermal

brines.

S2.3 Complexing of Dissolved Silica by Ions

rbissolved silica is known to react with fluoride solutions to form the

silicon hexafluoride ion:

S1(OH), + 6F ‘+“4H+7—> SiF§-+ 48,0 h (2.3.1)
7 The‘eqﬁilibrium constant for this reaction is on the order of 1E30 at
room temperature and moderate salinity (R. Buse&, private communication).
Typical concentrations of total F in geothermal brines are 5E-5 to lE-3
mplal, It 1is easy to determine that this complexing reaction will have only
negligible effects upbn free F~ and silica concentrations under the condi-
tions of interest.
Complexes with divalent cations may alsoc be important. Santschi and

Schindler (1974) studied the formation of magnesium and calcium complexes:

2+ - + ‘ -

M + Hy810, —> M(H,510,) K, (2.3.2a)

¥2* 4+ 21,5107 — M(H.S10,) | K (2.3.2b)
377 T 3°%72 2 e

2t 4+ 15102 — M(H.S10,) | g (2.3.2¢)
2°19, 2°19, 2 oo

where

2+ 2+

M = either,Mg2+ or Ca

"l
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Table 2.3 contains the results they -6btained. It is easy to determine
that these reactions will be important only at the very highest calcium and
magnesium concentrations “encountered’ in "g:‘eo'thermalifbrm'es;' “'AtINfland, cal-
cium has been reported at concentrations: up "to::l ‘molal, but is much lower
elsewhere (typically 1E-3 or 1E-2 molal). \ Magnesium is nowhere higher than
about 0,1 molal, and :ls usually much lower. We conclude that complexing by
magnesium is insignificant compared to co_mpJ.gx:lng by calcium,.

With 1 molal Ca2+ the éffect of théA first complexing reaction will
be to approximately triple: the total amount of orthosilicate ion in solution.

~ Unmodified Niland brines - both flashed and unflashed - typically have a

pH between 5 and 7 at room tempét“ai:urefe“"rh'ﬁs; the concentration of both free
and calcium complexed silicate anions in them is negligibly small, Flashed
brine in other areas — notably East Mesa and Cerro Prieto = may have a pH as
high as 8.5, but these brines contain far too little calcium and magnesium
for quantitatively significant complexing to occur.

Niland brines also contain up to -6E~2 "fmolal;d:lvaleht:':lron and manganese,
and ‘up to 2E-2 molal zim;s‘, - No gs_jslii:at_e‘,q_qmplex;l.ng data seem to be available
for these ionms. However,' chhit;dlet; -ét al. (1975) found, that there is a good
linear correlation between rthe logarithms of the ion exchange coefficients
of several divalent ions on the AS surface and the logarithms of their hydro~
xide complexing coefficients. As a-'firs’t guess, we may assume that such a
linear relationship holds in this case also. Combining the data in Table 2.3
with the necessaiy OH~ complexing constants from the compilation of Sillen
and Martell (1964) allows us to estimate the needed values. For iron we esti-
mate log Kj = l.4 and for manganese, log Kj = l.1.

The value for zinc is less certain but is probably roughly the same.
If these ions were present in free form in Niland brine, they would have

~ about the same’ small effect as calcium on s111ca solubility. However, they

are probably strongly complexed by sulfide and chloride and largely unavail*
able for complexing with silica. We conclude that complexihg by‘divalentr
transition met;al ions has no effect on silica solubility even at Niland.



14~

. Table 2.3

Complexing Constants of Mgz+ and Ca2t with Monosilicate

TIons at 25°C in 1 M NaClo,
. (From Sgn;schi ;nd Schigdié;, 1974))'
"Mg2+ - 'i»C52+
log Ky | 0.64.+ 0.06 7-6.39 +0.03
log x'z_. 5;82 + 0.08 2.89 i 0.07

log K3 417  3.09

Ky = [MH3S104%1/[M2%][H3510,™]
Ky = [M(H35104)7]/[M2t] [H3510,™]2
K3 = [M HpS104]/[M2%][H;510427]

L}
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Reardon (1979) has studied the complexation of silica by ferric iron

at low pH's and has shown:it to be important: below:about’ pH 2.5.. .However,

at higher pH's the maximum concentration of ferric:ion in solution.is markedly :

reduced due. to the decreasing ‘solubility of: its hydroxide, and:its.effect :6n-

the solubility of - silica‘becomes unimportant,: ' We c¢onclude  that. the complexa-.

.

tion of: silica by: ferric iron 1s: unlikely: to be practically important.: in :

geothermal briness :* @ 1. v aetn nwgenns

UComplexing'with monovalent ions.is probably. very weak,:and -any quantita-.

tive effect'that it may-havexistaccounted;for ag part:of the effect of-

salinity=on;the'dissociation,constant-fthe concentration of free trivalent:

ions-is~almost'always;negligibly small;because.ofﬁthelformation.of:hydroxidef

and other complexes. e P
" We conclude that complexing with other brine constituents has essentially
n0'effect~uponvsilica solubility.:»lnfthe:case of ' low. and -moderate salinity

brines this .is’certain. The=paucity~of data: applicable. :to::Niland: brines:
and their high salinity: precludes certainty ‘in this case, ‘but the probabilityr

remains high.

-For :all practical purposes, we can say. that the solubility of ~silica-
in geothermal brines is controlled mostly by temperature and osmotic: pressure,’
while pH has a secondary effect. .-

§2.4 Amorphous Silica and Quartzev”

Quartz (as well as tridymite and cristobalite) is thermodynamically more

stable than AS., Nonetheless, growth of quartz from aqueous solution has been
accomplished at measurable rates only under conditions of extreme temperature

and pPressure. and/or alkalinity.“ These are precisely the conditions for
extremely rapid condensation and dissolution of silica. Thus, the molecules
condensing on the surface of a quartz crystal have ample opportunity to?
rearrange themselves rinto the thermodynamically optimal quartz structure'

before they are buried under further layers of molecules.,

Under the much milder conditions typical of geothermal brines and most'

laboratory work, the rearrangement of surface molecules is much more sluggish.



Consider a (partial) layer of monosilicic acid (MSA) molecules condensed onto

the surface of a quartz crystal. - If this 1s the first layer deposited on the

bulk quartz, its structure will strongly resemble that of quartz, but will
also contain some "mistakes”. If the time scale for the deposition of addi-~

tional molecules from solution is comparable to that fdrvrearrangement to near

perfect quartz structure or shorter, these errors will be "frozen in" by being:
‘eovered over . by additional layers of freshly condensed silica.- - The first

layer's errors’ will be propagated, and new ones added as more layers are

deposited. if the precipitating medium is supersaturated with AS, the:uiti-

mate result will be an AS surface which advances by the deposition of more AS

upon it from solution.

Such a transition from bulk quartz to amorphous silica has been demon-
'strated_in-theblabetatory by Baumann (1970). -He found that about ten mono-
layers are required to complete the transition. If the mediwm is super--
saturated with quartz but not with AS, the deposition of'silica,stops at
fewer than ten iayers. The final layer deposited under such conditions has
a: solubility eﬁuél to the concentration of MSA in the medium. Its structure
is probably intermediate between those of AS and quartz.

Quartz does, of course, form in nature, and the formation of -quartz
‘under ambient laboratory conditions has also been reported (MacKenzie and
Gees, 1971). Baumann (1970) has suggested that the deposition of quartz from
aqdeous solution involves an imperfect surface layer. The rate determining -
. step 1s probably the conversion of the surface layer structure to the quartz
structure, and this rate is probably controlled by the rate of diffusion of
structural defects out of the surface layer.

' There are a few reports of quartz deposition from geothermal brines and
brine~like solutions. Rothbaum and Rohde (1978) studied the polymerization
‘ef silica in very low salinity media at temperathres'up to 180°C. They
found that at temperatures up to 100°C the dissolved silica concentration
would fall to slightly above the equilibrium soiubility of amorphous silica
and stay there. At higher tempefatures, it would first fall to that level and
_then, and after much longer aging, would fall to slightly above the equilibrium
solubility of quartz. However, quartz was not detected by X-ray diffraction
in the precipitate that was formed. No indication of quartz formation was

observed at lower temperatures.
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Howard et al. (1978) have reported the formation of minor amounts of
quartz Tich scale at 1200C in an experimental desalination unit’ fed with.
geothermal brine at East Mesa. Trace amounts of quartz were also reported ‘at
temperatures down to 100°C, but these occurences may well have been due to
the incorporation of brine and airborne rock dust into the scale. o

‘ Rimstidt (1979) has reported some data that suggest the deposition
of quartz or some other crystalline silica form from nominally salt-free
solutions at temperatures as low as 65 and 105°C. L L L L

~ The practical implication of all this is: that a quartz surface will
quickly be converted to an AS surface if it is exposed to a solution which is
supersaturated ‘with AS. The deposition of silica from a medium which is
undersaturated with AS onto _quartz will stop or slow down greatly after only

! minute amount has been deposited,‘even though the medium may .be supersa-.

turated with quartz. Therefore, AS is almost always the dominant precipitate

under practical conditions, and the degree of supersaturation with AS plays

the chemically dominant role.

§2.5 Deposition ofbéilicaiupon otherlsurfaces

- Very 1likely, "the " deposition of silica upon the surfaces of the other:
silica minerals is analogous' to the case ‘with quartz. . -
' The deposition of silica”hpon other kinds of ‘mineral surfaces‘has;not
been“studied'to date. However, 1t is unlikely that pure silica precipitates;
upon " them as anything but AS and even then only from solutions which areg
supersaturated with AS. - S e e . ‘ oo
It 1is- believed that the surfaces of non—noble metals are’ covered by_
hydroxyl groups ‘as ‘are the surfaces ‘of the various forms of silica. It is}
likely that silicic acid can easily bond to such surfaces.‘ If the medium is
supersaturated with AS, an AS surface layer will form and grow. It is unlikely
that such growth requires heterogenous nucleation for initiation. If it does,
the free energy barrier for nucleation is probably small, t
“All in all, we conclude that the deposition of silica upon most or all

surfaces proceeds as though they were AS Surfaces and produces AS., : This leads
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to a substantial simplification of our task, because it means that only the

kiﬁetics of deposition on an AS surface need be considered.

§2.6 The Surface Structure of Amorphous Silica

The bulk structure of AS little resembles that of the various crystal-
line forms, and available evidence suggests that the surface ofVAS does nét
resemble that of any of the crystélline forms. '

 The definitive work in this regard appéats to be that of M. M. Egorow
and his coworkers at Moscow State University. (For a compréhéhsive German
language review, see Egorow.gs_gl.;'1966.) | o

The most direct information about the surface structure is that ylelded
by Kvlividze's (1964) NMR study of thg surface silanolic protons of silica gel
dried in vacuum at 200°C. He was able to fit the proton signal with three
Gaussian distributions, each of which he assigned to a ‘di.frferent type of
silanol group.

The narrowest peak was assigned to isolated silanols whose nearest neigh-
bour protons lie about 5.2 to 5.4 2 awvaye. Clearly, such an,isolated silanol
group must be the only one attached to its silicon atom, i.e., a “"tertiary
silanol”. About 252 of the silanols fall in this group.

A second pegk was assigned to pairs of silanols whose protohs 1lie 2.52 to
2.6 & apart. It was ﬁot possible to determine whether these silanols belong to
a éingle "secondary” silica group, or to two adjacent “tertiary” silica groups.
About 30% of the silanols which were found to fall in this group.

~ The third and broadest peak was assigned to silanols which have two to
four neighbours'at a distance of 2.52 to 2.6 £. About 45% of the silanols were
foundrto belong to this group.

HO\\\‘!i’//’OH \\\51//// ’ Ji’
| /N I\

7 Primary Silanol Secondary Silanol Tertiary Silanol

(2.6.1)

Groups Groups Group
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Most intriguing 1is the presence of the isolated silanols. The presence
of such isolated silanols demands -the presence of‘fairly"subStantial'silano1—
free areas around them. A similar‘ argumenent applies to the isolated pairs
of silanols also. - LS b ; :

These ‘considerations suggest that the silica surface is markedly hetero-
geneous. Apparently, there are surficial patches that ‘contain several closely
spaced silanols interspersed with ‘areas in which ‘there are only’ isolated
silanols and pairs” of silanols.’ ~Egorow et al. €1966) reféer to these two
,types”of”domains as silanolic regions and siloianic'regiOns;”reSpectively;
These authors report the water content of their dehydrated silica specimens to
correspond to 4 to 5 uM H20 m'z‘Of'surface”aréav(i.e.;A4;8E14ito'6.0E14uOH
cm~2). These values lie toward thé low end of:the:range‘of 'silanol densities
calculated for the various crystal faces of tridymite and - cristobalite, which
again supports the’ concept of a partially dehydrated Surface. o

' Egorow and -his coworkers ‘used silica'driedsatwloooq. . It 1s possible
that this treatment has created a surface less hydrated than that of AS in
contact hdth'liduid water. ' However, this seems ‘unlikely. ~First, it was
found that the drying at 200°C produced ‘a-surface whose properties were
only slightly ‘different from that produced by drying at 50°C.° In particular,
only a few percent more water was removed by dehydration at the higher temper-
atures (Ibid.). o a ' ' '

Working with colloidal silica prepared by thermal decomposition of
SiCl4, Young (1958) found that’ chemically bound water was ‘removed ‘only by
drying above about 170°C. The extent of surface dehydration at 200°C was
apparently'only'a*few'percent.' This: does ‘not.. seem to be enough to cause a
qualitative change in surface properties.»p o _

‘ There appears to be no good reason to reject out of hand the idea that
silanol-free areas may exist on an AS surface formed under water and in con?
tact with water. It is generally recognized that there are only very few
silanol groups within the bulk structure of AS. The reason is that the
silica groups on the surface arrange and rearrange themselves so as’ to form

siloxane bridges (Si-O Si) with as many neighbors as possible. This is

_possible despite the irregularity of the AS structure because the presence
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of the oxygen atom between;the'two silicons provides great flexibility to the
silokane bridges. Because the bonding. through the oxygen is noncolinear, the
oxygen serves as a swivel noint; also, Si-0-S1 bending appears. to be easy.
Mozzi and Warren (1969);report,that_the,Si-O-Si bond angle in bulk AS varies
between 120 and 180°, with a peak in the distribution at 144°, The surface
" silanol groups will probably also react and interlink as much as steric
factors allow. There 1s no reason to doubt that this condensation may go so
far as to produce a locally. silanol-free surface -in contact with liquid water.
It is true that the replacement of wettable silanolic surface with non-wettable
siloxanic surface”will decrease the stabilization of the surface due to hydra-
tion, but this is probably a relatively smallveffect that is overwhelmed by
the chemical driving force for condensation. , : i

The low iom exchange capacity of 3.9El4 cm'2 which may. be inferred from
the results of Allen, et al. (1977) is also consistent with a more or less
maximally condensed and dehydrated AS surface structure. -

Finally, this general concept .of the appearance of the AS surface is
supported by model building experiments. = Two different "kinetic laws" have
been employed to construct models of particles consisting of over fifty
monomer units. (A realistic kit with 141° §1-0-s1 angles was employed.)
In both cases irregular particles with highly inhomogeneous surface structures
resulted. Distinct and obviously different silanol and siloxane dominated

© .
regions of several A extent were evident on the surfaces of both models.

$2.7 The Partially Hydrophobic Nature of the Amorphous Silica Surface - ..

Young (1958) studied water absorption on AS specimens dried at various
temperatures. He found that higher drying temperatures caused greater irre—
versible water loss and a greater loss of ability to physically adsorb water
vapor. He correlated this decrease in water sorption ability with the loss
of surface silanol groups through dehydration, ‘and concluded that water mole-
cules are sorbed only by silanol groups by hydrogen bonding.‘ The siloxanic
areas apparently did not sorb water at all, and as their extent increased with
a greater degree of irreversible dehydration, the ‘water sorption capacity of

the surface decreased.
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Egorov et al. (1959) studied the heat of water wetting of partially ther-
‘mally dehydrated silica gels. They found ‘that it slowly ‘increased up to 3000¢
drying temperature, and then rapidly dropped off with higher drying tempera-
ture. This maximum correlated well with a:pronounced break in the curve of
water content versus drying temperature. The rate of increase of dehydration
with increasing temperature was observed to'sharply increase at about 300°C,
They conpared the heats of wetting of different specimens of silica gel dried
at 300°C. The amount of water remaining in each specimen after drying to
3000C was somewhat different. An excellent_linear—relationship was found to
hold between the amount ofbwater remaining afterﬁdrying at 300°C and the heat
of wetting. Extrapolating the line to zero water content gave an estimate of
50 ergs cm =2 for the heat of wetting of a purely siloxanic surface. Extrapo—
lation to a hypothetical "fully hydrated" surface with 7. OE14 OH cm -2 gave a
value of 250 ergs cm -2 for the ‘heat of wetting of guch a Surface. The lower
figure is roughly consistent with a wetting interaction through relatively
feeble dispersion and induced dipole forces. The second value 1s in perfect
agreement with a wetting model which involves the formation of one hydrogen

bond between each silanol on the surface and an adjacent water molecule.

$2.8 The Electronicwétructure‘ofVSilicon‘Dioxide' ji i

~ Silicon liesvdirectly"belowﬂcarbon in the periodic ‘table. ‘The chemical
properties“and:structural-prOélivities?bf the two ‘elements are”somewhat
similar. ~ Silicon is tetrahedrally coordinated in néarly all instances, and
nucleophilic substitution with steric inversion 1s a common reaction mechanism.

" There are also'important differences. ‘One is that silicon never éngages
in 7 bonding which involves its p orbitals. This ‘means that ‘double bonds
of the sort carbon, nitrogen and ‘oxygen comnonlv‘engagéfin7are'impossible for
gilicon. * (Silicon ‘dioxide would probably ‘be a gas if this were not sol)

" Another difference is that silicon has five vacant 3d orbitals available
for dative bonding interactions which are somewhat similar to ordinary
bondingl’mThiS'has'an?importantiinfluence upOn’the“propertieS'of*SiOza The
underlying phenomenon is the formation of weak partial bonds ‘by the partial
entry of free electron pairs of oxygen into the silicon 3d “orbitals. The

effect of this is a transfer of negative charge from oxygen to silicon.
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~ The canonical structures involved are: -

Moy ";g;' .

Fsi—8—s1

58 o..®
i-—-—O—-Sl\ ’ (2.8.1)

Ses ——?"-;?:,a |
The first' singly bonded ' structure is the major one. The other two
involve dative bonding. Each silicon. atom can accept electrons from any of
its neighboring oxygen atoms in this way.
In general “highly electronegative oxygen- pulls some negative charge
toward it when bonded to a less electronegative element like silicon. This
normal ‘inductive effect involves ‘the introduction of some excess electron
density into the higher vacant orbitals of the oxygen atom. However,_the
juxtaposition of free electron pairs on the oxygen atom with the vacant 3d
orbitals of the silicon is optimal for induction to _occur in the opposite
direction as described above. The two phenomena apparently just ‘cancel each
other out, and the result is a very nearly non-polar Si-0 bond. This lack of
polarity and the diminished free electron pair charge density are the cause of
the hydrophobic nature of the siloxanic regions of the AS surface. The hydro-
gen bonding inability of siloxanic oxygen in small organosiloxanes has been
demonstrated by NMR methods by Huggins (1961) who interpreted his results in
approximately the above terums. : o o
Dative bonding is also reflected in the Si-0-Si bond angles of about
aboutglélo typical of AS and crystalline silicates. This is substantially
larger than the H-0-H angle of water (105°), the C-O-H.angle of -alcohols,
and the C-0-C angle of ethers (typically about 110°0), ‘ : -
- This 'large angle suggests a substantial component. of sp hybridization
in the electronic structure of the oxygen. (Pure sp hybidization would give
a bond angle of 1800 ) This component of sp hybridation makes dative bond-

”
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ing with silicon easier, because it forces the free electron pairs into
p-like orbitals, whose shape is optimal for forming dative bonds with silicon.
This deduction leads to a useful corollaryi if the '8i<0-Si' bond’ angle is
reduced by externally originated bending, ‘the ‘extent of dative bonding and of ~

all its- consequences is reduced."

$2.9 The Acid-Base Properties of Silica-Silanols

:’The’room“temperature'nguof MSA is aboﬁt*9.8.“iSince MSA haétfour—eqni=
valent protons, thé'inEfiﬁéié‘pKé of ény'oneiof these protons™ is 'actually
9.8 + log 4 = 10.4. This means that MSA 1s a much mote powerful acid than -
vater or the alkyl alcohols. The reason is that dative bonding allows a por-
tion"of:'the negative charge of an ionized silanolic oxygen to 'be transferred
to the adjacent silicon. o a ' U s

. L
]

: o p—m VD) e 9.1

The pK; of the surface silanol gro;ps of AS(pas been spectroscopically
estimated to be 7.1 + 0.5 (Hair and Hertl,\1970):fi1his is in good agreement
with numerous estimates based on titration curves which range from about 6.5
to 7.7. (Schindler and Kamber, 1968; Strazhesko et al., 1974; and others.)

Clearly, these surface silanols are even more acidic ‘than ‘MSA. " Once again,

I

dative bonding is ‘responéible. ‘An ionized silanol on an AS surface may -°

partake in the following sort of canonical structure which involves' two

dative bonds::
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In physical terms, it may be said that the absence (or peaf absence)
of a negative charge on the siloxanic oxygen ﬁakes it easier for the silicon
to accommodate part of the negativevchapge-of”thg ionized silanol.. Clearly,
this cannot happen in MSA which contains only one silicon atom per molecule.
| It is 1likely that the acidity of a silanolic proton varies with the
number of siloxanic bonds that its silicon participates in. Tﬁus, the single -
gsilanol on a tertiary silicon should be the:most écidic, the“sii;nols on a
secondary silicon somewhat less acidic, and the silanols on a primary silanol
even- less so,‘Butustill more acidic than the s;lanolé,of.MSA,. It seems very
likely that the,“intrinsic acidity” pK, of -about 7 determined by titration
methods actually reflects the pK, of the most acidic, i.e., tertiary sila-
nols. This hypothesis is supported by the observation made by Allen et al.
(1971) that the titration curve of an collbidal AS in NaCl media 1is: better .
fitted by a model with two classes of silanolic protons of different écidity
than by a model with only one class of silanols.

A fourth kind of surface silanol which may be expected to be chemically
distinct is that of a seéondary group which belongs to a three-ring:

HO\ / OH
//SL\\ | (2.9.3)

o o

) _s'i\o./sli_,-.

Assuming an O-Si-o'bond angle of 109.50 leads to an Si-0-Si bond angle
of about 130.5°, A bond aﬁgle this small must certainly reduce dative bond-
ing and, thereby, the acidity of the silanols in tﬁis structure, :

It 1is noteworthy that dative boﬁding does not appéar to decrease the
basicity of the oxygen in an undissociated silanol group. This conclusion
was reached by West and Baney (1959) on the basis of spectroscopic studies
of hydrogen bonding among silanol compound molecules. They found that sila-
nol - groups actually seem to form stronger hydrogen bonds among themselves
" than do alcoholic hydroxyls. This is apparently due to the fact that dative
bondihg with one silicon can only affect one free electron pair of the oxygen

atom but not both.
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s2, 10 The First Sg;ps of Silica Polymerization. Dimer to Pentamer_

Engelhardt et al, (1975) ‘have “succeeded in interpreting the 2951 NMR.
spectra of alkaline silicate’ solutions~in»termsvof the various chemical
species of silicon present. ' They have since ‘applied NMR ‘spectroscopy to the:
study of the very first steps of silicic ‘acid polymerization ‘in acid media
(Engelhard et al., 1977).' ‘A typical experiment was ome’ in which the initial
conditions were- 0.5 mole L™l MSA, pH =72, !t =:=20C, '~pH's and temperatures:
in ‘this range -were employed in order to make thé “reaction: proceed slowly
enough ‘to be able to study it with ‘the limited ‘time  résolution of 29Si NMR.

Briefly, they found the first steps of the reaction to proceed via
the following NMR-distinguishable species:

." monosilicic acid =~
. cyclotrisilicic ‘acid
"+ cyclotetrasilicic acid " -
. cyclopentasilicic ‘acid’and other secondary sili-
.~ con species in'rings of five or more members -
“e "“more highly condensed species up to and including .-
bulk AS | |

- They ‘made a point ‘of emphasizing that at no point did they see any sign
of disilicic acid or any other form of primary &ilicon. - The e :

" We do not see any way to get- from MSA to cyclotrisilicic aecid other than
by way of “disilicic acid. ‘The -hypothesis that disilicic acid is the product
of the first step of polymerization:is supported by these authors' -observation
that the initial rate of ' disappearance of MSA nicely: obeys a -second ‘order
kinetic law, L : L it

“ ! The reason that disilicic ‘acid 'was not:detected in' these experiments ‘is
vprohably ‘that under ‘these" conditiOns -any disilicic acid- that 1s formed quickly
rescts with MSA-to’ give cyclotrisilicic acid. At high MSA concentrations the
driving force for this reaction is: high, ‘because 1t ‘involves the formation of
two new siloxane bonds,_in,other words, the ‘free energy change for this reac-

tion is probably approximétely'that{for going from MSA to bulk AS.
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A similaf'éfgument éiﬁlains;why¥£hé!cyéiid;tri; and tétraéilicic’acids
were observed but not the "linear” ones: the negative free energy change
associated with making an additional siloxane bond,byrlinking,toge;her
the two ends of -the.linear form-overwhelms the positive free energy term
associated with the loss of configurational freedom. _ ] .

Arguments based on trading off broken bonds for 1nterna1 rotations are
not sufficient to explain the apparently greater stabilityvof secondary
silanols relative 'to primary silanols in. cases where the interconversion
does not'invbive~a change in  the:' total number of bonds. - Consider, for

example, the two tetrasilicic acids C A -
S oo (2410401
Z& and’ [:] : ‘ ( 1)

Both contai.n the same number of siloxane bonds, yet the second is the
only one that was detected. It must be that the loosening of the ring struc-
ture associated with going from the three-ring to the'four-ring causes a nega-
tive free energy change great enough to compensate for the positive free energy
change associated with the  loss of the rotational degree of freedom of the
primary group. _

An analogous argument may be constructed to explain the absence of pri-
mary groups attached to more highly condensed structures. In all cases, a
primary group would be attached to a tertiary or quaternary group. The latter
would be .a member of one or more "rings" within the condensed -structure. An
isolated ring oligomer of four or more units within the aqueous phase might
not have any significant ring strain which would cause it to tend to expand at
the expense of the attached primary groups. (Although there might well be an
"entroplc force" favoring ring expansion.) However, the same ring built into
a multiply-condensed AS structure very likelvaould,be strained simply because
of having the rest of the structure attached to it. Therefote,-ring expansion
at the expense of the primary group would be favored because it would produce
a looser, less strained and (probably) higher entropy structure..

This argument explains Engelhardt et al.'s observation that there was
apparently no significant number of primary groups attached to even the more
highly condensed structures which eventually formed in the  course of their
experiments. Clearly, the same argument should apply to the AS surface struc-

ture as well.
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..Unfortunately, Engelhardt EE_El' were not ableﬁto{assign specific
NMR signals to species beyond the cyclic Pentamer. o “

Somewhat disturbing 1s the report by Hoebbel and Wieker (1973) that they
resolved DSA by paper chromatography in. 0 4 molar silicic acid solution after
5 minutes polymerization at 25°C and pH = 2.‘ However, they did not unambig—w
ously ‘identify ‘a ‘spot 'cérresponding to! cyclo=TSA; -rather, . they assigned a
smear between the tetramer and: hexamer specles-to the trimer,. It.is possible .
that they nistook’the ‘trimer spot for  the .dimer, and that Engelhardt et al.,
(1977), were correct in reporting the- absence of detectable .quantities of
dimer. The® latter authors themselves suggest: this: possibility.:

Rothbaum' and Rohde' (1979): have presented preliminary data on the relative
concentrations of monoe, di-, ' 'tri-, .and:tetrasilicic ‘acids in polymerizing
solutions of moderate totalﬁsilicafcontentaat‘temperatureskup to 1800cC,
They directly determined the concentrations of these four species by the
trimethylséilylation ‘method.’ Unfortunately, the total molybdate active .silica
(i.e+, the ‘sum of the"four species) was nqtfstated,,buticould be inferred to
be roughly equal to the equilibrium solubility of AS at .any given temperature
plus 0.4 g o Making the fairly safe assumption that these small species
were roughly in equilibrium among_themselves, we reanalyzed this data to obtain
approximate values of the molal concentrations.of the di- and trisilicic acids
that would exist in equilibium with solid AS at any given'temperature. The
values calculated for the temperatures 90, 120, and 180°C - appeared to be
consistent and reasonable, and we fitted them with the following equations
(concentrations in*molaldunits):?“x“wc A Y TR FIE T RIS T PR

- log Cdimer = -2¢10.= 775/T - . s;d Conen o (241042)
log cerimer = =3.22 - 919/T Lo (2410.3)

To calculate the concentration of “the dimer corresponding to -a monomer
saturation ratio other unity, multiply:the value obtained from (2.10.2) by the
square of the saturation‘ratio; to»calculate-the,concentrationiofithe trimer,
multiply the value obtained from (2.10.3) by the cube of:the saturation ratio,

| Only an’ insignificant ' amount of the'tetramer. was detected and that only
at’one\temberature;”;Again;“we caution that these are only approximate preli-
minary values, and should only be used. semiquantitatively. However, they are
adequate to support our arguments concerning the relative stabilities of the

di- and trisilicic acids. Using these formulas, we estimate that the molar
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concentration of the trimer exceeds that of the dimer by about a factor of ‘ten

under the conditions employed by;Ehgeihafdt et als " -

$2.11 Silica Polymerization: Hexamer and Beyond '

‘A ‘number of-oligdmeric silicate ions in this range have been identified
in various synthetic silicate compounds. These are:
 Double-tri-ring hexamer ("triangular prism") (Smolin, 1969)
_ A heptamer of unknown structure (Hoebbel and Wieker, 1974)4
J Double four~ring octamer ("cube”) (Hoebbel and Wieker, 1971;
7 Hoebbel and Wieker, 1972; Smolin et al., 1972; Smolin
et al., 1975, Hoebbel et al., 1976)
Double five-ring decamer ("pentagonal” prism”) (Hoebbel et
ral., 1975). , : :

" A number of complex silicate ions have also been isolated in the form
of completely reacted trimethylsilyl esters. (Hoebbel - et al.,1976). Those
whose structures have been unambiguously assigned are: '

Monomer
 Dimer
Linear trimer (i.e., noncyclic)
Cyclic trimer
Linear tetramer
Cyclic tetramer
Tricycloheptamer ("cube with a corner missing”; another
plausible structure was proposed, but it was judged
less likely)
Double four-ring octamer (“"cube”)
Double five-ring decamer (“pentagonal prism”)
A total of six hexameric species were isolated,  and structures  were
assigned to three of them. A mixture of these :six species was prepared by
esterifying a synthetic silicate with the composition‘N(CZH5)40H'8102'10H20.

The structures of three of these species were determined. These are:

Z> ) > :(2.11'.1)

'Y B C
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~Where“each,vertexiisfawfsilicate?~silicod, and .oxygen atoms and TMS groups
have been ignored. : I RS DT e L varaetesot :

. A specific .and- completely unsuccessful attempt .was made to synthetize
the cyclohexasilicic acid ester using Dioptas, a cyclohexasilicete:minerai,qf
the formula Cug[S1g03g]°6H20. This, observation leads to,the‘inescepsble con~
:clusion that cyclohexasilicic acid is unstable. relative to the hexamers with
structures A, B-and C. This is:to be expected from a simple count of siloxane
‘bonds. It seems safe to genmeralize this observation slightly, and state that:
a.silicic acid six-ring:will spontaneously be bridgedﬂif;this.isvsterically
allowed. The”results,obtained with Dioptas suggest that the formation of one
bridging bond (asgin;structuresvAhandga)fis,poreqlikeiyxthsn,the,formation of
two (as. in C)o .. .- fgermn . T S N R ,

It would be unjustified. to claim that all these Species play a role in
‘the - early condensation of MSA, or even that.they,ever;exist,in solution in
significaut concentrations. . For one thing, the stability of silicate ions
-need not followgthewsamefpatterns.as that;oﬁ\silicic;acid,o}iggmers.pfiorgive
.an:opvious example,¢thesdisilicate_ioq5£51207f§);is;a wellfknown‘aud stable
species, while,its‘corresponding_acid,sppears,to eiist_qnlylasﬂan ephemeral
intermediate. Likewise,.theicycloheXasilicete ion is known to exist, .while
its . corresponding acid is ‘unstable. The reason that these; ions exist is, of
course, that. they possess no unionized silanols and, thereby, cannot polymer-
ize or condense any further. Also, a silicate specles jof middling stability
may exist as part of a crystalline compound simply.because of the extra
-stabilization that the formation of-a crystal involves.;; L R ST

8till, there is.nothing to: suggest .that any of .the structures. identified
~in. the synthetic silicates are intrinsically unstable.  .Therefore, we.accept
Athat‘thefcgrrespondipg~polysilicic,acids probably,allgtake part,in_the poly~-
~merization'of,stronglywsupersaturqted,MSAgsolutiops;;even;thoughlsomerofﬂtpem .
may play only secondary roles. ) .

$2.12 The Molecular Mechanism of Silica Pdlymerization},ﬁsg

. Figure 2 1 is a compilation of most of the various known silicic acid'
oligomer structures discussed and how they were identified.‘ Up to and in-

'cluding the tetramers, this tabulation probably reflects the actual course of
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" the early condensation of "‘MSA: fTwoiae?yet‘unobserved but - probable interme-

diate structures (4a and 5a) have been included to make this scheme complete.
‘Two other inferred unstable intermediate strué¢tures which are known in ester
form (2 and 3a) have likewise been included.

However, at n = 5 the tabulation ceases to be’ complete; two bridged pen—
tamer structures which do not appear to be unduly sterically strained are
possible. These may also exist and play ‘a role in the polymerization process.
‘Several additional hexamers may be constructed, and three of the four tabu-
lated hexamer structures can be assembled in two different isomeric forms.
Many more oligomers of n = 7 and higher may be constructed.

" We conclude thdt at n = 5 or 6 the reaction sequence ceases to be unique
and many different pathways involving many different structures become pos—
sible. It is possible that the maximal extent of condensation attained in the
etructures 6d, 8a and 10a channels most of the early polymerization through
them, but truly random structures must become dominant not far beyond. Model
"building - experiments confirm that by n = 15 or so the structures which occur
begin to look like small pieces of amorphous solid rather than large molecules.

These structures and the preceding discussion also suggest the sequence
of events involved in MSA deposition on the AS surface,

First, an MSA molecule in solution reacts with a surface silanol group
"to give a primary silica group. Attachment to a tertiary silanol is probably
" kinetically favored (see S2.13). . ’

’ Second, a rearrangement to a more stable structure occurs. If a silanol
is available within reach of the newly attached silica group, a ring of three
“or more members may be formed. However, model building reveals that this is
‘usually not possible. A more probable fate for the primary group is conver-
sion to a secondary group by a rearrangement of the sort that connects oligo-
meric structures 4a and b, and 5a and b. Such a rearrangement creates or
enlarges a "loop” of secondary groups on the surface. :

- Third, when a "surface loop” becomes long enough, it will crosslink
internally. The conversion of cyclohexasilicate ion to structures 6a and 6b
when protonated is an example of this. Alternatively, a "surface loop" may
become long and loose enough to be able to come within bondlng range of a
silanol attached to some other part of the siliea surface. Topologically,
such a link is equivalent to bridging a ring. Model building reveals that,
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Figure 2.}
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typically, two or three silica groups must be added to a given part of the
silica surface to make the formation of a new crosslink sterically possible
although one is sometimes sufficient. o -

Fourth, additional rearrangements occur which further increase crosslink-
ing and reduce steric strain.

Models built following this general "kinetic law” produce both bulk and
surface structures which are consistent with all of our expectations,

There is also direct evidence for the existence of such loose "loops” on
the surface of AS when it is in contact with water.

Holt and King (1955) found that there is a certain amount of silica on
the surface of AS which may be chemically removed and redeposited much more
.rapidly than can be the bulk AS itself. In the case of AS equilibriated with
aqueous solution at room temperature and near neutral pH, they determined the
amount of this iabiie or "adsorbed” surface silica to be about 0.13 mg SiOp
per sduare meter of surface area as determined by the BET method. They esti-
mated that this corresponds to about 16% of a full monolayer. . .

It is tempting to identify this labile "adsorbed” silica with the tran-
sient population of primary groups and the "loose" secondary groups that the
former are approximately in equilibrium with. These molecules are kinetically
distinct in that their creation from MSA molecules in solution invoives the
formation of only one additional siloxane bond. They may well Be expected to
be relatively labile, v

Clearly, the overall mechanism and rate law for molecularrdeposition and
dissolution at the AS surface must involve “adsorbed” silica as an intermediate

species. This was first proposed and discussed in detail by Stober (1967).

S2.13 The Base Catalyzed Condensation Reaction

The polymerization and depolymerization of silicic acid_are catélyéed by
hydroxide ion (Hurd et al., 1934). This is usually the dominant reaction
above about pH 3 (Iler, 1952). Between abouf pH 3 énd 7 the reaction is first
order in hydroxide concentration. At about pH 8 or 9 the rate of pblymeriza—

tion goes through a maximum, and decreases at higher pH's (Marsh et al.,
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1976).. ~The  rate ofudepolymerization reaches a maximum limiting value at

about pH 11 but does not decrease at higher pH. (Greenberg, 1957) .
It is believed that the actual condensation step is a reaction between

an -lonized  silanol and a silica group nonme of whose silanols are ionized.

‘The microscopic mechanism is. very likely to be Sy2_ with steric inversion.

~ HOy
et ;;HO‘\\\ Sy e L
(HO)3 .84 - 0: + AW - OF —» (H0)3S1 - O - S1(OH)3 + OH™ .
Low’ a3
.-This .sort of "backside attack" is the rule with carbon compounds and is
also -known - to occur- with various organosilicon compounds in both polar and
nonpolar . media . (Sommer, 1965, pp..66-72). In nonpolar media frontside SN2
attack with retention. of -configuration is also known to occur. (_p.cit, PP-
51-56). = Frontside attack may. also. occur when steric constraints prevent
the inversion associated with backside attack (_phcit., PP. 154-158) This
situation may arise with tertiary silicons on the AS surface, but backside
attack seems likely to be the more important by far. '

The more acidic a silanol 1is, the more likely it is to be dissociated
and available to .serve as .the nucleophile. Very probably, the surface silanols
attack free MSA when - the latter first attaches itself to the surface rather
than the other way around. Also, tertiary, surface silanols are likely to be
favored as attachment points because of their greater. acidity.

It is possible that . the more. ‘basic . of the ionized silanols are better
nucleophiles,. . .In the case of a series of SNZ reactions at a carbon center,
each of which involves a single. substrate and a series of related nucleOphiles,
there is often observed .a linear relationship between the logarithm of the
rate constant and the pK;'s of the nucleophiles' conjugate acids. The slope
is always between zero and one (Weston and Schwarz, pp. 191~ 195) - As a
general rule, the value of such a regression coefficient depends on the extent
to which the transition state ‘resembles either reactants or products.‘ If the
transition state resembles the- prodiucts, ‘the effect of :the detailed properties
of the reactants upon rate is usually small, and vice versa. Because hydroxide

"ion is a  far more powerful- base than‘'an ionized silanol,. the transition state
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myst closely resemble the prodncts'in this case. We conclude that the nucleo-
philic reactivities of different ionized surface silanols may be assumed to be
equal for practical purposes. : o

' Such a correlation may also be expected in the case of substrate reacti-
vity, = The greater electrophilicity of more highly condensed silicon atoms
should tend to make them more reactive. On the other hand, greater steric
hindrance would tend to make them less reactive. Which effect is dominant
is not obvious but also probably not important for our purposes. ‘

The drop off in polymerization rate at high pH is due primarily to the
‘decreasing number of unionized surface groups and MSA molecules in solution
available to serve as substrates. It is the kinetic expression of the increase
in aoluhility at high pH (see 52.2). The attainment of a limiting depolymeri-
zation rate above pH 11 may be due’ to a transition to diffusion control,
Another effect which tends to slow both reactions above pH 7 is that of
‘increasing surface charge.r This increase causes the concentration of ionized
surface silanols and of hydroxide at the surface to lag behind the hydroxide
concentration in the bulk solution as the pH is increased. ‘ ‘

An ionized silanol group on the silica surface may be "bare" (as depicted
above), or it may have a cation bound to it. Our own work has demonstrated
that both bare and‘cation—naired ionized silanols (at least in the case of
'sodium andjother uniyalent cations) contribute to the reaction rate, and con-
tribute equally in as far as we can determine from our kinetic data.

k Adding dissolved salts to the medium increases the surface density- of
cation-paired ionized silanol groups at any given pH value. This is why adding
‘salts accelerates the deposition of MSA on preexisting surfaces. (Added salts
accelerate homogeneous nucleation by an even greater factor because they also
" decrease the solubiiity of silica and, thereby, increase the supersaturation
ratio. They also lower the surface temsion of the AS—water interface, and

.

'this accelerates nucleation even further.)

_32.14 Catalysis by Hydrogen Fluoride and Hydrogen Ion

At about pH 2 the rate of silica polymerization passes through a minimum,
- and again increases at still lower pH. Iler (1952) demonstrated that in this

“'pH range even very small concentrations' of fluoride. salts (3.0E-4 molar)
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greatly accelerate the rate of polymerization., He concluded that the apparent‘
co—catalysis by hydrogen ion and fluoride ion is, in reality, simply cata-;
,lysis by hydrofluoric acid (HF). He further suggested that what appears to be:
catalysis by hydrogen ion alone is really catalysis by trace amounts of HF.
Working with initially 1 molar MSA solutions at 25°C and pH’s near 2, Iler
found that 2E-3 M HF decreased the gel time by about a factor of 100. However;
an increase of 'HF to 5E-3 M further decreased the gel time by only about a
factor of 2. With 1E-4 and 3E-4 M HF, there was a maximum in gel time atl
about pH 1. 6;/ With 1 1E—3 and 2 1E-3 M HF no pH dependence was observed{
‘Adding aluminum in millimolar amounts counteracted the catalytic effect of HF.
Iler attributed this to the removal of HF by complex formation. s coe
" 'Tai and Chen (1965) studied ‘the effect of added KF upon the gel time{
In their experiments the total fluoride concentration ranged fromVO 0045 M
to 0 8 M. Their results varied somewhat depending on the silica concentra—
tion.: Using waterglass with Na20/8102 = 3 36 and total 8102 = 0 870 M '
or sodium metasilicate with total SiOz = 0 723 M, they observed a dramatic
effect on the gel time at pH values below 3, and a smaller but still obser-
vable effect up to about pH 5.' At KF concentrations up to about 0. 05 M ‘the
gel time decreased with increasing concentration of KF. Between 0 05 ‘and
0. 10 M KF, the gel time was unaffected by the variation in KF. Above 0.10 M
KF the gel time again increased with increasing KF.‘ All of these effectsv
decreased rapidly with increasing pH above about pH 3.’ These results suggest
catalysis by HF at low pH and catalysis by F‘ at higher pH.: The effect of
'the latter mechanism is less striking because it takes place in a pH range 1n
which there is strong competition from the common “OH' catalyzed"'mechanism.
At high concentrations of KF, the solubility of silica is’ sufficiently An-
creased by the formation of fluoride complexes to outweigh and reverse the
accelerating catalytic effect. ‘ i e B
Using sodium metasilicate solutions with SiOz = 0. 1533 M, Tai and Chen
observed an essentially pH independent accelerating effect which persisted at
least up to pH 9 and increased steadily with increasing KF. In this case, it
appears that the accelerating effect was due mostly to increased surface ‘s1la-
nol ~ionization caused by the addition of the potassium fon’ rather than to

specific catalysis by fluoride. This effect becomes important only at lower
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8102 concentrations at which the added potassium ‘from the KF represents a
greater proportional increase in total cation concentration and ionic strength.
. Tai and Chen also determined the fraction of the added fluoride that
remained chemically bound to the gel that was produced.‘ They found that the
fraction of bound fluoride varied from unity at pH -0. 15 to zero at pH 5 71.
»l WOrking with 1 g L™ -1 8102 solutions (0.017 M MSA) at pH 7 and 300C Baumann
(1959) found that NaF did not effect the rate of polymerization at concentra—'
tions below about 0.01 M. At higher concentrations of NaF, the rate decreased.
NaF had no effect on the depolymerization reaction below 10‘3 M, but accele—
rated it at higher concentrations. Baumann interpreted these effects as being
due to the increase n silica solubility associated with silicon hexafluoride

complex formation.

) 1 In their depolymerization experiments, Stade and Wieker (1971) found ‘that

at 259C and pH 5.5 F~ in concentrations as small as 5“-7 M had a noticeable
accelerating effect. The increase in rate appeared to be linear in F~ concen-
tration up to about 3E-6 M, but ceased to increase with further addition of
fluoride. The total increase observed was about 45%. This saturation effect”
remains to be explained if 1t is real._ It may or may not be related to the
superficially similar phenomenon observed by Tai and Chen at much higher fluo—
ride concentrations. It is not clear whether this catalytic effect was due to
F~ or to the small amount of HF still present at this pH. Stade and Wieker
found that 2E-5 molar NH4F had a large effect upon the activation energy of
the reaction up to about pH 4. Because the pK, of HF is 3. 45 (at 25°C),
they interpreted this to mean that HF is the major catalytic species rather
‘than E « They dispute Iler's contention that acid catalysis of silica reac-

tions is generally due to catalysis by traces of HF, arguing that if this were'

the case, adding further small amounts of HF would not effect the activation
energy. _
Taken as a whole, these results make an excellent case For the catalytic
effect of HF. Catalysis by F~ is not as certain, but it seems likely.
Baumann's results and those of Tai and Chen indicate that both mechanisms can
probably be ignored above about pH 6.

The only mechanism that seems consistent with catalysis by HF rather than
F is one in which an uncharged complex of MSA and HF plays the role of an
unstable intermediate (Strelko, 1970). A likely first step is:
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HF 4 S1(0B), — SI(OM); F+H,0 . . . (214D

2% o lipenomlonn
“(Iler suggests that ‘such an intermediate may be six coordinated.’ Assuming
a' structure ‘in “which the :silicon ‘is also coordinated .by two water-molecules
would not effect our argument in any way The intermediate“could-also ‘be’ five
coordinated with the formula SI(OH)4FH ) 0 ot oo ndon i il i Y
Because HF 1s a far stronger acid than water, F~ may be expected to be a
far better leaving group. Written for the particular case of the dimerization

of MSA, the actual condensation step would then be'1¥ N

MSA + s1(on)3F — DSA + HF (2.14.2)

The overall rate law for polymerization via.this mechanism would be -first
order in HF concentration. RS A
..There ‘are- two- plausible::mechanisms thataﬁould:give:a overall :rate - law
‘that is first order in the concentration of F~., The. first is the formation
of -an ‘uncharged monofluoride :complex '(Eq. 2.14.1) followed by. nucleophilic
attack by an ionized silanol. group: '

CSI(OM)07 4 SHOR)F L DEAAFT v T (20143)

L The second 13 the formation of an anionic monofluoride complex, Si(OH)4F s
_followed by nucleophilic attack by an, unionized silanol .
;Si(OH)30H«+ISi(OH)AF?T—ﬁ4DSA +F. + HZO:xL;-, SN ST ETE Y ;v(2-14p4)

In all cases, the concentrationfdf'Béth“HF”and:F"weuldfbé*conttelledlﬁy
‘the dissociation equilibrium of HF.

Iler's own results appear to be inconsistent with his hypothesis that the
apparent hydrogen ion catalyzed pathway is actually catalyzed by trace amounts
of HF. Without added F he observed a maximum in the gel time (i.e., a minimum
in the rate of polymerization) between pH 1 and 2. With 1.1E-3 molar added F

and above, the gel time was much smaller and independent of pH (in this range).
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The latter observation is consistent with HF catalysis, because the concentra—
tion of HF is independent of pH in this range. The former observation is con-~
_sistent with the hypothesis of H' catalysis below the gel - time maximum and
OH™ catalysis above it. When F is added, both of these are .swamped by the HF
catalyzed mechanism. i

The most likely microscopic mechanism for H' catalysis is

. \\51 g \\\‘
4 e

OH
followed by repid deprotonation.

S1 -0 - 'S1(0H) 5 + H 0 (2.14.5)

m o+

Although we believe that such a mechanism actually does 'exist, we doubt
that it is at all significant compared to the HF and OH™ catalyzed mechanisms
under practical conditionms. BN

Both the HF and H' mechanisms involve the transitory existence of a
protonated siloxanic oxygen immediately following the nucleophilic attack.
The HY mechanism also involves a protonated silanol (i;e., water) which
serves as the leaving group. Clearly, reactions which involve and produce
structures with more basic oxygens will be favored. It is kﬁown that higher
degrees of condensation favor dative bonding, and that dative bonding reduces
‘basicity. Thus, more highly condensed structures may be expected to be less
reactive under either of these mechanisms (opposite to the case‘with OH™
catalysis). This means that the formation of small oligomers and very loose,
secondary group rich surface structures will be favored by both HF and
Ht catalysis. This is precisely what has been observed (Engelhardt, et al.,

1977; 1ler, 1973, pp. 9-11; Acker, 1969).
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S2.15 Other Catalysts

Stade and Wieker (1971) have studled the effects of a whole series of
nucleophilic substahces upon the rate of 'dépolymerization’ of ‘siltcic acid

sols. They analyzed their results using the expression’

rate = Kx +‘Kn(N) A S PN S

where K; represents the rate of the uncatalyzed' (i.e., OH™ catalyzed reac-
tion), (N) is the concentration of the nucleophile, and K, is the "catalytic
coefficient”. Their values for Kx and the various K, are given in Table 2.4.
Where necessary, the concentration of the actual species of interest was cal-
culated from the concentration added and the corresponding dissociation equi-
1ibrium. ”:r

Stade and Wieker reported that catalysis by HF and hydroxylamine showed
a "saturation effect”, i.e., the rate of reaction ceased to increase with
concentration of catalyst geyond a certain point. They reported the threshold
concentration for HF to be 3E-6 molar, but did not report a-value for hydro-
xylamine and F'; The reaction mechanisms involving catalysis by the other
substances in Table 2. 4 are probably similar to one or anothér of the mechan-
1sms proposed for the fluoride catalyzed mechanisms. General nucleophilic
catalysis analogous t6-(2.14.3) seems likely in most cases.. - Aside from HF,
none of these substapces is likely to be present in geothermal brines in con-

The sizeable catalytic coefficients of the two amines suggest that ammo—
nia may also be an effective catalyst. Bisulfide ion (HS™) and bicarbonate
are two other nucleophiles known to exist in geothermal brines in significant
concentrétions. All three at least deserve. to be screened for catalytic

activity;

$2.16 Toward Predicting the Rates of Molecular Deposition

Literally the only published datum relating to the actual, absolute rate
of deposition per unit surface area is the statement by Iler (1973, p.l5) that,
at 100°C, the maximum rate at which MSA may be deposited on the surface of
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Table 2.4

Catalytic Coefficients for Various Nucleophilic Catalysts of the
Silica Depolymerization Reaction

Data of Stade and Wieker (1973)
T = 250C
pH = 5.5
Ky = 0.014 min~

Catalyst. | B Knv 
(m.ole"1 min~1)

(o), 10000
'F ' - 1300

< a2 | AR s

5,05 o | | | 0.38
N, 08 , ‘ 0.22 -

7

HF |  9.8x10
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preexisting colloidal particles without nucleating new ones 1is about 0.005 g

‘?’zhr 1. This is equivalent to a rate of ‘surface advance’ of 2.3 nm hrol,
?Iler has elsewhere. stated (Iler, 1975) that this datum refers to pH 9. We
‘estimate that the MSA concentration under the conditions referred to was about

0.7 g §10; ke~ 1,

PO T T

In his thesis Rimstidt (1979) has reported the results of numerous

Mdissolution experiments using AS quartz and cristobalite over a wide range

of ‘temperature. A few precipitation experiments were reported as well.A "The

experiments were performed using nominally salt free media,_i.e., water with
nothing but MSA dissolved in it. The data was fitted using a first order rate

law., The values found for the rate constant for the dissolution reaction over

.the temperature _range 0 to 300°C _were approximately fitted by the formula

log ke (u=2s -1) = - 0.707 - 2598/T . (2.16.1)

" This corresponds to“an‘activation«energyfof§11.9 kcal mole™l... There

< was no significant difference -between the rates:of.dissolution of the .diffe-

rent 'silica phases. =~ . oo Vo opc e R B
" ‘Unfortunately, Rimstidt apparently: did: not: attempt to control: or even

“to’ record the pHivalués:in his experimental media. - This makes his: results

“very hard to relate to other ‘conditions, and is: probably- in -large degree

responsible for the large scatter in his rate constant;values;(slightly over
an order of magnitude at any given temperature) All this conspires to make
his results useful for purposes of prediction only in a semiquantitative sense.

Rimstidt ~also tried to calculate molecular deposition rate constants

\from his dissolution data using the Law’ of Microscopic Reversibility. The

values thus obtained are probably éven’ less reliable and useful because there

'1s no reason to assume that the Law of Microscopic Reversibility in 1ts simp—

lest form applies to reactions "t ‘solid ' surfaces.’ (Indeed " our own kinetic

(((((

”results clearly show that’ it does not. ) For this réason’ these derived precipi-

ey '_ 74/’

Aside from’ the above, all’ that ‘{s available in the’ literature ‘are a few

*scattered values of apparent rate constants, activation energies, ‘etc.”

‘Gato (1956) suggested ‘that ‘the rate of decrease of dissolved silica‘con-

ﬂcentration under conditions of homogeneous nucleation could be" described” by
“an apparent third order rate law of the form ‘ et T
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de/dt = k (c —190)3 | , , 0 (2.16.2)

but did not justify the assumption; Alexander (1953) found an apparent
third order rate law at pﬁ = 1,7 and 2.1, and a second order law at pH = 4.36.
Bauman (1959) reported apparent rate orders of between 2 and 5 depending on
the pH and initial concentration. Hurd and Sheffer (1941) reported an apparent
order of either 2 or 3. (The choice depends on whether one assumes that gela-
tion occurs after a certain amount of colloidal AS has formed, or after a
certain fraction of the initial MSA has condensed.) Unfortunately, none of
these investigators made any attempt to distinguish between actual chemical
7kinetics and the kinetics of nucleation. It is very likely that their results
are influenced as much by ‘the latter as by the former and are, therefore, of
questionable use for our purposes.

Jérgensen (1968) avoided this problem by studying the growth and disso-
-lution of preformed colloidal particles of AS. He was able to achieve a rea-
sonable fit by using Gato's "cubic” formula above. Friedberg (1955) also used
. a preformed colloid, but did not attempt to fit his results analytically. '

On the basis of gel time determinations, Penner (1946) reported the fol-
lowing values for the activation energy for the acid and base catalyzed poly-

“merization mechanisms:

Eyt = 9.7 keal mole™l"
Eoi= = 16.1 kecal mole™]

Other investigators have reported similar values (Hurd and Barclay, 1940
Hurd and Letteron, 1932; Hurd and Schuyler-Miller, 1932).

_ Stade and Wieker (1971) reported an activation energy of 8 6 or 8 7 kcal
Jmole l for the HF catalyzed dissolution reaction. -
. Some work has also been done on the dissolution of AS in alkaline media
(Greenberg, 1957; O'Connor and Greenberg, 1958). The latter authors found -
.. that the rate of dissolution was proportional to the surface_area and had an
activation energy of 18 + 0.2 kcal/mole. This value_isrl.9 kcal mole~l greater
~than the activation energy reported by Penner (1946) for the polymerization
reaction. . Fournier and Rowe (1977) have found the differential heat‘of solu-
tion of AS to be 3.71 + 0.05 kcal mole';. The fact that the difference



"square of ‘the charge density. i

SZ 17 The Nucleation of Colloidal Amorphous Silica

43—

P e

between the two reported activation energies is one-half of this value is

consistent with our assumption that® the‘rate determining step “of * either

reaction is ‘the making or breaking of ‘a single siloxane bond. "
" Wirth and Gieskes (1978) have ' reported extensive work on ‘the ‘fate’ of
dissolution ‘of vitreous &ilica in dlkaline media containing ‘N4Cl and MgCl,

vvv

“at room temperatnfe.; They found a ‘godd” correlation bétween dissclution rate

and surface ‘charge’ density. Surprisingly, ‘the’ dissolution rate ‘varied a5’ the

1

A11 in all "‘we found’ the state of the literature data in this ‘area ‘to be

Vsuch that we had no’ alternative to initiating our ‘own’ experimental program.

s NIRRT I
B IR O IR R

: The preceding discussion has 'been. largely limited. to. the - case  of MSA
deposition,on;a;pre—existingvAS.snrface, ‘It,is:applicable . to molecular
deposition onimost}othermtypes of snrfaces;as,weil,'as;most:are;readily
converted to AS surfaces on contact with sUpersaturated»MsAvsolution. Very

roughly speaking, such deposition proceeds at a rate on the order of nano-

meters per hour. It is easy to determine that this process 1s far too slow

to acconnt for the formation of scale at an observable rate. The obvious
inference is that most of the:excess MSA"in  solution is actually deposited on
minute colloidal particles suspended in the brine. ' These then adhere to
macroscopic surfaces and cause either silica scale or a compact ‘silica gel to
form. (The foregoing based mostly on Iler; 1975). -7 oY

The initial formation of the colloidal AS particles 1is a process of
nucleation similar to those in“otherstStéms.“‘At3theJhigh“initial?supersatu—

ration :ratios required for rapid polymerization,‘ythe“;so-called'fhomogeneous

nucleation process is dominant. This was first'convincingly demonstrated and

~clearly stated by A. Makrides, W. W. Harvey andAtheir coworkers iHarvey et
al., 1976, Makrides et al., 1978). These authors worked at between 75 and

105°C.. . Experiments very similar, to theirs were earlier performed at:30°C by
Baumann (1959). He obtained very similar results, but, unfortunately, failed

»_to recognize the homogeneous nucleation phenomenon in them. Rothbaum and
“Rohde (1979) have recently obtained ‘similar data at temperatures up to 180° c,
~but. also did not recognizezthe:truefsignificance‘of_the;characteristically

shaped curves they obtained.
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- No preexisting nucleus is 1n;olved in the hdmogeneoﬁs nucleation process.
Rather, a few small oligomers grow by what is essentially a random fluctuation
process until they reach so-called critical nucleus size, beyond which they

_grow rapidly as would any ekternally supplied colloidal particle. -
The rate of homogeneous nucleation is largely determined by the free
energy of the critical nucleus and by the rate of molecular'depdsition on its
surface. We will speak in terms df the so-called Lothe-~Pound Theory of Homo-
geneous Nucleation (see the extensive discussion in Abraham, 1974). The
Lothe-Pound theory is a straightforward and logical extension of the so-called
"Classical” Thédry of Homogeneous Nucleation, but avoids the well knoﬁn ma jor
deficiency of the latter. 1In the particular case of AS colloid nucleation, a
fortuitous physical circumstance makes the Lothe-Pound theéfyAas simple and
easy to work with as is the classical theory. 'Indeed, the simple and trans-
parent form of the classical theory is preserved almost unchanged,
The "classical™ expression for the free energy of formation of the criti-

cal nucleus from dissolved silica is:
- . 3. i , ,
AF 167/3 ¥ /(pnknTBln S) - (2.17.1)

where

Pp = the density of solid AS in Si07 units em™3
2,21E22 cm™3

. C/CO

w
L]

the surface tension of the AS-water interface .

<
i

The radius and area of the critical nucleus are:

% , ;
r = 2Y /(pn kBT in-S) ‘ ' ‘ : (2.17.2)
Af = 4nr*2

*
= 3 AF /¥ s ' (2.17.3)

The " expression for the steady nucleation rate derived from the Lothe-

Pound Theory is

* * ‘ : - ‘
IN = ‘Z A Rmdpn QLP exp(fAF /kBT) | , , (2.17.4)

- where Iy is the nucleation rate expressed in units of (kg Hp0 min)~1 and



-45-

Rpg. =, the rate of molecular deposition in g 510 min~ 1 cm'zs v
Z .. = . the "Zeldovich factor” s.2 dimensionless number which is

/ . typically between‘0.0l and 0,1
QLp ‘é,wthe:"LothefPound factorf

ok

AF* 15 the free"energy change associated"with creating a stationary

‘colloidal particle of critical nucleus size. (This 1§ all that 1s considered

in the Classical Theory of Nucleation.) = The insertion of the Lothe-Pound
factor corrects the value of the calculated nucleation rate for the fact that
the critical nucleus is actually in motion: it diffuses through’ the- water,
and it executes rapid jiggling motions" of both translational and rotational

' nature on a smaller scale in time and space. ‘These degrees of freedom greatly

decrease the free energy of formation of ‘the critical ‘nucleus. Our own work
has demonstrated that QLP is approximately constant (in this particular
case) and equal to 3. 34E25 (kg HZO) 1, The physical significance of this
number is that it is equal to the number of water molecules in a’ “kilogram of
water, and thereby, approximately equal ‘to’ the number of" positions ‘available
for the critical nucleus to occupy in a volume of space ‘that contains a
kilogram of liquid water. ‘The fact that the value of" QLP is known and 1s
approximately constant is the great simplifying consideration alluded -to
above. The derivation of this result is presented in'83.7.°

A-Rmd pﬁ is the rate of monomer deposition on the ‘critical’ nucleus.

Z 1s introduced to account for the facts' that the ‘actual concentration of

critical nuclei is smaller than the "equilibrium" :conce{’n‘tration,*‘ and ‘that
critical nuclei may decrease in size‘aS'weli'asrincreasef : R

. Equation (2 17. 4) shows that the value of Iy 1s determined by the
value of AF* Equation (2.17.1) shows that aAF* ‘g, 1in turn,‘determined
by Y and S. Because of the exponential“form’of (2.17.4), ‘the value of Iy
is profoundly affected by the values of these two physical parameters. Under

itypical homogeneous nucleation conditions (s between 2 and 5) a change in the
: value of S by one usually changes the rate of nucleation by several orders of
Vmagnitude (op. cit., pp. 253 254) The variation of IN with S is so great

‘that there is an apparent threshold value of S below which no nucleation 1s

observed and above which nucleation occurs rapidly.: In the case of supersatu—

rated. vapors,.the critical value of S is generally between about 2 and 5.
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There is évidence for such a "threshold value” of S in the case of
AS nucleation as well. For example;VWOrking at 95°C, Makrides, et al.
(1978) did not study the rate of nucleation below about § = 2.1. Although
they do not say so, the apparent reason for this is that at lower values of S
the rate of nucleation becomes too low to be conveniently studied. 1In his
similar experiments performed at 30°C, Baumann (1959) did ndt work below
about S = 3.3, again apparently because of‘the rapid fall-bff in the "rate
of polymerization”. | | |

Iler (1973, p.15, 1975) reports that there is a certain maximum rate
at which MSA may be deposited on colloidal AS. If an attempt 1s'made to add
MSA more rapidly to the solution in order to exéeéd this fate,ithe resgit is
nucleation of new particles in addition to the growth of preexisting ones.
This "critical grpwth rate"” phenomenon is eaéily interpreted as ﬁéing a
consequence of the "threshold supersaturation” effeét.

The field evidence for "threshold supersaturation” is mixed. = Rothbaum
and Anderton (1975) have reported the MSA concentration in "mixed Wairakei
brine” at 90°C to drop from an initial value which corresponds to S = 1.75.
(This could be due to heterogeneous nucleation.) In their studies of silica
rich cooling tower water at 32 to 38°C, Midkiff and Foyt’(1976 and 1977)
found that the sequestration of calcium preveﬁted visible Silica precipitation
below about S = 1.5, but not above about § = 2.5. However, their results also
seem to be consistent with the hypothesis that the silica stays in suspension
as a stable colloid in the absence of calcium. '

It is probable that, in practice, homogeneous nucleation with all of its
characteristics dominates if the initial supersaturation ratio is high enough
for homogeneous nucleation to be rapid, while heterogeneous nucleation 1is

dominant with lower initial supersaturation ratios.

$2.18 The "Induction Time" for Nucleation and the Value of the Surface Tension

An "induction” or "lag” time is often associated with the nucleation pro-
cess. Characteristically, there is some period of time during which the con-
centraiion of monomerAremains constant and nothing seems to happen. Finally,
the concentration of monomer begins to decreaSe, and this is indicative of

the nucleation proceés. In most physical systems, the induction time is
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largely a theoretical concept because it is too short to observe. In the
case of the nucleation of colloidal AS, the induction time is long enough to
be easily observed and 151959311Y;9bY?9§S in the kinetic data. ,(lndeed, the
convenlent time scale and relatively good experimental reproducibility of the
nucleation process in this case makes AS the ideal physical system with which
to study homogeneous nucleation in detail.) AT
There are two physical interpretations of the induction time phenomenon.
It is likely that one reflects physical reality in some systems, while the
other reflects it in others. : -
v The first interpretation is that the induction time reflects the amount
of time required for the rate of nucleation to build up to a 'steady state
value.4 (Actually, the rate builds up, peaks, and then falls off again as thei

value of S drops as a consequence ‘of nucleation and particle growth).j This

induction ‘time i roughly the time required for subcritical clusters to grow -

to critical nucleus size and slightly beyond 1. It is longer at lower values
of S, since the critical nucleus size is greater at lower S (see Eqs. 2.17.2
and 2.17.3). Induction times of this sort are known to be very small in the
case ‘of vapor condensation (Abraham, -1974, pp. 91-101), but can:be significant
in solid state precipitation:reactionSV(Russell 1968 and .1969). This inter-
pretation ‘applies to homogeneous ‘nacleation only. :

" The second interpretation is that the induction time is’ simply the length
of time required for enough particles to nucleate “and -grow: to the  point . that
the monomer' concentration -is' noticeably -affected. ' It isiimplicit‘in.this
interpretationfthat*the "steady state” nucleation rate 1is attained. so rapidly

“that the fact of an initially slower nucleation rate may be igrored for prac-

tical purposes. -~ This- interpretation .applies to ‘induction- times’ observed ‘in
the case of: homogeneous and heterogeneous nucleation: both. Interpreted:in this
way, the induction time is simply related to the monomer deposition rate R and -

the steady state nucleation‘rateﬂlnzwiit}varies1in¢approximate;proportion“to
(R p) {1 /(R >1 WA T 8
~o-mdin G el b e S0 LE vl Dshpernro s

This result was first obtained by Johnson and O'Rourke (1953), and then
rederived and applied to the case of AS nucleation by Makrides et al. (1978).
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The same two sources also give an analogous expression for the variation
of the induction time in the case of heterogeneous (i.e., "seeded” nucleation):

it varies in approximate proportion to
N1/3 (R g00)"] - (2.18.2)

‘where Ni is the number of solid particles initially presenfsi

The data of Makrides et al. (1978), Baumann (1959) and Bofhbaum and
Rohde (1979) clearly exhibit the induction time phenomenon. Fof SOme time
after a supersaturated MSA solution is prepared, no decrease in MSA is detec-
table and then, finally, nucleation becomes evident and the MSA concentration
drops repidly. At lower values of»S'fhe’induction time is longer,\consis;ent
with our»expecfations. Makrides ‘55 al. found fhat»at 95°C and constant
salinity and pH the induction time varies approximate;y as

( 1In s )12

Comparing this -expression with (2.18.1), these authors estimated the
value of the surface tension to be about 45 ergs cm -2,

The surface tension of the AS-water interface may also be determined
from the empirically determined relationship between particle radius and
solubility. Using this method, Alexander (1956) found the surface tension to
be about 46 ergs cm~2., Iler (1979, p.54) reported values of 54 and 46 ergs
cm~2 for colloidal silica sols polymerized at high and low temperatures,
‘respectively. The excellent agreement between the surface tension values
determined in these two totelly different ways lends strong support to the
fundamental correctness of the homogeneous nucleation theory of silica

1polymerization.

"Makrides et al., also found that an increase of pH by one unit decreased
the induction time by about a factor of ten. This is consistent with the
concept of hydroxide catalysis and with the form of (2.18.1). _

Data presented by Rothbaum and Anderton (1975) show an induction time

for the decrease of MSA concentration in Wairakei brines.
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s2. 19 The Practical Significance of Nucleation Phenomena and the Study of Homo—

geneous Nucleation'

In the absence of liquid phase nucleation, silica precipitation is
limited to molecular deposition on pre-existing solid surfaces.i This’ is a
relatively simple and easily described process, and it is slow enough to
be of secondary practical importance in most cases, but not all. o

_ Nucleation of colloidal AS in the liquid phase provides the large surface
area that makes rapid precipitation possible. The conditions under which
‘nucleation takes place determine just how much surface area it provides..
Homogeneous nucleation at large values of s will produce many small particles:
with a large specific surface area and vice versa. ' ‘ ' SR

, The threshold s value phenomenon is also of considerable practical impor-
tance,_because nucleation cannot be prevented by any means above this threshold.
(1t may, however, be delayed “in’ a kinetic sense by lowering pH and/or complex—m
ing fluoride by adding aluminum.) To stay below the threshold S value (under“
the given conditions) becomes a major practical design goal because, below'
the threshold, the overall precipitation process will be dominated by “the
(usually) slower heterogeneous nucleation mechanism. '

B The possibility of induction times on the order of minutes, ‘hours, or’
even days suggests that fluids with s above the threshold may ‘not precipitate
silica within the steam separator units or power plants, ‘but may still precipi-
tate it at some point further downstream instead. This actually seems to be
‘the case at Wairakei (Rothbaum and Anderton, 1975) and Otake (Yanagase et al.,
1970) ‘ In the case of a really long induction time (several days) the apparent
non—precipitation of silica could conceivably lead to the decision to reinject :
untreated brine with catastrophic results. ‘ AT AT e ‘

oIt is clearly of practical interest to be able to predict the kinetics of
the homogeneous nucleation process and the number and surface area of the par-
ticles produced. The attainment of such a capability requires the formulationt
of a reasonably rigorous theory of the homogeneous nucleation process in this'
system, and its reconciliation with extensive high quality experimental data.

In Section 2. 17 we discussed the Lothe-Pound Theory of Homogeneous Nuclea—

tion and our reasons for choosing to use it. Here we will discuss the substan—
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tial problems that arise in regard toAdefining'and-evaluating the contribution
of the surface tension to the free energy of the critical nucleus as well.

First, there is no good reason to assume that silica particles of criti—
cal nucleus size are nearly‘spherical in shape;’ This is a significant point
because it affects the relationship between the number of monomer units in the
critical nucleus and its area. '

Second, the surface tension may vary with surface curvature (i.e., par=
’ticle size) ‘as well as with temperature and the degree of surface ionization.
' Because of the extremely small size of the critical nuclei, it may not be pos-
sible to reliably extrapolate from the larger particle sizes that are suitable
for use in solubility experiments. '

Third, a direct determination of the value of surface tension as a func-
tion of temperature and degree of surface ionization by the solubility method
\would probably be impractical. The needed experiments would be fairly tricky.t
Also, the crucial step in the reduction of particle solubility data to deter-
mine surface tension is essentially a numerical differentiation of the experi~
mental data, and 1s, at best, risky. ‘

We have made a serious attempt to theoretically estimate the value of the
surface tension. Our results seem good as: such calculations go, but they are'
not good enOugh for practical use, given the extreme dependence of the calcu-
lated nucleation rate on the value of the surface tension used. -

To be of any practical use, the theory ‘needs to be fitted to experimental
dataQIVThese experiments will be essentially similar‘to those of Baumann (1959)
and Makrides et et al. (1978). They will generate a large of amount of homoge-
neous nucleation data at various temperatures, pH values, salinities and ini-'
tial silica concentrations between room temperature and 100°C. This data
will then be fitted using a computer code which models the homogeous nuclea-
tion process. The fitting process will basically consist of varying a func-
tion ‘which represents the value of the surface tension over the full range of
conditions until.an optimal overall fit has been achieved.

A painstaking fit of a rigorous theory to a large amount of high qualityr
experimental data offers the only hope for being able to quantitatively model
the homogeneous nucleation process throughout the range of practical interest.

Fitting the surface tension values to the experimental data also has the

advantage that it will tend to automatically compensate for possible errors
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~and -approximations insother,parts«of;the overall. model,:: For . example, -the
.- possibility of  non-spherical critical nuclei :need not :be dealt with sepa-
rately, as the correction for this effect will be automatically taken-care
,of‘in the course of fitting the "surface tension function” to. the data.

;82.201'0ther Nucleation Processes .

i Two nucleation processes other than homogeneous nucleation of pure AS
«particles may be expected to occur in some cases. These are:

1) Heterogeneous nucleation with particles already present in the
brine serving as the heteronuclei. This is not. really nucleation, but rather
A;MSA deposition on the preexisting colloidal particles.r Successful prediction
i\of the course of this process would require knowledge of MSA deposition kine—
_tics and an adequate characterization of the preexisting solid particles in
;the brine.v_ ‘

_ One may also include in this category the case of a brine which comes
1 out of the well already carrying particles of AS or amorphous silicates, as in
the case of Niland. Whether or not one wishes to include this case under the
rubric of “heterogeneous nucleation depends mostly on where in the (physical)
j/system one wishes to begin the kinetic modelling exercise.
| 2) Initial nucleation of an amorphous silicate phase rather than AS
itself.“ The presence of other components in the nucleating particles will
effect both the bulk free energy and the surface tension.

In practice, the amorphous silicate of iron(II) is likely to be the most
iimportant followed by those of aluminum, magnesium and calcium.ml '

It is likely that the thermodynamic properties of important amorphous
f‘silicate phases will be adequately described sooner or later. In the short
'term, we expect that the available solubility data will provide the most impor-
tant values._ Available data on the properties of silicate melts should also
be of ‘use, as it is unlikely that the structure of the precipitated amorphous
silicates 1is very different from the structures of the corresponding melts.

We doubt that surface-tension values for amorphous silicates will ever
be properly determined. It would certainly be possible to estimate these

values but such estimates would be inadequate for quantitative prediction.
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‘The extreme conditions under which these phasés typically nucleate seem to
effectively preclude exhaustive experimentalfwork of the kind proposed  above
for the case of pure AS.

We suspect that the only case in which a proper treatment of ‘amorphous
silicate nucleation will be forthcoming will be that in which the non-silica
component is absent from the surface of the critical nucleus, thereby allowing
pure silica surface tension values to be used. This, in turn, requires that
no more than a few atoms of the other component be present in the nucleus,
i.e., that the particle consists mostly of silica. A well known case of this
sort is that of a single ion or a single dissociable molecule serving as a
nucleation center for a water droplet. In the AS case, a polymeric aluminum
or iron hydroxide ion seems most. ‘1likely to have this effect. If one such
entity nucleates a silica particle, its quantitative expression should ‘take the
‘form of a constant negative term in the expression for the free energy of the
critical nucleus. The problem with this sort of analysis is that such poly-
meric.species are usuallyvill—defined and their concentrations unknown.

Above.all else, we must know how important the'above processes really
‘are. The'cumulative evidence suggesting that homogeneous nucleation is
dominant under laboratory'conditions seems convincing._ The’case in the field
1s less clear. To conclusively answer this question for any specific case
will require comparing actual field experience with the behavior of simulated
~ brines under laboratory conditions. Adequate data appears to-be available to
do this for the case of Wairakei. A more general answer will‘require'testing
possible'nucleation-enhancing substances (AI+3, Fe+3, Mg+2, éa+2,>clay, etc.)

in the laboratory. The execution and qualitative interpretation of such exper-

iments is easy, but their quantitative interpretation probably will not be.
Ultimately, one would like.to'be able to answer such'questions‘by means’of
'theoretical interpretation of brine composition and thermal history data alone.

7 Fortunately, three factors conspire to make the possibility of heteroge-
neous nucleation. less of an impediment to making meaningful quantitative
predictions than it might otherwise be. _

~ First, when conditions favor homogeneous nucleation, it will create a
truly enormous number of particles (up to about 1E19 dm“3) and will com-

pletely overwhelm the competing heterogeneous nucleation process.
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~ Second, the kinetics and overall course of the heterogeneous nucleation
process are not particularly sensitive to the number of heteronuclei. As we
have noted in s2. 18, the induction time for heterogeneous nucleation varies
only as the minus one third power of this number. B _ L
Third aluminmm and magnesiwm, which are probably the most effective
elements in regard to inducing heteronucleation by amorphous silicates, are
rarely _present in geothermal brines in detectable .amounts. precisely because
of the extreme stability of  their compounds with silica. (Significant amounts
of iron are, however, often present in high salinity brines because .of the
solubilizing effect,of\iron-chloride complex formation.):pv

e

fSZ.Zl _CLolloidal Stability and Coagulation of Colloidal Amorphous Silica

R The ~classical y(Landau;Derjagin-Verwey;Overbeek)' theory of"calididAf |
stability holds that a suspension becomes unstable when attractive”disﬁersive
(Van der Waals) forces exceed repulsive electrostatic forces.‘ Inipractice;
the balance between the two forces is determined by the strength of ‘the
electrostatic force,'which 1is “strongly effected by the chemical enviromment
and solvent properties while the dispersive force is not. The most basic
determinant of the_electrostaticvforce,isfthe-magnitude‘of.the surface charge
on -the colloidal .particles. This :is determined by ion adsorption and the
dissociation.of surface groups. . The intensity of ‘the:electric’ field near each
particle:is;determinedfby the degree of shielding by oppositely charged ions
in the surrounding medium,. :In general, .increasing electrolyte concentration
~in:the'medium‘decreaseS»colloidalwstability; and a greater electrolyte concen—
tration is, needed to coagulate a colloid with a greater surface charge. ' (All
this 1s set: forth in the classic book by: Verwey and Overbeek 1947)..

‘ Unfortunately, this "classic” -theory does not ‘work in:the case of col-
loidal AS. (Allen and Matijevid; . 1969 1970, 1971; Iler, 1975a). < Allen and
Matijevi€ ' found - that in most cases" ‘2 smaller electrolyte concentration was
needed to coagulate colloidal AS at higher pH, despite ‘the fact that higher
»pH’corresponds;to»a;greater surface charge and,: thereby, a:greater electro-
ststic,repulsiverforcea :Furthermore,'they~foundithat,the,concentration.of any
given'electrolyte needed to coagulate.the silica within an hour was determined
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by ‘the cation's ability to exchange for protons on the AS surface. For any
electrolyte at a given pH, the "critical coagulation concentration” (c.c.c.)*
was just that at which the number of protons released from the AS surface pér
unit area equaled a éertain value which was a function of pH alone. This

"critical exchange curve” (c.e.c.) was found to be common to all monovalent

cations studied throughout 'the"pH range studied. The “critical exchange -

values” for calcium and trivalent lanthanum also fall on the curve up to about
pH 8. At higher pH's the “"critical exchange" values for calcium fell below
the curve for monovalent cations. ’ ‘

Later, Allen and Mafijevié (1971) directly déferminedr fhe' amouﬂt of

calcium ion which was actually adsorbed on the AS surface at the c.c.c.,

as contrasted to the number of protons released by calcium sorption. (This

distinction is neéessary in the case of di-‘and,higher valent cations,
because these may, -on the average, exchange for fewer protons than are
necessary to balance their charge). They found that a plot of equivalents of

calcium adsorbed at the c.c.c. versus pH fell on the "critical exchange

curve” up to about pH 9. The calcium points again fell below the c.e.c..

* In the usage of these authors, the c.c.c. is approximately that

concentration at which coagulation-related = light scattering becomes:

just detectable one hour after mixing. One hour was chosen as the
time of measurement because it was found to be the "critical time” for
.silica coagulation (Allen and Matijevif, 1969)

The concept of the "critical time" was introduced by TeZak et
al. (1951). Basically, it is the length of time within which the most
important mechanism of electrolyte-induced  flocculation will become

apparent if the electrolyte concentration is high enough for it “to be

effective. = The c.c.c. 1is the corresponding threshold concentration as

determined at the critical time. Other, slower processes which cause

an increase in light scattering may manifest themselves at concentations

below the c.c.c. after some period of time longer than the “critical”.

Tezak et al. suggest that these processes usually involve "recrystalliz-

zation” of the colloidal material into larger particles (i.e., colloid
aging). ‘ '
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above pH 9, but became . obviously erratic as a consequence of experimental
difficulties at still higher pH. These results ~suggest -that the Cse.c. may
actually be common for all cations, regardless of charge, if it is. inter-
preted as being the curve of "critical cation adsorption . - |

- The ‘graph of the critical exchangéfcurveﬁpresented'byTMatijevi&_(1973)
is fitted reasonably well by the empirical formula:J.

':*log E: =" =2,34:+.0.210 pH- " ¢ L TR (242141)

- where E is the density of sorbed cationic charges expressed as a fraction .

of the total number of ionizable silanol groups on the AS surface. (This is_

"abOut 3 9E14 cm~2, according to Allen and Matijevic( 1970) , This formula

applies to a suspension containing 1 8 L1 of Ludox HS colloidal silica with
a specific area of . 200 m2 g'l, (This and all further data quoted from these
authors are from experiments performed at room temperature.) o ‘ |
The logarithm of the c.c.c.,for NaCl .and 0 2 8. L~ ; of Ludox HS is
fitted well by the formula.u_ O O P RTI By Vk; o |

log c.c.c. = 2,201 ~0.2668 pH T (2.21.2)
--The -analogous formula fér KC1 -iss:u
.log crcie. = 1.883 ‘-9-,2'266_]1:& oy

Both of the above formulas are our’ own fits to graphical data presented‘

by Allen and Matijevi€ (1970).° S T
A Other data (Allen and Matijevi( 1969) suggest that ‘the c.c.c. for Nat

is independent of the identity of ‘the counterion (anion) and of the concentra—:'f
tion of colloidal silica over the range 0.2 to 2 g L -1 The threshold)'
coagulating concentrations for NaCl as determined 24 hOurs after mixing were
uniformly lower by about a factor ‘of two than were “the one hour c.c.c; values.llk
It is unclear whether or not this slower coagulation at lower concentration
was caused by the same mechanism as the more rapid coagulation detected after"
one hour. C e A AT
'Yler (1975a) studied'the relationship'betweenépﬁ;fparticle'siae; and the

c.c.c. for calcium. His experiments were performed at pH 8.1, 8.75 and 9.5
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using particles of specific area ranging from 21 to 540 mz'g‘l: ‘His resultsw
for the c.c.c. (in moles L™l and determined at one hour) are well fitted by
the relationship ' . o . '

where A is the specific snrface’area of the colioidal AS in'm2 é;l.*

Allen and Matijevié's (1969) data for the c.c.c.: of calcium is -also well
described by this relationship in the pH range 8.2 to 9.5. However, the above
formula gives values somewhat below those foUnd by Ailen andfMatijevi( for
colloidal AS with A = 200 in the pH range 7 2 and 8.0.° The‘discrepancy is
about a factor of two at PH 7.2. | R

Iler also separately determined the numbet of protons'released'and
the o' ber of calcium ions adsorbed at the c.c.c. He found that, to within
experimental error, these quantities were independent of particle ‘size.
Both quantities increased moderately with increasing pH. ' The ratio of pro-
tons released to calcium ions adsorbed was found to be 1.6 at pH 8.1, 1.25
at pH 8.75 and 1.05 at pH 9.5. These results demonstrate that the "critical
sorption curve" 1is actually independent of particle size; the variation of
c.c.c:\with particle size 1s actually caused by the fact:that smaller par-
ticles adsorb calcium ions less strongly than do larger ones.

Unfortunately, no one seems: to have studied the ‘relationship between
c.c.c. for sodium and particle size. However, Heston et al. (1959) and Iler
(1975a) found that the titration curves of colloidal AS in NaCl solutions
were independent of particle size. Combining this obser#ation with the appaf-
ently universal ‘nature of the "critical sorption curve leads to the predic-
_tion that the c.c.c. for sodium should also be independent of particle size.‘

The difference between sodium and calcium is obviously due to the charge‘
difference. More specifically, we believe that it is due to the fact that,
on the average, a calcium ion displaces less than two protons on the AS sur-
face when it is adsorbed.

It is apparent from Eq. (2.21.4) that, at pH 8.1, the dependence of the
cec.c. of calcium on particle size is powerful indeed. The value of the

calcium c.c.c., changes by more than an order of magnitude between A = O
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(extrapolated) and A = 540, ‘Ihis,has thevpractical,implication that AS par-
ticles in a calcium-rich geothermal brine will tend to coagulate out after
they have grown to~arcertain size. Likewise, aggregates of several particles
hforned by whatever neans.will tend to coagulate out4more4rapidly than single
particles. Finally, monodisperse particles willlstick to flat AS surfaces
much more readily than to each other.;'Indeed,“itqseemswpossible‘that there
are,conditions,under which the rate of particle renovalgby deposition on flat
,surfaces,will exceed the rate of. removal by formation and growth;or suspended
aggregates in the liquid phase., | L . VA
. Matijevi{ (1973)  has ~reported the destabilizing effects of sodium and
“potassium ions to be ~additive. . This.is to be expected from the universal
nature . of the critical adsorption curve and from the likelihood that at the
relatively low _sorption densities'oflgreatestAinterest each of the cations is
adsorbed from mixed electrolyte solutions more or less independently of the
others._ This_ observation much simplifies the prediction of the destabilizing
effects. of mixtures of sodium, potassium and calcium.. Given the concentra-
tion&of'each,and the pH, omne merely ‘needs to, compute the fraction of the
corresponding. c.c.c. that eachfconcentration represents. If these add up to

unity or greater, the colloid is unstable. . .

82.22 The Mechanism of’Destabilization ?

Both Allen and Matijevi( and Iler came to the obvious and well substan-
tiated conclusion that surface ion exchange destabilizes the colloid. Allen
and Matijevi€ suggest that this may be due to the loss of hydrogen bonding
ability of the unionized silanols. We doubt that this is a significant
factor, because the highly polar ionized silanol—cation pairs at the ion
exchanged sites should ‘be at least as strongly hydrated as the original
silanols. Iler Suggests that the destabilization is electrostatic in origin:
“ion exchange creates a mosaic of negative and positive charges on the particle
surface. When two such’ surfaces are properly juxtaposed the opposite charges
attact each other.i The constancy ‘of the “critical sorption curve” is easily
understood ‘in terms of this model. at any given pH and exchange value, the net
charge of the particle and the total positive charge within the mosalc are the

same, regardless of the identity of the cation’ exchanged.
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An important fact which Allen and Matijevié failed to comment on 15 ‘that
‘the ‘constancy of the critical exchange curve also holds over ‘large variations
in ionic strength. This must be so because a given exchange value usually
corresponds to considerably different concentrations and ionic strengths as
one goes from electrolyte to electrolyte at a given pH. This means that both
the attractive and the repulsive forces between the particles must be affected
the same way by electrostatic shielding. This is inconsistent with the "dehy-
dration" theory of destabilization, as well as with coagnlation by Van der
Waals type attractive forces. (It is precisely the fact that van der Waals

forces are unaffected by electrostatic shielding while electrostatic repulsive

forces are that causes "classical” colloids to be destabilized by electrolytes).

In an electrolyte solution, the interaction ‘of charged particles 1is
described by the shielded Coulomb potential. The repulsive force between par-
‘ticles of 1like eharge is simply due to the fact that the overall charges of
‘both particles are nonvanishing and of the same sign. Therefore, the repul-
sive force may be said to arise from the interaction of the monopole terms
in the multipole expansions of the electric potentials of the two particles.
The attractive forces between two AS particles with adsorbed cations on their
surfaces are due to monopole-dipole and higher order interaction terms.

In the case of a spherical particle at the limit of low ionic strength

the monopole term in the one particle potential is -
= Q (Re)~! exp((r-R)/d)/(1 + r/d) (2.22.1)

where

the particle'radius

the distance from the center of the particle»y

the thickness of the diffuse double layer

[ T - P - I
[}

the dielectric constant of the solvent. ’

The major difference between (2.22.1) and the corresponding expression
for the unshielded Coulomb potential is the presence of the exponential term
which makes the value of the potential decay more rapidly with increasing R.
The electrostatic shielding factor enters into the corxesponding expressions

for the dipole and higher terms of the potential in the same wey.;:Therefore,
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varying the 1onic strength changes the values of all of the various interac—
tion terms by approximately the same factor, and the balance between the
attractive and repulsive forces is approximately unaffected by variations in
‘the ionic strength as long as the charge distribution on the particle surfaces
stays abOut the same.

o The only available study of the kinetics of flocculation of colloidal
AS seems to be that of Hahn and Stumm (1968) They followed the early stages
of coagulation by aluminum salts of 205 m2 gfl colloidal AS using the 1ight
3scattering technique._The initial rate of decrease of the total number of
particles and aggretates was found to be proportional to the square of the

_total number .
} dN/slt.’é] SN @ua2)

. where k is an empirically determined rate constant. This is consistent
with a binary collision model of the early part of the coagulation process.
\In the case of particles large enough for the collision rate to be determined
bby turbulent motion, k was found to have the expected linear dependence on
‘stirring rate.v It was also estimated that only on the order of 1 in 100
interparticle collisions reSulted in adhesion. Little more can be said on
the basis of the available data. A T o ’
VA‘ All work on the coagulation of colloidal AS that we found reference to
was at room temperature. Therefore;rthe effect of temperature is unknown,

and badly needs to be studied.ka

SZ.23ron’Eachange‘on the saifaée”of”Ambfphoﬁs Silica_hrwkﬁx

“As ‘discussed ‘in' S2:13, ‘the rdte of molecular deposition of dissolved
silica on the surface of solid AS is proportional*to“the*surfacesdensity of
‘dissociated silanol groups. = Our own work has gemonstrated that the surface
“tension'ofithefASéwater‘interface”and,-thereby;*the*rate'of7homogeneous
‘nucleation of &511’:;1651 “AS particles’ is strongly :influencedf“by ‘the surface
‘density of ionized ‘silanol groups under the given ‘conditions as well. As
discuSSed1in'82.213and782.22;’the'pH-and surface density ofladsorbed cations
'determine‘thelstability‘of’colloidal AS. ’All/invallffwe“see‘that the surface
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ionrexchangelproperties of AS determine many of its chemical properties;:The
abilityvto predict the electrostatic state of the AS surface un&er'any given
conditions would contribute mightily to predicting many of the chemical and
colloidal properties of AS. '

- The exchange of sodium on the surface of AS at roomvtemperature has been
extensively studieda ‘The most}extensive and useful studies are those of Bolt
(1957), Heston, Iler and Sears (1960), and Allen, Matijevic and Meites (1970).
The latter three authors fitted their data using a more-o r-less rigorous
physical model'which is based on the assumption that all dissociated silanols
have'cations bound to them. ‘(This is approximately true at‘higherpsalt:con*
centrations, but is a rather poor approximation at low salinities;) ‘We used
a slightly more general version of this model which accounts for the presence
of "unpaired"” ionized silanols in an approximate way in our own work.

There is also a smattering of information about the adsorption of other
cations on the surface of AS available in the literature. See, for example,
various papers 1in the Bibliography of this report (in particular, those papers
,cited in the preceeding two Sections), the review of this general subject in
Iler's book (1979, pp. 659-76 and elsewhere), and the review by Wiese et al al.
(1976). L.H. Allen's (1970) thesis also contains titration data for a variety
of salt media that are not fully presented elsewhere.

Unfortunately, the data available in the literature is almost completely
limited to room temperature conditions. (The paper by Dugger sg;al., 1964,
is the only important exception to this.)> A study of ion exchange at higher
temperatures is the most pressing experimental need in this'area. A study
of the exchange properties of calcium as extensive as those of sodium cited
above would also be highly desirable.

Fortunately, what appears to be an adequate theoretical formalism for
describing the exchange of cations for protons on the surface of AS (as well
as those of other amphoteric and acidic oxides) is available.. This is the
site binding model of Yatesl Levine, and Healy (1973) in the form used by
Yates, James and Leckie (1979). (For a detailed review of the early develop-
ment of this model and related topics see Wiese et al., 1976.) This model is
fundamentally similar to that used by Allen, Matijevi and Meites“(1971), but
is an improvement on the latter in that it correctly accounts for the fact

that not all dissociated surface silanols have cations bound to them.
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The outstanding theoretical need in this area is to extend the site
binding model to make ‘it ‘applicable :to small:spherical particles as well as

‘to flat surfaces. This should not be very hard to do.

'82.24 The Gelation of Colloidal Silica -

Concentrated silica sols (several percent S5i0; or more) form a gel
phase under certain conditions. Gel formation does not ordinarily involve

the separation of silica from water. Rather, a homogeneous sol turns into a

_homogeneous gel. .The dilute sols of geothermal interest (less than 1 g -1

$i03) do not -form gels because‘they do not contain enough silica particles
to "fill" the whole volume of the sol with a more-or-less continuous network.

The gelation process is still of- interest, however, because the processes

involved in gelation at high sol concentrations should cause an analogous

type of flocculation or_coagnlation at lower sol concentrations under the

same conditions.

, ~The only available quantitative data on the gelation. of well-defined
silica sols seems to be that provided by the duPont Company in their commer-
cial silica sol prodnct,literature,(duPont,:no date). Iler (1973) also
discusses gelation in much greater detail hut less Quantitatively.

The main facts regarding the gelation of,dense (10 to 30% 3102) sols

1) . The gel time may be anywhere from a few minntes to immeasurahlyf
long, depending on concentration, particle size and other factors.d
2) . All else constant, there is a certain pH value at which gelation
. is most rapid. This PH value is generally near 5, but may be any-
. .. where from about 4 to about 7 depending on other factors. ’
3). . Increasing electrolyte concentration decreases gel time and shifts/
: the pH correSponding to minimum gel time to higher values. ‘ |
. 4) i(Increasing temperature reduces gel time greatly. In the case of ;:
.10 wZ sols of Ludox HS at pH 5 the apparent activation energy is
about 18,3 keal (from duPont product data). o ; ‘
5) Gel time decreases with increasing sol concentration.‘ ForlLudoa'
- HS at pH 5 and 98.9°C, the gel time is inversely proportional to
the square of the concentration between 10 and 30 w%Z. At lower

temperatures the concentration dependence is even greater (Ibid.).
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6) At .a given concentration, gel time decreases rapidly with decreas-
ing particle size. 1Iler (1973, p.43) puts forth this approximate
kinetic law:

"The rate of gelling appears to be proportional to the total

area of silica surface present in a given volume of sol”.
‘(Note that this contradicts the conclusion under 5) above. However,
kit does give a feeling for tﬁe relative effects of varying concen-
tration and particle size.)

" The apparent aetivation'energy for gelation appears to be approximately
‘the same as that for the formation of a siloxane bond. It is likely that the
rate-determining step in the gelation process is the formation of siloxane
bonds between two particles which are in contact. The increase of gel time
with decreasing pH below a certain value is a consequence of the well-known
pH dependence of the rate of siloxane bond formation. :

The increase in gel time with increasing pH at higher pH's is clearly
due to increasing negative charge of the particles. This behavior is consis-
tent with the classical theory of colloid stability. It is in qualitative
disagreement with the cation sorption destabilization model discussed in $2.22
This suggests that the interparticle attraction caused by cation sorption is
not a significant factor in the gelation process. It seems likely that some
combination of van der Waals forces, hydrogen bonding, and hydrophobic attrac-
tion holds the colliding particles together long enough for the fermation of
interparticle siloxane bonds. ‘ '

We conclude that there are also relatively weak "classical” attractive
forces which mediate'gelation under conditions of negiigible cation sorption.
Overall, it appears that these forces are too weak and the gelation process
too slow to be of much practicel importance under most'geothermal brine
conditions. It is clear that under conditions of‘repid coaéulation that is
induced by cation adsorption ome need not concern oneself about the parallel
"classical gelation" mechanism because of its very low rate at the low sol

concentrations of greatest interest to geothermal chemistry.



-63- ...

CHAPTER THREE - THE KINETICS OF .SILICA POLY¥ERIZAT10N;;N.AQUEQUSeSOLUTION. ,

53.1 Introduction N

[ R PRl : : LT

Silica: usually precipitates from geothermal brines as amorphous silica’
or amorphous silicates. This conclusion is supported by geothermal field ni
experience, laboratory research and_theoretical considerations.h The scope of
this study was restricted. accordingly. » ,A’ '“h_if. .

- The. process of amorphous silica precipitation from supersaturated bulk
aqueous . phase consists of the following steps: ( o
1)  Formation of silica polymers of less than critical nucleus size.
2) .. Nucleation of an. amorphous silica phase (from here on simply AS) in the

‘form of colloidal particles. o
3) Growth of the supercritical AS particles by further chemical deposition

of silicic acid on their surfaces. .

4) Coagulation or flocculation of colloidal particles to give a gel.

5)‘; Cementation of the particles in’ the gel by chemical bonding and o

S further deposition of silica between the particles.§°” - ‘

b) 'Rarely, growth of a ‘secondary phase in the interstices between the AS
_ particles. v o e ‘

‘Step 6) is known to occur in the high temperature brine lines and’ separa-—
tors at the Niland test facility. The secondary phase observed there is largely
iron sulfide, FeS (Austin’ et al., 1976, pp. 58—62). What appears to be secon-
dary growth of‘calcite in silica scale has been reported in an evaporative .
.cooling system supplied with silica and calcium—rich water (Midkiff and Foyt,
1976 and 1977). o o o ' o
f' ‘ When a solid surface 1s present, a layer of amorphOus silica forms on
it, and further deposition may proceed as step 3) alone. If an AS colloid is
present in the medium, the particles may adhere to ‘the surface in analogy
'to steps 4) and 5), and step 6) may follow. fnhint: VTR
' Throughout this report we employ the term molecular deposition ‘to signify

the deposition of dissolved silica on surfaces by means ‘of step 3) alone.
This special term is introduced ‘to avoid possible confusion’ with deposition of
ilica in colloidal form which would be analogous ‘to step 4). ;

- The important role of the homogeneous nucleation step in silica pre—
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cipitation from solution was recently recognized by A.C. Makrides and his
coworkers at the EIC Corporation of Newton, Mass. (Makrides et al., 1978).
Past ignorance of this crucial fact has caused much confusion and
misinterpretation in the silica literature. The problem is that steps 1),
2) and 3) are qualitatively different and follow different rate laws.
This makes it nearly worthless to try to fit the kinetics of the whole
process to one kinetic eduation as has usually been the case in the past.
This pitfall has been avoided in the work reported here,
The kinetics and phenomenology of steps 2) and 3) have been studied by
us in great detail, both separately and together. Step 1) happens too
rapidly to have any effect on the overall kinetics. Steps 4) and 5) have

been studied in somewhat less detail in work reported eISenhere‘(Weres ‘gg'f

.a__l.’ 1980).

s$3.2 Experimental Methods

The basic experimental design and methods are outlined here. Further
details of experimental technique are presented in Appendix 3.2. All in all,
our experimental techniques most closely resemble those of Baumann (1959) and
Makrides et al. (1978). | -

Approximately 300 experimental runs were performed, and about two—thirds
of these produced useable data.

The basic experimental technique employed was to prepare a buffered
solution of given pH molybdate active silica concentration (henceforth
abbreviated as MAS), salinity, etc., and keep it at a constant temperature
for some length of time while periodically withdrawing small samples to
analyze for remaining MAS. The molybdate yellow method was used to determine
the MAS concentration as the reaction progressed. | |

The kinetic experiments fell into two broad categories:

1) experiments of the molecular depositionvtype, in which colloidal silica
was added to the solution at the beginning of the experiment and served'as a
solid substrate for molecular deposition, and 7 ’

- 2) experiments of the homogeneous nucleation type, in which no colloidal
silica was added, but, instead, it formed by means of homogeneOus nucleation

as the reaction progressed.

"
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Timing of the Experiments. The great bulk of our experiments were
planned to have a duration of about 60 to 90 minutes, and most. of these were
- done three at a time with manual sampling ‘at-intervals of 5‘or110 minutes.
Asidevfrom greatly increasing productivity, the three—at—a—time approach best
allowed the effects of single variables (pH, salt content, etc.) to be
isolated with least interference by random errors; etc. Because pH has a

large 'and more-or-less easily predictable effect upon reaction rate, we were

able to devise most of our experiments to fit into this convenient time
frame, EaS | - ’ ,

Those experiments which could not be fitted. into 90 minutes because of
desired low pH or low initial MAS concentration were run as long as required.
Most of the experiments dealing with fluoride catalysis required 4 to 6
hours, and some, up to 12 hours. (Here we were ablé to exercise some degree
of control by varying the initial silica concentration.) Nucleation experiments
with initial silica concentrations below about 0.6 g 5109 L1 required up
“to 100 hours-to complete:.’ In this case samples were taken morning and'after-
noon from Monday morning to Friday afternoon,

Temperature. Experiments were performed at 50 75 30 /100 and 23°C
with the number of experiments performed at each temperature decreasing in ‘
about that order. The temperature in our laboratory is steady at 23°C and
so, when working at that temperature, we simply let the reaction vessels stand
on the benchtop. R . , ,

Experiments at 100°C were run in a heater-mantled three—necked flask
equipped with a reflux column. At 100°C, the decline in MAS concentration
was monitored in a continuous flow mode employing a peristaltic pump and mixing
manifolds (Fig. 3. 1) This system is discussed in detail in Appendix 3 2‘,.

At temperatures below 100°C, the usual method was to take discrete 1—m1 |
samples with a Becton-Dickinson ground glass syringe at intervals of five or
ten minutes. This resulted in more point scatter than the continuous flow
technique, but eliminated chronic difficulties with pump servicing and sta—
bility, and allowed several (typically three) experimental runs to be made at

the same time. o
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CONTINUOUS FLOW KINETIC SYSTEM FOR EXPERIMENTS AT 100°C

" ller's K -
molybdate
reagent B 360mi he- ‘ Chart recorder

25mi hr-?

. ] . Spec(mphetometer ;

with
I flowthrough cell

Peristaltic| pump

Imihr?

) 2 minute delay coil
o * in hot water

Refluxing column

Mantled 3-neck
flask (1000C)

XBL 799 — 2850

Fig. 3.1. This system is discussed in detail in Appendix 3.2,

At temperatdres other than 23 and 100°C, the solutions were kept in a
thermostatted water Bath'fitted with a plexiglass cover. Spot checks indi-
cated a typical range of temperature fluctuation of +10C at temperatures
below 100°C, and essentially constant temperature at 100°.

Silica stock solution. A solution containing about 2.0 g L‘IJSiOZ as

sodium metasilicate was used as the dissolved silica stock solution. The
absence of a significant concentration of oligomeric species in this stock
solution was indicated by the fact that a few experiments perfofmed using
stock solutions with a Ne:SiOZ ratio twice as high gave identical results.

This stock solution was prepared as follows: dissolve 9.45 g reagent
grade sodium metasilicate, NaéSiO3-9 H90 in one liter of doubly deionized
water. Standardize before use. '

Buffers. Different buffers were used in different pH ranges. Below pH
2.5, a maleate—citrate mixture was used. Between pH 2.5 and 6, citrate alone
was used. Between about pH 6 and 8.5 (most of our work), a mixture of meleate
and barbital (5,5%diethylbarbituric acid; also known as Veronal) was used;
Above pH 8.5, a mixture of barbital and glycine was used. | '
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In the.case of the barbital-maleate and barbital-glycine systems, the
buffer stock solutions were prepared from the sodium salts of thefbutfering,,
compounds,.. Each compound present .in these stock solutionsrwas at a qoncenf;,
tration of 0.1M. The citrate-maleate and citrate buffer stock_solutions were
prepared in acid form, with each acid‘presentpinrp.lM_concentrstiona In all
cases, the buffer stock solution was dilutedriiweffold in preparing the_;
.actual experimental solutions. Therefore, the buffering compounds were,each
present in 0.02M concentration in the experimental solutions. -

. The barbital used was ' Mallinckrodt . "Barbital. Purified Powder" intended;
for pharmaceutical use. . - L |

- The barbital-maleate buffer stock solution was prepared as follows.‘,
dissolve 18.4 grams barbital and 11.6 grams maleic acid (J. J. Bates) in 1
liter 0.1 N NaOH.. . . .. BRI O Nk TIE T SV

’ Colloidal silica. .The‘colloidal‘silica:employed'in‘the molecularv ‘

deposition experiments was duPont Ludox. Ludox is a technical grade

product, but is rather pure. It was supplied to us free of charge by the
duPont Company. e ,~l, R T ~ , e

Ve used Ludox varieties TM, HS, and SM and determined their specific
surface areas by means of the Sears :(1956) titration‘method.: The specific
surface areas determined for the our samples of TM, HS, and SM were 157 242
and 359 m2 -1 .-5109, reSpectively. These values correspond to initial
particle radii of: about 8.7, 5.6 and 3.8 nanometers. - , e

The colloidal silica stock solutions were prepared as, follows., filter.
concentrated Ludox TM, SM, & HS sols obtained from manufacturer through . .~
fluted filter paper'in large funnel, determine concentration of 510y, and,awj
dilute with dejonized water to 100 g Si0p L'l S , i

:, Other materials and water. . All chemicals used other than Ludox and

barbital were of reagent grade.”,, > Lree D e ol
All solutions were prepared using twice doubly deionized water. - The .
water was deionized using mixed anion and cation exchange resins. - The waterp
coming out of our laboratory s deionized .water tap was already once doubly
deionized in this;way.f It ‘was. doubly deionized a second time using our own
column,before using it. Blank determinations using this water showed not
enough silica :(or phosphate) to give a detectable color with the molybdate

A

yellow method.
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Our data showed that the oniy potential contaminants which may influence
the chemistry of silica in trace concentrations are fluoride and aluminum.
(Fluoride is a significant catalyst below about pH 5, and aluminum counter-
acts its effect. Aluminum is itself a potent reaction inhibitor above pH 7.5.
See $3.6 and S3.15) However; none of our data showed what would have been
the obvious effects of contamination by either. Also, mone of the experiments -
in the low pH range in which fluoride contamination might have been significant
employed either Ludox or barbital which would have been the likeliest sources’
of contamination. CoiorimetfiC'analysis of the barbital gave an upper limit
value of 0.1 ppm for possible contamination of the experimental solutions
with aluminum from this source. We believe that any effect caused by this
little aluminum would be smaller than that of experimental error. o

Preparation of the Experimental Solutions. The reactions were initiated

by rapidly mixing two preheated solutions, one acid énd’one alkaline., " In all
cases, ;he‘alkaline solution was simply the apprOpriéte amount of the sodium
metasilicate.stock solution. 4

When the barbital-maleate or barbital-glycine buffer system was used,
the acid solution contained the buffering compounds, the added ‘salts (if
any), and the amount of 0.3 N H7S04 needed to mneutralize the silica stock
solution and adjust the buffer to the desired pH. The the first steps in
compounding the acid solution were to mix the appropriate amount of buffer
stock solution and the added salts (in solid form, if any) with some water,
apd then to adjust the pH of this mixture to the desired final value by
titrating it with 0.3 N HySO4. When no salts were added, all this was
done at room temperature. If salts were added, the mixture was heatéa to
about 50 or 60°C in order to keep the barbital in solution. (The tempera- " .
ture at which this titration is performed is not critical, because the pH of
barbital-maleate buffer varies little with temperature.) After this titration "
procedure, the amount of 0.3 N H3S0; needed to neutralize the silica
stock solution was added, as well as the amount of water needed to bring the
final solution volume up to that desired.

' ‘TYpicaliy, the total concentration of sodium ion introduced into

the experimental solution by way of the silica and buffer stock solutions was

about 0.09 M. - - | k,
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the higher concentration Yemp values. In other words, the low ¢y curves
‘dr0p too quicLly relative to the higher °i curves to be fitted by the same
formula for Y- This deviation is Well accounted for by the hypothesis that

:heterogeneous ‘nucleation is the dominant nucleation mechanism at the 1owest

B el

cy value at each temperature." )
‘ ' Because our ‘model’ considers only homogeneous nucleation, the data that
:.was effected by heterogeneous nucleation had to’ be dropped from the fitting
process. It was ‘found that deleting the four hardest to fit curves markedly
improved the overall fit of the remaining fourteen, while dropping additional
» ones caused 1ittle further improvement., ‘These four were: :ci{- 0.4 and 0.5
g L-1 at 50°C, cy =0.5 g L~! at 759, and cg = 0. 75 ¢ L-1"at 100°C." The
remaining fourteen curves were best fitted with these values."iv; e
ﬂ#r= 63.68 ergs =27 T e atene
Sy = 0.049 ergs cm-ZK-l
:= 6. 84E14 cm” =2,
With these values, the RMS deviation between the values of Yemb/and
Yfie (for the fourteen values that were fitted) was 0. 7 ergs cm‘2 )
and the residual RMS "error in log r" was 0.1° log units. i
L A comparison of experimental and calculated curves ‘(using Yfit ‘for
“dy in all cases) ‘for 50°C is presented in Figure 3.18. The disagreement
between theory and experiment at ci = 0. 5 g L‘1 is due to the’ effect of"
heterogeneous nucleation. The excellent agreement in the’ other ‘four cases is
a gratifying confirmation of the fundamental validity of’ the theoretical
model that was used. (Note, however, that ‘the’ agreement of theory with expe-
: riment is not quite as good at the other two temperatures. See Table 3.1: )
a For Ci" 0. 6, two curves are presented in Fig. 3. 18. ‘One of ‘them was -
calculated using the "multistate kinetics formalism, and the other " one, using
the approximate expression (3. 8. 4). The former seems to have a slightly '
"better shape s but this modest improvement hardly ‘seemed to justify further
bother with the cumbersome multistate kinetics ‘algorithm, and it was' decided
to delete it from the code. e edriem gpgenn o coien Deled
Table 3.1 ‘also contains some theoretically calculated results.: Particu-
larly noteworthy is how small some of the ‘values of n* are. Model building
experiments reveal that AS particles in’ this size range are not even close

to being spherical in shape. Nonetheless, the theory used here, which aSSumes
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T When the citrate or citrate—maleate buffer system was used, the prepara-
tion of the acid solution involved doing a test titration first. The test
solution was prepared by mixing the desired amounts of silica stock solution,
buffer stock solution (in acid form), and added salts, if any (in solid form ).
This mixture was titrated with either 0.3 N H2504 or 1.0 N NaOH to the de-
sired pH value and the volume of acid or base solution required was recorded.

_The.. acid starting solution actually used was then formulated by mixing the
appropriate amounts of buffer stock solution and added salts, the amount of
acid or base needed to obtain the desired final pH as determined above, and
the amount of water needed to give the desired final volume.r This procedure
typically introduced about 0. 05 M of sodium derived from the silica stock
solution into the experimental solution, and a smaller amount from the .

NaOH used to adjust the pH (if any). .

' When Ludox was employed, it was added last, after the acid and alkaline
solutions had been mixed and a 1 ml aliquot withdrawn for the purpose of
establishing an initial silica concentration.

Concentration units employed. All liquid measuring was done at or near

room temperature, and all concentrations vere calculated on a per liter at
room temperature basis. For example, we formulated a solution to contain, say
1 g of 5102 and 1 mole of NaCl per liter at room temperature, regardless of
‘what temperature we actually intended to use in the experiment. Thus, the
nominal per liter concentrations were about equal to the actual ones in the
case of work at 23 and 30°C but not at the higher temperatures. When no
salts were added the nominal per liter concentrations were approximately ,
equal to concentrations per kilogram of water (i.e., molal concentrations) at
~all temperatures. When salts were added, the nominal per liter concentra—
tions, were not equal to molal concentrations at any temperature, but they
were independent of the actual temperature of the experiment. Therefore,
during data analysis, ve could always convert our concentration values to
molal values by using a correction factor which depended only on the concen-
_tration of the added salt and the tabulated values of its partial molal
volume as determined at room temperature,

Throughout this report, concentrations expressed in. terms of grams |
__or moles per liter are nominal" concentrations referred to room temperature

as discussed above; i.e., 1 M NaCl means that that solution have would been
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1 M in NaCl if analyzed at room temperature, but actually was not at the
temperature of the experiment. C

All silica ‘analyses were made ‘using the molybdate;yellow‘methodgand,
therefore, - all of the: concentrations determined were concentrations .of
molybdate-active>silica."This is not quite the 'same as "monomeric ;silica” or
- as monosilicic acid (henceforth abbreviated as: MSA),; because silicic acid
‘dimers and ‘trimers are - molybdate—active . as well. In .practice, there was no
‘way: we could distinguish between MAS and monomeric silica»(whichlincludes»MSA
and the ion H351047). Therefore, knowing that under the .conditions used in
our. work most ‘of the MAS is actually monomeric, we analyzed the.data as though
all of: 1t were. :"Strictly speaking, this .is wrong, hut,~as7will be -discussed.
in S3.7, this convenient approximation-does not hurt final results and is easy
to compensate foriin retrospects .o cfoenion S IR P IO

Reaction vessels, : At.1009C the reaction vessel was a l1-L three-necked -

flask, and 400 ml:of.the:solution~(roomgtemperature measure). was .used. ' The
acid solution”was:preheated-in‘theﬂflask,'andrthesalkaline‘solutionAwas pre-
-heated in ‘a stainless steel:wvessels i ic suod o : e

At temperatures below 100°C, 8-oz. polyethelene bottles (weighted - .. -
with lead foil or solder on the outside when used in a water bath) were used
for both preheating and the actual experiment. : Pt

All alkaline solutions were stored in plastic ware. However measuring,
mixing, etc, were routinely done using Pyrex glassware. Blank experiments
demonstrated that our procedures were adequate to prevent changes in silica |
concentration due to reactions with glassware. A - ; :

, pH Measurement. we found that i* is extremely difficult to prepare a__

: solution to have exactly the pH value desired. Typically, we found resulting
pH's after mixing to. differ by + 0.1 pH unit from what we had intended them

to be. When working with a new buffer system or new added salt this discre—
pancy was sometimes as large as, 0 3 units.) Because of this, the solution pH
was alway measured at the end of the experiment and that value used in sub-
sequent data analysis. A digital pH meter calibrated at the given temperature
was employed._ Preliminary tests revealed that the pH was stable to within
about + 0. 01 unit over the duration of a run. Some of the 100°C experiments
were performed with a consistent error of about 0. 15 unit in the meter cali-
bration, which was_ corrected for during data analysis.r We believe the most

probable error in pH at this temperature to be about + 0 02 unit.
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An Orion Model 701A pH meter was used. In all cases, it was calibrated
with a standard held at the temperature at which the actual measurements were
to be made. It was found to be necessary to allow the electrode to thermally
‘equilibriate for about 15 minutes in ‘the warmed standard,to obtain a stable
reading. Until the electrode had been allowed to stabilize in this way, there
was a -slow drift in the reading, - This drift was attributed: to the relatively
slow response of the KCl concentration in the saturated KCl/ calomel reference
electrode to the change in electrode temperature. l

Experience showed that the electrode should‘not be left standing in the
experimental solutions any longer than it took to obtain a reading. It was
-found that prolonged and/or frequent contact with the experimental solutions
caused a deterioration in electrode performance over time which manifested
itself as a progressively slower response. This was attributed to silica
deposition on ‘the glass membrane which progressively increased its electrical
resistance. - In general, an electrode of the sealed type is preferable for
work above room temperature because ordinary, unsealed electrodes suffer from
evaporation of the fluid in the KC1 bridge.

$3.3 The Rate of Molecular Deposition as a Function of pH -

A number of pairs and triplets of experiments were performed which
differed only in pH. (No salts were added in this series.) Experiments both
with and withort added colloid were included in this series, and most were
performed at 50°C. A typical triplet of curves generated in this series
is presented in Fig. 3.2. The expected accelerating effect of increasing pH
is evident. o ' I

All data analysis was done in terms of pairs of curves run at the same
temperature, initial silica concentration, and added colloid (if any) Sets
of three curves were treated as two pairs of curves at adjacent pH values.
In most cases two curves that were compared with each other during data
analysis had actually been run simultaneously. k

The analysis of the colloid-added data in this series began with '
fitting a trial kinetic function to each curve and determining the empirical
value of the apparent pH dependent rate constant from it, (That is to say,

a "rate constant” whose value reflects the pH as well as the temperature.
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EFFECT OF VARYING pH

T 1 H l L)
50°C,¢i=1.0gL"!
o pH 6.04 .

. ®pH633 .,
A pHE.T9

[sX-] ol PREE

Molybdate active silica (gL™")"

Fig. -3.2. :.-Homogeneous nucleation experiments with barbital-maleate buffer.
Throughout the Figures in this Chapter, all kinetic data Iike this were
generated using BM buffer unless explicitly stated: otherwise.~,,, T :

This fitting procedure is discussed inﬁdetail in S3 4 below;)v‘The(apparent'i
‘kinetic order in respect to OH™ was then calculated by using the approxi—
mate relation.
N=4d1n k / d 1n 80H~ = d log k ]/ d PH o
o = (log kp = log k1) / (pH2 - le) | (3 3.1)
The value of N directly reflects the effect of pH change on the rate
of molecular deposition unless the pH is so high that the dissociation ‘_
~of MSA 1s important. ' . ‘
| “ The rate of polymerization by vay of homogeneous nucleation is affected”
by the pH through the effect of pH on the rate of molecular deposition.
It is also affected by the pH through the effect of pH on the Surface tension
(see s3. 10) but, under the conditions of these experiments, this is only a
secondary effect. Ignoring this secondary effect allows the effect of h.‘ fﬁ
pH on the rate of molecular deposition to be extracted from the homogeneous
nucleation data in .a strictly analogous way.’” - ] i
The homogeneous nucleation data was initially gathered in the form of je
MAS concentrations determined at regular time intervals (typically 5 to 10

minutes) This data was first plotted on 1inear graph paper and smooth
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curves were drawn through it. (As, for exémple, in Fig. 3.2.) It was then
converted to tabular data in the form of time as a function of concentration.
This was done by reading the time value corresponding to a given concentra-
tion from the graph for each curve. For each pair of curves, this gave a
column of pairs of time values, each pair corresponding to a different
concentration. -

The ratio of the two time ﬁéiues in each pair was calculated. These
figures were exémined, and clearly erratic values discarded. These were
usually those that correspohded to the highest concentration values, where
the drop in MAS concentration was most iapid and graphing and interpolation
errors greatest, Frequently, the loﬁest concentration values were also
erratic. (As will be discussed in Section 3.12 below, this was probably
due to a change in the particle growth mechanism under these conditions.)

Then the reﬁainiﬂg values of the time ratio were averaged. = An .average
time ratio calculated in this way is actualiy the reciprotal of the moiécular
deposition rates at the two given pH values. Finally, the valué of N for the

given pair of curves was calculated using the formula

Values of N calculated from six pairs of colloid édded curves and seven
pairs of homogeneous nucleation curves at 50°C are presented in Fig. 3.3.
Each bar corresponds to a pair of curves. The height of each bar represents
the value of N, and the positions of its two edges represent the pH's of the
two curves. S |

The data in Fig. 3.3 is consistent with the generally accepted view that
the rate of’ﬁolecular deposition is proportionéi to the conténtratibn;of :
16nized silanol groups on the silica surface. At low pH,'their concentration
varies in proportion to the concentration of hydroxide ion in solution and N
is about one. At pH values higﬁ enough for a signif{cant'fraction of the
surface silanols to be dissociated, the increasingly negétive surface poten—
tial makes the increase in the concentration of dissociated surface silanols

lag behind the hydroxide fon concentration, and the value of N decreases.

Fitting the data. The experimental values of N in Fig. 3 3 were fitted
using an equation proposed by Allen et al al, (1971): ‘
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dlog fop/d pH vs. pH
]

BTN \ T Lo Y ERPE S SR L L
S E Gy et bR € r e .
. 4 crw . < - P e e b FE P TiE

A B B IR IR IR
. —_— e
-
70.5—;, P D R I TR ET o y DT, PRt
.

*. Derivative (dimensionless)

0.0 R T i |F1 i o
e 4 5 6 7 8 9

xBLYST-3608

Fig. 3 3.‘ The bars represent experimental values, and the eolid’ curve
represents a’ solution of Eqn. (3.3.3) calculated using:the values of  the two -
parameters in that equation which give the best fit, :

. “16g f = pﬁ - pKy + log [Na*] - B'f/2:§0iﬁi log (lnraf)A (3.3.3)

| Where: R
i""f’( - the fraction of the surface silanols that are dissociated
:ijié = the "intrinsic", or low pH limit value of the pKa of
e the surface silanol groups B ‘ '

. [Na+] = the activity of the sodium ion in’ the solution
nd B' is proportional to the reciprocal of the inner layer capacitance.‘”
The detailed site binding model of Davis et al. (1978) also’ reduces o

to this single equation 1f one‘makes the the simplifying approximation that
all dissociated silanols have sodium ions bound to them. (This is actually a fw

good assumption at higher salt concentrations.)

The hypothesis that the rate of molecular deposition is proportional to
£ leads us to make ‘the identification B ’

N= dlog £/dpn 0 (3.3.)



-76-

Therefore, the data in Fig. 3.3 may be fitted using -the total derivative
of log f over pH as the fitting function. This is: '

d log £/d pH = N = 1/(1+£[B' + 1/(1-£)]) (3.3.5)

In most of these experiments the sodium fon concentration was 0.088+0.01
and the sodium ion activity was 0;069i9.008. Therefore, we chose to treat
the quantity (pKy - log [Nat]) ‘as an adjnstable'parameter for the purposes
of data fitting (instead of pKj) along with B'.

The experimental values of N were fitted with values calculated using
(3.3.5). The method of least- squares was employed, with each point weighed
in proportion to the difference between the two corresponding pH values
(i.e., the width of the bar in Fig. 3.3). The values of f on the R.H.S. were
calculated by integrating (3.3.5) from. low pH, at which the initial value of f

‘was taken to be
log £ = pH - pK; + log [Na%] ‘ S (3.3.6)

The best fit (weighed r.m.s. error = 0.141) was obtained with B' = 5.2 and
pKj-log [Na 1 =7.6, which correSponds to pKy = 6.4, This is in excellent
agreement with values B' = 4.3 and pKy = 6.6 found by Allen et _al.(1971)
when they fitted room temperature titration data for Ludox HS employing
(3.3.3). This excellent agreement conclusively demonstrates that the rate of
molecular deposition is proportional to.the concentrationAof dissociated
surface silanol groups. The solid curve in Fig. 3.3 represents the best fit.

Introducing a standard state. The form of (3. 3. 3) suggests that the

ratio of the activities of the sodium and hydrogen ions determines the value .
of £ rather than their separate values. This suggests that f may be more -
conveniently expressed as a function of some combination of pH and [Na+].
We chose to work with f expressed as a function of nominal pH defined
as .
PHyom = pH + log ([Nat1/0.069) o (3.3.7)
When [Nat] = 0.069 (as was approximately the case with most of our

work), pH = pHyope
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Furthermore, most of our experiments were performed between pH 6 and 8.
This suggests that a convenient reference state for our purposes would be
[Na*] = 0.069 and pH = PHnom = 7-0. Therefore, we chose to work with

the value of f normalized relative to its value under these conditions. We

define @

£ (pHgom) = £(pHpog) / £(7.0) - {(3.3.8)

vhere

£(7.0) = 0.118913 :
Because there are approximately seven silanol groups per square nanome-
ter on the surface (see $3.10), ‘this standard state corresponds to slightly
less than one ionized silanol group per square nanometer. .. . . .. .. K
Eqns.(3.3.3) and (3.3.5) are fundamental, but too unwieldy for routine
practical application. Therefore, we refitted the values of f calculated from
(3.3. 5) with arbitrary closed form analytic expressions. These expressions are
presented in Appendix A3 1. They appear in FORTRAN‘coded form in SUBROUTINE |
PHF of SILNUC as, well (see Chapter 6). Figure 3.4 Presents the value of . f'
calculated using these expressions, as does Table A3 1 in Appendix A3 1. .

The separate effects of pH and pHpome Much later, when the effect of

added sodium chloride on the homogeneous nucleation jprocess was studied An
detail (see §3.12), it was found that Eqn. (3.3.3) alone was not able to
reconcile the high and low salinity data. It turned out that the assumption
| implicit in (3 3 3) that all of the ionized surface silanols have sodium ions
bound to them is incorrect. Apparently, in a low salinity medium (like our ‘L
"buffer only experimental solutions) a substantial ftaction do not.  This
becomes obvious when an attempt is made to reconcile kinetic data obtained
at different salt c0ncentrations. e R
The concentration of these unpaired" dissociated silanols is more-ore
less independent of the sodium ion activity._ Therefore, the expression for N
the surface density of dissociated silanols should contain a term which
depends only on pH (rather than PHnom)' Unfortunately, this was discovered

much too far along in the data reduction process for us to be able to.go .
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Variation of deposition rate with pH
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Fig. 3. 4. The function plotted here is f‘(pH), which F(pH,pHnom) is equal to
when pH:= pHpope

back and start over using a more adequate replacement for (3.3.3);"Instead;
we chose to proceed with the simplifying (and sinnlistic) assumption‘that the
function that expresses the dependence of the reaction rate on pH and sali—
nity could be written in the form:

F (pH,pH,on) = h £'(pH) + (1-h) ff(pnnom) '/ (3.3.9)

where h is yet another adjustable parameter to be fitted to the experi-li'
mental data. The high ‘salinity data was best fitted using h 0. 45 (see
83 12). When [Na+] = 0, 069 which was approximately the case in most of
our work, pH = PHnoma and F = f'. This is why ignoring the ° unpaired
dissociated silanols had little effect on the subsequent data analysis until
we got to the high salinity data. ‘ o '
' of course theoretical models of the ion exchange properties of the
amorphous silica surface much more advanced than that implied 'in (3. 3. 9) are
available; in particular, the "site- binding model of Davis _gg_gl, (1978).
However, (3.3.9) does_seem to fit our data almost to within exnerimentai error,

and, the substantially greater complexity of a physically'mote realistic treat-
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ment did not seem warranted, Also, note that the (3 3. 9) becomes more real—
istic as the salinity is increased and the pH dependent term becomes 1ess L
important. In practice, all this means that (3 3 9) can be used with confi—

dence ~whenever the sodium ion activity is equal to or greater than 0 069.}

\ Sources of error. Several other minor inconsistencies in the analysis »
of the pH effect data were allowed to remain by virtue of having been dis— '
covered much too late to do anything about them. First the two lowest pH
experiments included in Figure 3.3 (those which correspond to the vertical .
'lines at pH 3. 96 and 5 24) were performed using citrate buffer which gives a.
somewhat lower sodium ion activity than does the barbital—maleate buffer sys—::
tem used at higher pH's. Therefore, the approximate equality of pH and PHnom"
does not hold for these experiments, and this was. not compensated for in data~i
analysis. This is the probable cause of the spuriously high bar between pH .
5.24 and 6.04. Fortunately, the mathematical form of the function being fitted
made the results relatively insensitive to the empirical values of N in this
low pH range. B

Second although the intent here was to determine the effect of pH on
the rate of molecular deposition, data from homogeneous nucleation experi—
ments were also used in compiling Figure 3. 3. The rate of this process is
also subject to another accelerating effect of increasing pH that is mediated
by the decrease in surface tension associated with increasing surface charge
density (see S3 10) Fortunately, all but one of the seven bars in Fig. 3.3 :,
that are above pH 7 correspond to molecular deposition (i.e., colloid added )
experiments and were not affected by this problem. The one homogeneous nuclea-
“tion experiment in this pH range shows a significant deviation in the expected ;
direction (the tallest bar) The rest of the homogeneous nucleation data was
generated at lower pH values at which the surface tension lowering effect is' :
smaller and varies less with pH.’ v | E

Finally, the increase of solubility with increasing pH has not been com-»;;
pensated for. This may have been the cause of the very short bar above pH 8. ’
However this one spuriously low value'seems to have had little or no effect k
on the overall quality of the fit. o Q D - [

The effect of cations other than sodium is discussed in SB 13.‘:

A few experiments like this were done at temperatures other than 50°C.

Unfortunately, these results were not extensive enough to establish anything
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more than that the pH dependence at the other temperatures is comparable to
that at 500¢. Therefore, the formulas and tables presented in Appendix A3 1
are recommended for use at all temperatures for the time being.

Polymerization rates at high pH. Figure 3 5 shows the influence of pH on

the rate of molecular deposition in the pH range above 8. The deposition

rate is roughly independent of pH in the pH range 8 to 9, and decreases with
further increases in the pH value above 9. The surface‘density of ionized
silanol groups increases with increasing pH throughout; however above'about
pH 8 the solubility of amorphous silica also begins to increase rapidly with
increasing pH because of the fonic dissociation of MSA and this has a compen-
sating decelerating effect. Between about pH 8 and 9, the two effects cancel
almost perfectly, and the rate of molecular deposition is approximately
independent of pHe At even higher pH values the decelerating effect is
dominant and the rate decreases.

Fig. 3.6 shows the effect of increasing pH above about 8 on thelhomoge-
neous nucleation process. There is a slight increase in the overall rate up
to about pH 8, 75 and then a slow decrease above about pH 9. The same two
factors are operative as with the data in Fig. 3.5 and approximately cancel
each other out here as well. The pH also affects the free energy of forma-
tion of the critical nucleus. The increasing solubility of silica decreases
the saturation ratio at a given concentration of MAS, and this tends to slow
down nucleation. The increasing extent of surface ionization reduces the
surface tension, and this tends to accelerate nucleation. These two effects
approximately cancel each other out as well,

The reader is cautioned that these are really only qualitative examples
that refer to one particular temperature and range of salinity and MAS
concentration. This general pattern certainly holds for other temperatures,
etc., but the rate plateau need not always be in the same pH range, retc;
However, all of these effects may be numerically modeled using the computer
code SILNUC which is presented and discussed in Chapter 6 of this report.

Unfortunately, the data in Figures 3.5 and 3.6 were not integrated into
the overall data reduction process for lack of time. Therefore;'even though
SILNUC can be used to make predictions for the high pH range, these predic—

tions will actually be extrapolations and should be recognized as such.
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- MOLECULAR DEPOSITION AT HIGH pH
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Fig. 3.5, Data from.a "colloid: added experiment”.
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S83.4 The Rate of Molecular Deposition

Experimental data. The results of a total of eighteen selected experi-

ments at 50, 75, and 100°C were used to determine the tembérature and
" MAS concentration dependence of the rate of molecular deposition. At each
temperature, two sets of three runs each were made. At 1000C, both sets
were run on the continuous flow system; at 75°C, both were done with manual:
sampling; at 50°C, one wés done with manual sampling, and the other with
the continuous flow system. In all cases, all three runs within a set were
done on the same day, and the reaction solutions for the three were prepared
as single batches which were then divided three ways. In the case of the
manual runs, the threé were actually run at the same time and in the same
water bath. This procedure was followed in order to minimize the random
variations from run to run within each set.

The runs within each set differed only in the type and amount of ..
colloidai silica introduced into each solution. The three formUlaﬁibﬂs'*
were: 1 g L-! Ludox ™, 0.6 g L~! Ludox HS, and 0.4 g L1 Ludox SM. |
In each case, this corresponded to a total surface area of between 143 and
157 m2 171, A

The initial MAS concentrations were about 0.6, 0.8 and 0.85 g L1 at
50, 75, and 100°C, respectively. These particular initial concentrations
were used because at higher initial concentrations homogeneous nucleation
would have significantly affected the results. The balance between homoge-
neous nucleation and molecular deposition on the Ludox could have been
shifted further in favor of the latter by adding more Ludox (considerably
more), but this would have resulted in such a sﬁall total thickness of
deposited silica that the results might well have been ﬁerturbed by the
initial state of the colloid surface, etc.

No attempt was made{to perform colloid-added experiments at temperatures
below 50°C, because the rate of molecular deposition at 509 is about as
sméll as can be conveniently studied with our techniques, and the rate at
lower temperatures would have been even lower. ‘

Figure 3.7 presents the data from a continuous flow system experiment.,

Figure 3.8 presents the results of a set of three manually sampled rums.
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CONTINUOUS FLOW SYSTEM KINETIC DATA
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Fig. 3.7. The crosses superimposed on the curve are manually placed digiti-
zation points whose coordinates were then read; to convert the curve to -

digital form.
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It is evident that the rate of molecular deposition per unit of surface area
is independent of particle size. The results of all: eighteen runs are pre—
sented in Table A3.4 to 6 in Appendix 3.4,

Data reduction. The data was -computer fitted to trial functions. In

the case of the manually sampled runs, the numerical data was used directly.
The curves from the machine runs were manually digitized for analysis. The
crosses in Fig. 3.7 are the digitization points for that particular run.
Some obviously erratic points in the manual data were dropped from the fitting
process. Most of the runs were terminated at a saturation ratio of about 1.28
(relative to the solubility over a flat surface). However, several of the 100°C
runs ran to considerably lcwer saturation values which approached equilibrium
with the Ludox. Because the data reduction procedure employed was very sensi-
tive to the low concentration portion of the curve, including these "tail"
points in the analysis might have caused spurious fits that were no good at
all in the more interesting higher concentration range. . Therefore, points
below S = 1.28 were deleted from the fitting process. The very first pcint in
each run was also dropped because these tende& to be erratic.

The rate of decline of MAS concentration in a low salinity medium con-

taining monodisperse added colloidal silica may be written as

de/dt = .

- k(Y,T) F(pH,pHyop) £(Y,c) aj [1 + (cp- e)/my1€2/3) (3.4.1)
where
c = the concentration of MAS in g SiO9 L1
c] = the concentration of MAS at the beginning of the experiment
t = the time in minutes
a] = the total surface area ofbfhe added colloidal silica at the

beginning of the experiment in m? 11
my = the total mass of the colloidal silica added at the beginning
, of the experiment in g L1
The pH dependence of the deposition rate is_acconnted for by the expli-
cit factor F(pH,pHyon). The last factor on the RHS accounts for the effect
of particle growth on the total surface area of the colloid that is present.
f(Y,c) is the function which actually describes the dependence of the

rate of molecular deposition on c. The functionai form of f is determined



-85-

by one or more parameters symbolized by.Y which are to be varied in searching
for the best fit.
k(Y,T)-1s the.pH. and concentration independent "rate constant”.” - The
numerical value-of 'k is, of :course, influenced:by the form'of £(Y,c) and the
value(s) of Y. : T '
- -Rearranging :and. integrating (3+4,1), ‘we obtain-
ti = Ep- ‘ ' BT

VL g R
= - [k(Y,]) F(pH,pHnom)]'l [ai £(Y, c)]‘ldc e (3.4.2)

where the subscript i refers to a specific data. point d.e., cq was

the concentration of MAS measured at tj and so on.
ay = ay {1+ (cl- ci)/m1](2/3)

The integral ‘on the RHS of (3.4. 2) was numerically evaluated for each
¢y using the trial function f(Y c). (Simpson s rule was used with each
interval °i+1‘ °i divided into twenty parts.) A linear regression was ‘
then performed' the empirical values of the LHS were fitted as a linear
function of the numerically calculated values of the RHS. k(Y T) F(pH,pﬁnom)
is equal to the reciprocal of the slope.' This is the "pH dependent rate
constant"” alluded to in 53 3. In the experiments described there, conditions‘
were such that the value of k(Y T) was the same in all cases.’ This allowed
the variation of F(pH,pHnom) with pH to be determined. In the experiments
described here, F(pH,pHnom) was already known, and the results were used
to determine the value of k(Y,T). Mathematically, this procedure is eomple-
tely analogous to that used to analyse kinetic data for ordinary liquid and

gas phase reactions. - B U P »
Trial rate’ functions. Applying'thehLaw of“ﬁicroscopic Reversibility in

the form usually applied to the analogous problem in the theory of vapor
condensation (Abraham, 1974, pp.80-83), it is easy to show that the rate

function should have the form

£(Y,c) = fg(!.c);tl,-,S'l,expizY/(pnkBTr»lv=_ ERE T F P D (3.4.3)
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where

fg(Y,c) = the rate.of the!forwardireaCtion.alone,=(i.e., the rate of
“deposition not corrected for simultaneous redissolution)
divided by K(Y,T)

S = the saturation ratio; i.e., the concentration of dissolved silica
divided by the equilibrium solubility under the given conditions
~of temperature, salinity, and pH

Y . = the surface tension in ergs em™2

Pn = the number density of AS = 2.21E22 §105 units em=3

kg ‘= the Boltzman constant = 1.38054E-16 ergs K~ "~

T = the absolute temperature in Kelvins

r = the particle radius in centimeters

The exponential factor serves to correct the value of S to account for
the increased solubility of small particles.

Eqn. (3.4. 3) requires that the molecular deposition rate vary with
particle size. However, the hypothesis of a particle size dependent deposi-
tion rate disagrees with our data, which shows that the rate is independent N
of particle size (see Fig. 3 8) No amount of forced fitting or compensation\v
elsewhere could make (3.4.3) consistent with‘both the moleeular deposition"ub
and homogeneous nucleation data. (This is discussed further in S3. 10).

Therefore, we chose to instead use the following related form in which T

does not appear:
£(Y,e) = fe(Y,e) (1 - 5=l o O (Buhae)

For reasons that are discussed in §83.5, we chose to treat ff as a

function of

Sa = (1 -a) cleg | - C (3.4.5)
' where‘ - 7
0 = the fraction of the dissolved silica ‘that is in ionic form -
Co = the equilibrium solubility of amorphous silica in pure water at
the given temperature in g (kg Hzo)'l.
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Thus, S, is the saturation ratio corrected for the effect of pH, but
not for:the effect of salinity. .In low salinity media like our experimental
solutions, S, is approximately equal to:S.. '

We found that the molecular deposition data alone:could be fitted
reasonably well using the simple form :- , '

£e(S) =SB . e bty venl ndny o (3 4, 6)
' .. The 50°C data .was_best: fitted with n = 4, the 75° data with n = 5, and
the 100° data with n = 6, but the quality of. the fit at 50 and .100°C was
not very much degraded by using n = 5:at.these. temperatures as well. There-.
fore, we chose toguse'n.sisithroughout in.order to simplify matters.

As will be discuesed in $3.10, it was not possible:to fit the homoge-
neous nucleation data using this "fifth orde:?;rnteﬂlaw.;;This contradiction
is only apparent rather than‘real,‘because in:noet of the homogeneous nuclea-
tion experiments therinitial;concentration of MAS was considerably higher
than in theycolloid~added experiments,at;the,given,tempe:ature.f Therefore, -
the two bodies of data reflect the hehavior'of ff in different ranges of
the value of S,, and there is no reason to.doubt that that behavior can
vary with silica concentration.

Final results. ‘The two bodies  of data were best reconciled by assuming

a fifth order rate law up to a certain "threshold" value of Sq which we
will call S, and a "first order" rate law above S¢, with continuity of -

the value and the slope at Sg:

£6(Sa) = S50 L. Af .Sa <8 . . .(3.4.72)
| ff(sa) Sl onde I ST E 0¥ LU0 PR S S FEN R e ,
st5 +5 st" <Sa - st) o AE 8g > 8p. . (3.4.7b)
where<1;,: T e v AT RS SR A Ly o
. Sy = antilog(0.0977 + 75. 84/':), T I TRV VI (3 4. 7c)

Eqn.:(3 4. 7c) gives .the values 2. 15, 1 99, and 1. 85 at 50, 75 and -
100°c¢, respectively. These correspond to dissolved silica concentrations ,
of 0. 389, 0.524, and, 0 673 g L™ 1, respectively. In. each case, this is
considerably higher than the initial concentration used in the colloid-added-
,experiments at the given temperature. However, the value of S, assumed has
little effect on the quality of;theffitito_the results of a colloid added
expetimentior on the value obtained for the rateytbnstant because the fitting

procedurearepresenteq;byf(§.4.2)_isvrelatively insensitive to the data at
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higher dissolved silica concentrations (i.e., S5 > S¢). The values of -
St represented by (3.4.7¢) were fitted using homogeneous nucleation data;
this is described in detail in §3.10.

The rate of dissolution was not studied experimentally by us, and the
spotty dissolution rate data available from other sources is not really
adequate for our purposes. However, numerical modelling of the chemistry of
amorphous silica requires that the rate of dissolution be defined in a-
numerical sense even if thé actual physical value is unknown. 'We chose to
use an arbitrary=bbt‘convenient—"first order"’rate law for the dissolution
process in the code SILNUC: ' A

£(¥,c) = S - -expl2Y/(PykpTr)]

if and only if exp[2Y/(PgkgTr)] > 8  ~  (3.4.7d)

Fote that there is a discontinuous jump in the value of £(Y,c) as calcu-
lated using (3.4.7a or b) and (3.4.7d) at exp[2Y/(P,kgTr)] = S. This
discontinuity may or may not be physically significant. (Note that the
arbitrary expression (3.4.7d) is not the one at fault here.)

A value of the rate constant k(Y,T) (which will henceforth be called
kop(T)) was calculated from the results of each of the eighteen colloid
added experiments. These eighteen values were fitted as a function of 1/T by
linear regression with the result ‘ o

log kop(T) = 3.1171 - 4296.6/T (3.4.7e)

where kgp(T) has the units of g cm~2 min~l.

The r.m.s. deviation of the eighteen empirical values of log kog(T)
from this line is only 0.038. This residual scatter is shown in Fig. 3.9.
Note the narroﬁ spread among the points overall, and the two essentially
coincident triplets of points at 50 and 100°C (continuous flow system data
in both cases). Additional intermediate results from the fitting process are
presented in the Tables in Appendix 3.4. » ‘ o

In summary, the molecular deposition rate itself is to be calculated
as B

Rpa(g $105 co~2 min—l)

= F(pH,pHpop) kon(T) ££(S,) (1-s=1) E T (344.76)

The rate of molecular deposition over a broad range of values of tempe- °
rature and ¢(l ~o) in a low salinity medium with bH = pH op = 7.0 1is
presented in Figure 3.10. ' The rate values in Fig. 3.10 were calculated with §
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RESIDUAL SCATTER OF RATE CONSTANT VALUES
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Fig. 3.9. Each point represents a molecular deposition‘experiment;

set equal to Sa, which is approximately true onlylin low-Salinity‘media.
To correct‘the values read from Fig. 3.10 for this, multiply them by

(1- l/S)/(l 1/55). Usually, this’ correction factor is so close to one that
it may be dispensed with, but it can be important ‘when S is close to one.

4 The area outlined in the Figure with light solid lines is approximately
that covered by our experimental data' the rest of the Figure is based on
extrapolation.5 However, we believe even these extrapolated values to_be K
considerably better than any other values, determined experimentally or
otherwise, that are presently available. l

The dotted line in the Figure represents the boundary between the domains
“of fifth and first kinetic order., These 1ié to the right and to the left of
it, respectively. It is striking how closely this line follows the locus of
the maximum - deposition rate value as a function of temperature at any given
value_of c(l,- @), This may or may not have 2 deeper physical significance.
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RATES OF MOLECULAR DEPOSITION AT pH,qp =pH= 70
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Fig.'3.10. Each solid curve is labeled with the corresponding concentration

of dissolved silica in undissociated. form; i.e., c(l-0).

discussion of concentration units in S3.2.
line, and dotted line are discussed in the text in S3.4.
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Also, see the

dashed
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S3.5 "Adsorbed Silica" and the Structure of the Silica Surface ..

We take the term ":dsorbed silica" to mean what Holt and King'(1955)
referred to as "adsorbed' silicic acid" - that small amount of'"loosely bound"
silica on the surface of AS that leaches off the surface very: rapidly in
an alkaline medium. We do not mean to imply adsorption in the usual sense.

In practice, we determined adsorbed .silica as follows:‘;a quantity
of crushed vitreous sili¢a of known surface“area,was allowed to ''equilibrate”
with a solution containing a known concentration of MAS. Then the vitreous
silica was leached with an alkaline solution. The. rate at whichfthe silica
initially went into solution was relatively high, but- quickly;dropped to a
nearly constant limiting value.  The amount of "adsorbed silica" was taken to
be equal to the amount of silica . that leached off . early in the leaching
process over and above the ‘steady state rate of dissolution that was ultima-
tely attained.  The experimental technique is: discussed in detail in A3. 2.

- Although our experiments were different from those of Holt and’ King,
we believe that they measured approximately the same physical quantity.

Figure 3.11. presents the values of the surface density of "adsorbed
silica" ~at 50°C as a function of MAS concentration in ‘the solution from whicht

1t was adsorbed. 'The experiments could not be carried’ out ‘at concentrations

7 above about 0.4 g L'l MAS because at higher concentrations, homogeneous

nucleation intervened.
The solid line in Figure 3 11 was drawn to intersect the concentration -
axis at 0 183 g L~ L which s the equilibrium solubility at 50°C. ' The
data are clearly consistent with' the hypothesis that this is the true inter—:
section point. This shows that’ here we are not dealing with an adsorption
process in the usual sense. If it Were, the equilibrium solubility value
would have no special significance, and the plot of adsorbed silica versus
MAS concentration would intersect the concentration axis at zero concentra-

tion. However, the relationship observed is completely consistent with ‘the

_chypothesis that the "adsorbed silica" is a reaction intermediate between

dissolved silica and ‘solid AS, and is present only when the molecular deposi- ‘

tion process “is occuring.
The apparent absence of - adsorbed silica" under conditions of dissolution

(1. e., ‘s < 1) demonstrates that the dissolution process is not simply the
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"Adsorbed" SiO, (10'% molecules cm2=108gem2)

02 0.3 04
Dissolved silica concentration (gL'}

XBL797=-3600

Fig. 3.11. Concentration of "adsorbed silica” on the surface of AS as a
function of the concentration of MAS in solution.

molecular deposition process "running backwards."« In other-words, the Law of
Microscopic ReVerslbility in its simple form does not apply to'the molecular
deposition process. This Law must of course, apply to the process at the
level of the formation and fission of single chemical bonds, however, the
overall process is much more complicated than just this, and the Law does not
apply to it:as a whole. This is consistent with the observed independence of
molecular deposition rate from particle size that was discussed in S3.4. ‘

The "adsorbed silica” must comsist of primary and secondary silica

groups; otherwise, it would not be as easy to leach off as it is. Therefore,

an increase in the surface density of "adsorbed silica” must correspond to an
increase in the number of primary and secondary groups on the surface and a
decrease in the number of tertiary groups and in the extent of ’ siloxanic
(i.e., silanol free) areas. This change in the surface structure must - .
involve an increase in the surface density of silanol groups. Because the
amount of "adsorbed silica” increases with increasing MAS‘concentration in
solution, so must the surface density of silanol groups. , |

This change in the surface density of silanol groups is also evident

from a comparison of estimates of the surface density of exchangeable protons
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- (ng). obtained by different methods under ‘different conditioﬁslf7Titratipg

colloidal, silica sols, Heston, Iler, and Sears (1960)“estimsfed"n6 to be

" ebout 3,5E14 cu2,. and the'titration data of Allen and Matijevié (1970)

indicates a value.of about :3.9E14 cm™%. Our own estimate,‘deriredffroq”homo-

- .geneous nucleation data, is about TEl4 (see $3,10). The values derived‘from

titration data ;probably reflect the surface structure of 'AS that - is slowly
dissolving.; (In ‘such titration work, the runs usually begin ‘at low pH and
end at pH 11 or 12.):'In.thiS/state, there ‘1s no "adsorbed silica” ~present,

.-and -the surface silanol density;hasxa’minimum value, Our value‘spplies'to

the silica surface under conditions of ‘large supersaturation and rapid

molecular,depositiop. ' Under these conditions, the amount of "adsorbed

.silica” and the number of surface silanols are probably at or near their

. maximum values, -

. These extremes: of: surface silanol density are easy to visualize. ' The
various (hydrated) crystal surfaces of the crystalline eilica allotropes are

convenient idealized "model systems.” (See, fOr'exaﬁple}'the'pictOrial

. representations and extensive discussions presented by’ Iler 1955, pp. 242-7).
The least densely hydroxylated of: these is ‘thé’ (0001) face of B tridymite,

- which:-is covered with tertiary silica groups "and has a’ surface silanol density
-of 4;6El4 cm™2, The most 'densely hydroxylated is the surface of B-cristoba—
-1lite which is covered with secondary ‘silica’ groups and has a Surface silanol

density of 7.85El4: cm™2,
The apparent change of the rate law for‘molecular'deposition*from

+ .approximately fifth to approximately first’ kinetic ‘order " at a certain ‘dis-

‘solved ‘silica concentration may also be’ explained in ‘terms of "adsorbed

silica” density. At low MAS concentrations, the surface concentration of
"adsorbed" silica is low, and the rate determining step ih"the”ovéféll'resc-
tion i{s the rearrengement*and’interlinkagéiof “adsorbed &ilica” groups on

the surface to form "bulk” ‘solid  AS. - This process may be’ eXpected to involve
several “adsorbed: silica ‘groups and, ‘hence,’ the high apparent kinetic order.
At high MAS concentrations, the density of "adsorbed silica groups on the
surface 1s so large that the coordinated rearrangement and interlinkage of

the "adsorbed silica” groups is no longer rate determining. Instead, the

" step

dissolved silica » "adsorbed silica”
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‘ becomes rate determining and this reaction is first order in. dissolved
silica concentration. o , c R .
The highest MAS concentration in Figure 3.11 is 0.4 gL"1 which - -
is approximately equal to the .threshold councentration that separates the
rfifth and first kinetic order domains. The largest amount of adsorbed ~silica ‘.
measured about 2E14 Si0j units cm =2, is equal to about half a monolayér..
It ie,not possible to say whether or not the amount of “adsorbed silica” .
centinpes toiincrease with,incteasing MAS concentration at higher MAS
l concentrations. It may be that at this concentration or slightly beyond it
theTsurfacefstructure.reaches a limiting "saturated” state, and ceases to
change fnttherbwith,increasipg MAS concentration. = In our analysis of the
homogeneous nucleation data (see $3,10) we found no need to postulate a direct
effect of dissolved silica concenttation on the value of the surface tension.
This.is>consiatent with the hypothesis of a constant "limiting” surface
structure throughout the range forbwhich;homogeneOus nucleation data 1i&
available, but does not necessarily prove it to be true. '
‘ ) The small oligomer data reviewed in $2.10 . thru 12 suggests that most of
the "adsorbed silica consists of secondary groups that are added on to the
. surface by “being inserted;”intc,preexisting‘siloxane bridges. The addition
of oné such gtcup to the surface involves the splitting off 6fvone molecule
of water. By a simple extension of the derivation in 83,11, we can demons-
trate that the presence of salts in the solution will have approximately
no effect on the free energynofrthe reaction
o _MSA + “adsorbed $10p" + H0 - - : ot (34501
because the effect -of .the salt on the activity coefficient of MSA will
approximately cancel out the- effect of the salt on the activity of water, .
~Therefore, at a constant MAS concentration (in units of grams of Si0y per
kilogram waten) adding salts to the solution should not effect the surface -
density of "adsorbed silica” very much. This is why we chose to ‘use S,
} instead of S in defining the function that describes the effect of concen-

tration on the molecular deposition rate.
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Fig. 3.12.‘ The "No F“ curve was estimated from another curve (not shown
here) that was run at a higher pH by adjusting its time scale to make it
correspond to pH = 3.3. IR \

83,6 Catalysis by Fluoride ,; T O T N T I e UM P I T ST o

i Several sets of homogeneous nucleation experiments were run at 50 and
70°C with fluoride added to the solutions.“ pH values from 1. 49 to 5.28 and

- silica concentrations of 1 0 1 3 and 1 4 g L 1 were employed.' The

V duration of the experiments ranged from four to twelve hours. There were

& s

A four, five, or six experiments per set.< f

¢

crind e

The amount of fluoride added in most cases was 0 02 g L"‘1 (1 05

"millimolar).‘ It was added in the form of NaF. This value was routinely

o used because it is approximately equal to the maximum fluoride concentration

e

that is observed in geothermal brines, and gives a reaction rate fast enough
One experiment was run with 0 04 g L"1 added

to work with conveniently._r

rﬁif fluoride and it confirmed our expectation that the rate of the fluoride

atalyzed pathway is proportional to the fluoride concentration up to at

lileast this value.; Some reference experiments with the same temperatures

7 and initial MAS concentrations and comparable pH values but;no added fluoride

were also run.,, AThe results of these experiments were used to relate the rate

of the fluoride catalyzed;fathway tov'

L S S

jat of the base catalyzed pathway.
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RATE OF FLUORIDE CATALYZED PATHWAY ALONE VS, pH
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Fig. 3. 13.

The results obtained in one of the sets in thisvseries are presented in

Figure 3.12. The results from another set are presented in tabular form in
Table A3.7 in Appendix 3.4, - _
. ‘ Ayerage rate ratios relating pairs of curves were calcnlated as‘in the
case of the‘pH‘dependence experiments (see 83.3).' The single;number obtained
for each experiment in this way‘was the "rate of polymerization" under the
conditions of that experiment divided by the 'rate"‘under‘the conditions of
another experiment in the same set. The assumption was made that the'overall
reaction’rate could be separated into a fluoride catalyzed term, and a "base
rcatalysis only; term. The latter was calculated for each'fluorideladded
‘experiment using the results of the corresponding reference experiment It
was then subtracted out of the overall rate determined for the given fluoride |,
added experiment leaving the rate of the fluoride catalyzed pathway alone.

The rate of the fluoride catalyzed pathway was finally converted to a rate
'value relative to that of the base catalyzed pathway at pH = PHnom = 7.0,

This procedure allowed data from different sets of experiments with diffe-

rent initial silica concentrations to be combined and analyzed together.

The final results of this procedure are presented in Figure 3.13. i_;
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“There are*thiéercaﬁeeivablaf%1&0%&aé*cata1yzéaﬂmeehahisms"for=si1oxane
bond formation. I the case*of:tﬁe dimerization of MSA to give disilicic acid
(DSA), these would be R R AR

MSA + Si(OH)4FH - DSA:+fHF*+fHQdV¥;5» Slegetier minn s (3.6.1a)
MSA + S1(DH)4F~ + DSA +F™ % Hp0l 7/ ..t 7 (3.6.1b)

T0 s1(0H)30M 4+ S1(OH)4FH > DSAH F™ 4+ Hg0 - =% 4% 07 (3,6,2)

preceeded, ‘in’ each case, by thé formation of oné ‘or ‘the other inter~

mediate complex. (Alternatively, the ‘complex in reactions (3.6.1a) and’
(3.6.2) could have the’ composition Si{0H)3F; this formula’ would’ give the -
‘same overall'rate laws as the one used above,) - TR : e
The rate of reaction by mechanisim (3.6.1a) would be proportional to the’
concentration of HF. At constant salinity, the rate via eitherméchanism
(3.6.1b) or (3.6. 2) wbufdﬁﬁe approximately proportional :to the concentration

of F~. These concentrations are related to the total concentration of F by -

the dissociation equilibrium for HF:"" i cos
) = (Feor) oF T (346.38)
“(BF) = (Fgop) (1 - ap) | T (30643D)
“ where all' concentrations are ‘in molal units, and = - ° Sowt
 Feor) = (F7) + (WF) :
F = 1/(1 + [H*] Yp-/Kgp) L (3.6L8)
7 To ah adequate approximation, between 5 and 1250C & + o iy st
" log Kijp = -1.892 + 403.6/T + 0.012465T - - <" 50 (37615)
(This formula was fitted to the data of Naumov, Ryzhénko and Khodd* '
kovskii, 1971, p. 239, as ‘quoted by’ Kharaka -and Barhes, 1973.) " - fiéﬁf}:”

As 1t ‘turned out) two séparate mechanisms, ‘one with rate ‘proportionil” to
(HF) and another with rate proportional to (F~) had to'be’ postulatéd to -

‘explain the data. ‘That is to ‘say, mechanism(3.6.1a) and either oné or both
" of (3;6;1b5”éna¥(3:6;2)*6ccuf;-fif*was'alédfféunaffhatiiﬁéreaéihgithé’ﬁé:ié 2

nity by adding‘NaCl“while“maihtaiﬁingﬁcohstént’totél”fluofidefend‘épproximetely
constant"pH7hé&”feiatiﬁely”iittle’éfféct’on-tﬁeﬂfate‘of’the*fiuoridé”catéﬁ =
lyzed pathwéyi In other words; ‘the ‘rate of the fluoride’ catalyzed pathway
doés not ‘seem’ to ‘depend’ directly on the ‘Value “of - F(pH,pHnom) “This 15~
consistent with mechanism (3.6.1b), but inconsistent with mechanism (3.6.2).
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. Therefore, the overall rate of molecular deposition in the presence of
fluoride, including the base catalyzed pathway, may be written as
Rpa (s $10, cen~2 min~l)
= ££(S5) (1-571) kop(T) [F(pH,pHpom) .

+ Feot ((1-ap) kyp(T) + of kg—(T))] - 1(3.6.6)
where kyp(T) and kp-(T) are the apparent rate constants for the two
fluoride catalyzed pathways. - The values of the two rate constants at 50 and

70°C were determined by fitting the data in Figure 3.13 as a function of
Op. The fitted'valuesiof the sum of the rates of the fluoride catalyzed -
pathways are presented as solid lines in Figure 3.13. Assuming molal concen-
tration units for the.fluoridevspecies, the values obtained for the rate
constants, were » R B L

at 50° C,  kyp=5.92 and . kp = 10.3

at 70° ¢, kgp = 1.11 - and kp= = 6.32

These values were then fitted as functions of temperatute.

log kyp(T) = -11.723 + 4039/T o (3.6.72)
Clog ky~(T) = =2.647 + 1183/T | (3.6.7b)

The rates of the fluoride catalyzed pathways decrease relative to the
rate of the base catalyzed pathway with increasing temperature, but not in an
~ absolute sense. _ '

These formulas should be used with caution because of the uncertainty
of the fitted values and the small temperature differénge. In the 50 to
70°C range, the ﬁalues of kp—- calculated from (3.6.7b) are probably as
reliable as most of the other fitted values in this report. However,.the
values of kgp calculated from (3.6.7a) are at best semiquantitative, and
should be used accordingly. .

Practically speaking, when Fgop = 1E-3 molal the fluoride catalyzed
mechanisms become dominant below about pH 4.8. In the presence of 5E-5
molal F, they become dominant below about pH 3.5. This sets a natural limit
to the degree that silica precipitation from geothermal brines may be inhi-
bited by pH reduction alone. However, aluminum complexes with fluoride ‘and

blocks the fluoride catalyzed pathways.  This is discussed in Section 3.15.
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$347 Nucleation Theory:?ThesLotheéPound Factor - - '

A particle of critical nucleus size is actually in rapid motion' it ’
diffuses through the water and it executes rapid jiggling motions“‘of both
translational and rotational nature on a smaller scale of time and space. ﬁ
These degrees of freedom greatly decrease the free energy of formation of the
critical nucleus. The Classical Theory of Nucleation ignores these degrees
of freedom and that is its main deficiency. The Lothe-Pound Theory takes
them into account. This is why we chose to employ the Lothe-Pound Theory.
(For a detailed description of both theories see the book by Abraham, 1974,)

: ‘The development of the Lothe—Pound theory starts out by writing the freev
energy of formation of a particle consisting of n monomer units from a solu—
tion of given saturation ratio S as: ' -

(n) "-kBT 1nS+A(n)Y - 7 N
| - kT 1n Qexe + kgT In Qrep - (3 7.1)
where A(n) is the area of a spherical colloidal particle composed
of n monomer units and Y is the surface tension.

‘ The first two terms are simply the expression for the free energy which
is employed in the Classical Theory of Nucleation. The third term accounts
for the free energy contribution of the six translational and rotational
degrees of freedom of ‘the particle as a whole. Qext is the corresponding

external" partition function. Qrep is the replacement ‘partition function.
It is analogous to Qexts but represents the contribution of the external
degrees of freedom to the free energy of a particle of n monomer units imbedded
in solid AS rather than in aqueous solution. The corresponding free energy ‘
term is actually a correction to the first term. It accounts for the fact that
the internal vibrational spectral density of a small particle of SiOz differs )
from that of bulk AS in that the former is truncated at a wavelength equal to
twice the particle diameter. Essentially, the fourth term subtracts out the
contributions of the long wavelength bulk AS modes which the particle does not
possess. (Note that its sign 1is Opposite that of the third term)
The Lothe—Pound factor is defined as

QLP = Qext/Qrep A ; vv”:i_ :b,ff: iqiff‘s. pq;(3f7?2)‘
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Veres and Rice (1972) have demonstrated that the thermodynamic properties:
of licuid water may be well accounted for using a "cell model" of the ‘liquid.
The key assumption made by these authors is that, on the time scale of inter-
Vmolecular (i.e., "lattice") vibrations, water molecules stay in more or less
the same place and "jiggle" around in oscillatory translational and limited
rotational ("librational") motions.r This is due to the strength and highly
directional character of the hydrogen bonds. bThe actual positions of the
molecules and the pattern of hydrogen bonds connecting them change on a
considerably longer ("diffusional") time scale. (This separation of time
scales in water was ‘first proposed by Eisenberg and Kauzmann, 1969 based on a
careful interpretation of a variety of spectroscopic and other data.)

If the spectrum of molecular motions can be separated in this way,
then so can the thermodynamic properties. Put another way, the N-particle
partition function of liquid water may be factored into two parts: a parti—
tion function that arisesvfrom ther"lattice" modes, and a "configurational“
partition function that reflects the number of ways that the N molecules and
the hydrogen bonds betwveen them may be arranged. Indeed, the configurational
partition function is simply that number. The former, lattice mode, parti-
tion function is essentially that of an amorphous molecular solid. This is
S0 because, on the time scale of the "]attice motions, liquid water behaves
as though 1t were an amorphous solid.

Silicice acid oligomers and colloidal AS particles are hydrogen bonded to
the viater around thenm by way of their surface silanol groups, and diffuse far
more slowly than do water molecules because of their much greater size and the
large number of hydrogen bonds they engage in. Therefore, the basic assumption
of Weres and Rice is even ‘more appropriate in this case. Accepting it allows
Qext to be separated into two factors: a lattice mode factor which accounts
for the "jiggling around” of the AS particle imbedded in the aqueous medium
and hydrogen bonded to it, and a configurational partition function which
accounts for the different locations and orientations which the particle may
have in the water. The configurational partition function may further be
factored into two parts that are respectively equal to the number of'positions
andlthe number of orientations available to the particle inbthe water. Thus,

we may write

Qext = QlatQposQrien
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- On closer examination.it is easy to:'see that the multiplicity of orien-
tations need not be explicitly considered here. If Qprien 15 to be included
in the'definition of Qexts an analogous factor must be included in the. defini-
tion of Qrep as well, and the two will cancel out. Alternatively, one may .
argue on physical grounds that, because AS is amorphous and isotropic, all
orientations of a spherical particle of- it are physically identical and this
makes SRR

- Qorien T .1 , . . L ;
.. The value of ons is rigorously given by a simple extension of
s;Raoult s Laws:

=127 The number: of: positions within a glven volume of water is
_equal to the total number of molecules within it.

If the water is salt free and the nucleation rate is to be expressed in
units of (min * kg Hp0)™ 1, this number 1s simply the number of water molecules
in a kilogram of water = 3.34E25. In a salt solution, 1t is approximately
equal to the number of water molecules plus the number of salt -ions per kilo~
gram of water. . However, this "salt correction" is so small that it may be
‘ignored for all practical purposes.‘ (After a11 other approximations introduce

much larger errors into the final result ) Therefore, in the present system
of units
_ ons = 3.34E25 ,

Qlat is completely analogous in its physical significance to Qrep’ the
only difference is that the former applies to an AS particle imbedded in an
aqueous medium, while the latter applies to an identical particle imbedded
in solid AS. Simple dimensional considerations lead to the conclusicn that
Qrep varies approximately as n3/2 (Abraham, 1974, P 134), and these considera—
tions apply equally to Qiat- Therefore, the ratio of the two is approximately

'independent of n. This ratio was evaluated approximately by statistical
‘mechanical methods for the case of n = 1 (i.e., the MSA molecule) and found to
be close to unity. It is, therefore, probably close to unity for all values

- of ne Conbining all of the preceeding arguments.‘ L '
. Gup = 3.34E25 B ¢ 10 N )

The error in this value is probably no more than about an order of magnitude.
Because only the minus 1/4 th or minus 1/3 rd power of the value of QLP is
directly measurable physically ‘(through its effects on the induction time and
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on the total surface area of the particles produced, respectively), (3.7.3)
is, for most practical purposes,. exact.
This is the factor by which classical: nucleation theory underestimates

the rate of nucleation in this system!

$3.8 Nucleation Theory: Further Development

The fact that Qrp is practically constant means that it disappears
when (3.7.1) is differentiated in respect to n and in all analogous'mathema-
tical manipulations. In practice, this means that the only way that the final
practical results of the Lothe-Pound Theory differ from those of the Classical
Theory is that the’caICulated?rate of nucleatidn is increased by a factor equal
to Qi p. This Section is a brief resume of the: resulting further developments.
It draws heavily on the exposition by Abraham (1974). i

The steady state nucleation rate is

IN QP Z Rpg P A* exp(AF%) “ | 1 (3.8.1)
vhere | : ' o ' ‘
P = the number density of Si0y units in solid AS = 2.21E22 cm™3
a* = the surface area of the critical nucleus under the given conditions
= 4mr*2 ’ :
where

r*= the radius of the critical nucleus under the given conditions, as

calculated from the Classical Theory of Nucleation
= 2Y/(MPukgT In'8) | | (3.8.2)
where | ' o |
= the surface tension of the AS-water interface under the given
conditions in ergs cm—2 '
kg = the Boltzmann constant = 1. 38054E—16 ergs K~}
. AF = the free energy barrier for homogeneous nucleation as calculated
‘from the Classical *heory '
= vA%/3 '\
Z = the "Zeldovich factor"; which accounts for the fact that only a frac-
tion of the nuclei that reach critical nucleus size continue to grow beyond it

(the rest "fall back") Typically, its value is between 0. 005 and 0. 1.
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z = [=3%AF/3n*/ (2mkgT)11/2 S R PRAr T
L =2/3 13/ TP n*2)11/3(Y/kBT)1/2 L € - 1)
- where L . L o :7.jﬂ ’ad, ‘
f: nf'= the number of 8102 units in the critical nucleus
=43, ¥ o )
As noted Eqn. (3 8. 1) gives the steady state nucleation rate. At very
short times after, initiating the reaction, the nucleation rate is less than
this because a steady state population of oligomers of near critical nucleus
size has not, yet been established.» There are two ways to deal with this,
effect. The mathematically exact way is the so called "multistate kinetics
method, in which the calculation of the time dependent flux of particles past
critical nucleus size is treated as a diffusion problem in particle size .
space. The particles are assumed to randomly diffuse through size classes
defined by the number of monomers that the particles belonging to them -

contain n -2 n -1, n*; n +1, n +2, etc. The number of particlesvi;»

in each of these size classes 1is calculated as'a function of time by numeri-
cally integrating the appropriate kinetic equations. See Abraham (1969);and
Abraham (1974, PP:. 91 101) for an example of this method.

The other ‘way 1s to use an approximate analytic solution for this time o
dependent diffusion problem. Many such derivations yield the following approx-
imate expression for the time dependent nucleation rate (Abraham, 1974, pe 99):

I(t) = Iy [1 - exp(-t/T)) . e ~ (3.8.4)

where o o i o wh: : ' N

t]:= the time from the start of the reaction

'4g = the "time constant" l . L ', ] e

The nucleation rate as given by Eqn. (3 8 4) is to be understood as the ‘
rate at which particles of 8ize n +0 5/Z are produced. This 1is approxi- ‘ _
mately the size at which the growth of the particles ceases to be diffusion-;
like and becomes effectiyely“one directional_and;irreuersible_(see.Eeder“gt
gl., 1966, pp. 132-6). N 'U_h o .

Abraham (gp cit ) fOund that the following expression for T, which was‘
originally derived by Collins (1955), gave the best agreement with his own.
mathematically exact 'nultistate kinetics" resu1t8°

Te = 1/(4anmdA*z2) 3.8y
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$3.9 Homogeneous Nucleation: Experimental Results -

The kinetics of silica polymerization by’ homogeneous nucleation in low
salinity (i.e., "buffer only") media were extensively studied experimentally.
The best of this data is compiled in Figures 3.14 to'18 and in Tables Al.8 to
12 in Appendix 3.4. S

' These experiments vere'performed'attvarious pH valueslbetveen‘about'
5.5 and 7.5.  In each case the pH value was chosen so as to make the reaction
run its course in a convenient length of time, if at all possible. In a few
cases that correspond to the ‘lower initial concentration values at the given
temperature this was not possible, and the reaction was allowed to run for as'
long as needed to take it to completion (up to several days).

"The actual unmodified MAS versus time data is presented in Tables A3 8
to 12 in A3.4. Most of the 50°C nucleation data is presented in unmodi- ’
fied form in Figure 3.18 as well. _ o 1 ' A .

The different pH values of‘the various experiments make the unmodified
data hard to compare in a meaningful way. :Therefore, the'data'isfpresentedj
in Figures 3.14 to 17 with the (logarithmic) time scale of each curve shifted s0
as to make it approximate the results that would have been obtained 1if each
experiment had been run at pH = pHnom =7.0. Specifically, the time scales
in Figures 3.14° through 17 are related to the actual experimental time values
by the relation. f ' o ’

log ¢ figure log t ctuar ¥ 108 pr(pHnom)°

This shift in the time scale is different for each individual curve.
Thus, curves with pH,,, > 7.0 were shifted to the right ("slowed down") and
curves with pH ,n < 7.0 were shifted to the left ("speededxup")."(The
value Of’pHnom'forxeach'curve-iS'presented in Tables A3.8 thru 12, and

pH(pﬂnom) may be evaluated using either Figure 3. 4 or Table A3.1, if
so desired.) o
" These time ShiftS'are'only'approximate; First, the effect of varying
pHE on the value of the surface tension was ignored. Second,.the value'of‘the
shift in’ log t should have been log F(pH,pHnom). However, thislwould have
made very little difference because in most cases included in these Figures »

pH is not much different from PHnom'
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LFig. 3.14, Each curve in this Figure shifted along the 1og t axis as
~discussed in the text. The curves in this Figure are _continuous because they
- were generated on the continuous flow kinetic system ,
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.Fig.‘3.15. Time scales shifted as in preceeding Figure. Discccte;poihts

are actual data obtained by manual -sampling. Temperature values in this
and following two Figures accurate to + 1°C. For the exact values, ‘
see tables A3.8 thru 11 in Appendix 3.4.
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Fig. 3.16. Time scales shifted as in preceeding tigures.
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~ Fig. 3+17. Time scales-shifted as in preceeding Figures.

83.10 Homogeneous Nucleation:. Dgta Reduction and the Surface.Tension ;

-The homogeneous nucleation data was analyzed and reduced by "fitting"
it using the theoretical formalism presented in S3.7 and 8. A computer code
that is ablé to numerically model the processes of homogeneoué nucleation ~
and colloid;growth,was used for this purpose.  This code is called SILNUC and
it is discussed in-detail and'doéumented3iﬂ Chaptef/6 of this rép0rt. ‘
. As -originally written, SILNUC used the mathematically‘exéct "multistate
kinetics" method to model the homogeneous nucleation process. Later, the
approximate "time constant" model (Eqns. 3.8.4 and 5) was added 45 ‘an option.”
As it turned out, the two mathematicallmodels’gtvefeSGentiallyridentiéal"
results, and the more complicated and cumbersomelﬁmultiétate kinetics" algo-
rithm was ultimately;taken out ‘of SILNUcl(moré on this'béldw)"' E
The. theoretical model embodied ‘in SILNUC ‘assumes that the total:concen-
tration of silica oligomers {(i.e., dimers, trimers, etc.) is always negli-
gible relative to the concentration of MSA. Therefoté;’as far as the model
embodied-in>SILNUC‘1s,concerned;"‘ ' i =
ﬂamblybdateractive'Bilica“==monomeric silica~ '~
and the latter term will be used in discussing the theoretical results.
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Atileast at.the higher dissolved silica concentrations that were studied,
tnis is‘demdnstrably incorrect. The practical consequences of this omie?
sion, and why they are rather less grave than might have been expected, are ‘
~ discussed below.

~ In this fitting process the pH dependence of the molecular deposition
‘rate as determined in S3. 3 and the value of QLP as determined in S3.7 were

taken as given. The rate constant for ‘molecular deposition determined in

S$3.4 was used, " and initially it was assumed that the fifth order rate law for

molecular deposition held at all values of S. However, this assumption

proved to be inconsistent with the. homogeneous nucleation data. USing 1t to "

calculate out the homozenecous nucleation ‘curves invariably produced curves
that were "too flat"; i.e., the maximum (negative) slope of the curve of MAS
versus log t was always too small. It was soon found. that this-deviation
could be corrected by assuning that the variation of deposition rate with
saturation ratio was linear above a certain value. This "threshold value" S,
was estimated by trial and error for 50, 75 and 100°C by varying it until

the overall best "shape fit" was obtained for all of the homogeneous nuclea-
tion data at each temperature. These "best values" are approximately given
by Eqne (3¢4.7c)e. '

It was found that the homogeneous nucleation data obtained at 23 and 30°C

could not be well fitted using values of S; -that could be extrapolated. from
the nigher temperature values in any reasonable way. This.bespeaks a funda-
mental change of mechanism at the lowest temperatures. This change is pro-
bably due to the much higher S values encountered~at the lower temperatures.
(at 309, 1.0 g'L'1 corresponds to 5 = 7.8). Very likely, the concentra-
tion of oligomers is large at these lowest temperatures. - Also, the basic
theoretical model of the nucleation process employed probably fails to some
extent because of the very small critical nucleus size. Because of this,
attenpts to fit the 23 and 30°C data were abandoned, and all further effort
was restrlcted to the higher three. temperatures.

One aspect of this change and/or failure that is directly evident in
Fig. 3.17 is that, at the three highest initial concentrations, the course of
tne reaction is almost unaffected by the value of the initial concentration.
This suggests that nucleation is no longer the rate limiting step under these

conditions.
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Once the functions that determine the rate of molecular deposition and
the Lothe-Pound factor are known, all that is needed to completely specify
the homogeneous nucleation process is a function that gives the value of the
surface tension under any given conditions. The remainder of the homogeneous
nucleation data reduction procedure essentially consisted of varying a trial
function for the surface tension until an overall optimal fit was obtained.

Changing the value of the Surface tension ~generally shifts the calculated
curve along the log t axis without changing its shape. (An exception to this
occurs when the trial value of the surface tension is clearly too low, in
which case the shape of the curve 1s distorted in a characteristic manner.)
For moderate changes in the value of Y, the shift in the time scale may ‘be -
accurately estimated using the approximate but very good relationship i

" Alog ¢ ' o

A3

where T is the time at which the MAS concentration is equal to any given

= 4w/(3 x 2.302 k T)(k T p_1nS)" 2 L e (3 10.1) |

value. It has the same mathematical properties as the induction time
discussed in S2.18. Eqn. (3 10. 1) may be derived using (3 8. 1), (3 8. 2) and i
(2 18 4)

In practice, we calculated a curve for each ¢4 and T using an estimated
value of Y, and then graphically estimated the shift along the log t axis that
would make the calculated curve approximately coincide with the corresponding
experimental curve. Eqn. (3. 10 1) was then used to determine an 'empirical"
value of the surface tensiOn Yemp that would make the calculated curve
approximately coincide with the corresponding experimental curve. The values

o The trial function that was used is o

= By - TSy - 2.302n kT I(pH,pH_ m)d;’f';lig | :j;l;iff'::‘).(3,1olzj

where . i , : L
Hy = the: surface'enthalpy inwergs-cm"2
S Sy = the surface entropy in. ergs cm zK‘l:

n, = the surface density of ionizable surface sites.-«
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, , pH
I(pH,pHnom) i[ [o 45f(pH y + 0. 55f(pH (pH'))] d pH’ (3.10.3)

- 0O

'  ,pH ‘ | | | |
= 0- 11891?[ F(pu’ﬁpﬂnom(pﬂ')) d th . . . . 5 .

o«

The integrand in (3 10.3) is equal to the fraction of ionizable surface
sites that are actually ionized at the given values of pH and pHnom (See
the discussion and definitions 1in S3. 3.) ‘ o

The first two terms in (3.10. ) give the values of Y at the given temper-
ature in the hypothetical (but closely approachable) state of no surface
ionization. The third term corrects the value of Y for the effect of surface
ionization-y It is easy to derive it from the Gibbs relation, which describes
the effect of an arbitrary isothermal adsorption process on Y;

dY = ~Tdu ' (3.10.4)

where '

I'= the surface densitv of the adsorbed species
U= the chemical potential of the adsorbed species in solution

(bee, for example, the discussion by Adamson, 1976, po.70-71 )

Because the function F(pd,pﬂnom) is known, the value of I(pH,pHnom
is also knowu. (bmpirical foruulas and tabulated values that may be used to
calculate the value of I(pﬂ,pHnom) are presented in Appendix 3.1.) )

Therefore, the only unknowns in expression (3.10.2) are HY’ °Y and nge.
These three parameters were determined by performing a multiple linear regres- .
sion on the array of Yemp values deternined for each of the curves included
in Figure 3.14 to 17. This fitting process was executed using values of -
I(pH,pH,,,) evaluated with pH set equal to pH,,,. Strictly speaking, this
was an error, but only a minor one, in that pH and pH,,, differed little in
most cases. The fitting process is summarized in Table 3.1.

It proved impossible to fit 111 eighteen Yemp values well using
(3.10.2); at each temperature, the one or two Yemp values that correspond

to the lowest initial concentrations are too low to be fitted together with Q_J
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COMPARISON OF EXPERIMENTAL
AND CALCULATED CURVES
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Fig. 3.18. Solid curves calculated by SILNUC.' MAS'concentration scale
shifted by 0.5 g L™1 between curves. The light eolid curve for cg = 0.6
was calcu]ated using the multistate kinetics algorithm (see text).

that thc critical nucleus has the geometric properties of a sphere and a well

defined surface seems to: work very well indeed.f This is: because the theory '

implicitly averages over all possible clusters containing n* monomer units

to obtain the free energy of "the" critical nucleus. ‘This implicit averaging
process imposes rigorous spherical symmetry on the "average critical nucleus

that comes out of it, regardless of what assorted odd shapes the actual nuclei

" of "critical" size may. have. All this suggests that the theory of homogeneous

nucleation and ‘the concept of surface tension 1tself may be rather more power-

ful and widely applicable than has been hitherto believed. :
Makrides et al. (1978) estimated the value of Y at 95°C from their

own homogeneous nucleation data and obtained the value 45 ergs em~2. (Their

approach was completely different from the one taken here.) The value of Y at

room temperature was determined from the empirical relationship between the

radius and solubility of colloidal AS particles by Alexander (1957) and Iler

(1979, pp.55-6). The former obtained the value 46 .ergs cm” -2 and the latter

obtained values of 46 and- 54 ergs cm~2 using colloidal silica ‘sols prepared

in different ways. The solubility method has nothing at all to do with homo-

geneous nucleation and is largely free of ambiguities of interpretatiom.



Table 3.1

Fitting of Homogeneous Nucleation Data

Initial pH pH

Run No. . ?ﬁ:gi (g?ﬁ) 4 aom - Yemp Teie Resé:;oiog t oguzzziei Ini:ial

50-10-0 - 50 . 1.0 5.53  6.23  6.25  46.0  46.6 -0.06 2.5E19 16

50-9 51 0.9 4.90 6.68 6.68  45.8 45,0 0.08 ' 1.8E19 17

50-8 51 0.8 4.35  6.87 6.86 44,6 - 43,9 - 0.08 9.3£18 20

50-6 50 06 3.30 ~ 7.21 7.16 41.7 415 0.04 8.2E17 32

50-5% 50 0.5 2.75 7.19 7.12 39.3  (41.9) (-0.51) (1E17) - -

50~4% 50 0.4 2,20 7.30 .22 34.9- (40.8) (-1.72) (7E15) -

75-11 7% 1.1 4.25 5.78 5.80  46.7 46,2 0.06 1.3E19 20

75-10 74 1.0 3.86  5.94 . 5.95  46.0 46,0 -0.01 4.8E18 2%

75-9 %4 0.9 3.47 6.53 6.52 44,5 44,5 0 2.4E18 28 A
75-8 . 15 0.8 3.06 6,75 6.73 41,8 43,3 -0.22 4.7E17 36 ~
75-7 75 0.7 2.65  7.00 6.96  40.6  41.7 -0.19  5.4E16 48 S
75-5% 75 0.5 190  6.71 6.64 34.3  (43.8) (-3.56) (4E14) - ' R
100-12 100 1.2 330 5.73 5.76  4h.h 449 -0.06 6.4E18 26

100-11 100 1.1 3.03 6.0l 6.03  44.6 44,5 0.01 2.0E18 32

100-10-0 100 1.0 275  6.45 6.45 44,2 43.3 0.13 " 6.1E17 39

100-9 100 0.9 2.47 6.53 6.52 43.1 43.0 0.02 3.2E16 54

100-85 100 0.85 2.32  6:89 6.87  4l.4  40.9 0.10 3.7E16 57

100-75% 100 0.75 2.04  7.02 6.99  38.1  (39.8) (-0.40) (4E15) -

*Dominated by heterogeneous nucleation; data not fitted. In these cases Y¢i¢ values calculated using the parameters
given in the text, even though these particular points were not fitted. The residual log t error values here, as else-
‘where, approximately reflect the discrepancy between the experimental data and the homogeneous nucleation model. The
"number of nuclei" values for the points not fitted were estimated from the experimental data.

The number of nuclei and n* values for the fitted curves were calculated using Ygir as the value of the surface tension.
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Thus, the solubility derived wvalues.truly constitute independent confirmation
of the values determined from homogeneous nucleation datas

1 The possible:importance of oligomer formation was estimated after the -
 fact by estimating ‘the dimer and trimer concentrations -using the approximate
empirical*formulas‘(2.10.1‘and 2).: Over the range of. the-data that was:
fitted with SILNUC,  these oligomers never accounted for more than about 11%
of the'total*dissolved>silica"and“usually less. At thése low concentrations,
the only important effect that oligomer formation can have is that it reduces
the monomer'concentrationfand,'thereby,“the saturation:ratio, and this slows.
down nucleation. . - N

In a numerical-aenSe,,a change in the value of .the saturation ratio

can always be offset by a corresponding: change in the value of the surface:
tension to give the same nucleation rate. The change in the:surface tension
needed to compensate for oligomer formation was calculated throughout the
range of fitted data. It turned out that, in all casesjconaidered, reducing

the value of the surface tension by 4.3 * 0.3% compensated for the formation

+
E )

of oligomers.’ o ] . - ' ‘

It would have been easy to incorporate oligomer formation into SILNUC
and to modify the surface tension values, but doing this would have had little
or no. effect on the calculated results., Therefore, we chose not to do it.
However, if and when reliable data regarding oligomer concentrations become
available, doing so might become worthwhile. » ;

All told, we believe our formula for v to be accurate to about ' +3 ergs
em~? in an absolute semse. .lMost of this uncertainty-arises.from our having,
assumed no oligomer formation and a constant, known value of the Lothe-Pound
factor. , i

o The individual values obtaineq'for,the three fitting'patametere arewleaa
reliable because of the possibilityjof conpensating etfors. 4Nonetheles§,'tney
are reasonable. (See the discussion of ng in S3.5 ) - o !

The numbers of heteronuclei estimated for the low initial concentration
E experiments are not consistent from experiment to experiment, but this is
only to have been expected in light of the notoriously idiosyncratic and
poorly reproducible nature of the heterogeneous nucleation process. The data
only allow us to suggest very approximate criteria for identifying cases in

which heterogeneous nucleation is likely to be dominant. One indication is
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that the predicted value of n* is greater than about 60. Another is that
the time required for the reaction to run halfway to completion under the
given conditions; either as determined experimentally or as predicted theore-
tically, is greater than about 2/F(pH,pH,,,) hours, with the value of F.
evaluated for the conditions of interest. These estimates are, of course,
based on the results of experiments that were performed under reasonably
clean laboratory conditions. In actual geofhermal brines, heterogeneous
nucleation may become dominant at a somewhat higher initial concentration
because of the greater number of potential heteronuclei present. Note,
however, that the induction time for heterogeneous nucleation varies as
only the minus one-third power of the number of hetronuclei (see Eqn.
(2.18:.4)); this greatly'reduces the practical impact of possible variations.

in the number of heteronuclei insofar as making predictions is concerned.

S3.11 The SolubiLity of Silica in Salt Solutions

Fournier and Rowe (1977) give the following émpiricai formula for
the solubility of AS in pure water under its own vapor pressure between
100 and 250°C | |

| log cg(0) = =731/T+1.52 (3.11.1)

Because of very slow equilibration rates at lower temperatures, there
is little reliable solubility data beldw 100°C. However, (3.11.1) doés
appear to give results that are consistent with such data as is available,
and it was used throughout the present work. '

The salts in the brine also effect the solubility of silica. Because
no usable data on this effect could be found in the literature, we estimated
it theoretically.

The effect of dissolved salts on the activity of water has been expéri-
mehtally determined for many solution COﬁpositions. For a solution contain-
ing one dissolved salt, this effect is given by the equation:

lna, =-0.018 vm¢ ' (3.11.2)
where ‘ '

v = the number of ions per mole of salt
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m = the molal concentration of -the salt
¢ = the practical osmotic ‘coefficient ‘

In the case of solutions of 1-1 electrolytes, the practical osmotic
coefficient is between 0.9 and 1 0 over -a large range of temperature and
concentration. This means that the simple colligative effect upon the
activity of water is the dominant one; i.e., the activity of water is de~
creased because the presence of: the ‘salt ions causes the water itself to be
diluted in the solution. ---- Translated into statistical mechanfcal terns, the
number of sites that water molecules may occupy within that amount of solu-
tion which contains one kg of water 1s increased by the number of solute ions
added. Other’ effects, which are manifested by the deviation of the value of
the practical osmotic coefficient from unity, are much less important.

Under these circumstances, the effect of the added salt upon the acti-
vity coefficient of a "water-like" small solute like MSA is probably about
the same as the effect upon the activity of water.; Ihis is sombecause_the
"dilution effect" will be exactly the same in the case of a molecule of MSA
as in the case of water, and the much smaller residual effects will also
probably be comparable. ,

The dissolution of solid silica is actually a hydration reaction.;

SiOZ(solid) + 2 H20 -+ Si(OH)4 e " (3.11.3) °

‘ TWo water molecules appear on the LHS, and one MSA molecule appears on k
the RHS.‘ Therefore, in a salt solution, the lower activity of water reduces )
the equilibrium solubility by a factor of awz, while the lower activity coef-
ficlent of MSA. increases it ,by a factor of approximately ay.  The net effect is

co(m) = co(O) ay. e e s (el
where co(m) is. the solubility in a salt solution of molality m at the
given ‘temperature. and pH.j,_“ - e v o ,

Both (3.11.1) and (3.11. 4) ignore that fraction of the dissolved silica
tnat‘is;in“ionicaforn:w;Therefore,,the yaluesofc6 glven by them include
the equilibrium concentrations of MSA and other uncharged species only.

o Eqn. (3.11.4) is true’for all forms of solid silica. Note, however,
that?it_nay,notibe;accurate_ifsthe;solution in duestion contains a substan-
tial concentration_of‘bi-;or higher valent ions, as in this case the value of
thekosmotic coefficient will no longer be approximately unity. Fortunately,

this is very rarely the case with geothermal brines.
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Fig. 3.19. Salt concentrations given in units of moles L 1 referred to
room temperature (see S3.2). ‘

S3.12 The Effect of Added Sodium Chloride

Dissolved salts effect the rate of molecular deposition, the value of
| the surface tension, and the solubility of silica. Unfortunately, their
effect on the rate of molecular deposition could not conveniently be studied
in isolation with colloid added experiments because adding salts usually
caused the colloid to coagulate. Therefore, only experimental data of the
homogeneous nucleation type could be used to study the effects of added salts.
Figure 3.19 shows the results of a typical "salt added” homogeneous
nucleation experiment. The three runs included in it were formulated and run
at the same time so as to minimize the effects of random variations. Altoge— -
ther, twelve sets of three tuns like this were generated, three each at 30,
50, 75 and 100°C. The data from the set presented in Figure 3.19 and five
other sets are presented in tabular form in Tables A3.13 to 15 in Appendix 3.4.
A seventh set is presented in Figure 3.20. ' 7
The accelerating effect of the added salt is obvious from Figure 3.19, des-
pite the fact that the reference (i.e., no NaCl) curve was run at a higher pH.
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The data  analysis began in the -same way as in §3.3 and 53.6. . The raw
data was graphed, and then converted into tabular data in the form of time .
as a function of concentration by estimating from the graph the time at which

-thechncentration»oflMAS\wasbequalgto:a,given value. . Ratios of these time

values were calculated, erratic values deleted, and the rest averaged to give

‘average "relative rate™ values. For example, the relative rate values

calculated for the 0, 0.5 and 1.0 M curves in Figure 3.19 were 1, 1.62, and
4.03, respectively. ‘ i o

rinally, the empirical relative rate values were compared with theoreti-
cal ones calculated for the same set of conditions. In this context, the
rate (R) can be operationally defined as the reciprocal of T, the time that
it takes for the concentration of MAS to drop to a given value. R '

Therefore,/to a very good approximation ,;
R = 1/t C FGoHpE ) BN, e-ar/agmn T iz

where C is a constant that depends on the "reference concentration"
assumed in the definition of 1. (Eqn. (3.12.1) is simply another way of _
writing (2.18.4).)

' The theoretical relative rates are-then'simply the ‘ratios of the values’
of R for each of ‘the curves in the given set’calculated using (3.12.1).
Note,'however; that'QLPfiSfconstant and that’the value of (ZA*)1/4'vafies
but 1little between the threé curves in each sét. (It was found the A* decreases
and Z increases with increasing salinity in such a way that the changes approx
imately cancel.) Therefore, to a good approximation, ‘the ratio of rates for two
curves in a given set may be calculated as ‘ )

RZ/RI =1 /T | ) (3.12.2)

T g

-‘F(pHé;ph : 2)/F(le,pH 1) exp[ (AF - AF )/(4kBT)]

o Initially, we tried to fit this data using :
F(pH,pH_ )=f (pH o
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in (3.12.2) and f(pHnom(pH)) as the integrand in (3.10.3). (All this is for-
mally equivalent to settiné pH = pH,,p throughout.) These assumptions failed
badly to fit the data; in every case, the calculated ratio of the rate of the
salt ad&ed'run to the rate of the corresponding no salt added run was substan-
tially higher than that experimentally observed.
We then tried using the form
F(pH,pH ) = hf"(pH) + (1 - h) £7(pH__ )

where h is a parameter to be fitted to the experimental data: This form
alldwszfor the,féct‘that some of the ionized silanolé dofhot have cations
bound to them. The best fit was 6btainéd with h = 0.45. With this value the
R4S deviation between the calculated and empirical relative rate values was
only about 0.09 log units.* This is about the same size as the'other
residual fitting.errors encountered, and this suggests thét; at the very
least, possible overfitting or simply incorrect fitting in one place did not
 spoil the fit in another. . |

* The RMS deviation that was minimized during this fitting process was

defined as follows: let ay, bi’ and ¢y be the three empirical relative
rate values for the three runs in set i, and let Ay, By and C; be the
corresponding best calculated values. By definition, the relative rate of
the no salt experiment is set equal to unity, so that 51 =A; = 1.

T -The RMS deviation is then

12
o= IY @2+ (log(8, /b)) - E1% + [log(C,/e,) - E,19)/361
i=1 "

/2

where E; = [log(By/by) + log(Cj/cy)1/3. This definition reflects the fact
that the "rate" determined for the reference run is no less subject to experi-
mental error than are the "rates" determined for the two salt added rums in

the sete.
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" COMPARISON OF EXPERIMENTAL AND
CALCULATED CURVES
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?ié:fdlfO. Solid curves calculated by SILNUC. hhé’concentration scale
shifted by 0.5 g L1 between curves., R
5 These results have been fully incorporated into the computer program
YSILNUC., The quality of the agreement between theory and experiment attain— -
able using SILNUC is illustrated in Figure 3,20, (as well as in Fig. 3.18).
In all three cases in Fig,. 3.20, the fit is almost perfect during the early
- part of the reaction, but there is a deviation toward the end., This devia-
tion increases with increasing salinity. ‘ , e e o

: 'l‘he immediate cause of the deviation“is that the slope of the calculated_
,curve abruptly changes in a way that signifies a marked decrease in the rate .
of molecular deposition of dissolved silica onto the colloidal silica par- "
- ticles. This break in the curve was also frequently observed”in calculations
for low salinity (i.e., buffer only) systems, but was usually . encountered
.only after the ‘monomer concentration dropped to values that were not. reached
in the corresponding experiment because of the very. long reaction time that.
would have been needed to reach them, The monomer - concentration at which the
break occurred was always higher for calculations commencing at a higher
initial concentration and saturation ratio. The increase in the deviation
with increasing salinity evident in Figure 3.20 is at least partly mediated
by the fact that the saturation ratio increases with salinity.
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The cause of the break in the calculated curves is clear from the
SILNUC output: the colloidal oattioles formed by'homogeneous nucleation are
numerous and small, and the dissolved silica concentratioﬁ eventually drops
below the solubility level of most of them. It continues to decrease beyond
that point because of continoihg molecular depoSition onto the few largest
particles, but at a much reduced rate because the few largest particles that
continue to grow have a relatively small total surface area. Attempts to
correct this situation by increasing the rate of dissolution of the small
particles had little effect; it hastehed the elimination of the smallest
particles, but did not cause the surface area of the larger particles to
increase enough to eliminete the break in the calculated curve.

. The ultimate cause of this break in the caloulated curves is that SILNUC
models growth of colloidal particles only by molecular deposition of dissolved
silica on them. It appears that, in reality, there is also a second particle
growth mechanism that becomes relatively important only after the dissolved
silica concentration has dropped most of the way from its initial value to
the equilibrium solubility. That mechanism can only be growth by collision
and adhesion'of'the'pafticles'to form larger particles. The ° composite part-
icles” thus formed then grow by molecular deposition of dissolved silica upon ‘
them. " Essentially, this concretional mechanism provides a way for small part-
icles to be converted into larger ones by a means other than redissolution ’
followed by molecular deposition’on other particles.

To be sure, this must occur at earlier stages of the reaction as well,
but simply is not very ihportant then because the concentration of'MSA is
still high enough for most of the particles to continue growing by moleCular
deposition alone. '

‘That this concretional mechanism of particle growth is ignored in
SILNUC is a serious omission but, practically speaking, need not be a fatal
one. After all, the appearance of the break is unmistakable, and it is easy
to compensate for by judicious extrapolation of that part of the calculated

curve that comes before the break.
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Fig. 3.21.

$3.13 The Effects of Other Salts

Figure 3.21 compares’the-effects?of:differeut afkali metal chlorides on
homogeneous nucleation. ihe'sodium and lithium chloride curves appear to be
within experimental error ‘of each other, and the. deviation of the potassium
chloride curve from the other two is exaggerated by its somewhat higher pH
value. Another set of curves (not” showm) which compares the effects of equi-
normal -concentrations of sodium, msgnesium and calcium chlotides also. revealed
differences between the effects of the three saltS'that were ohly about this
large. o - o

Figure 3.22 compares. the effects of the sodium salts of various anions.
It is apparent that both sadium bromide and perchlorate have a greater effect
than sodium chloride. Other data showed that this is also true of sodium
bicarbonate, iodide, and nitrate.,‘: PR cii ]

Figure 3. 23 compares the effects of sodium chloride and sodium sulfate,
both separately and together. The effect of sodium sulfate is clearly much
smaller than that of an equihorma1<concentration of sodium chloride. (Note

that the effect of sodium sulfate is exaggerated by the lower'pﬂ of the refer-
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ence curve.) ~When sodiim sulfate is added to a solution that contains sodium
chloride, it seems to have no incremental’ effect at all.

“.7In other-experiments it was found that increasing the concentration of
naleate in the buffer five-fold had no visible effect, while adding citrate °
at a pH:above its bufferingvrange'actuﬁlly“510wedrthetreaction'down.

. To summarize, it was found that ' (within the range of salts studied) the
effect  of the added salt varied:little with the identity of the cation. On
the other*hand, the effect varied markedly with the identity of the anion.

All sodium salts of monovalent anions that were tested had marked accelerating
effects; with the effect 1nereasingiwith‘the»Size“on the anion (i.e., with
the;partialimelal.vbiume of its sodium salt). The 'sodium salts of the two
divalent. anions tested had little or no effect, and trisodium citrate actually.
slowed the reaction down. I ' ‘ '

All of'this'suggests that the effect of added salts is due to the anions
and not the cations; if the éopposite were true, one would expect the effect to
vary with the identity of the cation but not with that of the anion. Baumann
(1959)«performéd{approximatelyfthe same experiments, ‘got approximately the
same .results, and ‘'drew the same. conclusion. - R

Unfortunately, this conclusion conflicts with our interpretation and
successful reduction of ‘the low salinity and sodium chloride added data. It
was found that all of this data could be well accounted for by assuming that
the rate of ‘molecular deposition and the value:of the surface tension at the
given temperature and dissolved silica concentration depend only on the
density of ionized surface sites on the surface of ‘AS. This, in turn, is
determinedaexclusively'by'the:naturerand-accivities’df the cations that are
present and the pH. -(In this:case,'bylsodium activity and pH.)

“The apparent:differeneesvbetweenw;hereffecte.of:thévsodium:salts of the’
various anions tested are probably:due”most1y~to‘the'diffe;endes between .
the partial molal volumes of the respective salts. Because.sodium perchlo- '
ra:eshés-a;1arger_par£ial molal.voluﬁeethan:sodium chloride, :a given molarity
of the'perchlorate corresponds  to a higher molality than would the be the
caserwith~the“same‘molar concentration of 'sodium ‘chloride:: A:silica.concen~ .
tration of 1 g: 17l inalm NaCl0;.solution- likewise -corresponds to a-
higher concentration in terms of g:(kg. HZO);l than would be the case in a
1 M NaCl solution. Therefore, 1l g 1l 4n 1M NaCl0, corresponds to a
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higher saturation ratio thanrit would in 1 M NaCl and, all else being equal, - N

nucleation will be more rabid,inrthe NaCl04 solution. Put more coﬁcretely,

a mole of a salt that has a 1arger,partia1«moial volume will leave. less room

in a liter for molecules of water and MSA to occupy. T .
All told, the superficially different kinetic effects of the various

1-1 sodium salts are only artifacts that arise from our system of concentra— -’

tion units. If we had worked throughout with concentrations given. in terms
of moles and grams per kilogram of water, this data would. have very probably . .
shown that all 1-1 sodium salts have about the same effect. The same applies -
to Baumann's (1959) work: The effect of the partial molal.volume is: even
more pronounced in the case of 1-2 and 1-3 salts. The partial molal. volumes
of these salts are usually smaller than those of 1-1 salts, and the partial .
volume of a gram_equivalent of one of them is sméller still by a factor of
two or -three. Furthermore, a gram equivalent of a 1-2 or 1-3 salt in a
kilogram of water (as opposed to "in a liter of solution”) will decrease the
solubility of silica less than will a gram equivalent of a 1-1 salt. This is
because a gram equivalent of, say, a 1-2 salt contains only 3/4ths as many
ions as a gram equivalent of a 1l-1 salt, and because the osmotic coefficient
of a 1-2 salt solution is usually smaller than that of a 1-1 solution. Also,
a solution that contains a given number of equivalents of a 1-2 or 1-3 salt
will. have a considerably greater ionic strength than one containing the same
number of equivalents of 1-1 salt., This means that the sodium ion activity
coefficient and activity will be smaller in the 1-2 salt solution even if the
sodium ion concentration is the same in both.
' Finally, all added salts have a secondary tendency to increase tﬁe
solubility of AS by enhancing the ionic diésociation of MSA, This is a
relatively minor‘effect_that is completely swamped by the solubility decreas- .
ing effects in solutions of 1-1 salts, but may be significant in 1-2 or 1-3
salt -solutions in ﬁhich the opposing effects are weaker., - This is the most - -
plausible. explanation for the reduced rate of polymerization observed in the
preéence,of_sodium citrate, because these experiments were performed at high -
ionic strengths and fairly high pH values (7.44 and 7.61). It:may also be
that sodium citrate has a negative partial molal volume or that the citrate -

ion forms a complex with silica, but we do not know this.
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, The above arguments do not explain why the various alkali metal and
alkaline earth chlorides studied had comparable effects. Ultimately, we can
only- ascribe that observation to a coincidence that is very fortunate in that
it simplifies making approximate predictions for a wide tange “of solution

compositions.

S3. 14 Methods of Practical Prediction

Most- ‘of our. work has been with low salinity (i.e., "buffer only")'solu4
tions: in which the only ‘cation is sodium, and with solutions that contain
a moderate concentration of sodium chloride. This is'all the data that has'
been fitted with kinetic expressions and, strictly speaking, defines .the
range of conditions in which the results can be directly applied. Of course,
sodium chloride is the salt that is present in greatest concentration in most
geothermal brines and as discussed in 83, 13, the kinetic effects of other
salts are not much different from those of sodium chloride.;f - R
, The results and discussion in §3.13 suggest how to go about defining
an 'effective sodium chloride concentration” that will be chemically equiva-
lent, insofar as silica polymerization goes, to an arbitrary mixture of salts,
as-long as- sodium chloride is the. most .important among . them;' determine in A -
units of moles per liter at room temperature the sum of the concentrations of
chloride and bicarbonate. (The latter is usually, but not. always, negligible
relative to the chloride.) :Call this the "effective sodium chloride concen-
tration, .and proceed: to, predict the chemical behavior of the silica in the ,
solution as though sodium chloride at this concentration were the only major j
saltﬁpresent._ First, convert all,concentrationsﬁto:unitsroffmolesipr>grmms ﬁ
per kilogram of water using Eqn. (A3.3.3). Calculate Fhe;a°f1V{;Y:°6§ffi¢i¢“F
of the sodium ion using Eqn. (A3.3.1) and-the data in Table A3.3, and then
calculate the sodium ion activity. as the product of the activity coefficient
and. the "effective sodium chloridejconcentration in molal units. If better |
data is not available,. assume'that the practical oémotic‘coefficient is- equal
to 0.92.  If the PH is greater than about 7, correct the: silica concentration
for the effect of dissociation using Eqn. (A3.3. 2) 7 A

~.It is then a straightforward matter to calculate the rate of molecular
deposition in a solution that contains;sodium;chloride‘using_the various for-
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THEORETICALLY CALCULATED HOMOGENEOUS NUCLEATION CURVES
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Fig. 3.24.° Curﬁes in this and the following four Figures calculated using
SILNUC. Concentration values are in terms of monomeric silica as in SILNUC.
= pHyop = 5.71 was used because F(5.71,5.71) = 0.100.

mulas, Figures, and Tables that are given in S$3.3, S3.4 and A3.1." The mole~-
cular deposition rate in the presence of fluoride is likewise easy to calcu-
late using the formulas given in S$3.6.

The course of the homogeneous nucleat;on'process in a solution that
contains’sodiﬁm’chloride may likewlise be quantitatively predicted using the
computer code SILNUC which is listed and documented in Chapter 6 of this
report. ' | )

Alternatively, the course of homogeneous nucleation at constant temper-
atufe and pH may be estimated using the calculated homdgeneous nucleation
curves presented in Figures 3.24 to 28. If the temperature of interest is
near to that of one of these Figures, the procedure is as follows:

1. Determine the concentration of dissolved silica and the “"effective

 sodium chloride concentration” in units of grams and moles per
kilogram of water, respectively. - '

2. Determine the true saturation ratio for the dissolved silica

' uhder the given conditions, remembering to correctly account for -
the dissociation of MSA and the effect of the dissolved salt on
the solubility (Eqn. 3.11.4).
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THEORETICALLY CALCULATED HOMOGENEOUS NUCLEATION CURVES |

(gL

Monomeric silica

| 75°C | |
" pHnom pH = 571 .
- N .
j 10 09 —08 o7
S T D , , ! o e L ]
01 5 0 50 00500 1000 5000 10000 50,00
Time (min)
. XBL 799 — 2847
‘Fig. 3.25.

THtORETICALLY CALCULATED
HOMOGENEOUS NUCLEATlON CURVES
Wﬁ7|:" R |T|lTI
N 100°C ]
{)Fi [)f1ncxrf'5377r_

MONOMERIC
SILICA (gL

05 RSN ]
| 12 1 10 09 08 :
r - ,f”“ = i

30_144:“ ol [ I e wl o ul = ”L Ll
05 1 S 10 . . 50 100 - 500 1000 /5000 10000 50000

: Time (min) -
XBL 799-2979

Fig. 3.26,
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3. Calculate the values of PHnom- F(pH,pHnom) and Y for the
‘given conditions using the ‘formulads and Tablés in ‘A3. 14077
4. Referring to the top part of Table 3.2, find the combination of
‘;temperature and concentration for which the value of S is closest
to that calculatéed above: . This identifies the calculated "refe-
,rence curve" which is closest to the conditions of inéerest;“The
corresponolng value of S fouudlin'Teble 3.2 will henceforth be
be referred to as "the reference value" Syeg. Likewise, the
"reference values" of the surface tension and absolute temperature
 may be read from the Table as vwell as” the value of the function Fref
vhich is tabulated in the.bottom part of Table 3.2. (Only the
reference curve end Fref are actually used. ) Lo

If the calculated S value 1s lower than the tabulated values of“Sref

for the given teﬂbefature, Heterogenedus nueleation 1s probably dominant and

this procedure cannot be - used with confidence in any case. Values of S

'significantly higher than those tabulated are unlikely to be encountered in

practice.

The‘"reference curve" selected in step 4) above is that one among the

~curves in Figures 3.24 to 28 whose overall shape best matches the c0urse of

the homogeneous nucleation process under the given conditions. It remains to
calculate the shift along the log t axis which will give the reference curve
its correct time- scale.  This shift is simply the logarithm of the "induction
time" calculated for the given conditions minus the logarithm of the "induc-
tion time" calculated under“the cohéitiohsiiﬁet correspond to the feference

curve. . This difference can. be calculated using a simple extension of Egn.

(3.12.2)

log t = [log F(5. 71 5 71) - log F(pH,pHnom)]

R 411’ L

Y 3n ) (Ypeg/Trep) Hln Spep) 2]
3% 2.302p Zkg | | _ L e

/

The;first term above exptesses_the effect of the pH upon-the'ﬁihduction
time" that is mediated by the effect of pH on the rate of molecular deposi-

tion. The second expresses the effects of the surface tension, temperature,
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TABLE 3.2

"Reference Values™” to be Used ﬁith Figures 3.24 to 28

ey - .50 75 .. 100 125 150
T(K) = Tref : 323,15 348.15 - 373.15  398.15 = 423,15
Yref (erg en2) - 47.47 46,22 44096 43f7% 42,46

ci(g 7 o ~ Sref T

0.6 3.31
0.8 4,42 3.04 2.20
0.9 4,97 3742 2.47
+:1.0 5.52 3.80 2,75 2,07
1.1 6.07 4,18 3,02 2,28
1.2 4,56 3.30 2.48 1.94
1.3 3.57 2.69 2,10
1.4 2,90 2.26
1.5 2,42
1.6 2,58
1.8 2,90
Fref
0.6 3.12
0.7 2.45 3.45
0.8 2.03 2,67 3.97
0.9 1.74 2,18 3,02
1.0 1.53  1.85  2.41  3.53
1.1 1.38 1.61 2,02 2.75.
1.2 1.44 1.73 2,26 3.25
1.3 1.52 1.91 2.59
1.4 1,65 2.15
1.5 1.83
1.6 1.59
1.8
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and saturation ratio that are mediated by their effects on the free energy of
formation of the critical nucleus. :

For practical use, Eqn. (3.14.1) may be simplified by making appropriate
substitutions to give

log t = =1 - log F(pH,pHpog) + 1412 (¥/T)3(1n $) 22 Frop  (3.14:2)
The remaining steps in the calculation are: ' o
5e Evaluate Alog t from (3.14.2) using the values of‘Y; T; and S
that were determined in steps 2) and 3) above, and the value of
Fref determined in step 4). B a '

6. Shift the "reference curve" chosen in step 4) by log t along the
log t axis in the corresponding Figure either‘graphically7or3mentally.
The shift is in the following sense: if the value of log t is
positive, shift the reference curve to the right (that is;:"slow it
down"); if log t is negative, shift the curve to the left (that is,
"speed it up".) - VRIS ' " ' ‘

If the desired temperature is not close to that Of'any‘one:of the
Figures, run through the above procedure twice, bracketing the actual tempera-
ture with the two nearest tabulated temperatures. (For example, if the given
temperature is 90°C, go through the procedure, once for 75°C, and once
for 100°C, with concentration, salinity and pH as stated and the same in
both cases. " o ’ o

7. “Then approximate the sought after result by sketching a curve that

‘is intermediate between those obtained from the two calculations.

A sample calculation. This sample calculation approximately describes
brine at Cerro Prieto that has been rapidly flashed down to 100°C in one
step. The major salts in Cerro Prieto brine are NaCl and KCl in a mole ‘ratio
of about 10.1.’ In flashed brine, the total concentration of C1~ is about ‘

0.3 moles kg 1, and we can set the "effective NaCl ‘concentration" equal to

- this. The dissolved silica concentration and pH immediately after flashing are

typically about 1. 0 g kg and 7. 2, respectively. The fluoride catalyzed

' pathway may be ignored at this pH. We wish to estimate Rmd under the ini-

tial conditions, and to approximately determine the course of silica polymeri-

zation by homogeneous nucleation-
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Miacl = I = 0.3

T(K) 373.15

c;  =1.0g kg~!

pB = 7.2 A .
From Eqns. (A3.3.1) and (A3.3.2) and Table A3.3:
Yyt = 0-685 '
Ygi1 = 0.650

agq1 = 0.019
From Eqns. (3.11.1) and (3.11.4):
co(0) = 0.364
4¢o(mHaCl) =;°‘360
Then
[Nat] = 0.3 x 0.685 = 0.205
eg(1-0g47) = 0.981
Sy = ci(l-asil)/co(O) = 0. 981/0 364 = 2.695
S = 0.981/0.360 = 2.725
From Eqn. (3 3.7)
PHpom = 7.20 + log (0 205/0 069) = 7. 67
From Tables A3. 1 and 2 and Eqns. (A3 1.2), (A3.1l. 3), and (A3 1 5)
F(7. 20,7 67) = 0.45 x 1.284 + 0.55 x 2.070 = 1.716
I(7.20,7.67) = 0.45 x 0.0970 + 0.55 x 0.1912 = 0.1488
Y = 63.68 - (0.049 + 0.2174 x 0.1488) x 373.15 = 33.32
From Table 3.2, the reference curve is the one for ¢4 = 1.0 and
100°C in Fig. 3.26, and ' |
Freg = 2-41 |
From Fig. 3.10, we determine that, at 100°C, ci(l-asil) = 0. 981,
and pH = pHyop = 7.0, Ry = 2. 2E-7 g cm~2 min = 0.53 mm yr~ -1, In
this case the rate correction factor (1- 1/8)/(1- l/Sa) is obviously so close
to unity that we need not bother with it. Multiplying the value read off
of Fig 3 10 by the value of F(pH,pHnom), we obtain the desired result:

Rmd = 2.2E-7 g cm‘2 min'lx 1.716 = 3. 8E-7 g co~2 min~l = 0.9 mm yr lt‘

From Eqn. (3.14.2): o
log t =-1=20.24+ 1.00 - 2.4]1 = -2.64
Therefore, the reference curve in Fig. 3.26 is to be "speeded up" by
multiplying its time scale by antilog(-2.64) = 2,29E-3. ‘In other words,
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vunder the actual conditions of interest, the reaction runs faster by a factor
of about 436 = 1/2 29E-3 than is depicted in Fig. 3.26. Examining the

‘reference curve,,we see that under the reference conditions, the concentra— _

tions would have dropped to 0.8 8 kg'l after about 70 minutes, "Speeding
this up" by a factor of 436 makes it reach 0.8 g kg after about 0.16
ninutes. ‘

We conclude that, for most, practical purposes, the conversion of dis-

solved to colloidal silica is almost instantaneous under these conditions.

These results (as well as those generated by SILNUC) must be used
carefully and with full avareness of their limitations. First of all, Rmd
as calculated above is not the rate of scale deposition on a flat surface.
Under the conditions of this problem, by far the major mechanism of scale
deposition involves electrostatic adhesion of colloidal silica to surfaces
followed by cementation by molecular deposition of dissolved silica between .
the partic¢les. This process results in scale deposition rates much much
breater ‘than the value of Rpg calculated above (see Weres ‘et _al., 1980).

Comparing this "shifted curve" estimate of ‘the course of the homogeneous
nucleation process w1th the results obtained by running the same problem
with SILNUC is highly instructive. The "shifted curve" and the curve calcu-
lated‘using SILNUC cross at about t = 0.165 min and ¢ = 0.77 g kg'l S
However, the SILNUC curve 1is much "flatter » and ‘the two curves cross at a
considerable angle. waard the end of the calculation the difference is

1arge. For example, ‘the SILNUC curve shows ¢'=0.63at t =1 min and ¢’ = :

. 0«55 at t = 5, while the shifted curve terminates at about ¢ = 0.45 at 't = 1.

This "flatness" of the SILNUC curve is”demonStrably‘due”to SILNUC’s known
inability to properly ‘model the last part of the reaction in a high initial S,
high salinity ‘medium (see $3.12, $6.7, and Fig. 3.20). : :
‘Detailed experimental verification is not possible under such rapid

reaction conditions, but available synthetic brine data (_g- cit., Fig. 2)
suagests that the shifted curve is probably more accurate than the SILNUC »
curve: when’ the second experimental ‘data point is taken at t = 5, c = 0.45.

" The results obtained here can also be compared with ‘those of the SILNUC
sample problem presented in detail in S6.8. That sample problem inVolves”
flashing essentially ‘the same brine ‘down from 300 to 1000C slowly enough

for the polymerization to begin at,about‘125°C{ The results obtained

\
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applying SILNUC to that case are again iathet different from the ones obtained
here, but not because SILNUC fails again. It does not;'rathef, the fact of
slower cooling and reaction initiation at a higher temperature change”the
actual cburseJof the reaction in a way that makes using a "shifted curve"
techniqué inappfopriaté. These same physical differences aétually kéep
SILNUC "out of trouble" in this case. )
This shows how the simple "éhiftedrcurbe"‘estimation technique can serve
as a check on the results geheraﬁéd by SILNUC and vice-versa. Mbst.of all,
it shows that an unthinking "cookbook" approach is inadequaterwhen using
SILNUC or the other methods and results presented here. One nust develop a
basic understanding of the chemical phenomena involved, and be prepared to

critically evaluate the results obtained.

$3.15 Inhibition by Aluminum and Boron

Iler (1973) reported that relatively small amounts of aluminum adsorbed
on the surface of'coiloidal silica drastically decrease both the solubility
and the rate of dissolution of the sufface layer. The decrease in silica
solubility caused by aluminum doping is to bg’expec;ed in light of the many
extremely insoluble aluminosilicate phases kndwn in nature (e.g.; clays) .
The decreasé in dissolution rate is in part the kinetic expression of~‘
the reduced solubility, but may also reflect akspecific'kinetic inhibiting
effect. . If there is such.é specific kinefic inhibiting effecf, aluminum
doping should also inhibit molecular deposition to some ex;énﬁ.

Figure 3.29 shows the effects of aluminum on the pqumerizétion of
silica. In the case of the homogeneous nucleation experiment with aluminum
added (solid squares), the aluminum was pﬁt into the sodium metasilicate'_
stock solution in: the fofm of sodium aluminate. Apparently, a small amount
of an amorphous aluminosilicate phase formed (enough to causé a drop of O.1 g
-1 in MaAS concentration),‘prior to or immediately upon mixing, but then
further deposition of dissolved silica on these particles continued rather
slow;y. The colloid-added experiments in Figure 3.29 show the effect of
surface doping with aluminum on the rate of molecular deposition onto Ludox
particles. Thé Ludox particles were partiglly covere& with aluminum using'
the method.described by Iler (19733), and under R. K. Ilgr's personal super-
vision in our laboratory. The method consists of first completely deionizing

o
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- EFFECTS OF ALUMINUM
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Fig. 3.29. Solid squares: Na[Al(OH)4] added to silica stock solution prior
to mixing with acid and buffer. Open squares and triangles: surface of Ludox

doped with aluminum by treating it with aluminum citrate as discussed in text,

a suspension of Ludox, adjusting the_prto about 7 with dilute NaOH, and then
adding -the.correct amount of aluminum in the form of aluminum citrate with

rapid stirring. The "percent surface coverage" is estimated on the assump-

tion that eight atoms of aluminum per square .nanometer would be equal- to

100 percent surface coverage. .-

-In -the case of .the aluminum. doped Ludox .the inhibiting effect of the
aluminum is clearly evident. The shape of the :15 percent. surface coverage curve
suggests that initially the inhibiting effect is strong, but that it dis-
appears after the aluminum on the surface of the particles is: "buried" by
silica deposited over it. ; , ,

In many minerals (for example, feldspars) aluminum occurs in tetrahedrally
coordinated sites that are chemically ‘equivalent .to those in which silicon
atoms occur. However, because the atomic number of aluminum is one less than
that of»silicon,~a;tetrahedrally coordinated aluminum atom corresponds to .an -
excess negative charge in the aluminosilicate structuralifrauework. In -

minerals,Ithis charge excess in the framework is balanced by the presence of a

.cation (sodium, potassium, or: calcium- in the feldspar minerals) in a framework

cavity.
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EFFECT OF BORON
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Fig. 3.30. Na[B(OH);] added to sodium metasilicate stock solution prior to
mixing with acid and buffer.

At pH valueé above seven, aluminum atoms on the silica surface are
prbbably also tetrahédrally coordinated and, thereby,vrepreéent bound ‘negative
charges. These negatively charged sites are not and do not resemble ionized
silanol groups. Therefore, they are not reaction loci for the deposition of
dissolved silica on the surface. Furthermore, the negative electrical
surface potential they produce inhibits‘the ionization of surface silanols,
and this is probably why aluminum doping of the silica surface inhibits the
deposition of dissolved silica upon it.

This explanation suggests that the inhibiting effect of surface doping-
with aluminum should increase with increasing pH, and other data that are not
shown here seem to bear this out.

It also suggests that elementsﬂthat resemble aluminum chemically should
also inhibit silica polymerization. Figure 3.30 shows the effect of adding
boron in the form of sodium orthoborate to the solutions in homogeneous’
nucleation experiments. The sodium orthoborate was added té the sodium
metasilicate stock solution. The inhibiting effect is obvious. The fact
that the no added boron curve is at a lower pH makes no difference because

this is just in the range of weak dependence of rate on pH (see S$3.3).



Some.metal ions are also known to be very strong inhibitors of the
fluoride catalyzed reaction pathway. This vas. first demonstrated by Iler
(1952) for aluminum, beryllium and thorium, and 1s due to the powerful _'
complexing of fluoride by the ions of these elements.u We found that adding
0.03 g L1 A1 to a solution that contained 0 02 g L‘l F and 1 3 g L'l
5107 at pH 2.48 and 50°C completely blocked the fluoride catelyzed
reaction pathway and caused the reaction to proceed exactly as though no
fluoride were present. Adding fluoride alone under these conditions had the
usual catalytic effect and aluminum alone had ‘no effect.: This 1s a good -
point to remember should one wish to completely inhibit silica polymeri—
zation by lowering pH' adding a small amount of aluminum along with the acid
will cause the fluoride catalyzed pathway to be completely ‘blocked as well.

APPENDICES TO CHAPTER THREE

A3 1 Empirically Fitted Formulas and Tables for the pH Functions.

To calculate the value of the:function f(pH) or (or £f(pHnon)) proceed
as follows. e g D ‘ - o o . :
At low pH, log f is approximately linear Ain pH ‘and for pH € 5.97, an
approximate one step successive substitution calculation is adequate:
x=pH-17.6 ‘ o .. (A3.1.1a)
fo = antilog x = 10X N , e
log £=£,/(1. + 6.2f5) . .. (A3.1. lb)
The following arbitrary, empirically fitted closed. form expression may
be used when 5,97 < pH < 8,72915: : : :
log £ = x - d log (1:+ xo(x/d)) - x; / (a+ bx + cx2) (A3.1.1c).
where & L VTSR SR SRS S SN SRR PRt SE T U ST e
Vg = 9b6538:?*a7‘ﬁ;$'947 3 i e o lvmxfﬁg-“i
et b= 17901, | |
¢ = 4,1811 .
d= 2.113 ‘ : . Dt e
“When pH > 8.72915 (which corresponds to: x > B/2 = 1,12915) use the.

following symmetry relationship:
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£(x) =1 - £(B - %) | (A3.1.1d)
where B = B'/2.302 = 2.2583 S A
and either (A3 1.1b or c) as appropriate to evaluate f(B—x).
And then _ . -
£ (pH) = f(pH) /0. 118913 | _
F(pH, PHnon) = 0.45 £'(pH) + 0. 55 £ (o) U (A3.1.2)
The values of f'(pH) are presented 1n tabular form in Table A3.1 and in
graphical form in Fig. 3. 4. o
The value of the integral function defined by Eqn. (3.10.3) may be
evaluated as 7 '
I(pH,pH.nom) = 0.45 1ipn> +0.55 1(pHpom)- ~  (A3.1.3)
. where S 7
pH . |
1(pH) '=f  £(pH') apH’
The function i(pH) was first calculated by numerically integrating
values of f(pH) given by Eqns. (A3.l.1). These values were then fitted using
the arbitrary closed form, analytic expressions given below. )
"For pH <5.97,'u§e the formula
1= antilog (1 + 6.2 antilog x)/6.2 " (A3.1.4a)
with x the same as before.
For 5.97 < pH < 8.72915 use
1 = antilog (-0.75924 + 0.58993 x - 0.11292 x2 ) (A3.1.4Db)
For pH > 8.72915 use the symmetry relation ' _
i(x) = 1(B - x) + x - B/2 - (A3.1.40)
along with one of (A3.1.4a or b) as appropriate. ' : -
The values of i(pH) are presented in tabular form in Table A3.2, . )
The algorithms above are contained in FORTRAN coded form in subroutine -

PHF in SILNUC. This subroutine was used to generate the values in Tables A3.1
and A3,2, o

Finally,

Y=63.68 - [0.049 + 0.2174 I(pH,pHygp)] T T (A3.1.5)
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. Table A3.1

' Values.of £'(pH) vs. pH

pH O& 001 002 «03 004 005 006 007 «08 «09
4400 | 00211 .00216 00221 .00226 .00231 «00237 00242 .00248 .00253 .00259
- &el0 «00265 .00272 .00278 «00284 00291 .00298 .003C5 .00312 .00319 .00326
%20 ] 400334 200342 000350{000358’000366 «00375 00383 ,00392-.00401" .00411
U %630 Te00420 00430 400440 00450 200461 <00471 400482 00493 400505 00517
4okl | «00529 400541 <00553:.00566 400579 +00593 00606 ,00621 400635 ,00650
4450 | 400665 '« 00680 +00696 500712 .00729 <00745 400763 .00780 400798 .00817
g0 ]V 400836« 00855 200879 w 00865400616 + 00937 +00959-.00981 «01004 .,01027
Y4 eT0°} L e0l050 «01675 01100 «01125:401151 401178 +C1205.,01233°,01261 .0129C
" 4e80 | 001320 401350 201381 401413..,01446 01479 w015137.01548 .01584 .01620
" 4490 |- 401657 401696 <01735:.01774 201815 401857 ,019€0.,01943 01988 ,02033
5400 | 402080 402128 c021761002226'.02277 »02329:,02383 ..02437 ' « 02493 .02550
- 5410 Jf)OZbI;”.0267jf-OZ7311‘0279 " o0285 60292 ‘90299 ‘40305 40312 L0319
54207 | w0327 w0334 420342 <0349 <0357 L0366 - .0374 ,0382 40391 .0400
$ 543051 ¢0409f*-0418»f.04273730437'f.0447 20457 20467 0478 <0488 .0499
T 5440 ] e0511l: 0522 <0534 0546 <0558 L0570 <0583 . .0596 .0609 .,0623
5660 |7 e QTI2 i 0809 20827 40845 140863 L0862 0901 . ,0921 L0941 L0961
8,707 00982 1a1003° 41025 41047 .1069 <1092° .1116 1136 1164 .1188
<5480 :7d121455}1239'zc1265i5r1292: w1319 134T ¢ 0137501404 - o 1433 ,1463
5480 | #1493 111524 w1555 41587 41620 41653 41687 1721 <1783 1819
“T6e00 “-1855i?.1892‘301929 C 21967 02006 720467 42086 ,212T7 <2168 L2211
T 6el0 " | a225 “*-230 Y e234 75,239 0243 1 0248 0253 4258 e262 4267
T 64204 ) Te273 ST - U ITe2BB w2947 76299 4305 4310 <316 4322
6430 ¢ “@328"5-334“3“3 1 a346 - 3537 o359 - 4366 o372 - 379  .386
6440 | 103927 743997 40T ohle o421 -1e428 0436 443 451 4459
6650 | 4%67 - u875 " 7483 1170491 0500 - 0508 -uS1T 4525 4534 - 4543
6660 |7 4552 T 4561 a5T0 1a579 1 4589 T 4598 0608 4618 - 4627 4637
6470 | Te64B w658 o668 46TB 08689 . WT00 WT10 w721  4T32 o743
6480 | 754 LT66 LTTT 788 o800 ' 4812 11,824 ',B36 848 4860
6490 | eBT2 aB84 wB9T 0909 - 49227 4935 L0948 - G961 - <974 987
“T«00 1:190600 1013 »1-027;’1.040“ 1.054k‘Io068 14082 14095 - 14109 1.124
T 7610 |1e138 ¢ 1o152 1e166 1,181 1,195 1,210 - 1,225 1.240 1.254 1.269
7420 | 14284 12300 ¢ 12315 1330 1.3645 12361 © 12376 ' 1.392 1.408 1.423
7430 | 14439 10455 '1e4TL 14487 14503 - 1.519° 14535 14552 1.568 1.585
© Te40 | 14601 14618 12634 " 1651 14668 12684 1.701 1,718 1:735 1.7152
2450 | 1.769 T 1.787 1,804 ~1.821 71,839 1.856 " 1.873 1.891 1.905 1.926
T Teb60° 110944 10962 - 1980 14997 24015 124033 °2.051 - 2.070 ' 2.088 '2.106
S FeT0 | 20120 2014 792016 C Za18 2020 2422 7 2424 2425 - 2427 2429
7480 | 2431, 2433 1 2435 2,37 24395 2,40 2.42 7 2,44 - 2.46  2.48
7490 | 24507 24527 2454 - 2456 2458 2460 2462 i 2.64 72466 2468
8400 | 20707 24727 2474 1 2476 ¢ 2478 2480 ;2482 24847 2.86 2.88
T 8410 ] 2490 724927 2496 7 2496 72488 3,00 3,027 3,04 - 3.06 3.08
78420 ] 3410 - 3412073014 03016 ° "3.18 ©3.20 - 3.22 0 3.25 7'3.27  3.29
© 8430 | 3.31 73433 © 34377 3.39 3.4l 3443 3,45 3.47 3.46
B840 | 3a527 "3.54 (T 3458 13460  3.62 " 3,64 3466 3,68 3.70
8450 | 3472 34757 3.77 ¢ 3,79 3.81 - 3.83  3.85 3.87 "-3.89 3.91
" 8e60 | 3493 3,95 3.9T 7 4000 4.02 4,04 4,06  4.08° 4.10 4412
8470 | %elé  %el6 4018 %21 4023 L 4425 1 4427 4029 4.31 %34
Y8480 | 4436 4238 440 ;14.42  ,4.44"]4.46 " %e4B 4450 - 4,52  4.564



pH

. 4400

4.10

~ 4020

430

440
- 4450
4460
470
4480 -
. 490

5.00

5.10 .

5.20
5.30

5.40

5.50
5.60

570,
5080"

5.90
6.00
6.10
6.20
6.30

© 6440

6.50

- 660

6.70
6.80

- 6490

7.00

'1.10
7420
T30
“7040

750

1«60
-TeT0

780
7.90

. 8«00
“8el0

8420
8.30
8.40

8450
Be60

8.70
8.80
8.90

- .Values of i(pH).vs. pH
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.- Table A3.2

«T7020

"0 <01 "e02 "e03 208 405 <06 «07 «08 « 0%
"«0001 . .0001 .O0001 +.0001. .0001 .0001 .0001 .O0OO1 . ,0001 -.0001
- «0001 20001 0001 0001 40002 .0002 40002 0002  .0002 .0002

«0002 .0002. 0002 .0002 4.0002 -.,0002 0002 .,0002 .,0002 .,0002
«0002 40002 40002 ,0002 ..0002  L,0002 .0002 .0003 ~,0003 ,.00C3
«00)3 .0003  .0003 ..0003 -.0003 . ,0003  .0003 .0003 .C003-. ,0003
0003 . .C004 .0004 ..0004 - .0004 .0004  .0004 0004 0004 ..Q0C%
«0004 <0004 40005 0005 0005 0005 ..0005  .0005 0005 -.00CS
«0025 20006 0006 . .0006 « 0006 L0006 « 0006 «0006 « 0COT - +0007
.« 0007 «0007 0007 0007 .0008 .0008 - .0008 .0008 .0008  ,0008
«0009 - 0009 - <0009 0009 " 0009 0010 .0010 .0010 LOO01C - ,0011
<0011  .0011 .001l1 .0012 .0OOl12 .0012 .0012. .0013 .0013 .D013
«00l4 0014 L0014 .0015. 0015 ..0015 .0016 LOOl6. .0016 L0017
e00LT <0017 <0018 0018 .0019 .0019. 40020 40020 .,0020 .0021
00021 40022 40022 .0023 .0023 .0024¢ L0025 - .0025 . .0026: .D026
«0027 0027 .0028 +0026 .0029  .0030 L.0031 ,0031: .0032. .0033
‘a0034 40034 0035 0036 0037 .0038 <0039 0039  .0040 L0041
« 0042 <0043 L0044  .0045 ..0046 0047 L0048 ,0049- -.0050  ,02051
«0053 0054 .0055 .0056 0058 .0059 <006C 0061 .0063 0064
"«0066 <0067 D069 0070 40072 0073 0075 40077 0078 .0080
«0082 0083 .0085 0087 40089 L0091 0093 0095 . 0057 . .0100
<0102 .,0104 .0106 0109 .0111 L.Ol1l4 .0116 .0119  .0121 .0124%
«0126 0129 <0132 ' .0135. .C138 0141 L0144 ..0147 .0150 .0153
«0156 .0159  .0163 .0l66 0170 .0173 .0177 .O0180 - .0184 -,0188
«0192 20196 0200 0204 4C2C8 .0212: 0217 40221 .0225 .0230
«0235 0239 .0244 0249 <0254 40259 0264 <0265 . ,0274 .0280
«0285 <0291 .0296  .0302 .0308 .0314 -.0320  .0326 .0332 .0339
20345 .0352  .0358 - «0365 .0372 .0379 .0386 .0393. ,.0400 .0408
00415 0423 <0431 <0439 <0447 <0455 0463 0471 0480 D488
«049T7 05060 <0515 0524 .0534 ,0543 L0553 -.0562 . .0572 .0582
«0592 <0602 0613 0623 L0634 L0645 0656 L0667 L0679 40690
«0702 <0713 <0725 0738 . 0750 0762 0775 .0788:-,0801 .0814
«0827 0841 0854 ,0868 L0882 - .0896 L0911 ,0625 .0940 L0955
«0G70 <0985 +1001 <1016 <1032 L1048 1064 .1081 - ,1098 .1l1l14
el131 1149 <1166 - 21184  .1202 <1220 1238 41256 1275 1294
1. e1313 91332 <1352 <1372 <1391 41412 1432 L1453 L1473 L1495
e1516 . «1537 1559 41581 1603  .1625 <1648 <1671 <1694 1717
elT4l <1765 <1789 41813 (1837 1862 1887 - .1912 <1637 1963
e1989 . 2015 2041 2068 <2095 42122 <2149 2177 .2204 2232
02261 #2289 <2318 <2347 42376 <2405 42435 424065 . 42495 L2525 .
92550 2587 <2618 22649 42681 <2713  o2T45 . 42777 2B09 . -.2842

#2875 «2908 - 02942 <2975 43009 43043 . .3078: <3112  .3147 .3182
e3217 43253 23288 43324  o3360 23397 <3433  .3470. .3507 .3544
03582- 03619 .3657 “036957 03733-w03771 03810 03849 .3888 03927
03966 4006 4045 4085 L4125 4166 -« 4206 . <4247 L4288 .4328

04370  244l]l <4452 44494 44535  J4S5TT 4619 L4662 4704 . .4T46
«4789 44832 - J4BT4 . 44917 . 4960 45004 <5047 45090  .5134  .5177
25221 +5265 <5309 5353 9397 - .544) 5485 45530 .5574 .561¢
¢5663  +5708 ; 5752 <5798 : 5853 45909 - 5964 <6019 6075  .6131

; 00186 26242 46298 406354 L6410 6466 <6522 46579 <6635 L6691

- eb6T48 <6805 +46862 46919 6976 .T7033 «T148 T205 L7263
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"A3.2 Further Experimental Details

The continuous flow kinetic system.. -Manual sampling of solutions held

" in a‘waterbath at 75°C was uncomfortablé because of the steam rising from

it, and‘wou1d~have‘beenf1mpossib1e?at<IOO°C; -Therefore, we devised a
system with a closed reaction vessel and provision for continuous automatic
sampling for work with® boiling solutions. This system is depicted in’

Fige 3.1, 0 itoues e, L eerer i PR,

-"The reaction vessel is-an electric heater mantled, 1-L, three-necked
flask. “A continuous-stteam of ‘the experimental solution-is drawn from the
flask by -a peristaltic pump.  This pump‘also pumps a stream of sulfuric acid
solution and ‘a stream of ammonium molybdate reagent:solution. The sulfuric
acid stream is mixed1w1thethé?ex§erimenta1~solutionistream as soon as pos—
sible after the latter leaves the flask, and ‘this immediately quenches
tﬁe reaction. The mixture of experimental solution and sulfuric acid:is then
drawn’ through the'pump;fandwmixed with the molybdate reagent. The resulting
mixture then goes through & two minute delay coil -in-a waterbafhﬂheld at
about 43°C to develop -the molybdate yellow color, and finally to the:
spectrophotometetr. T L :

The peristaltic pump used. 'was a Manostat’ Cassette pump which has sepa=
rate slow:and fast drive shafts and capacity forxup,t0¢ten pumping cassettes.
The spectrophotometer was a (double beam) Perkin Elmer 550 eqdipped‘with a
flow through cell, *: The spéctrdphotometetfwasvslightly-modified so . that the
sample stream was not reguiated “by the . instrument's controls after-it left .
the cell. (Therefore;5thefper13talt1c pump completely controlled the' flow
rate through the éample*cell.);Thevspectrophbtbmetér*was operated in the -
concentration mode;?which*made”it”possible to adjust the signal amplitude to
a convenient range.’ ‘The spectrophotometer signal was continuously recorded
by an ordinary strip chart-recorder.- S

The middle one of the three: necks of ‘the ‘flask ‘was ‘fitted with a reflux- .~
ing column that was ‘cooled ‘by cold tap water flowing through: the Jacket, : -
This ‘served to ‘minimize water ‘loss- by evaporation. Another neck -was fitted
with a thermometer. 'The third ‘neck was- fitted with-a J shaped ‘glass sampling
tube with I.D. ='1 mm and 0.D, =7 mm. ‘This shape. was chosen so that bubbles
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from the boiling reaction solution would not be sucked" ihto'thé sémplé
stream. A Teflon tube with I.D, = 1/32" was -attached to the J tube by .
jamming it into the J tube, allowing for quick connection when the. reaction
was started.‘ This Teflon tube was in turn attached to a mixing manifold that
was made by drilling .out a small bldck of plastic. Also attached to this.
mixing manifold was a soft Tygon tube with I.D. = 1/32" through which a .
stream of 1.5 N HyS04 was pumped at 7 ml hr~l, The resulting mixture -

was drawn through the peristaltic pump in a.1/16" I.D. soft Tygon. tube at 25
ml hr7l, The rate at which the experimental solution was withdrawn from
the: flask was the difference between these .two rates, or about 18 .ml hrl,.
The transit time from the interior of the flask to the guench point within
the mixing manifold was about 25 seconds. The sulfuric acid and mixed
streams were pumped by two separate cassettes, bqfh of which were driven by -
the slow.drive sﬁaft.1

-The mixture of experimental solution and sulfuric acid was wixed with a -
stream of molybdate reagent- in a second mixing manifold.  The molybdate
reagent was-drawn through a soft Tygon tube with I.D. = 3/16" and wall -
thickness of 1/32" at a rate of about 350 ml hr~l. This stream was pumped-
by its own cassette, which was driven by the fast drive shaft of the pump.
The same molybdate reagent formula was used as in the experiments with
manual sampling. (See further below.)

Tests with standards of known silica concentration established that
the apparatus responded linearly to MAS concentrations up to 1.2 g -1,

A total reaction volume of 0.4 L was used (i.e., twice that used at
lower temperatures). The acid-buffer mixture was preheated in the reaction ‘
flask to 100°C while refluxing.  The sodium metasilicate '‘solution was
preheated in a plastic jar in a boiling water bath. When the latter reached.
a temperature of 959C, it was poured into the teactionfflaékrto;initiate
the reaction, and the sampling tube was connected to the pump immediately
thereafter. The liquid in the flask was rapidly stirred with.a magneti-
cally driven stirring bar at the -time of mixing and for a few-seconds there—
after. -After mixing, the experimental solution rapidly attained a tempera-
ture of 100°C, and remained steady at that value for the duration of the

experiment.
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.. Whenever colloidal silica was added to.the solution, it was added
about three minutes-after  the solutions had:been mixed, . This delay prevented

. the loss of data from the early minutes of the reaction which would have .

-

otherwiSe been caused by the finite response. time of the system. (It usually
took about two minutes to go from no silica to a steady, high concentration.) -

A room;teﬁperature standard solution of either 0.8 or 1.0 g L7l $109
was run through the system while the two components of the experimental-- .
solution were being preheated.. A,heated.standard was unnecessary, because .
the temperature of the solﬁtion béing;samp1ed would have affected the ampli-
tude of the siéﬁal only through its effeét on the pumping rate, and, in.
practice,~the'mixturé of‘experimentalVsolution_andrsulfptig_acid had had -
enough, time to cool .down mostvof;the;way;to~room*tempetaturevbylthe time it
reached the peristaltic pump. Preliminary tests éonfirmed that preheating the .
standard had very little effect. Also, not: preheating it avoided potentially
serious and unpredictable errors due to concentration :by evaporation.,

 .A limited amount of work was also done with the continuous flow system .. -
at lower temperatures .in order to compare the data it produced with manually
generated data. In this case, the reaction vessel was simply a plastic
bottle standing in,a‘thermostatted'water,bath.and the solution preparation
procedhre was. exactly the same as - for experiments withkmanual,sampling.~
We found that the data obtained from the two methods was consistent. -

‘The major advantages of the continuous flow system are:

1).It allows work at 100 OC with excellent temperature. control.

2) The,experimentfcanlﬁe allowed: to run with no»further;efforf.qn the
part of the operator once it has been set up. - ol :

3) The data traces produced are continuous and have a time resolution on -
the order of one minute (as compared to five minutes in the: case of most of
the manually sampled work), | VT : :

4) The data traces. produced are smooth:and free of- point scatter,

:..-The ma;nudisadvantages~ofythe continuous flow system: are:-
,»1),Main;aining stegdy1pumping rates.is a chronic problem, .. Nearly -:. -
half of;thé;experiments;started;had,to be aborted due to siénal;and/or
béselineJdrift.,‘WeAconcluded,that;this is mostly due to the gradual change .
of the characteristics of the pump tubing with:time.  We learned to be -
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careful not to kink the tubing:while 'putting it into ‘the cassette, to.“break
in" new tubing by leaving it'clampedlin the cassette overnight and then -
pumping water through it for a'while, and to’reduce undesirable further
distortion once broken in by: unclamping the cassettes when the ‘pump was not \
in use. -« - \ '

2)‘0n1y one experiment ¢an be run at ‘a'time. This substantially-reduced
the rate of data generation, and made it impossible to reduce random varia-
tions between runs by running them:simultaneously. ‘

"~ 3) The continuous traces had to -be manually digitized prior ‘to data -
analysis. ‘ o g T

Adsorbed silica determination. The experiments employed ‘to determine

the density of adsorbed or surface active silica were of the column elution
type. -A small plastic column (about 7 ml volume) packed with powdered quartz-
glass (i.e., solid vitreous silica) was used. ‘

The quartz glass powder was prepared by grinding broken pieces of
quartz glass tubing in a Chatterbox. The powder obtained after two minutes
of grinding was sieﬁed through a 125 mesh screen. The coarse material
retained on the screen was returned to the grinder ‘or discarded. The povwder -
sieved thrdugh was then digested in hot 6 N HCl to dissolve -the contaminating
ﬁetal particles that resulted from the grinding. Ultra fine particles were
removed by repeated decantation in water. The acid washed material was then
leached in boiling 6 N NaOH for 30 minutes to remove the disturbed surface
layer produced by the grinding process, sharp edges, etc. ‘After ‘the powder
was washed free of alkali and dried, its surface area was determined Py
nitrogen adsorption (the B.E.T. method). The quartz powder obtained in this
manner had a specific sﬁrface area of 0.24 m2 g-1 o ‘ ‘

7.5 grams of this powder (with a total surface area of 1.8 m?) was
pécked as a slurry into a plastic column fabricated out of flexiglass '
tubing that measured 10. cm x 1 em I.D. The ends of the column were fitted
with single hole rubber glass stoppers and a small amount of quartz glass wool
to retain the powder in the tubing. The column was connected to a peristaltic
pump. All tubing connections were of teflon silicone to m#intain column -
temperature. The entire column assembly was immersed in'a constant tempera-
ture water bath set at 500C., Just prior to use the column was washed with -
1.0N NaOH followed by deionized water.
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Dissolvedvsilicagwas,?edsorbed”,onto the surface of the quartz glass in
the column by pumping a huffered,solutionvcontaining,the desired concentra- .
tion of dissolved silica through the column using the peristalticApump.l
Different concentrations ranging from O. 1l to 0.4 g L‘l,were used in diffe-
rent runs, - In each case, the solution was buffered with the usual barbital-
maleate buffer system, and its pH .adjusted to 7.50 with dilute sulfuric acid
before use. . The pumping rate through the column was 1.5 ml min~ ?, and the
solution was recirculated.. To allow adequate time for chemical equilibration
the pumping was maintained for periods ranging from 1 to 24 hours (osuallx
between 1 and 5). Our data suggests that the results obtained are not .
effected by changing the equilibration time within this range. ,

- At the end of the adsorption period, the column was removed from the
water bath-: ‘and washed with 0.005N HCl. The column was then eluted with 0. 1N
NaOH to remove the adsorbed silica. The eluting solution was collected in
fractions of 10 ml volume, and the amount of sllica,in each fraction was
determined by the molybdate blue method until the .silica in each fraction had
reached a -steady state valuc. This final steady,state,value was interpreted
as corresponding to the .dissolution of the solid quartz glass rather than the
removal of the adsorbed silica from its surface, Co 7

To calculate the amount of adsorbed silica, the final steady state
amount of silica (per fraction) was subtracted from the amount in each of the
early fractions, and these differences summed. In other words, the initial
excess of silica coming -off of the,column,(telativeeto the final steady state
value) at the beginning of the elution was attributed to the removelfof»the ’
relatively more loosely bound and, thereby, more reactive "adsorbed” silica.

Spectrophotometric determination of silica. There are two standard

5pectrophotometric methods that. are routinely employed for the determination
of silica in: aqueous,solution. Both methods use ammonium molybdate to form a
colored silicomolybdate;complex,in an acid medium, the absorbance of which
is then measured with a spectrophotometer. For solntions containing relati-
vely large. concentrations of dissolved silica the simpler molybdate yellow
method ‘is used. At;concentrations below about 0.02 g L7l the much more

~sensitive molybdate blue method 1s .recommended. -
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The mdlybdaté'blue'methqd'involveS'further reducing»the faintly yellow
silicouolybdate complex to a very intensely blue complex, thereby extending
the sensitivity of the procedure. Any of ‘a number of reducing agents may be =
used for this purpose; for example, sodium sulfite, sddium'bisulfite;-stan— .
nous chloride, vitanin C, or amiﬁonaphthosﬁlfonic acid. The most' commnon
interfering substance is inorganic phoéphate‘which is often present in water’
and various chemicals and reacts with the molybdate reagent much as silica
does. It can be chelated with oxalic acid to'give a complex that does not -
interfere with tﬁe‘moiybdate reaction. Therefore, oxalic acid is routinely
added to the mixﬁﬁre‘when’the molybdate blue method is used.

The molybdate yellow method used was that recommended by Iler (1979, p.97)

llaterials for molybdate ‘analysis. ’ R

- Standard silicon reference solution, 1,000 ppm -as silicon, Fisher :=

scientific or equivalent.’

WOrking standard solution, 100 ppm Si: dilute 10 ml of reference stan-
dard above with D. I. water to 100 ml and store in plastic container. -

Annoniun molybdate stock solution, 10%: 100 g ammonium molybdate -
41,0 and 47 nl condentrated'NH40H (28%Z NH3), diluted to 1 L with D.I. water.

Working acid ammonium molybdate solution: dilute 100 ml stock molybdate
witihh 500 ul D.I. water, add 200 ml 1.5N sulfuric acid and ‘mix.

Oxalic acid solution: dissolve 10 grams in D.I. water to give 100 ml.

Reducihg solutioﬁ: dissolve 0.5 g l-amino-2-naphthol-4-sulfonic acid and
I g sodiun sulfite in 50 ml P.I. water; add this to a solution of 30 8 sodium
bisulfite in 150 ml water. .

sulfuric acid, 1.5N: Dilute 41.7 ml concentrated HpSO; with D.I.
water to give 1 L.’ ‘ S B

Procedure: molybdate yellow method: To 40 ml of molybda;e working -

solution contained in a 50 ml volumetric flask add from a pipet 1 ml of the
solution to be analyzed for silica. Dilute to 50 ml with D.I. water and mix
tnoroughly (incomplete mixing at this stage is the major source of 'error in’
this procedure). Allow 3-1/2 minutes for full color development at room
teuperature. Then read the absorbance with a spectrophotométef set at 400
nm.‘ Run a reagent blank and at least one standard each time samples are to -

be analyzed for silica. The molybdate yellow method has been demonstrated to
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“pe linear up to 'an 0.D. of 1.5. One milliliter of the ‘working standard .

* golution typically yielded an-0.D. of ‘about 0:155." :

A double beam spectrometer (Perkin Elmer 550) equipped with:a flow-

" through'cell was used: In most cases, a blank formulated from the working

molybdate’sblﬁtiéﬁ and D.Y. water was present in the reference beam.
The'méledatél9éliow*méthod was«used'thréﬁghout'the kinetic‘experiments.

Procedure: molybdate blue method. Because of the extreme sensitivity

"of this method all glassware must be avoided.. Place 30 'ml of the working
nolybdate reagent in a 50 ml polypropylene volumetric flash (Nalgene or equi-
"vélent)*hnd”add'fb it up to 10 ml of sample containing silica to:be analyzed.
-~ Allow 3-1/2 minutes as before for full color development.  Then add 1.5 ml 10%
oxalic acid solution’and wait for two minutes.: Finally, add 2 ml reducing
“agent, dilute to mark;- and mix.  After 5 minutes read the absorbance with a

" spectrophotometer set. at 650 nms  The complex 1s‘stab1e up-to-12 hours and

" obeys Beer's Law. fBlank‘ahd standard determinations are performed ina similar

manher. ‘A dilute silicon standard containing 25-50 ppm of 'S1 is used with the

A

nolybdate blue method.® '
“The molybdate blue method was used in the adsorbed silica determination
7 experiments. ' o : ‘

- Preparation’ of a primary silicon standard solution. A primary silicon

“ standard solution was prepared from' ultra pure silicon dioxide (99.999%

'~ purity) by fusing it with sodium carbonate in a platinum crucible. ‘The melt
“.was ‘dissolved ‘and diluted: to known volume with deionized water and immedia-

tély stored in a plastic container. This pfimary standard was used to -

"7 calibrate ‘the Fisher Scientific reference silicon: standard and the sodium
“metasilicate stock’ solutions ‘used in the kinetics work.r».w~;,

" Materials: =~ - ¢ :

“-'8ilicon (1V) oxide, (99.999% pure, from Alfa Ventron.

¢ Sodium : carbonate; ‘AR grade, Mallinckrodt. L R ;
‘Procedure: mix exactly-2. 11982 g of ultrapure 5105 with 8,40 g of -

fAnhydrous:sodium,carbonatez(mole‘ratio,1.4) in a platinum crucible. : Fuse

v ““over a Meker burner for 20 minutes.. .While still very hot, touch the bottom

1 “of ‘the crucible to cold water. This solidifies the fused material and causes

it -to separate from the crucible wall:which.enables it to be easily removed.
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Invert the crucible over a beaker ﬁhich_contains some D.I. water to transfer
the pellet of fused material to the beaker. Rinse out the crucible with hot
D.1. water and add the rinse water to the beaker. Transfer the contents of
the beaker to a 1 L volumetric flask with careful rinsing. Add D.I. water to
a total volume of 1 L and mix thoroughly. Store in a plastic bottle. .

This standard has a silica concentration of 2,11982 g L7l 510 and a
pH of 12.5. V _ . , '

Characterization of colloidal silica sols. Commercial colloidal silica
sols (Ludox ™, HS, and SM) were obtained from the du Pont Company which
manufactures thém; The samples received were carefully characterized before
use. This characterization consisted of determining the total weight concen-
tration of S105 in each, and the specific surface area of each.

The procedure for the gravimetric determination of the silica content

of the sols was as follows: a carefully weighed sample of the sol containing

one to two grams of S10, was placed in a platinum crucible and slowly dried

~in a 1009C convection oven or over a warm hot plate. Slow drying was neces-
sary because rapid drying invariably caused splattering that resulted in loss
of sample. When the sample was dry, two to three drops of concentrated sul-
furic acid were added and the sample heated over a low flame in a well venti-
lated fume hood. When fuming ceased the sulfuric acid treatment was repeated
once more. The purpose of this treatment was to convert all the salt present
in the sample to the sulfate form with the liberation of chlorides and nitrates
.as HCi and HNO3. The sample was then cooled and the weight of the sample

plus crucible recorded. ‘

One or two drops of concentrated sulfurié acid were again added to the
_sample, and then HF was added dropwise. Approximately two milliliters of HF
was required. The crucible was gently rotated with a tong and warmed over a
hot plate to facilitate volatilization of the SiF; formed. After complete
liberation of SiF; the excess sulfuric acid remaining in the crucible was
removed over a hotter flame. The HF treatment was then repeated to ensure
complete removal of all the silica. The crucible was then weighed again.

The difference in weight before and after the HF treatment was the weight of
~silica present in the original sample, Silica valueé_obtained in this manner

agreed well with those given in the du Pont product specification sheets.

’

¢

\or

;;l



»

»

-149- - -

Surface area determination by the Sears Titration Method. The specific

surface area of the Ludox colloidal silica was deterained by the titration

- method of Sears (1956).

A quantity of silica supension known to contain exactly 1 50 grams of
colloidal Si0j was weighed into a beaker. 15 grams of NaCl and enough
water to bring the total volume up tov150 ml were added. ‘The beaker was
placed into a water bath held at 25°C and its contents allowed to thermally
equilibrate.. The pH was monitored with an Orion pH meter accurate to
+ 0.001 units and the initial pH was adjusted to 4.0 with 0,1 N HCl. The =
solution was then: carefully titrated to a final pH of 9.0 with standardized
0.100 N NaOH, and the volume of base required was recorded. _When the endpoint
is approached, some time must be allowed after each addition of base to
allow the pH value ;o_stabilize;before adding more base. (The pH always
drifts back down & bit with time.) - The specific surface area 1n‘m2 g™l was
then calculated from the formula:’S=32Vf25\whege V is the volume in_ols of
0 100 N base used in the. titration.. - oo Lo (- oo

- The values for specific area.in m2 g 1 of 8102 obtained. in this
way for the three products were: . .

- Ludox ™ ... . . 157

. Ludox HS. , . . 242 '
- Ludox SM o359

‘These values are the averages of two determinations each. We estimate .
the error in them to be less than 2%. By way of .comparison, the duPont
product literature (duPont Company, no date) gives typical values of 130,
240, and 360 for the three products, . ..

A3.3 Sources of Supplemeneary Data and Further Detalls of Data Reduction

' ‘The mathematical model”in‘SILNUC and our data reduction -procedures
required certain supplementary ‘data from ‘various sources, ‘

Except as noted below, all ionic equilibria were calculated the old-

fashioned way, using pK values extrapolated to zero ionic strength and
single ion activity coefficients that Wefe'approximately evaluated using a
simple form of the extended Debye-Hiickel ‘theory. ‘It is true that the disso- -
ciation‘eQuilibfium"coneenfraiion pfoddcté’for‘honosilic1C'acld and water -
have been fitted by Busey and Mesmer (1977,1976) using Pitzer's (1973) much
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superior theory of electrolytes. However, this theory was not used in‘our
present work or incorporated into SILNUC because it does not provide any way
to estinate single ion activities. In principle, one can thpletelyiavoid
using‘single'ioﬁvactivities'in:seftiﬁg’up-theoreticél models, but taking such
a course would probably have made our model of silica polymerization unmanagable
and impractical. Also, other ionic equilibria that arise in our own work and
in the studay of the equilibrium chemistry of geothermal brines have not yet -
oeen described using Pitzer's formalism. ' Therefore, we chose to use the
siupler, old fashioned forualism even though we know that it is less accu—
rate. As it turned ouﬁ; the only'ionic activity coefficient that plays an
iuportant role in our uiodel is that for sodium, and this is probably given
fairly accurately by the extended Debye-filickel theory in the forn uéed'by us.
after the Pitzer theory has been extended ‘to allow prediction of single
ion activity coefficients, it will probably be desirable to incorporate it
into SILNUC. This would allow for more confident extrapolation to ionic
strengths greater than about 1.1 (the maxiuum value encountered in most‘ofv
our experiments) and to pH values above 3; We very much doubt that doing so
would require that our data be reanalyzed, because most of it was generated
in precisely the range in which changing the electrolyte solution model
assuned would have least effect. Likewise, it would be desirable to replace
" our theoretical estimate of the effect of salts on the solubility of silica
(3.11.4) by eumpirical values. However, in this case the formula that gives
the values of the surface tension (A3.1.5) might need to be revised to
waintain internal consistency. ' .

The sources for the formulas we used to calculate the solubility of AS
in pure water and the dissociation constant for HF (Equns. (3.11.1) and
(3.6.5),~respec£ively) are cited in the text.

To calculate the pK, values for monosilicic acid and water we used the
fornulas given by Busey and Mesmer (1977) and Busey and Mesmer (1976) with
the ionic strength set equal to zero. : A ‘

The subroutine WATER of SILNUC calcula;es the density and dielectric .
constant of pure water and the Debye-Hlickel constants. In the temperature
range 0-150°C, the empirical formula given by by Eisenberg and Kauzmann.

(1969, p.183) is used to calculate the density. In the range lSOfZSOPC,;
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our own fit to the steam table values of Irvine and Hartnett (1976) is used.
To calculate the dielectric constant over the range 0-100°C, the formula given

oy Eisenberg and Kauzmann(l969 p.190) is used. To calculate the dielectric

constant at higher teuperatures, the formula given on p.191 of the same book

is used. (This formula is good up to 370°c.) , ,

Some values of the pKy; of MSA and of the Debye-Huckel coefficients are
given in the bottom part of Table A3. 3.. ]

All single ion activity coefficients were calculated using the extended
vebye-Hlickel foruula, which is given at the top of Table A3 3. The values of
the coefficients a and b used for the various ions are given in the middle'
part of Table A3 3., , \

The values of a and b used for Nat and H3SiO3 were obtained from
Truesdell and Jones (1974). The values of a used for the other four ions were

obtained from Butler (1964, p.434). The value of b used for these last four

ions (U.2) is an estimate suggested by the approximate Davies equation.

Only the activity coefficients for the first three ions are used in
SILNUC. The activity coefficients for the citrate ions were used in the re—
duction of the "fluoride added” data, which‘was generated using the citrate
puffer system. ' ‘ih o L

SILNUC has the ability to convert concentrations in units of grams‘or‘
uoles per liter at 25°C to grams or moles per kilogram of water under the )
assunption that sodium chloride is the major solute present. In this calcula-
tion it uses the value of the partial molal volume of sodium chloride in water
at 25°C calculated from the empirical formula . ,JU1 o

oylcm ) = 16,40 + 2,153 nl/2 BES (a3.3.3)
witere m is the molal concentration of sodium chloride. (The calculation
is iterative.) This formula is given by Harned and Owen (1958, PP. 358-61)

Throughout our data reduction work, it was necessary to calculate the

value of pH,,, for the solutions used in our experiments. This is mostly a

natter of calculating the sodium ion activity in the solution. The sodium ion
activity is, in turnm, determined by the sodiun ion concentration and ionic
strength, which vary with the buffer system employed, the initial silica
concentration, the pH, and the added salts (if any). The contributions of

the added salts to the sodiun ion concentration and ionic strength are

trivial to calculate. Therefore, the calculation essentially reduces to
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| iablg’A353 i, o IR | ,.',l' RIS -
FprmulagbangValgés forVCalculating Actiyity Céefficignts gnd asilt'
The extended Deby?—HHckel gguatidn: :
log Y = -Apgz 11/2/(1 +aBpg 11/2) + b 1 | @33

The fraction of monomeric silica in ionic form:

0gi1 = 1/[1 +Yg41 antilog (pKgii~pH)] . (A3}3.2); N
Species A a B b
o Nat 4. 0.075
H3S104~ 4, 0.
F- -3, 0.2
Citrate~l ‘ 3. 0.2
Citrate™2 5. 0.2
Citrate=3 5. 0.2
Temp.(°C) PKsi1 ApH ‘Bpy
50 9.50 0.534 0.333
75 9.27 0.562 0.337 - - .
100 9.10 0.596 ©0.341 |
125 8.98 0.644 0.348 R -

150 8.90 0.692  0.35
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determining the contributions of the buffer system and the added sodium
metasilicate and sulfuric acid to the sodium concentration and ionic strength
in the experimental solution that ultimately results. 7, : ’ '

The buffer stock solution introduces a certain concentration of sodium
which varies only with the buffer system that is used. The sodium metasili—f
cate stock solution introduces an amount of sodium that varies in proportion
to the initial dissolved silica concentration. The sulfuric acid that 1is
added to neutralize the sodium metasilicate and adjust ‘the pH to the ‘desired
value introduces an amount of sulfate ion that varies with the concentration
of silica, the choice of buffer system, and the final pH. The choice of
buffer system, the initial silica concentration, and the actual pH of the
resulting solution were recorded for each experiment and were known. The
amount of sulfuric acid added was not recorded, and -had to be calculated.

To calculate the amount of sulfuric acid needed to adjust the pH to the-
given value, as well as ‘to detérmine the contribution of the buffer- ions to
the ionic strength, it is necessary to ‘calculate the dissociation.equilibria
for the buffer compounds. -Because the dissociation equilibria of the buffer.
compounds are effected byzthe'ionicfstrength;:these*calculationsxshOuld,;in :
principle, be done iteratively. In the case of the-citrate buffer system,
this is a significant effect, and the calculations:-were done iteratively,

_using activity coefficients for the three citrate ions ‘that were calculated
sfusing Eqn. (A3.3.1) and the values in Table A3,3. In the case of the .

‘maleate and maleate-barbital buffer systems, the details-of -the buffer
-~dissociation equilibria»have relatively little effect on the ionic strength
" and the sodium fon-activity that is finally calculated.: Therefore, the

activity coefficients of ‘the“ions of maleate and barbital were all simply set
equal to unity, and iteration was not needed. '
Most of thesefcalculations-were'done on a programmable desk calculator.
ffThe{threepra”valués assumed for citric acid at 50°C were 3.09, 4.76
and 6.48, These were determined from the equilibrium constant values given-

by Weast and Selby (1967, P D-92). “The three corresponding values assumed

at 70°C were 3.06,' 4,76 and 6.56. These were quadratically extrapolated

from the:values at 30, 40 and 50°C-calculated from equilibrium constant

"values given in‘ the same" place.
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) For barbital at room temperature, Weast and Selby (1967, pp. D—90-91)
give ‘the value pK = 7. 43.7 In our laboratory, we estimated pKa for o d.'
barbital to be about 7.4 at 100°C which is within experimental error of
the preceeding value. Therefore, we chose to use the value 7. 43 at all
temperatures.: For the second dissociation of maleic acid at 25°C Weast
and Selby (same place) give pKa = 6, 07. We experimentally estimated it to;
be 6.40 at 100°C. We chose to use these values at the corresponding S ;
temperatures and values determined by linear interpolation between them at '

intermediate temperatures.

A3. 4 Tables of Selected Experimental Data

' Tables A3.4 thru 15 contain selected kinetic data in very, nearly raw"
form. For the most part, the only .processing that the data in these Tables
has been subjected to is to convert the initial optical density values
to molybdate active silica concentration values, and to adjust the. time
scales so that time zero is at the start of the reaction.. In the case of
the continuous flow kinetic system data, the tabulated values correspond to
digitization points that were manually placed and then "read:off" at conve-.
nient but otherwise arbitrary intervals along the original continuous curves
produced by the chart recorder. : ,

For the most part, the Tables should be self explanatory. However recall
that here, as elsewhere in this Chapter, all concentrations are given in units
of grams or moles per liter at room temperature, and not at the actual temperature
of the experiment. In the case of the experiments that involved no added salt,
this is essentially the same as concentrations in terms of grams: or moles per
kilogram of water. e ‘

-The data in Table A3.7 was generated using citrate‘buffert~ The data
in all the other Tables here was generated using the barbital-maleate buffer .
system, ; , e : ,

-Tables A3.4 thru 6 contain. all of the molecular deposition ("colloid
added”) rate data that was used to determine the rate of molecular deposition.
k(pH,pHyop) is the value of kgy(T) F(pH,pHpop) directly determined by fitting
the data as described in S3.4. "RMS error” is the root-mean-square discrepancy

between the empirical and fitted values of the time (which is treated as the Q_;
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dependent variable in this context). 1In all cases, the fits were performed
using the trial function described by Eqns. (3.4.4 and 7) ‘

“Table A3.7 contains the results of one of three sets of "fluoride added”
experiments that were performed. (The results of»another such set are pre-
sented in Fig. 3.12,)

Tables A3.8 to 12 contain all of the homogeneous nucleation data
that was used in the data reduction discussed in $3.10. This data is also
presented’ (with shifted time scales) in Figures 3 14 to 17

, Tables 43.13 to 15 contain the results of six out of the twelve sets
of_homogeneous uucleation_experiments_in which sodium chloride was added to
some of the solutions. The data .from one of:these sets are also preseated
in Fig. 3.19. The data from a’ seventh set that is ‘not included in the '
Tables here are presented in Fig. 3.20.

PR



TABLE A3.4

Molecular Deposition

Data for 50°C

Run #
Date
T(0C)
PRCEN)
Colloid
pH

pHnom

101
6/19/78

51

0.6

1.0 TM

7.21

7.16

Tog k (pH, pHyom)  -10.129
" log kon(T) -10.229

RMS Error (min)
Time (min)

5
10
15
20
25
30
35
40
45
50
55
60
70
80
90

* Point not fitted .

2.16

C(gL-1)

.600%*
.562
.540
.506
.473
.447
.424
.408
.393
.373
.362
.353
.349
.33
.320
.313

102
6/19/78
51
0.6
0.6 HS
7.23
7.18
-10.097
-10.207
1.95

.613*
.569
.532
.505
.475
.843
.423
.403
.386
.372
.360
353
.341
. 326
.319
.309

103
6/19/78
51
0.6
0.4 sM
7.21
7.16
-10.057
-10.157
1.21

.610*
.554
.520
.479
.449
.417
.398
.3717
.361
.353
L3462
.332
.326
.313
.305
.298

+ Continuous flow kinetic system data .

104" S (/3
6/22/78 6/22/78
50 50
0.6 = . 0.6
1.0TH . 0.6 HS
7.80 - 1.58
7.75 o 7.9
-9.776 < 9.877
-10.130 -10.130
0.85 . 0.85
Time c s
o . 4
0 659 % 573 *
2 608 % sy w
4 554 - BT
6 .508 .90
8 476 .66
10 .48 - 451
15 394 L o412
20 .363 0 o .383
25 47 s
30 2331 344
I W30
40 313 0 323
45 1,306 R
50 ..300- . .30

+

106

. 6/22/78

50
0.6

i7.55
7.50
-9.875

© -10.132

1.15

‘c .

0.435n §

602°% L

571
C 540"
<513
.491"-
465,
422
389"
+365
.348°

.322

.502: ‘

=961~



. ® point not fitted.
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Table A3.5
Molecular Deposition Data for 75°¢C
Run # T, 7 78 , o 80 A R1A
Date 5/11/78 5/11/78 5/11/78 5/16/78 5/16/78 5/16/78
. T(0c) 75" 75 s - 18.2 75.2 75.2
¢ gLl 0.8 0.8 08 0.8 0.8 0.8
Colloid 1.0.TH 0,6 HS 0.45M o 06HS  0.4M
pH  6.60 6.63 6.51 ) .63 6.33 6.33
. PHrom 6.58 6.61 6.49 - 6.31 6.31 6.31°
109 k {pH,PHnom) ~-9.492 -9.464 -9.551 a -9.697° -9.681 -9.666
109 kg (T) -9.226 -9.220 -9.219 ; . -9.228 -9:212 -9.197
BMS Error (min) 1.66 1.44 0.94 . _2m 2.3 3.88
Time c(gl-1) c < ‘Time  C c c
o 812 * 817 * 0 .804 * .804 .803°*
2 “i95 782 1770 * -4 C o 770 .745
4 .743 .748 .739 8 .713 714 €70
6 .704 ©.698 .681 12 . .665 672 . .625
'8 - 670 .659 .657 16 - .620 .621 .566
W e 628 .615 20 . . .583 579 .528
19 562 v.551 .551 0 o .522 ..520 492 ®
20 © 518 .514 *500 0 . .476 .470 .435
s an7 472 .475. 50 457 * .445 .409
30 - las .455 450 60 . .438 * .419 ©.399
3% .435 429 434 70 . .406 405 .387
40 v 432 * .416 .416 80 .398 394 .376
a5 .410 .405 . .408 90 .387 .384 .372
g : - a0 -GG e .399 0100 .. . ..383 . . .+380 .39
60 2391 * .386 .38 . 110 .358
70 372 .379 * .375 120 371 .364 .352
80 .361 .357 .362 140 .357 .352 .346
90 .357 .349 .354 160 .352 346 .32 *

~(ST~




Molecular Deposition Data for 100°¢c*

TABLE A3.6

Run #'

Date

T(°C)

¢;(oL~h)

Colloid

pH

PHnom

Tog k (pH,PHnom)
Tog kou(T)

RMS Error (min)

Time (min)

N W e

10
15

20
25 .
30

3B .-
40,

45

50

55
60

* Point not fitted.

+ A1l data on this page generated using the continuous flow kinetic

80B
6/1/78
100
0.850°
1.0
6.30
6.28 -
-8.952
-8.459
1.58

Clot-1) -

.763
.698
.653
.620.
.581
.543
.521
.506
.490
.484
.476
.470

483 %

.462 *
.458 *

818

6/1/78

100
0.850
0.6 HS
6.41
6.39 .
-8.809
-8.402
0.80

.7125
.658
.613

.550
.518
.497
.483
.471
464 *
459 *
.453 *

450 % o

.446 *
.443 *

82

6/1/78

“100
0.850
0.4 SM
6.44
6.42

-8.800
-8.416
1.49

c

.820
.695
.622
579
504
.512
.489
.477

469

.463 *
.458 *

452 *

.,,.450.‘*
845, *

Time

o O AN O

18
23
28
33
38
a8

.442 *

system,

85

6/9/75

100
0.850
1.0 ™
6.26
6.24

-8.900

-8.375

1.03

765

.690
.645

612

.586
.544

518

.500
.488
.478
.470

450

87 .
6/9/78
100
0.850
0.4 SM
6.31
6.29
-8.857
-8.373
1.37
C
.787
.696
.641
.600 .
571
.526
.502
486
.476
.468
.460 *
451 ¢

86
6/9/79
100
0.850
0.6 HS
6.22
6.20

-8.933

Time

0o O &N O

10
12
17
22
27
32
42

52

462‘A

-8.376

1.24
€

.813
.739
.685
684 -
612
589
_.570
534
514
497
486
L
462 *
454 *

_ -8ST-
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TABLE A3.7
i .. Fluoride Catalysis Data
Homogeneous Nucleation of 70°C
Run # 70-14 i 75-28-F. . ., 75-32-F 75-37-F 75-42-F '75-47-F 75-53-F
Date 8/31/78 8/25/78 = 3725/78 8/25/78 8/25/78 8/25/78 8/25/78
T(°C) 70 e 0 70 70 70 0 70
ci(aL-1) 1.4 : 1.4 1.4 1.4 1.4 1.4 1.4
pH 4.82° S 2.84 . 3.24 3.69 4.18 472 '5.28
PHnom - 4.55 o 2.58 2.98 3.43 3.92 486 501
Total F(gL~}): 0 o 0.02 0.02 0.02 -0.02 -0.02 10.02 -
Time (min) ~ C{gt-l)  Time c c c - c c N
0 1.315 0 1.363 1.377 13m 1.386 1.386 1.352
15 . 1.235 30 1.339 1.324 1.278 1.243 7992 " .602
30 o 1.118 60 - 1.275 1.256 1.13¢ .965 .627 .439
85 .975 9% 1.225 1171 .950 .731 .504 - 1303
60 .846. 120 - 1.159 1.053 .803 .607 452 372
90 .658 150 1.103 .953 .708 .543 .424 .357
1200 ... ..561 . 180 . 1,021 .857 .628 497 .407 .355
150 .499 210 .945 773 .574 .471 ey T Ly
180 .459 240 .881 Y 1 .548 456 .389 .347
210 .436 270 .808 .657 .516 .436 .375 .340
240 .422 300 .769 .621 .501 .426 .319 .347
270 -.401 330 .715 .581 .485 418
300 .390 360 .682 .566 .475 .413 .367 .345
330 .388

360




TABLE A3.8

*
Homogeneous Nucleation Data for 23%¢" -

Run # A 23-6

Date 9/13/78
T(0C) 23

Cy(gL-1) : 0.6
ph ‘ 7.06
PHnom ‘ 7.02
Time(min). C(gL~1)

0 .578

10 .584

20 i .558

30 .547

40 .549

. 50 .519

60 ) .488

70 . .462

80 P .437

90 .419

100 .394

110 372

120 . .356

130 - .330

140 o .320

150 .299
160 : .280 -

170 .281

23-5 .
9/19/78
23

0.5
7.36
7.30

- Time c
0 .495
20 .486
60 .450
90 .419
120 .371
180 : .302
210 o .277
240 ° .265
270 : .248
300 ’ .230
330 : .224
360 .214
1473 .158
- 1848 .154
4340 . ‘ .144

*The data in this table was not fitted with code SILNUC.

N

‘Time

1020
1440
3900
4300

5430

23-4
9/26/78

- 23
0.4
6.54
6.46

c

.411
.375
.348
.203
.192
.186

23-3
9/19/78
23 ‘
0.3
7.40°
7.30 ..
Time™ ¢
0 .294
20 .301
60 - .297
90 .294
120 .292
180 .292
210+ .300
240 .293
270 .298
300 .292°
330 : .294
3€0 .200
1473~ .280
1848... 267 Lo
2903 .239

3253 .203

~09T~"""



323 S : .382

*The data in this table was not fitted with code SILNUC.

[ 3
) -
TABLE A3.9
Homogeneous Nucleation Data for 30°c * .

Run # C30-10-0 . .. e 3090 30-8 30-7
“Date 15118 7712/78 7/12/78 7/12/19
2T(0C) 30 e 0 30 30

¢ (gt~ 1.0 e 0.9 - 0.8 0.7
pH 6.73 TR . 6.73 - - 6.92 7.11
 PHnom 6.75 gR% 6.64. . 6.80 6.97

~ Time(min) (g™l i ’ c- ¢ c
0 .969 o .889° ..192 .695
5 .863 R .856" T.750 .678

10 .767 o .805 ~.700 .641
15 .679 T 745 ’ " .655 .617
20 - .582 B .685 T L603 .583
25 .525 2 629 . .558 .542
30 .75 B ‘ .580° .52 .507
35 .431 o : .542 " .469 .474
40 .400 7 .498- .48 .442
45 .3n ks AT0 .414 .418
50 .349° ‘ .432 .390 .387
55 .330 - ’ .401 .353 .369
60 .352 .347

-T91-




. ' TABLE A3.10

Homogeneous Nucleation Data for 509C

Run # 50-10-0 50-9 50-8 50-6 50-5*. 50-4*
Date 7724178 6/18/79 6/18/79 8/22/78 1 8/22/78 8/22/78
T(°C) 50 51 51 50 50 50
cosh) o0 0.9 0.8 0.6 0.5 - 0.4
pH 6.23 6.68 6.87 ' 7.21 - 7.19 7.30
PHnom 6.25 6.68 6.86 . 7.16 - 7.12 - 7.22
Time(min) - C(gL-1) c . c Time c € Time c
0 .993 : .894 ' .792 0 .587 - .494 0o .423
5 961 .860 71 15 578 .489 % .403
10 : 900 .811 ©.746 50 534 .0 488 90 . . .405
15 , .810 .727 702 90 .804 . .489 120 © . .397
20 JI6 .641 .638 120 .357 .488 140 .399
25 : .683  °F .566 '.580 150 316 .473 180 " .397
30 ' .568 ' .507 524 180 299 . .461 20 . - .400
35 - 517 .459 .478 210 .287 240 - .394
a0 473 .443 .428 240 270 420 420 .374
85 438 .402 417210 264 - .400 1440 .263
50 - 414 .384 .380 300 .257 » .377 1820 .241
55 .399 .368 .377. 330 .256 .354 2960 .223
60 379 - _ .353 ©.360 1350 217 237 3290 - .213
70 .333 .340 1730 .207 .223 4340, . .223
80 .322 2325 2870 .215

90 i . _ » .308 312 3200 . . .204

"ﬁéferogeneous nucleati mina ‘ L o
s on . : .
- ' dominant; data not fitted with SILNUC. ER -

_29:[—



 TABLE A3.11

Homogeneous Nucleation Data for 75°C

Run # S -1 © 75-10 75-9  75-8 _ 75-7 - C75-c*

Date 10/16/78  10/16/78 10/16/78  10/20/79 ey o 9722078
7(°C) o wm w o s 75 ) s
¢ gL~ h) R N e 09 0.8 o 0.7 o 0.5
pH Cosas 0 e 6.53  6.75 . 7.00 o 6.7
pHnom " s5.80 595 6.52 6713 1 6.96 ’ Ceen -
" Time(min) C(gl"_l() € “ c ¢ Time K Time c
0 . 1.089 .99 .892 .783 0. . .708 0 .497 o
5 . 1.076 . .993 .888 - .177 0 . .705 360 .500 AR
10 1025 .974 .807 IRV 20 .702 1800 .495 b
15 S lesy .944 706 .680 30 .666 2940  .388 '
20 . .8s7 . ..878 .602 .. .596 40 . .604 3240 .371
25 .18 .788 .523 .528 50 - 537 4290 .338
30 .69 Cm .477 478 60 .480 4710 .328
35 9 641 448 450 70 .440 '
40 , 552 . .596 42 .. .422 80 .418
45 o .s16 .549 .413 .403 90 .407
50 .495 .56 .397 -.392 100 . .395
55 ST 4T3 ©La91 .387 .382 110 .382
60 o458 k76 384 A% 12000 - 375 e L -

® Hetereogeneous nucleation dominant; data not fitted with SILNUC.




TABLE A3.12

Homogeneous Nucleation Data for 100°c*

Run # 100-12 100-11 100-10-0 100-9
Date 6/8/78 6/8/78 5/29/78
T(°C) 100 100 . 100 ‘,")0
cy(eL™h : 1.2 1.1 : 1.0 0.9
pH 5.73 6.01 6.45 6.53
PHnom : 5.76 6.03 . 6,45 . . 6.52 5
Time (min) cgl™H  Time c Time c Time c Tim§
3 1.147 . - 4 1.093 . 6 . ..964 : 10 .904 4
5 1.108 . . 6 1.066 10 .884 .15 ,896 .7
7 1012 10 .872 12 .830 20 .875 12
10 .829 16 .703 14 .770 25 .841 17
12 74621 .611 17 .701 30 .791 22
15 .654 26 .562 22 .622 15 742 27
20 572 36 ©.508 27 o .565 40 .696 32
25 531 46 _ L4810 32 545 Y 660 37
35 .486 56 466 37 .526 55 - 609 42
45 469 42 Ts1iz T s .572 47
55 453, T so .500 ‘
g e g e e R ) .

+ All data in this table generated using continuous flow kinetic system.
* Heterogeneous nucleation dominant; data not fitted with SILNUC.

C . v
. , * \

100-487
5731778

100

0.85

846
.842
.835
.815
.770
.710
.655
.611
.588
.560

Time

10 -

20
30
35

45

50

55

60

65

P R

75
80
85
90
95

40

100-75 =*
6/14/78
100
0.75 .
7.02

6.99

-p91-
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TABLE A3.13
Effect of Sodium Chloride on Homogenous Nucleation
Selected Data for 30 and 100°C
Run ¥ 30-10-0 30210-5 30-10-10 ‘100-10-0* '100-10-5* -~ 100-10-10*
Date 145078 7/5/78 775178 5129/78 “6/5/78 1:6/5/78
T(°C) " 30 30 30 © 100 100 100
c; (gL~ 1.0 1.0 1.0 1.0 1.0 1.0
Caep moles L1y " 0.0 0.5 1.0 0 0.5 1.0
pH - 7 6.73 6.33 6.02 ' 6.45 5.27 5.05
PHnom 6.75 7.1 “7.08 S 6,45 - 6.02 6.08
© Time(min) ' C(sL~D) c c Time RO Time c Time c e
o . .969 957 .922 6 '.964 m .92 "8 .984 '
s 863 - .867 .860 10 ".884 20 7987 . 10 .980
10 767 718 .784 12 .830 25 .975 12 .964
15 .679 .686 .710 14 .770 30 934 18 912
20 .582 .588 ~.616 17 701 35 ".902 24 .825
; 25 525 521 550 22 .622 40 .88 30 730
30 .475 QYA 1,494 27 .565 45 .789 35 .659
35 .431 414 1645 32 ©1.545 50 .733 39 .607
. 40 .400 7,387 '.410 37 .526 55 .689 44 .566
45 .37 1356 .376 42 :512 60 .648 50- .535
50 ° .349 1329 350 50 . .500 65 .618 55 .513
O . :'""'.'330 e} v e 1308 e . - -
60 .323 .298 .325 ‘

. 4 Continuous flow kinetic system data.




TABLE 3.14

Effect of Sodium Chloride on Homogenéous,Nucleation

Selected Data for 50°¢C

Rul
ba
T(
Cy

-1
C&acl(moles L")

pH
pH

n #
te
Oc)
(g™l

nom

Time(min)
0
5
10
15
20
25
30
35
40
45
50

60
65
85

51-65-0
6/20/78
51
0.65
0.0

7.54
7.50

c(gL'l)A:pi

.659
.645
.616
.578
.526
475
434
411
.378
.361

.346
2338 -

.329
.317
.291

H1=05=5
6/20/78
51
0.65
0.5

7.03
7.80

¢

.654
.628
.572
.487
.419
.377
.346

327

31F

296

+286

217

271
.266

.249 .

51-065-10
6/20/78
51
0.65
1.0

7.00°
8.04

.649
.518
.377
.316
.285
.264
.255
.243
.240
.236

.228

224

221

.218
.218

S0~ 10=-0.

7/24/78
50

1.0

0.0

6.23

6.25

.993
.961
.900
.810
.716
L6437
.568
517
473
L438
RA

w399

L .379,

- j0=n L H0=-10-10
W2l 1724178

50 3 50

1.0 Lo

0.5 © 1.0

6.16 5,88

6.94 T 6.93

c c

.884 .935

.748 .837 ‘
.597 ‘ .687 i
.482 o+ .553 :r'g,"\
414 o .462

371 .400

.343 .357

.321 . .333

.309 : .311

295 .293

.285 . .285 it
w28l e B3
.272 .265



| TABLE 43.15
Effect of Sodium Chloride on Homogeneous Nucleation

Selected Data. for 75° C

.,

Run #
Date -

‘f"T(OC)

HETSEA
CNaCl(moles L l)
pH

PHyom:

Time(ﬁin)ﬁ

s
So
15
_¥20;;
s
130
v”35f
40
. 45,
“ 50"
55
60

;*Note.

Run 75—10—0 1s not the

75-8-0 - 75:8-5 75-8-10 :7,-10-0* - 75-10-5
10/20/78 :  10/20/78 - 10120778 LN 11/3/75
750 s s BV s R 1
0.8 . o . o o e ¢ I R Lo
o ~los o B O T “o.0 . 0.5
6.75 T 618 o s 6.04 R
6.713 6.9 © .02

cerh e o e Sen e
185 .85 - 2ooL1ss Lotz - 0 .99
a0 L an o B X 1
Gart o h o s2 o ms o2 s
680 L H T egs 5 C 598 T SRS [T IR Y -1
L5950 s0 T B less 5 613
528 S22 S 435 sl 529

e S ey 4 32 S 480

LS00 L a8 7.365 0 TY> L 443
422 S Le02 SR T A Dase o

w03 - s o 338 SR 398
92 o . %7 0 Tlms - S0 L 392
383 o S asp n S Cow1s T am
77 T SN v O . ) 405 o

same. as run 75-10 in Table A3 . S

| : T5.89
6.05 5,69

75-10-10

11/8/78

75
1.0
1.0
544
6.46

.971
.955
.887
.754
.628
.527
.478
441
.407
.386
.318
.365
.357

—LQI-—
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CHAPTER FOUR - SILICA AND THE REINJECTION OF GEOTHERMAL BRINES

S4.1 Introduction

Quartz is the most stable and most ¢ ommon form of. silica in nature.
The rock matrices of most geothermal reservoirs contain quartz, and the
solubility of quartz under the given conditions usually determines the
concentration of dissolved silica in the brine. The predominant form of this
dissolved silica is monosilicic acid, Si(OH),. ‘ .

When the brine is cooled in the course of productionrand energytextrac-

tion, it becomes supersaturated relative to quartz. The deposition of quartz
(and the other crystalline silica minerals) frdmtaoueous solution is very
slow. The rate is negligible under most conditions of interest to geothermal
practice. P

The precipitation of silica from geothermal brines usually becomes
noticeable only after supersaturation relative to amorphous silica 1is attain-
ed, and the usual product. is amorphous silica. - o : ‘

There are two basic pathways for the precipitation of amorphous silica.
1) Homogeneous ‘nucleation and growth of colloidal silica particles in

the solution phase, and . 7: .

2) Molecular deposition upon solid surfaces to give a dense, compact
silica glass. ' '

The rate of homogeneous nucleation depends very strongly upon the
saturation ratio; i.e., the ratio of silica concentration to the equilibrium
solubility under the given conditions. Very roughly, it is very slow when
the saturation ratio is less than two or three, and very fast when the
saturation ratio is greater than three. At saturation ratios below about
three, .there is a certain "lag time" during which dissolved silica concentra-
tion does not change noticeably. This "lag time" very rapidly increases with
decreasing silica concentration. T

When conditions are such that homogeneous nucleation is unimportant
(for example, saturation ratio less than two, or a. flow velocity fast enough
for nucleation to be limited to points further downstream), the molecular
deposition mechanism is dominant. The rate of molecular deposition on solid
surfaces 1is usually very slow, but may becomeVSignifiCant under conditions of

high silica concentration and temperature. For example, deposition of vit-
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amorphous silica, see Chapter III of this report. o
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reous silica at & rate of about lmm/year has been observed in some of the
spent brine pipes at Cerro Prieto. . R . ‘

The above factors tend to restrict the amorphous silica precipitation
problem to situations in which there is a large decrease in brine temperature.
In practice, this means that silica precipitation is likely to be a problem

only 1f the reservoir temperature is ‘above about 240°C.< This 1s illustrat-'T

ed in Table 4 l.

‘ For a more detailed discussion of the kinetics of precipitation of

oy

S4:.2 Types of Silica Depos its

The deposition of vitreous silica on solid surfaces by the molecular
deposition process has already been mentioned. The deposition rate is
always slow, but the material 1s almost indestructible once formed: Slow
chemical dissolution with hot HF or eaustic appears to be the only way to
remove it. ) - '

A, The first step in the conversion of colloidal ‘silica to solid or semi-
solid deposits is flocculation or coagulation followed by settling or chemi—
cally equivalent adhesion to solid surfaces. . o

- The rate and extent of coagulation of colloidal silica 15 ‘determined
mostly by pH and salinity. Above about pH 6, the colloid becomes less’
stable with increasing pH. Increasing salinity also enhances coagulation.’
Di- and polyvalent cations (in practice, usually calcium) are particularly

effective in this regard. especially at pH values above about 7.5. Also, '

ularger particles are more strongly coagulated by divalent eations. This is

probably not true of coagulation by univalent cations.

Unfortunately, available data are inadequate to allow silica coagulation“
to be predicted quantitatively. However, good semiquantitative data regard- '-
ing critical coagulating concentrations “at room temperature are available
in the literature. (See Allen and Matijevic( 1969 1970, 1971 Matijevic,‘
1973, and Iler, 1975 and 1976). ‘

- The conVersion ' of electrostatically coagulated collbidal “silica to’
an adherent gel or solid scale involves cementation of “the particles by
molecular deposition between them. The rate of 'this chemical 'céementation

process depends upon the concentration of dissolved silica ’(among other -
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factors). When the colloidal particles are approximately in equilibrium with

dissolved silica, cementation is slow. Under these conditions, cementation'

involves dissolution of silica from the particles and its redeposition at the
interparticle contact points.v The only driving force for this process is the

difference of surface curvature. Massive adherent deposits will form only at

points where hydrodynamic conditionsr allow the precipitate to settle out and'

remain und is turbed .

Fairly ‘hard solid deposits may form at a moderate rate (centimeters

per year) where both colloidal silica and substantially supersaturated :

dissolved silica are present. Cementation is relatively fast under these

conditions. Sometimes, when the dissolved silica concentration 1s high enough

and .the deposit remains in' good contact with the brine, cementation can‘

_proceed to the point of producing a glasslike material.

-

S4 3 Possible Mechanism for Post-Reinjection Plugging by Silica i

Injection of brine can damage the receiving formation if the brine is‘

supersaturated with silica or contains colloidal silica. Any brine that s

supersaturated relative to amorphous silica will deposit vitreous silica on

solid surfaces at a rate determined by the dissolved silica concentration,'

temperature, and other variables. The rate may be negligible (the usual case
at moderate concentrations and temperatures), or it may not be. What consti-

tutes a negligible rate will depend on the physical properties of the reser—

voir. For example, 0 02 mm/year would be negligible 1f the injected fluid -
were. going into a 4 mm fracture. It would be catastrophic if the rock had

pore permeability only and an average pore size of 0 01 mm.

Note that the rate of molecular deposition is determined only by temper-'

ature, concentration and other chemical variables,k and is not affected by'

the hydrodynamic state of the fluid. This means that deposition will continue

until the supersaturation is reduced by some combination of concentration'

decline and reheating.

4

If brine that contains a floc is reinjected the floc will accummulate

in any place where the brine enters pores or cracks fine enough to filter the
floc out. These places will eventually be plugged. If pore permeability is
dominant, the plugging will take place right at the wellbore where 1t will

do the most harm_‘most,rapidly‘. (However, damage at the wellbore is also.
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the easiest to undo by treating the well with caustic or'HFblltln‘a;fracturedu
reservoir, the floc may finally come to rest so far from the injector that
no significant injectivity decline will ever be observed. Also, if the floc
is not deposited by the time that the brine is reheated it will partially
or completely redissolve. L - ,

\If, in addition to floc, the brine also contains enOugh dissolved‘:
silica to cause rapid cementation, the spatial distribution of the damage
will be similar, but the damage will be worse and harder to ‘undo. Fortuna-’
tely, significant supersaturation cannot persist for long in the presence of
large colloid loadings, ‘and this fact will tend to reduce the extent of
cementation further back into the formation. '

It must be considered that reaction of the brine with reservoir materi—
als could destabilize the colloid and accelerate deposition.' For example,

injecting brine that s undersaturated with calcite into a calcite bearing

v formation would cause the pH and calcium content of the brine to increase,

thereby destabilizing the colloid.
Finally, a colloid-free brine with high enough supersaturation could“

undergo homogeneous nucleation post—reinjection. Whether or not homogeneous

nucleation actually occurred would be determined by whether competing pro—
cesses such as molecular deposition, heterogeneous nucleation or reheating

could reduce the silica supersaturation “enough to prevent 1t. Homogeneous

fnucleation in the formation could involve rapid cementation of the colloid_

produced because of the inevitability of passing through a stage of simulta-

' neous substantial colloid loading and substantial silica supersaturation.

The extent of damage would again depend on rate and the physical properties”
of the reservior. Greater supersaturation would cause homogeneous nucleation
nearer to the wellbore, and therefore,;would be more likely to cause serious

damage. It remains to be considered whether flow through a porous medium can?
inhibit homogeneous nucleation'by removing newly nucleated particles from the

brine by adhesion to the rock surfaces before they grow to significant

size.z
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S4.4 Brine Treatment for Silica Control

A salient characteristic of geothermal energy conversion processes
is that they involve large mass flows. Typically, about 10 kg of native'
or flash steam is required per kwhr generated, and 20 to 40 kg of spent
brine must be disposed of. This means that a brine treatment cost of more
than 10E—5$US/kg of brine is significant, and a cost of more than about
10E-4$Us/kg is unlikely to be acceptable.’ This means that brine treatments
must be simple, and that chemicals added in concentrations greater than a
few parts per'million must be very_cheap. Also, the sheer volume of brine
to be treated can render a processlimpractical becauSetof unacceptably 1argeL
brine storage or chemical delivery or handling requirements. 'Finally, torbe
commercially viable,' the overall energy extraction and conversion ~system
must be as cheap, reliable, and easy to operate as other types of electric,
powerplants. , , ‘ ’

With the above considerations in mind, we proceed to 1review possible
approaches to avoiding silica related problems in reinjection. '

 Four distinct approaches have been developed for the control of silica
precipitation from geothermal brines.

1) Avoidance or minimization of silica supersaturation

Supersaturation can be avoided by preventing cooling of brine. to below
the saturation temperature of amorphous silica for the given concentration of
dissolved silica . This is the only completely safe and sure, simple approach
to the problem that is available, and is a matter of clever process design
for energy conversion rather than actual brine treatment. The substantial
difference between the solubility of quartz, which determines the initial
silica concentration in the ~brine, and that of amorphous silica makes the
goal attainable in many cases (see Table 4 1). A successful practical demon—
stration of this approach will be discussed in the following Section.

Increasing brine pH also increases the solubility of amorphous silica_
by causing partial dissociation of monosilicic acid. This effect becomes
significant above about pH 7.5. Adding enough base to cause a large increase
in solubility would probably be impractical in most cases because of the
large amounts that, would be required (as much as several milliequivalents/kg

brine). However, in some cases, a small increase in solubility may be
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desirable ‘and practically attainable. - -Also, some unmodified flashed brines
have - pH values high:enough for this effect toubetsignificant;'fqr example,
the brines at East Mesa:(California) are of this type. ' This should, .of

course, be takeninto consideration.in interpreting brine chemistry and

!devising brine. treatments.vr

.‘Under " some- circumstances a saturation ratio somewhat . in excess. of unity
mayigive homogeneous nucleation and~molecu1ar.deposition~rates low: enough to
be practically insignificant. : This is -particularly likely at temperatures
below: .1009C. ' This :possibility - should be: carefully considered -using avai-

lable kinetic data (our own work elsewhere in this report) when designing for

a saturation ratio of unity or lowerJappearq impraética1'for;some—reason.

. 2) . Kinetic inhibition of molecular deposition and nucleation

The rates of all silica polymerization:.processes.decrease with decreas~

ing pH. ‘Therefore, annobvious brine: ‘treatment for the purpose of slowing

down silica precipitation, although not actually stopping it, is to acidify
the~Brine;ﬁAlternatively,athe-pH may be kept from:rising by aioiding flashing
the brine, as in-a binary cycle with .downhole pumped brine production.
Another effect of lowering pH is :to' inhibit  the - coagulation of colloidal
silicas’ This. may or may not be desirable in a given: 1nstance. ‘
‘Lowering pH or keeping it from rising may also. decrease -or eliminate. the
precipitation of calcium carbonate. i« " e S o
' Most'discussionS‘bf‘thisgbrine treatment .assume the use of hydrochloric
acid. Sulfuric acid is cheaper, but may cause or aggravate the precipitation
of ‘calcium, ‘strontium or barium sulfate.:-However,ythis‘possibili;y,ghould be
carefully*evaluétéd on:a. case by case basis;, and the: use pf;sdlfuric acid
should not be rejected out :of ‘hand ‘because of it. The cheapest acid ‘of all
is the carbon. dioxide contained in geothermal condenser off-gas.- - This
additive 1s available’ at no cost, but “its utilization would require.large and
potentially: complicated and expensive gas-liquid;contéct4equipment. ,:Also,
carbon dioxide would not:be able to ‘reduce the pH to ﬁuchibelow»6;,and the
use of condenser off—gas'would:inevitably;introduce some ‘atmospheric oxygen
into ‘the ‘brine. Oxygen could'aggravate'cofrosion;problems'or cause the
precipitation of ferric hydroxide or similar substances. - .
Workers at: the LawrencéxLivermorefLaboratory have extensively evaluated

the use of hydrochloric acid addition for silica control at Niland (Austin,
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et-al., 1977). 'In ‘that particular .case, ‘the estimated cost:of brine acidifi~-
cation by addition of 200 ppm HCl:was marginally acceptable - (1 or 2:mils
/kwhr) . Prohibitive corrosion p;oblems ‘were: ultimately responsible for:
the abandonment of 'the concept._iAlsb,-it,was.foundrthat‘pumping the .acidi--
fied brine through sandstone cores dissolved the calcite in the-matrix:which
led to serious plugging with loosened matrix material - (Piwinskii . and:Nether-
ton, 1977). - All in all, brine acidification proved :impractial :at Niland..
This may or mady not prove to be the:case elsewhere. :

3) "Aging" the brine to convert dissolved silica to colloidal silica-

This process has been demonstrated on a -commercial scale at the Otake:
plant in Japan (Yanagase, et al., 1970), and on*a.pilotﬁplantnscale at
Ahuachapdn in' E1 Salvador (Cu€llar; 1975) and at Wairakei .and Broadlands in
New Zealand (Rothbaum and Anderton, 1975). - : "

At Otake»and;AhuacQapéh the desired: goal was reduction of the rate of"
scaling in surface waste brine disposal pipeS’and,éanals. In both places,
untreated brine delivered to these conduits apparently contained -both
colloidal silica and a substantial.excess of dissolved silica. Rapid accumu--
lation of hard scale of the cemented colloidal -aggregate type was observed.
"Aging" the brine by retaining it in a suitable tank for a-period of time was
tried in both cases in.a conscious attempt to convert as much silica as
possible to a relatively nonadhesive "polyméric form", or, in other words, to
reduce the dissolved silica concentration by allowing time:for its conversion
to colloidal silica.

'The experiments succeeded in both cases, and a commercial -scale "brine
aging pond"was actually constructed and put into routine operation at Otake.
In both ‘places, the rate of scale:accumulation :in the brine disposal system
was greatly diminished. - Scanning electron micrographs of scale specimens

from Otake clearly show that the scale-at the outlet of the "aging pond".is a
-fluffy, weakly cemented: - floc~like material.  Cuellar comments: on the accumu-
lation of about 14.5 metric tons of scale in the aging pond, but notes that:
"Almost all deposits in the tank are very light, porous, and easilykremoVed;W

In both cases, only a fraction of the colloidal silica in the brine was.
deposited in the "aging pond" or disposal system. Most of it was apparently
carried away by: the. brine in metastable or weakiy;flocculatéd, nonadhesive

form. - :
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In New Zealand, brine aging has been’ experimented with” as the first
step*of’a more complicated course of brine treatment. The primary purpose
there was to convert dissolved &ilica, which cannot be removed by coagulation,
to' colloidal silica, which can. The desired goal was attained there as well.

" 'The time needéd for the dissolved silica concentration to drop into
the range of slowly decreasing‘"neaf”steady'state"“Values:will vary widely
with' the chemical ‘parameters of ‘the brine. In the cited instances, adequate

aging “times were found to be as follows: Broadlands, 30 minutes, Ahuachapén,ﬁ

45 minutes, Otake, 1 hour, and Wairakei, 2 1/2 hours.

‘"ln”generslf”%heﬁtime‘reQuired“will'decrease'with'increasing initial
supersaturation, temperature,” pH and salinity. The reader is referred to
the data presented by us elsewhere in this report in this regard. ‘

A variety ‘of different physical configurations for the brine aging
vessel seem to work well. ' The main thing’that the apparati\seem to have in
common is that they all provide approximately plug 'flow reactor conditions
We refer the reader to’ the original papers and to ‘the review by Phillips, et
al. (1977) “for further details. Our only 'firm recommendation 1s that the
aging vessel have ‘a cover of some sort’ in ‘order to prevent contact with air
and to minimize heat Toss. S ‘ SRR

%) Removal of colloidal silica by coagulation and settling

‘ In most cases, it will probably be’ necessary to remove any colloidal
silica that’ may be present "in "the brine before reinjection. Similar needs
are common in other circumstances, ‘and a body of ‘cleverly’ devised technology ;
exists ‘and is available for this purpose.“_Technical evolution in this
areakhas largely consisted of ‘careful” applicationiof’existing’knowledge:to
the 'particular circumstances of geothermal denelopnent‘in‘specific areas.

“"In Wew Zealand, the goal was to develop 'a practical treatment which
would’ yield "“brine ' nnocuous enough to "deliver to nonelectrical users or
to dispose of in fresh surface waters without environmental risk. 'Primarily,s
this required the,removal of colloidal silica and arsenic, and secondarily,
somé" reduction of dissolved &ilica to below the levels attainable by aging
pro&ésses'described*aboVe: The "addition’ of 400 to 700 ppm of calcium oxide
(unslaked 1ime; Ca0) and’ about 10 ppm ‘of ‘sodium hypochlorite (NaClO) to the
aged brine followed by settling was found to remove all of the colloidal
silica and most’of the arsenic and dissolved silica'(Rothbaum and-Anderton,
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1975).« The product is a high surface area mixture of colloidal amorphous
silica and amorphous calcium silicate which might have some practical use.
, Removal of colloidal silica alone. is not explicitly discussed by;?
Rothbaum and Anderton, but the. data presented by them suggest that about 100,
ppm Ca0 alone may be adequate for this purpose. This relatively large amqunt(
appears to be needed because the New Zealand brines are of rather low salinij‘
ty and, in particular, contain little calcium.-,Therefore,ia largenincreaseir
in pH and/crfcalcium ion concentration is needed to flocculate the silica in .
them.

We note  that increasing the pH and/or calcimm ion concentration may

cause or aggravate calcium carbonate precipitation either at the surface or .

post-reinjection. This is particularly to be expected in the_case of a very .
low calcium and high bicarponate brine like that at Broadlands,_,This
possibility must be carefully cnnsidered on a case by case basis if 1lime
addition is being considered.

. Removal of colloidal silica from the brine at Niland (California) has:
been demonstrated byAQuong,“ggAgi. (1978) on a small pilot plant scale.
The suspended solids in the flashed brine at Niland consist mostly of_colloi-'}
dal amorphous silica, but contain smaller amounts -of other»substances as
well. However, the silica dominates the overall behavior of the precipitate.

This brine is excent’ienally saline and has a particularly high’ calcium
content, but the pH is only about 5.5. This atypically low pH value causes
the decline in dissolved silica to be slow, and the rate and extent of

coagulation of colloidal silica to be small. Raising therpH helps}matterst,

considerably, but causes the supernatant to cloud with ferric rhydroxide'“>

following precipitation. This behavior is due to the very high iron concen-

tration in Niland brines. (This effect might be avoidable by avoiding
contact with air, but this is not discussed in the cited paper.)h All 1in al},
Niland is a rather difficult case. _ ‘
The process proposed is as follows: . e , , , ,
7 First, a few ppm of the coagulant aid are added to the brine and it isw
rapidly stirred for fiverminutes. _Then it enters the clarifier. This,
device has a large amount of slowly stirred coagulated,silica;s}udge at the
bottom. The brine slowly flows through the:sludge,band as it does, the very
high density of coagulated colloidal silica in the sludge rapidly reduces .
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the dissolved silica concentration 1ﬁ'thé brine, as‘well as coagulating and‘
retaining most of colloidal silica. The brine then flows up and out ‘of the
sludge blanket at about 0 25 mm/s. This is the maximum velocity consistent
with good separation of the clarified brine £ om the sludge through gravitat—k
ional settling of the . latter. i The clarifier overflow still contains - an’
unacceptably high concentration of suspended solids (44 ppm in the best
performance reported). However, a final, sand bed filtration reduces this to
below 5 ppm, which is considered good enough for reinjection. '

Laboratory simulation work on Cerro Prieto brines (Weres and Tsao, 1980)
suggests that a much simpler treatment would suffice there. 10—20 minutes
aging, addition of 20-30 ppm CaO 5 minutes of vigorous stirring, and sepa—y
ration of precipitate from brine in a settling tank. The resulting precipi-
tate settles at about 1 mm/s and the "clarified brine contains less than 4
ppm suspended silica. \ : ' ‘

. That such a simple process appears adequate for Cerro Prieto is fortui—
tous happenstance.» As it happens, when flashed down to 1000c Cerro Prieto
brine is in a chemical state conducive to very fast colloidal silica nuclea—

tion and dissolved silica decline. The resulting colloidal silica is only

moderately flocculated in the unmodified brine, and does not begin to ‘settle N

until the ' aging process has run its course. . However, it is near ‘to the pH
range of strong flocculation.» Increasing the pH by about one-half ‘unit byk
adding a small amount of base (CaO is the cheapest) causes very rapid and
essentially complete flocculation.vw, , : 4 _

The brine treatment processes reviewed under this subheading are
obviously all variations on the same basic concept,{but vary greatly in its
concrete realization.i This variation is largely due to the different brine
chemistries in the different areas.: This clearly demonstrates that an
"off-the—shelf" approach is not appropriate in the area of geothermal che~
mistry. ‘ Rather, the process must be tailored to the particular charac-

teristics of the given brine. .

'54,5)Fie1d Experience with Geothermal Reinjection

The only discussions of large scale reinjection of geothermal brines

in the 1iterature deal with Ahuachapan (Einarsson, ettgl., 1975; Cuellar,
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1975) and Otake (Kubota and Aosaki, 1975)

At Ahuachapan, the brine was initially saturated with quartz at ab0ut‘

240°C and was flashed down to about 155°C and reinjected at 152°C.

Therefore, it was sllghtly undersaturated with amorphous silica at injectionf

(see Table 4.1). As predicted, there_was no permeability reduction or

scaling of any sort observed'over the duration of the injection experiments;

which totaled almost 2E6 m3 of brine. This is the classic successfull

Ademonstration of the supersaturation avoidance approach to silica precipita-
tion control. '
Routine reinJection of spent brine from the' geothermal development

at Otake began in 1972. As of 1975 8E6 tonnes had been inJected into

three wells. The receiving 1nterval was a highly permeable stratum of tuff

breccias 300 m thick. Over the three years, a slow decrease in inJectivity

of the three wells was observed. For example, with the water level at the

wellhead, reinjection well No. 1 took 310 tonnes/hr at the heginning of

injection, but only 120 tonnes/hr in 1975. Scale was deposited throughout the

length of this well. At the wellhead, the scale was about 25 mm thick after
three years and consisted mostly of silica.

Unfortunately, nothing is said about therpreinjection treatment.that
the brine received (if any),‘or even about the brine temperature, However,
Yanagase, et al. (1970)’reported that a full field capacity brine aging pond
was in routine operation as of 1970. Therefore, it seemsllikely that the

injected brine was being treated in this ‘way. This means that the brinev

probably contained about 200 ppm of metastable colloidal silica and was

supersaturated with amorphous silica by a few percent. If S0, the reported

1n3ect1v1ty decrease was probably due to slow deposition and cementation of
colloidal amorphous silica both near and at some distance from the wellbore.

The inJectability of the spent brine at Niland has been extensively
studied at that site by laboratory methods as well some actual inJection
tests (Owens, et al., 1977; Netherton and Owen, 1978) InJection tests
showed that untreated brine quickly and completely plugged up the pore
permeability of the receiving formation right at the wellbore. However,
injection was not stopped by ‘this plugging‘because avlarge“fracture zone
continued to take the brine. Ihe membrane filter test method commonly used

in petroleum practice to evaluate”the injectability of'waters'(Barkman and
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Davidson, 1972) was adapted to geothermal use and successfully.applied. Its
results agreed well with those of the injection experiments. Also, membrane
filtration experiments clearly demonstrated the nechanism of deposition of
cemented colloidal,aggregates‘from brine’that contained both colloidal and
supersaturated dissolved silica. Core—flushing test methods and equipment

for evaluating injectability were developed, applied, and described as well.

S4.6 6ntstanding Research Needs

A basic need in all areas of geothermal chemistry is that field data
of various sorts -be carefully collected and exhaustively analyzed; This ‘does
not necessatily mean that grandiose newpexperimental programs need to be
started. Rather, ongoing test . and operational activities should be planned
with the participation of chemists, and provisions should be made for adequate
and well defined sampling, analysis, and description. The ultimate product
of this work sh0u1d be a series of well ‘documented case studies that describe
and explain what actually happens. Thorough characterization of all precipi-
tatedlsolids must be included in such;studies, and’every effort should be
made to compare and reconcile'the predictions of theoretical and laboratory
studies with actual field experience.

The major, outstanding need in the area of silica chemistry is a capabi-
lity to quantitatively explain and predict the colloidal stability and
coagulation behavior of colloidal amorphous silica,k and 1ts cementation
following coagulation.:' Combined with existing knowledge of ° the chemical
kinetics of amorphous silica precipitation, this information would go a long
way towards»systematizing the design of preinjection brine treatment pro-
cesses. - : :

A related need is a better understanding of the precipitation of amor-
phous silicate materials.. Work in this?areas should_start‘with careful
characterization of observed precipitates, and move toward the sort of
predictive capability that exists for pure amorphous silica. '

A need specific to the stndy of reinjectionris a better understanding of
exactly how and where precipitation and plugging occur, and what their

~ effects on formation properties actually are.
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Table 4 1

Sllica Concentrations, Saturation Ratios, and Deposition Rates
Resulting from Flashing Water Initially Saturated with Quartz

Init. t(°C) 200 .220, o 240a 270 - 300

Solub. Quartz(ppm) 297 “- 375 440 521 598
Final Solub. o
t(°C) Am.Sil.(ppm)
70 245 1.315% 1,387 1.469 1.619  2.004
390 520 646 - 844 -~ --1,198
'1.594 2,123 2.638 3.443 4.891
0.010 10.058 0.145 0.30 0,62
100 364 1.238 1.303 - 1.377 1.514. 1.859
368 - - 489 606 789 1.112
1.010 1.342 1.664 2.167 3.054
. 0.0003  0.029 0.13 0.64 2.05.
130 1509 1.164  1.226  ° 1.292 1.416 1,728
: 346 459 568 738 - 1.033
0.679 0.902 1.117 1.449 . 2,030
160 680 1.093 1.148 1.210  1.324 ~1.607
- 325 430 532 690 961
0.477 0.633 0.783 . 1.0l4 1.413
*Key 1.315 Ratio of concentration'by flashing.

390 Final concentration of Si0» (ppm).
1.594 Final saturation ratio over solid AS.
0.010 Molecular deposition rate in micrometers/day at pH=7. 0 and
[Nat]=0.069. S g

Deposition rates calculated using kinetic expressions given in Chapter III of
this report.

" One stage flashing has been assumed for simplicity.
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CHAPTER FIVE - THE STATUS OF GEOTHERMAL BRINE TREATMENT TECHNOLOGY

Overview .. . -~ . . . T NSO Ny O

The purpose of this Chapter is to give an overview of the practical
experience "and state of the art in geothermal brine chemistry and brine
treatment technology. The emphasis is on defining ‘what sorts of brine
treatments may be needed by a typical geothermal electric development pro-"
ject what is available and how the developers may expect to proceed in
dealing with anticipated brine chemistrv related problems. ’

The author s own “work in brine chemistry has been on the problems of
preinjection silica removal, and that is reflected here. Much of the work in
brine chemistry is proprietary or, if not proprietary, is still under way and
has not yet been published. The discussion of such work 1is necessarily
limited by the author's limited knowledge of it and by applicable standards
of professional confidentiality. ‘

5.1 The nature of the pféblem”
" ‘Undisturbed brines in a'geothermal reservoir are in.chemical equilibrium
with the solid ‘phases they are in contact with. The large temperature drops

and ‘steam losses brines undergo during the processes of brine production and

‘energy extraction may cause various solids to precipitate from them.. The

initial characteristics”of'the brine and nature and operating parameters of

these processes determine what 'precipitates, in what quantity, and where.

" The dependence on initial conditions and process parameters is strong and not

very well understood. “It is often the case ‘that experiments with brine-
specimens from different wells in the same field or with rather similar
synthetic brines give strikingly and inexplicably different results.. Extrapo-
lation from fiéld to field is more hazardous still even if the. brine composi-—
tions and initial temperatures are similar.

In most cases, the major precipitate is'either calcium carbonate or
colloidal amorphous silica. ' Massive carbonate precipitation is more typical

of moderate temperature brines (the classic example is East Mesa), and
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massive amorphous silica precipitation is limited to hotter brines (Niland,
Cerro Prieto). .The total amount of precipitate may range up to several
hundred grams of solid per metric tonne of brine in the case of silica.
Smaller amounts of other phases such as amorphous iron silicate, iron sul- N
fide, lead sulfide, or iron carbonate are also frequently observed. In
lgeneral .the importance of these ‘exotic” phases increases with increasing .
brine salinity and initial temperature.v Except for ‘the most extreme cases‘
(i.e., Niland) they usually amount to only a few grams per tonne of brine.>: ©
As a rule, they are recognized as being a problem in and of themselves only
when not overwhelmed by either calcium carbonate or silica precipitation.
,Even at Niland, where the amount of iron silicate and the various sulfides
’approaches the amount of silica, they do not present a separate problem ‘
simply because they precipitate along with the silica. Calcium carbonate or
strontium or barium sulfate may also precipitate out when incompatible
brines are mixed. o

At present, quantitative predictions can be made only in regard to the
precipitation of calcium carbonate and amorphous silica from low and moderate
salinity brines, and even this predictive capability is not complete or very
‘reliable. It is,possible.to calculate the solubility of either under the
given chemical conditions, and to calculate the rates of nucleation of col-
loidal silica particles and their growth. It is not yet possible to predict
the kinetics of formation of solid carbonate or silica scales or the behavior’
of suspended particles. The theoretical and numerical methods involved in
making these predictions are so complicated that this. capability is now only
-beginning to be davailable outside of the National Laboratories. In regard to
the other phases, the existing predictive capabilities hardly extend beyond
the vague generalities above. . » o , -

The practical significance of a chemical change that takes place in the
brine also varies with local conditions and is equally_hard to predict. For .
purposes of discussion, we divide the general category of "practical impacts
of scaling.and solids precipitation” into two subcategories:. '

‘1) impacts of scaling on the production wells and energy conversion

_system

2) damage to reinjection wells.
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In general,- binary cycle power plants are much more vulnerable to -
scaling problems because of the ‘extreme sensitivity of - their thermodynamic -
and economic performance to "fouling” of the heat exchange surfaces. The
maximum allowable scale buiidup on the heat exchange surfaces before a’
cleanout is ‘mandatory is on the order of a few tenths of.a millimeter. Flash
cycle plant systems are much less vulnerable; cleaning becomes necessary only
when enough scale builds up to interfere with brine flow or valve operation.
This means that, in most cases, only calcium' carbonate and amorphous silica:
scaling have practical significance in a flash steam system} other kinds of

scale simply do not build up rapidly enough to cause problems in and of

themselves. On-the other hand, even trace amounts of the "exotic" phases may’

be enough to render a binary plant project uneconomical. Fortunately, binary
cycle systems are less likely to encounter the very high scaling rates
sometimes observed in flash steam systems. Both types of system are equally
vulnerable to producing well damage caused by rapid scaling at the producing
horizon or horizons. To the author's knowledge, it is not yet possible to
predict the rate of scale formation for any kind of geothermal scale well
enoiigh to quantitatively predict the economic impacts of scaling for any
given site or power plant design. ' -

Damage to the reinjection wellbore ‘may be ‘caused ‘either by plugging with

 solids that are ‘suspended in the brine being injected, or by precipitation of

solids from the brine after 1t has been reinjected. 1In situ precipitation
may be caused by slow reactions that did not go to ‘completion in the gurface"
equipment (such as amorphous silica polymerization), by the reheating“ofathé
brine (for example, the solubility of calcium carbonate decreases with
increasing temperature), or by mixing with "incompatible” teservior brine
(for example, a calcium-rich injected brine mixing with a-bicarbonate-rich
reservoir brine). In situ precipitation is Basicariy.tﬁeisameJQS'sCaling,'
and presents the same problems of prediction. ' The concentration of suspended
solids in’the brine may be easily measured in the field and an- analogous
problem of prediction is absent. ' o

However, even if prediction or measurement of the quantity of solids
proves possible, it'iS”usually'not*known exactly ‘where these solids will form'

and/or accumulate downhole, or what their practical effect ‘on injection well
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performance will be. At present, this may be meaningfully predicted only in
the simplest cases, for example, -suspended solids that accumulate at the:
- sandface without significant invasion of the pore space to.give a “filter
cake"-with well characterized properties. ,

Detailed prediction of the effects of any given brine treatment are
equally hard to make; e.g., everyone knows and can predict that-acidifying
the brine can prevent the precipitation of calcium carbonate and slow down
that of silica, but very little else can be predicted even this well. The.
variation of the effect of any given brine treatment from well to well and
field to field is at least as great as is the variation in the chemical
behavior.of_untreated brines. The practical effect ofAthis is that one cannot
simply.design a brine treatment system from general principles.

.. The net practical result of all this is that progress in understanding
and mastering the chemical behavior of the brine in any given area relies
heavily on extensive field tests. In general, the following may need to be .
evaluated by means of detailed field testing in any;given area before full
scale development may proceed: |

1)  The location, nature, and quantity of solids precipitated from the
unmodified brine. Ideally, this should include careful chemical and petro-
graphic analysis, and a detailed theoretical interpretation which includes
consideration of the chemical changes that the flowing brine itself undergoes.
A state—of-the-art interpretation is worth having, because it will maximize-
the probability df making & valid and useful extrapolation to commercial
conditions which are, as.avrule, somewhat different from test or pilot
conditions,

2) 1If carbonate precipitation is a major problem, it 1s necessary
to determine the cause in detail (i.e., fiashing downhole or mixing of
incompatible fluids), and, if needed to prevent_precipitation, what inhibi-
tors‘or‘acids to inject into the brine, in what amount, and where.

~ 3) The injectability of the brine in the chemicalvstate in which it will

be reinjected must be evaluated. At a minimum, this should include determif,”

nation of the amount and nature of any suspended solids by membrane filtra-
tion (Barkman and Davidson, 1972), and core flushing experiments to evaluate
the ability of the brine to plug the reservoir rock. If at all possible,

these tests should be done in conjunction with brine treatment pilot plant

<
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experiments so that the brine employed realistically represents that which a
commercial scale brine treatment facility at that site will deliver to the
reinjection well. The core specimens employed should closely resemble the
actual reservoir rock or, ‘better yet be ptepared from samples ‘of it. A

detailed theoretical study of the chemistry of the brine to be reinjected

*should be included in order to ~assess the probability of such things as

precipitation of solids caused by reheating post-reinjection or mixing with
(potentially) incompatible fluids native to the injection horizon.

Unfortunately, the state ‘of the art is such that even the above course
of studies may not be able to give a definitive answer regarding injectabi-
lity. fAt most sites, the development and evaluation of brine reinjection
technology goes through the stage of a large scale injection experiment that
involves one or a few wells. To be definitive, this large scale test must
duplicate full scale brine treatment and reinjection facility operating
conditions as closely as possible.

4) 1f a preinjection brine treatment procéss'proves necessary, this
process must be evaluated on‘the pllot plant scale ‘at the given site. Once
again, the conditions of the pilot ‘experiment should resemble ‘full-scale =
operating conditions as ‘closely as possible. AL k

~ Part or all of the above course of ‘studies ‘has been executed or is in
progress at a number of geothermal areas. These include.: Ahuachapan (E1
Salvador) Broadlands (New Zealand) Cerro Prieto” (Mexico) East Mesa, Heber,
Jemez Caldera, Niland (all in the U.S. ), Otake (Japan), and Wairakei (New

‘Zealand) Commercial power generation is’ under way at Ahuachapéh and Otake -

with reinjection, and at Wairakei ‘and’ Cerro Prieto ‘without reinjection.'

Commercial power generation with reinJection at East Mesa, Niland, and Jemez

‘ Caldera is in the advanced planning stage.

Because ‘the naterial in this Chapter is of a generic rather ‘than site-

specific nature, it would have been somewhat clumsy to scatter references to

vpublications dealing with specific areas throughout the text. Instead, it

was decided to summarize all needed references to the’ literature in this one
place. For further detailed information about any given field, consult the

following sources:

Ahuachapéh. Cuéllar (1975) and Einarrson, Vides and Cuéllar (1975).
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'Geothermal'brine treatment'in'generalz Phillips, Mathur and Doebler
(1977). o - | o
Broadlands and Wairakei: Rothbaum and Anderton (1975)

‘Cerro Prieto: Weres »Tsao, and Iglesias (1980) -:
Niland and the general subJect of injectability testing as applied in
tgeothermal practice. Austin, et al, (1977) Netherton and Owen (1978),

Piwinski and Netherton (1977) Owen, et al. (1977), and Quong, et al.
”(1978) '

. Otake. Kubota and Aosaki (1975), and Yanagase, Suginohara and Yanagase
. (1970).

S5.2 Brine treatment technology

The cumulative experience at and related to these various resource areas
has led to the recognition of and development of a number of brine treatment
bconcepts and component subprocesses. This includes a number of brine produc-
tion and energy conversion system design strategies intended to eliminate or

reduce the quantity of precipitated:solids. All together these might well

be termed the unit processes that are available to the chemist or chemical

engineer charged with developing a brine treatment process for a given area,
In Figure 5.1, the range of. available unit processes 1is graphically presented
as the schematic for a hypothetical brine treatment system which contains all
of them. (This is not actually very far from the truth; some of the brine
treatment systems presently under consideration contain most of them!) Most
of the unit processes and components depicted have to do with removing
colloidal amorphous silica from flashed brine to make it fit for reinJection,
this accurately reflects the historical emphasis,of work in applied brine
chemistry. p | | | | o

The headings in the following discussion refer to the labels in Figure 5.1.
1. - The brine enters the producing wellbore from the reservoir matrix.

A. The producing wellbore. If the brine in question precipitates calcium

carbonate when flashed, flashing in the wellbore should be prevented if at
all possible.' If the well is self-flowing, this 1s best done by reducing
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the brine:flow rate and/or:increasing the diameter of the well if this is
practical in the given case. :Downhole pumping is an alternative,which allows
greater flow rates without Wellbore flashing. -However, downhole:pumps have
not yet been demonstrated in commercial service.:. Also, if the:problem is, .
actually being caused by flashing in the formation:.near the wellbore,
downhole pumping alone will not: help. - .

Severe .wellbore :scaling may also be caused:byfthe:mixing of incompatible-
brines from different producing intervals within the wellbore.: This problem
may be identified by downhole sampling of brine at various depths or by
careful interpretation of data on the thickness of scale and brine flow rate
as a function of depth. It can be easily eliminated by completing wells in
such a:way that:all brinesientering any given .well are compatible.

2. Addition of acid or scale inhibitors to the brine. The use of commer-

cial scale inhibitors. and hydrochloric acid to prevent carbonate scaling in
surface equipment has been successfully demonstrated at East Mesa, - These
chemicals may also be added to the brine at the bottom of the production well.
by pumping them down a small diameter tube placed in the wellbore.

The cost of chemical addition for carbonate scale control depends on the
amount. of chemicals needed and this depends on local conditions. The cost
may, therefore, be anything from negligible to. prohibitive.,v

L The addition of such chemicals may . -also cause undesirable side effects
in some cases. ‘For example, carbonate scale inhibitors may combine with -
calcium ion in the brine to form 80 called pseudoscale which may be as
serious as the original carbonate scaling problem. Also, it is notAknown
what happens when brine with scale inhibitors in it -1s reinjected. One
possibility is that the ixhibitor will be removed from the brine by adsorp- .
tion on rock surfaces. If the brine is still supersaturated with caleium
carbonate_at thistpoint,;precipitationvwill occuriand_may’damage the injec—
tion well. o 7»' v;“rh e 'A' .n.. : -, ..,7, ‘_7, . .

Addition of acid prevents carbonate precipitation by actually preventing
supersaturation with calcium carbonate. Lowering the pH also inhibits the
precipitation of amorphous 'silica by slowing ‘down the rates of polymerization
and coagulation. To effectively inhibit the polymerization of silica (which
is usually considered to be the" primary effect) it 1is necessary to reduce the

pH to about 3. This usually requires an uneconomically large amount of acid
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and can cause serious corrosion problems. Also, a brine with this much acid -

in it will dissolve carbonate minerals in:‘the reservior matrix after it is -

. reinjected, and may cause serious and hard to repair damage to the injection

well. . This sort of drastic acid treatment cannot be considered practical.

The pH change needed to prevent carbonate precipitation:or to inhibit -
silica coagulation is much smaller, and, in most cases, would not cause
corrosion problems or injection well damage. . However, the inhibition of-
silica coagulation iS’nndesirable‘if colloidal silica is to be removed: from
the btine at some later stage of processing. :In this case, it .can be consi-
dered -to -be an undesirable side effect of carbonate control.

No "surface type" inhibitors are presently available for silica.-
(Commercially- available carbonate and sulfate inhibitors are. mostly of this .
kind.) = o :
© . :Hydrochloric acid and inhibitors may also be added to the brine at other
points in the system.

B. The energy conversion process may be tailored to reduce or eliminate

precipitation. The benefits of a binary systeém in this regard have already
been discussed. With a flash steam"SyStem; a careful choice of'sebarator
pressure may also help control precipitation. For ekample,'at Ahuachapdn the
brine is flashed down to about 150°C and reinjected at that temperature and -
the corresponding pressure. Because these conditions correspond to eduilib—
rium between amorphous silica and dissolved silica for the amount of silica
that is present in the brine, this completély eliminates silica precipitation
problems which would otherwise be severe. Of course, such detailed process
design is very site specific, and requires a good understanding of the
chemical properties of the brine in question if success is to be assured,
For example, reinjecting the flashed brine at Cerro Prieto at 150°C with no
other brine treatment would probably cause severe silica scaling in the
reinjection well simply because there is considerably more silica in- the

brine at Cerro Prieto than is the case at Ahuachapén.

C. Brine aging for silica scaling control has been tested at Ahauchapén,
Broadlands, Otake and Wairakei and 1is presently being tested at Cerro
Prieto. The ~purpose of the aging step is to allow the dissolved silica to
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polymerize to colloidal form. :This greatly reduces silica supersaturation
and, thereby, the rate at which dissolved silica deposits on surfaces. This
stops the cementation process which converts electrOStatically coagulated
colloidal silica to solid scale.

The rate of the polymerization process varies enormously with local
conditions. At Cerro Prieto, the reaction runms its‘course in a few minutes
while at Wairakei, it requires two hours. . (This is:one'of the few things in
geothermal brine chemistry that can be meaningfully predicted by theoretical
and/or laboratory simulation methods.)

The practical effect of brine aging also varies with local conditions.
At Ahuachapdn and Otake, brine aging greatly decreased the rate of scale
deposition and caused the scale that was deposited to be much softer and much
easier to remove., At Broadlands, the scale deposited by the aged brine was
softer, but the rateyof scale deposition was unchanged.

Brine aging also has the effect of increasing the particle size of the
colloidal silica. This is desirable if the silica is to be removed because
larger silica particles usually coagulate better.- ‘

The remaining Operations in Figure 5.1 are the unit operations available

for preinjection brine treatment. The central operation of preinjection

brine treatment is the ‘removal of colloidal solids (mostly amorphous ‘silica)
from the brine by means of coagulation. Clearly,<this requiresvthat the
colloidal silica coagulate.‘ ThiSAusually'happenstspontaneously or is easy
to induce in medium and high salinity brines like those at Niland and Cerro
Prieto. As will be discussed below, coagulation is much harder to induce in
low salinity brines and no really satisfactory method is available to remove
silica in this case. -

All equipment in a preinjection brine treatment system ‘should be designed

to minimize heat loss and.to keep air out of the brine. Good temperature

. control is’uSually easy to achieve in a commercial sized facility because of

the large size of the mass flows and equipment. Keeping air outrmay be

harder but 1is very important in order to prevent corrosion and the precipita-

_ tion of substances like ferric hydroxide.
‘ 3.f’ Coagulants may be added to the brine to cause or accelerate silica

coagulation andrsettling. ‘The choice and concentration of coagulant is

extremely site specific. For example,danionic polymeric coagulants help at
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Fig. 5.1. Schematic of a hypothetical geothermal brine treatme
that includes all possible unit processes.

Niland, but have no effect at all at Cerro Prieto. At Cerro Prieto, some
(not all!) cationic polymeric coagulants give very”good results with some
wells, but not with others. At both Cerro Prieto and Niland, increasing the
brine pH by about 0.5 unit by adding either lye or lime works well. At Cerro
Prieto, the amount of lime needed is small enough for lime addition to be
economically attractive, while the much more strongly buffered brine at
Niland would require so much that the process might not be practical there
for that reason alone. o |
With high salinity brines like those at Cerro Prietc and Niland;‘the main -
purpose of the added lime is to coagulate the silica bylincreasing brine pH '
rather than to actually react with it. With very low salinity brines like .
those at Wairakei and Broadlands, coagulation is much harder to induce, and
the lime removes the silica from the brine by actually reacting with it to
produce a precipitate of amorphous calcium silicate. This sort of creatment
requires much larger amounts of lime, and can cause a calcium silicate scaling
problem. It can only be considered a treatment of last resort.
Increasing brine pH always carries with it the possibility of causing or kni

increasing the precipitation of calcium carbonate. However, this may not
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actua11y7present’a practical problem because, uﬁder»these'circumstances, the

-calcium carbonate may be expected to precipitate out with the coagulated silica.
In the casé of ‘brines which are buffered mostly by silicic acid (which

is the case at Cerro Prieto, bot not at Niland), increasing the pH also has -

the desirable effect of increasing the solubility of silica and, 'thereby,

reducing or eliminating silica supersaturation without actually having to

remove dissolved ‘silica from solution.

D. The coagulant(s) may be added to the brine and the coagulation reaction

carried out in a separate stirred reactor, or the mixing unit may be made an

integral part of the clarifier (unit E) Both configurations are equally
effective.  The author considers a Separate mixer to be preferable for

pilot plant work because it offers maximum process flexibility and ease of

monitoring.
6. The brine goes from the stirred reactor to the clarifier.

E.  Most of the coagulated silica is removed from the brine in the clarifier.
Clarifiers'are'rodtinely used in municipal water treatment and sewage treat-
ment applications, and are readily available from commercial suppliers.

A reactor-clarifier which combines the functions of the reactor ‘and. the

clarifier in one unit may be preferable for full scale application because it
simplifies the overall brine processing system. C ' '

" The single most important parameter in the design of a brine treatment
system is the clarifier upflow rate; i.e;,:the rate of brine flow through the
clarifier divided by the area of the: clarifier. This quantity can only be
determined by means of pilot testing. A S S
4. Theé coagulated silica leaves the clarifier in the form of a dilute
sludg; which consists mostly of water but, nonetheless, contains most of the
coagulated silica and represents only a small fraction of" the fluid flow

thr0ugh the clarifier.

H. . If the sludge is to be disposed of as solid waste, it must be concentra—
ted and dewatered in order to convert it into a relatively dry and compact
solid material. The equipment needed for this is readily available but can
contribute substantially to the overall cost of the process.' In a few appli-
cations dewatering might not be necessary. For example at Cerro Prieto the

untreated sludge will simply be dumped in the existing brine evaporation pond.
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11.. The sludge, whether dewatered or not, must be disposed of properly

. because it usually contains some toxic metals. With American,regulatory:

. standards, this will usually mean burial of dewatered sludge in a lined pit.
5.: Part of the sludge may be recirculated; i.e., put back into the brine at
the point that the coagulant is added to,it. The major effect of sludge

recirculation  is to rapidly decrease the concentration oftdissolved silica
in the brine to near saturation levels by supplying a large concentration of
colloidal silica particles for the dissolved silica to react with. Recircula-
tion is necessary at Niland because the rate of silica polymerization is
rather slow there without it. The much more rapid silica polymerization
rates observed at Cerro Prieto indicate that recirculation for this purpose
may .not be necessary there. Recirculation has the additional benefits of
increasing the ultimate particle size and the rate of coagulation.

The optimal recirculation rate (if any) must also be determined by pilot
testing. .
7. . The clarified brine leaving the clarifier may or may not need additiomnal

treatment prior to reinjection. As previously noted, the injectability
criteria are highly site specific and must be determined by field testing.

8. Contacting the brine with either low pressure steam or condenser

off-gas are possible additional operations. Steam would reheat the brine to
100°C, and any oxygen that found its way into the brine during processing
could be removed by steam stripping. (This might be desirable to reduce or
eliminate corrosion in the reinjection system.)

Saturation with condenser off-gas, which consists mostly of carbon
dioxide with smaller amounts of nitrogen and hydrogen sulfide (if untreated),
would lower the pH to 6 or less. This final pH lowering would reduce or
eliminate any residual supersaturation with calcium carbonate and slow down
any chemical reactions involving silica that might still be going on. This
" final treatment might be particularly desirable if the silica removal process
involved increasing the pH, in that it would prevent the possibility of
calcium carbonate or calcium silicate precipitation postreinjection. On the
other hand, it would undo the silica solubility increase brought about by
previously increasing the pH. Also, condenser off-gas is almost always
contaminated with air (grossly so if a contact condenser is used), and

contacting the brine with it would inevitably introduce some oxygen.
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~ At Niland, it was found that contacting the brine with untreated con-
denser off—gas removed most of the hydrogen sulfide from the latter.. The
chemical basis of this process is the reaction of hydrogen sulfide with the
abundant transition and heavy metal ions in that brine. Because most brines
contain much 1ess of these elements, the applicability of this process
appears .to be limited to Niland and, possibly, other nearby very high sali-
nity reserviors. Reaction with condenser off-gas for this purpose would
probably be placed in the process prior to silica removal so that the preci—
pitated metal sulfides would precipitate out with the silica.

F. - Standard equipment is available for contacting -the brine With steam

or off-gas, but could prove expensive because of the large volume of brine -
involved. Also, the‘degree:of;pﬂ lowering attainable by contacting the brine
with off-gas is:fundamentally limited by the solubility of carbon dioxide in
water, which is near its minimum value in the temperature range of interest.
Performing this opéeration.under high pressure to overcome this limitation
would almost certainly prove economically. unfeasible.. . , ;

9. If the brine were contacted with-steam or hydrogen sulfide free off-gas,
the ‘excess gas .could simply-be vented to the atmosphere. If the gas to be
vented contained hydrogen sulfide, it would- probably have to be scrubbed

before discharge.

G. * Filtering the brine 1s a possible final step. The need for it depends

completely on the'concentration ofzsuspended sOlidS"in the brine leaving

the clarifier, and on the injectability criteria’ "for-the brine at the given:
'site. For example, at Niland the clarifier overflow contains about 30ppm
suspended silica, and the receiving formation is a ‘tight sandstone. There
final filtration is absolutely necessary in“order to reduce the concentration
of suspended silica to an acceptable value of lppm or less. If clarifier
_performance were somewhat better or the formation permeability fracture

rather than pore dominated, filtration might not have proved necessary.

SS 3 Outstanding ‘research needs

The field of geothermal brine chemistry needs research more than it does
development (other than site specific pilot testing). The major difficulties
in dealing with geothermal brines are that their chemical properties are
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poorly understood'and that certain'kinds‘of'task'specific additives are not
~available (i.e., silica polymerization inhibitors of the surface type and
. coagulants that are effective in low salinity media) All or most of the
hardware needed for brine treatment is available and only needs to’ be tai-
lored to the particular application. B R R
Also not needed are additional ° "literature surveys ’ bibliographies,/"
and paper studies of various kinds. This includes economic analyses (unless
closely tied to site specific technical work) simply because the technology
is not mature enough for them to be meaningful. : -
The author considers the following research work to be needed.:.Some of
it is already under nay, and its continuation is to be encouraged.,
1) - Wholistic interpretation of the chemical behavior of geothermal brines.
This should center on the methodicallapplication‘of-the available: brine :'::
equilibrium and kinetics modelling codes to actual field data and to the- '@ -
results of laboratory brine simulation studies. : It should also include the
generation of additional fundamental results where needed.
2)  The most pressing "fundamental need” 1is that for a successful and.
generally applicable method of calculating electrolyte solution properties at
arbitrary compositions and temperatures. ‘ _
3) A more modest need is to be able to better understand and predict the
coagulation of colloidal amorphousrsilica; This capability would be immedi-
ately applicable in the area of preinjection brine treatment process‘design,
and would expedite the development of coagulants suitable for/the removal of
silica from low salinity brines. Such a capability has already been attained
in regard to»the‘formation and growth of colloidal silica particles;in \7‘
solution, and attaining it in regard to the coagulation step should-be no
harder. , , ‘ ) 7 7 ;
4) Study of the fundamentalamechanisms of calcium carbonate’precipitation.
For example, the following basic questions still need to be answered: —
Does solution phase nucleation of carbonate particles’play an important
role? 1Is the precipitation of calcium carbonate rate limited? will colloidal
Asilica nucleate carbonate particles? Such questions have been answered for
the case of colloidal silica and the answers are already in use in brine

'treatment process design.
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CHAPTER SIX - - DOCUMENTATION FOR COMPUTER CODE ‘SILNUC -

S86.1 Introduction

- The computer code SILNUC numerically models the homogeneousknucleation
and growth»of‘colloidal particles of amorphous silica. It contains ﬁost of
the,results_of our experimental and theoretical work, and is able to repro;y
duce most of our experimental data to within experimental error. ,»‘

The model of amorphous silica chemistry embodied in SILNUC consists of
the various empirical and theoretically derived‘fctmulas presented in Chapter
3 of this report. It was fitted to experimental date gatheted_in *Buffer;
only” and sodium chloride containing solutions over the temperature range 50
to 100°C. We believe that the results can beksafelyrexttapplated_at least
up to -150°C because(theldata are good and the .theoretical model with which
they were fitted appears to be sound.  Only limited kinetic deta‘were generat-
ed- above about pH 8, and these data ﬁere,for the most part, not included in \
the overall data reduction process. Therefore, SILNUC should not”bexrelied on
very much in the high pH range even though it may in some'cases produce
accurate predictions even .there.. e e e |

The model embodied in SILNUC assumes that all dissolved silica is monome-
ric. . This is consistent with our reduction of the experimental data presented
in Chapter 3, and is not far from the truth over most of the range over which
the model contained in SILNUC was fitted and is valid.f o

Both the base catalyzed and fluoride catalyzed reaction mechanisms are .
included in SILNUC. = Sodium chloride, sodium fluoride, and dissolved:silica
are the cnly-solutes;that_are assumed to be present. However, as has been
discussed in S3.14, solutions that contain other dissolved salts may be well
approximated by using the artifice of .an "effective sodium chloride concentra-
tion" which is equal to the sum of the molar concentrations -of chloride and
bicarbonate‘at_roomatemperature,\ After the "effective sodium chloride :
concentration” has been calculated, proceed with the problem as though sodium
chloride at that molar cnncentration were_the only salt present.

SILNUC models only the formation of colloidal particles of amorphous:
silica and their growth by further molecular deposition of dissolved silica’
upon them. Deposition of dissolved silica upon preexisting colloidal silica
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particles that are "added" to the brine at the beginning of the reaction can .
also be modeled. The temperature and pH may be specified as either constant
-or varying. Alternatively, the concentration of dissolved silica in ionic
form may be specified, and SILNUC will calculate the pH at each pdint‘inAtime
as the calculation progresses. This option allows the frequent case in which
dissolved monosilicic acid is the dominant buffer to be treated by SILNUC :
alone without having to estimate or otherwise calculate the brine pH. Loss -
of water by flashing to steam may also be specified. - s R
SILNUC does not model the flocculation or coagulation of colloidal

silica, or its adhesion to solid surfaces and cementation to form solid

deposits. Unfdrtunateiy, the data and theoretical models needed to quantita— '’

tively describe and predict these processes are not yet available.
The primary outputs calculated by SILNUC are the concentration of -
dissolved silica and number and size distribution of colloidal silica par—

ticles as a function of time. Various supplementary values such as the rate

of molecular deposition on solid surfaces, the saturation ratio for dissolved-

silica and the surface tension of the silica-=water interface are also calcu-

lated. Perfect plug flow reactor conditions are assumed, In physical terms, °

this corresponds to a perfectly stirred reactor vessel that contains a "grab
sample” of brine or to brine flowing down a pipe without backmixing.

SILNUC was developed using the MNF4 FORTRAN compiler and the CDC 7600
system at the Lawrence Berkeley‘Laboratory.k With this compiler and computer,
SILNUC requires 24K words (octal) to execute, and a typical problem requires
about 1 second of execution time. There is very little or no deviation
from standard FORTRAN in the coding of SILNUC. It should run on most other
CDC systems with any FORTRAN compiler with no modifications whatsoever,
and should need onlykminor modifications to run on IBM of‘other’systeﬂs.

This Chapter was written in enough detail to allow the serious reader
to work up to modifying SILNUC if so desired. All but the first page of
Section 6.2, and all of Sections 6.3,’6.4, 6.5, and 6.7 may well be skipped
on the first reading. ) R ' o L

A sample problem is presented and discuSse& in Section 6.8. A full
listing of the code is presented in Appendix 6.1.

Queries concerning SILNUC should be directed to:
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Oleh VWeres
90-1140E ' ,
. Lawrence Berkeley Laboratoryv

415l486-5625’or FTS 451-5625

$6.2 The Basic Algorithms in SILNUC

- SILNUC contains three major algorithms. The "molecular deposition” or
particle growth algorithm calculates the rate of moleculer deposition of
dissolved silica on existing colloidal silica particles and the particle
radii as functions of time. It also calculates the dissolved silica concen-
tration as a function of time. The changes in the particle radii and dis-
solved silica concentration are calculated using the Runge-Kutta algorithm.
The time-step for this calculation is controlled by comparing the fraction-
al change in dissolved silica concentretion and the mass-averaged fractional .
change in particle radii to preset control parameters.

Within SILNUC, the population of colloidal silica articles is described
and dealt with in terms of discrete "classes" of particles. The particles
within each class are assumed to all have the same radius. Each class is .
completely specified by the particle radius (contained in array CLRV and
the number of particles in it (contained in array CLNV). There may be up to
300 classes present at any time. ' Thus, the number of particle radii that need
be kept track of is equal to the number of particle classes that are present.

One or more classes with given radii and a given amount of silica in

'each may be specified to be present at the beginning of the calculation.

This feature allows heterogeneous nucleation and the effect of "seeding”
the brine with colloidal silica to be modeled.

" The second major algorithm in SILNUC is the nucleation algorithm. Nu- -
cleation is ‘modeled as the creation of new colloid classes. Ordinarily, new
classes are created at constant .time intervals of DELTH. -The detailed. -
procedure isaas follows: the time of the last molecular deposition step,
TCV(1), is compared to the: time at which'a colloid class was last nucleated,
THL. = If TCV(1).GE.THL+DELTH, the nucleation algorithm is executed. First,
the dissolved silica concentration and temperature, pH, etc., at the time
THL4+DELTH are determined by interpolation. Then the nucleatien‘rate is
calculated using the theoretical formalism described in S3.8. The transient
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short time effects are approximately accounted for‘using Eqns. (3.8.4 and 5).
The value of the "Collins time constant” used to evaluate the "correction
factor” in Eqn. (3.8.4) is that calculated using Eqn. (3.8.5) at the time
that the time step size for nucieation (DELTH) was last changed. (See Section
6.5). In an isothermal problem, the value. of the time constant calculated at
- the beginning of the problem is used throughout. ' ' .

A newly nucleated class of colloidal particles is then introduced. . The
number of particles in the class is taken to be equal to the nucleation rate
as calculated above (called RANUCC in the code) multiplied by DELTH. The .
number of Sioz.ﬁnits in eéch of the newly nucleated particles is taken to
be n =‘n*‘+.0.5/z, where n* is the number of monomer units in the nucleus.
of critical size under the given conditions, and Z is the Zeldovich factor.
Thus, the newly nucleated particles are actually somewhat larger than the
nucleus of critical size under the given conditions. This is consistent with
the physical content of the formalism presented in S$3.8, in which the nuclea-
tion rate Iy is actually the rate at which particles of the size n* + 0.5/Z
are created. (See the detailed discussion of this in Feder et al., 1966, pp.
132-6.) Introduéing newly nucleated particles at a size n > n* is also
necessary in a mathematical sense in order to ensure that they continue to
grow in the molecular deposition patt:bf-the calculation.

When a new class of particles "is nucleated,” the number of classes
(NCLC) is increased by one, and the concentration of dissolved silica is
decreased by an amount equal to the mass of the nucleated particles so that
the mass balance is preserved.

Particles may dissolve as well as grow under the proper conditions.

If the radius of a class of particles decreases below a certain small value,
that class is "completely dissolved." = The number and radius of the particles
in it are ‘both set equal to zero, and the silica that had been contained in
them is added to the dissolved silica concentration. -However, this rérely
happens. ‘ . .

Whether or not any. classes of colloidal particles are specified to be
present initially, a class consisting of one particle is “"nucleated” at the
start of the problem. Therefore, there is always at least one class of

colloidal particles present.
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Throughout the calculation, the maximum nucleation rate that has been
calculated up to the given time is remembered. Eventually, the nucleation .
rate will begin to drop rapidly as the concentration of dissolved silica 1s
~ decreased by its conversion to colloidal silica. When the calculated nuclea-
tion rate drops to below a certain preset fraction (RRMN) of the maximum
recorded nucleation rate (RNMX), nucleation ceases. RRMN is preset to 0.001.
This serves to halt the proliferation of colloid classes which contain an
insignificant number of particles. _ ’

- The third algorithm is the one that specifies the temperature, pH and
fraction of water lost by flashing as functions of time. The temperature
(array TEMPRV) and fraction of water lost by flashing to steam (array FLASHRY)
are input as a series of discrete values at given time values. A series of
pH values (array PHRV) may be specified the same way, but need not be. The
base values of time (array TREFV) are common for all three. During the calcu-
lation the values of temperature, fraction of water flashed off, and pH are
determined by linear interpolation between the input values, Only one value
of temperature, flash fraction, and pH need be specified if a constant value
is desired for each throughout the calculation.

Alternatively, pH may be calculated at each step from the ratio of sili-
ca in ionic form (i.e., H3SiO4) to total monomeric silica. Using this option
implicitly assumes that the brine is buffered mostly by monosilicic acid.

This is usually the case if the brine is low in bicarbonate and has a pH above
about 7 at 100° C. It need’ not be the case if the pH is lower than 7 or if a
substantial.amount of bicarbonate (e.g., eomparable to the amount of dissolved
,silica) is present. If the concentration of ionic silica is specified the
}values of PHRV needinot be specified .and will be ignored if they are.

. The dissolved silica concentration at the time of. a nucleation step
is calculated by quadratic interpolation using the concentration values
calculated in the last three molecular deposition steps (henceforth referred
to asﬂ”MD steps”). These three concentration values are stored in array ’
CSILV. The three corresponding values of the time are in array TCV. ,The
three parameters of the fitting parabola are in array CSFV. CSFV is calcu~
lated from CSILV at each MD step using the matrix CFIM. CFIM is recalculated
whenever the MD step size changes. After each nucleation step (henceforth

referred to as "N step") the value of CSILV(l) (the most recently calculated
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element of CSILV) is corrected to account for the decrease in dissolved &;;
silica concentration that the newly formed particles‘represent, and‘CSFV is.

recalculated. ; V
The algorithms which generate and control the printed output from

SILNUC are discussed in S6,4.

86.3 Program Structure

The program consists of nine subprograms. jThe main program SILNUC is .
devoted mostly to féading input/cards and setting variables eQual to default
values. Thé'program<caﬂ‘be given several bfbbléms to run at one time. The DO
loop that goes through the pfdbiems one by.bné ié\in SILNUC. A coby of every
COMMON block used anywhere in the pfbgtém'is present in SILNUC for referehce,
even though most of them are not used there. - A11>DATA statements are also in
SILNUC. They are segregated by the kind of variables beinglﬁkeset.< (Other
variables are reset ‘at the beginning of a new problem by executable statements
in subroutines MASTER, SETUP and SPECIFY.) '
SILNUC calls SETUP and MASTER. SETUP and MASTER are called only by
SILNUC, and only once per problem.
SETUP decides at what physical time to start caiculatiﬁg the problem,
calculates initial and:maximum values for'the MD timestep, an initial.value
for the N timestep, and similar qdantities which control the generation of
ﬁrintéd outpuf. (See Section 6;5.)'SETUP calls SPECIFY and SILKIN. (SPECIFY
and SILKIN are also called by MASTER, DEPOSIT, and OUTPUT.) |
MASTER controls the actual execution of each problem, and directly or
indirectly calls all subprograms other than itself, SILNUC, and SETUP. MASTER
contains the nucleation algorithm, decides whether to execute an MD step or an
N step next, chénges the N and MD time steps whenever necessafy, decides when -
to terminate nucleation and the problem itself, and periodically calls the
subroutine OUTPUT. o :
MASTER calls SPECIFY, SILKIN, DEPOSIT, and OUTPUT. DEPOSIT and OUTPUT
are called only by MASTER. ‘ ‘ i o
' DEPOSIT executes each MD step. It calculates the change in dissolved
silicé concentration, together with SILKIN calculates the changes'of particle .
radii, deci&es whether the change in dissolved silica concentration and/or
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the mass-averaged change in particle radii warrant a change in MD timestep,_

"completely. dissolves and removes colloid classes whenever necessary, gene-
rates printed output at the level of MD steps, calculates CSFV and modifies
CFIM whenever necessary. , ‘

 DEPOSIT calls SPECIFY and SILKIN. o :

. OUTPUT generates printed output which gives an essentially complete
picture of the physical state of the problem at the time of the call. This
includes the number and radius of the particles in each colloid class as well
as their total mass.

OUTPUT calls SPECIFY and SILKIN.

The major function of SPECIFY is to determine the values of temperature
(TEMP, in degrees C), the fraction of water that has been flashed off (FLASH),
and the pH (PH) by linear interpolation between the arrays of input values.
It also calculates various related quantities like the hydrogen ion activity
~(AH). and corrects the sodium chloride concentration (SML), and the total
| concentration of fluoride present (TOTF) for the effect of water loss by
flashing. L ,

1f the concentration of dissolved silica, sodium chloride and fluoride
are specified in units of grams or moles per liter at room temperature at the
beginning of the problem, SPECIFY converts these concentrations to units of
grams or moles per kilogram of water. These units are used exclusively from
then on. .

SPECIFY calls no other subprograms. _

SILKIN calculates most of the chemical.parameters’usedfin the;program.
Thesefincludefthe/solubilityJand-saturation‘ratio of:amorphous silicaﬂ(SRR),
the equilibrium constants for various acid-base equilibria, the varifous
chemical rate constants and ionic activity coefficients, pHpgp-(PHN), the
_fraction of dissolved silica in ionic form.(ALPSIL), the surface tension ..
(GAMMA), the Zeldovich factor (ZLD), the steady state nucleation rate under .
the given conditions (RANUC), and various related quantities. |

~ SILKIN also;calculates the rate of change of the particle radii of.
each colloid class (array CLDV), and uses these values to calculate the
particle radii (array_CLRV), CLDV is dimensioned 1200 = 4 x 300 to provide
room for the four values of the derivative function that the Runge-Kutta

algorithm requires to be evaluated per time step. CLRV is dimensioned 600 to
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provide room to retain the values of the particle radii calculated at the end k‘r
of the preceeding MD step. (These values are needed to determine the frac-
tional change in particle radii in DEPOSIT. ) The most recent and’ intermedi- ‘
ate values of the particle radii are stored in the first half of CLRV. .
The value of the control parameter KRGC tells SILKIN which derivative
evaluation cycle of the Runge-Kutta algorithm the calculation is on. KRGC=0 «
indicates that SILKIN has not been called by DEPOSIT during'a MD step; rather, |
1t has been called by SETUP, MASTER, or OUTPUT, and the nucleation rate and
related values are to be calculated instead of the rates of change of ‘the
particle radii. '
‘ SILKIN contains a number of calculated IF statements which prevent the
recalculation of quantities of which the values are certain not to change from
the preceeding call, ‘
SILKIN calls PHF and WATER, which are called only by SILKIN,
PHF calculates the values of the "pH functions"'F(pH,pHﬁom) and I(pH, pHpop)+
(See S3.3 and A3.1 for the definitions of these functions.) In the program
they are represented by FPH and FINT, respectively. '
- PHF calls no subprograms.
WATER calculates the density (DENS) and dielectric constant (EPSD) of
pure water, and the Debye-Huckel coefficients (ADH and BDH)
. WATER calls no other subprograms. '

S§6.4 Control of Printed Output

The printed output of the main program SILNUC and that of SETUP are
always generated. :This output describes the input received and: .the values .
for the various control parameters that have been adopted for the given j .
problem. Messages stating that either execution of the nucleation algorithm -
or the calculation as a whole has been ended for the given problem and. the t
reason why are also always generated by MASTER. 7 f
All other,printed output is controlled by the value of parameter IPR,
which has a default value of 3. -
"If the input specifies IPR.LT.O, only the output described above will be

generated.



-203-""

“ If the input specifies IPR.EQ.O, IPR will have the default value 3 or
whatever value it had at the conclusion of the preceeding problem, if that
value ‘differed from 3.’ ' ‘ B s

Specifying‘valueS'of IPR in‘the range 1°to 6 will cause the generation
of output in addition to that described above. Each successive increase in
the value of IPR causes the generation of output in addition to that generated
by lower values. :” B S - E

“'The' value of IPR may be changed ‘during the calculation by using the
control parameters IPR2 and TCP.  When TCV(1).GE.TCP, IPR will be set equal
to IPR2. The default values ‘for IPR2 and TCP are 3 and 1E10, respectively. -

IPR.GE.l causes the generation of a line of output by DEPOSIT at every
one or few MD steps. How often this line of output is generated'is determined
by the control parameters CDP and KDP. The program remembers the number of
the last MD step at which this output¢was printed (KLP), and the concentration
of dissolved silica at the‘conclusiOn of that MD step (CLP). ‘The line is next
printed when the number of the MD'step just completed NCND.GE.KDP+KLP, or when
the concentration of dissolved silica at its conclusion CSILV(1).LE.CLP~CDP.
(Elsewhere in the program the number of the last or current MD step is stored
as KSTEP or KSTP. At all times, KSTEP=KSTP=NCND.) The default values of
CDP and KDP are 0.001 g kg~1 and 10, respectively. Setting KDP=1 or CDP=0.
will cause this line'ofyoutput'to‘be generated at every MD step. The default
values are chosen to generate enough output so that "nothing is missed,” but
also to’prevent the generation'of output if only minute changes have occurred
since ‘the last line was printed. IPR‘EQ.I“generates only enough output to
follow the change of the most’ 1mportant chemical’ parameters with time.

IPR.GE.2 causes two or three calls of the subroutine OUTPUT during
the -execution of the problen;eyatcthe beginning of the calculation just after
MASTER has been entered, when nucleation is ended (1f it was specified to
begin with) ind at the end of the calculation.

IPR.CE.3 causes the generation of a message whenever the MD timestep
(DELTC) or the N timestep (DELTH) is changed.

B IPR GE 4 causes additional calls of OUTPUT that are controlled by the
parameters NDP and DTP. Whenever OUTPUT is called it sets KPN—KSTEP+NDP and
TPN=TSPEC+DTP. (TSPEC is the current value of the time. At the end of a



-204=-

MD step, TCV(1)=TSPEC.) If IPR.GE.4, OUTPUT will be called again whenever i.,
KSTEP.GE.KPN or TCV(1).GE.TPN, : o ,

IPR.EQ.5 or 6 is normally used only for debugging purposes, because
the additional output generated when these values are specified is bulky and
has little if any physical significance. SRR

IPR.GE.5 causes a message to be generated whenever a colloid class is
created by nucleation or completely dissolved.

IPR.GE.6 causes an additional line.of output to be generated by DEPOSIT
at every MD step. This line contains the arrays TCV,CSILV and CSFV. (three
elements each). Values of IPR.GT.6 have the same effect as IPR.EQ.6.

56.5 Control of Time Steps and the Start of Calculation

The natural‘time‘scale for the calculation may vary over many orders
of magnitude with the conditions specified. Therefore, control variables
‘that have the dimensions of time cannot be directly preset or read in. Rather,
they are indirec;ly specified, and then calculated by subroutine SETUP using
an approximate measure of "the natural time scale” for the given problem.
A convenient measure of “the natural time scale" is the"induction time
for nucleation,” defined as the time that it takes for the initial concentra-
tion of dissolved silica to drop by 0.054g'kg'1. It is well established
that "the induction time" varies approximately as the minus first power of
the molecular deposition rate and the minus one-fourth power of the other
factors in the expression for the nucleation rate (see S2.18 and §3.14). We
derived the following approximate formula for "iqductioﬁ time” thus defined:

*2.-1/4 o «

TADN(min)=1.08E-6 R, 12Q exp(=aF /(k,T))r 2] (65.1) )

(See Section 3.8 for definitions of the symbols.)
This value is an appropriate measure of the natural time scale” when
particles formed by homogeneous nucleation dominate the polymerization reac—

tion. However, when colloidal silica is initialiy preseht, molecular deposi~

i
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tion on the preexisting particlesjmay be more iﬁportant than the formation and
growth of new ones. In this Case; the“foilowihg quantity is a more .appropriate

measure of the "natural time‘scalef;

TAUD = (,C‘?o)/(f"ckmd?,', o | - (6.5.2)

where C, is the equilibrium solubility of silica under the given conditions
and Aq-1s the total surface area of colloidal silica initially. present per
kilogram of water. - : , ‘ , » -

If colloidal silica is initially present, SETUP evaluates both TAUN and
TAUD, and then sets:"the -induction time" TAU equal to the smaller of the two.

" The timestep for nucleation is calculated as
- DELTH = TAU/DDH

where DDH is a control parameter that is preset to 64. but may be changed
by: the input. - This value of DDH typically results in the nucleation of about
100 colloid classes before:nucleation ceases.

“.;The maximum time limit for the calculation is defined as
> - TCMA = TAU*TMAXM .. -
and the time interval for calls to OUTPUT is calculated as

- DTP = TAU*DTPM

“TMAXM is preset to 64., but may also be read in. . .DTPM is always read in.

~Tovfaéilitate interpretation of the output, it is better that the MD
timestep (DELTC) not have arbitrary values. . We chose to require that it
always be an integral power of two. :SETUP calculates the initial value and

the maximum ‘permissible value of DELTC as.
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.. HCMI = RTAU/DHCMI
HCMA = RTAU/DHCMA

where RTAU is the power of two, either positive or'negative; that is nearest
(in a logarithmic sense) to TAU in value. DHCMI and DHCMA are control vari-
ables that are preset to 2048.’55514;; respectively, but may also be read in.

At the beginning of the calculation DELTC is set equal to HCMI, and
usually goes through several doublings in the first few MD steps. , :

~ When temperature is constant (e.g., NREF = 1), the algorithm described .
above is execu;ed once and then control passes to MASTER which actually
executes the calculation. ' ,

When temperature is specified to vary, the program must decide on the
proper time to start the calculation. - In most cases of practical-interest in
which the temperature changes, it decreases monotonically. At the beginning,
the brine may actually be undersaturated with amorphous silica. As the
temperature drops and water is lost by flashing, the saturation ratio in-
creases. ' In the range of values 1<5<3, the value of TAU decreases very -
rapidly as time passes and S increases. If the value of TAU is set equal. to
a value that was'calgulated when S was not very far from unity but increasing
rapidly, the time parameters calculated will be much.too large to suit the
interesting, later part of the problem.

To avoid prematurely initiating the calculation with time parameéter
values that are much too large, the code compares the value of TAU with
another "measure of the natural time scale”: the difference between succes-
sive eleménts of TREFV. )

Specifically, the program first sets the "starting time" for the calcu-
lation, TSTART, equal to TREFV(l), and calculates thé value of S at that
time. If S<l, it sets TSTART=TREFV(2), and so on, until, finally, it encoun-
ters S>1 at some time value TREFV(I).  Then it calculates TAU and DELTH. If
DELTH.LE. (TREFV(I+1)-TREFV(I)), it accepts these values of TSTART, TAU, and
DELTH, and proceeds with the further calculations as above. If this condi-
tion is not met, it sets TSTART=TREFV(I+1) and repeats the Calculation, and
so on, until it is met. Then control is passed to MASTER and the calculation
proper begins. If this condition cannot be met, an appropriate message is

printed and the problem is terminated.
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As the calculation progresses the value of:S changes, and with it,

"the natural time scale.” - If the temperature remains' constant, S will drop.
as dissolved silica is converted to colloidal silica. This case: poses no
problem."The,value'of DELTC gradually increases’ until it is equal to -

HCMA, and nucleation ceases when the nucleation=rate falls to-below a certain
value. If the temperature:drops, the value of:-S may continue.to increase
during the early part of the calculation. - The:value: of DELTC presents.no
problem, because DELTC will continue being halved as many times as is neces-
sary. In this case, provision must also be made to allow DELTH to decrease.
Otherwise, t00 few colloid classes "would nucleate to accurately model the
actual, continuous course of the homogeneous nucleation process. ' '

‘ The value of DELTH is controlled by code near “the beginning 'of MASTER.
If homogeneous nucleation is still proceeding, a new, trial value of DELTH is
calculated before proceeding to ‘the next MD step. This value is called DHN.
If DHN.GE.DELTH.AND.TCV(1).GE.(THL+DELTH), an N step is executed. If
DHN.GE . DELTH.AND.TCV(1) .LT. (THL+DELTH), and MD step is executed. In neither
case above is the value of DELTH changed.

If DHN. LT.DELTH AND TCV(1).GE.THL+0. 5*(DELTH+DHN), an N step is executed,
and DELTH is set equal to DHN., If DHN.LT.DELTH.AND. TCV(l) LT.THL+0, 5*(DELTH+
DHN), an MD step is executed and the value of DELTH is not changed.

The decision to halve or double DELTC is made at the conclusion of
each MD step by code in DEPOSIT and MASTER. TWO numerical tests are used.
The absolute value of the fractional change in the value of the concentration
of dissolved silica over the last MD step is compared with the value of the
control parameter EPSIL. If the change is greater than EPSIL, DELTC is
halved. If the change 1s less than one-half of EPSIL this is an indication
that DELTC should be doubled, but is ‘not sufficient to double it by itself.
The other test consists of comparing the average of the absolute values of
the fractional changes of the particle radii with the control parameter EPR.
This ‘average is weighted by the mass of silica in each colloid class.

If the average is greater than EPR, DELTC is halved. If the average is less

_than one-half of EPR, this is an- indication that DELTC should be doubled.

-DELTC is halved whenever either test indicates that it should be. It is
doubled only when both tests indicate that it should be, and even then only
1f doubling it will not make it larger than HCMA. '
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EPSIL and EPR are both preset to 0.02. In the simplest case of no

added- colloid, constant temperature, and no flashing, this value results in a

. fractional error in the conservation of mass for silica on the order of

1E~6. In the worst case of:colloid added, rapid temperature change, and
large loss of water by flashing, this error is still less than about 1E-3. -

This error may be decreased: by modifying the appropriate DATA statement in

SILNUC to preset EPSIL and EPR to smaller values.

$6.6 Input and Default Values

SILNUC accepts only formatted input on punched cards. A'minimal input

deck that specifies one problem with no. added colloid and constant values of

temperature, etc., would consists of only four cards.

The first card specifies the number of problems in the deck-

Card 1:  NRDN

(15)

The remainder .of the card sequence 1s then repeated NRUN times, once for

each problem to be run:

Card 2: NREF NCLC INX IPR IPR2 KDP,NDP, ITPM IMAX IHCMA IHCMI IDH IMAXM

. _ _ (1315) |
Card 3: SILIN,SILOUT,PHI ,SMLI,TOTFI,CSII,TCP,CDP (8F10.6)

Next there follow NREF cards of the form
Card 4: TREFV(K) ,FLASHRV(K) , TEMPRV(K) , PHRV(K)
and NCLC cards of the form

Card 5: CLRV(K) , CLMV(K)

If NCLC is zero, cards of the type of Card 5 are not‘present.

Card 2 specifies the control parameters for the given problem.

the number of elements in each of TREFV,TEMPRV, etc. NREF must be at least 1.

,(4?10.6)‘

. (2F10.6)

NREF is
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NCLC is the number of colloid classes initially present. NCLC must be
zero or a positive integer. '

INX in the control variable that determines whether or not homogeneous
nucleation occurs. INX=0 signifies no homogeneous nucleation. (NCLC must be
at least one in this case.) INX=1 signifies that homogeneous nucleation is
to take place.’

NREF,NCLC and INX must always be specified, while the remaining vari-
ables on Card 2 need not be in the simplest case.

IPR determines the level of printed: output generation (see Section 6.4).
Leaving this field blank or putting O in it will cause IPR to remain equal to
the default value 3 or to the value it had during the'éreceeding~prob1em.
(Throughout this Section, "default value"” is used in this "either or”. sense.
See the discussion at the end of this Section,): | L

IPR2 is the value to which IPR is set equal when TCV(1).GE.TCP. A blank
field will cause IPR2 to remain equal to its default value 3.

KDP is one of the control variables that determines the number of
MD steps between lines of output generated by DEPOSIT. A blank field will
cause KDP to remain equal to its default value 10.

NDP and DTPM are the variables that control the frequency of calls to
OUTPUT if IPR.GE.4. A blank field causes NDP. to remain equal to its default
value 50. ITPM determines the value of DTPM:

 DTPM=2,**ITPM -
There is no defaslt value for ITPM. -However, this field is usually left
blank, and this has “the -effect of specifying ITPM=0. - .
IMAX is the ‘maximum number of MD. steps allowed. The default value is 1000.
 THCMA' determines DHCMA: - " :

*'DHCMA=2 ;**THCMA - -

1f this fleld is left blank, DHCMA will retain its default value 4.
IHCMI determines DHCMI: ‘

DHCMI=2 ;& *THCMI' .. ~: . .- o .
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If this field is 'left blank, DHCMI will retain its default value 2048.
IDH determines DDH:

- DDH=2,%*IDH . -

If this field is left blank, DDH is set equal to its default velue 64.
IMAXM determines TMAXM:

TMAXM=2 . **IMAXM

‘A'blank field will cause TMAXM to retain its default value 64.

"-Card 3 contains the chemical paramete;s‘which specify the-initial .
coﬁditions for the given problem and-two additional control variables.
" SILIN is the initial concentration of dissolved silica.
SILOUT is the dissolved silica concentration at which the . .calculation
will be terminated. ,
The units assumed for SILIN and SILOUT are determined'by‘the sign of
SMLI. If SMLI.GT.O., the units of SILIN and SILOUT are taken to be g SiOj
(kg H20)‘1. If SMLI.LT.0., the units of SILIN and SILOUT are taken to be
g SiOz'L'1 at room temperature, and then converted to g S109 (kg H20)'1A
during the first call to SPECIFY. |
In the simplest case, only SILIN and SILOUT need be specified on Card 3.
PHI is the value of the practical osmotic coefficient to be used during
the calculation. If this field is blank,'PHI will retain its default value
0.92, which is good enough for most practical purposes. '
‘ SMLI is the concentration of ‘NaCl that is initially present. If

7 -SMLI.GT.0., its units are taken to be moles (kg H20)’1r If,SMLI.LT.O.,
ABS(SMLI) is taken to be the concentration of NaCl in units of moles L1 at
room temperature, and is converted to molal units during the first call to
SPECIFY. If this field contains a zero or is left blank, SMLI will retain
its defauit value 0.088. (This value approximately corresponds to our -
"buffer only" experimental solutions. Use it only to compare your own
calculated results with those presented in Chapter -3.) - ...

TOTFI is the total concentration of fluoride initially present. If
SMLI.GT.0:, TOTFI is taken to be in units of moles (kg H20) -1, If



»)

*

~211-

SMLI.LT.O., TOTFI is taken to be in units of moles L1 at room temperature.

CSII is the concentration of dissolved silica initially present in .
ionic form. The units assumed for CSII are determined by the sign of SMLI as
with SILIN and SILOUT. 1If CSII GT 0., the pH will be calculated from ther_
ratio of ionic silica to total dissolved silica at each step of the calculation
and PHV need not be specified. If CSII EQ 0 PHV determines the pH values and
must be specified. |

TCP is the time at which IPR is to be set equal to IPRZ. A blank in
this field will cause TCP to retain its default value 1E10' in practice, this
default value means that IPR will not be changed at all.

CDP is the second variable that controls the frequency of output lines
generated by DEPOSIT. If this field is blank cbp will retain its default .

'value 0.001.

TREFV(K) contains the sequence of time values that the temperature, etc.,
will be interpolated between. \ :

‘ FLASHRV(K) is the fraction of the water that has been flashed off at time

TREFV(K) It must be less than one.: Negative values are allowed ~and signify

'dilution of the brine with pure water.

TEMPRV(K) 1is the temperature in °C at the time TREFV(K) Good results
can be expected only if the temperature is always between about 40 and 150°C.
Values up to 250°C may be specified for _purposes of approximate extrapolation.

. PHRV(K) is the pH at time TREFV(K) . 1f CSII GT 0., this field should
be left blank.» PHRV will be ignored if it 1is specified in this case.

»k CLRV(K) is the radius of the particles in the Kth colloid class initially
present in nanometers Qa nm = 1E-7 cm).‘, , _ ,
' CLMV(K) 1is the amount of silica in the Kth colloid class. The units :

of CLMV(K) are either g SiOz (kg HZO)“ or g 8102 L~1 at room temperature
as determined by the sign of SMLI. » ) ‘ ,

‘ The variables whose values are not specified in the input will be set

'equal to the preset default values cited above only for the first problem in .

the given job. For a11 problems beyond the first the values that the various
input variables had at the end of the preceeding problem will serve as the

default values.' For example if IDH ‘was Specified as 7 for the first problem,
and the corresponding field was left blank for the second problem, DDH will be

taken to be equal to 128.0 when the second problem is executed.
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S6.7 Limitations and Precautions .

. What SILNUC does and does not model was discussed in S6. 1. The major”
inaccuracy in the theoretical model that SILNUC embodies is that it does
not include the process of particle growth by fusion. (See the discussion in
§3.12.) Therefore, as the concentration of dissolved silica approaches the
equilibrium level, the concentration vs. 1og time curve calculated by '
SILNUC will "flatten out" prematurely and unphysically as in Figure 3. 20.
Fortunately, this incorrect behavior is easy to spot vhen the results are
graphed up. ' ’
" Also remember that with INX=1 and NCLC=0, SILNUC will proceed as though
honogeneous nucleation were the dominant process even when given,a case
in which heterogeneous nucleation would usually dominate in fact. If the time
scale of'the'calculationrturns'out to be suSpiciouslf long, try "putting in"
a few mg L~! of colloidal silica of size greater than the criticalfnucleus
size under the given‘initial'conditions. If this dramatically accelerates
the drop off in dissolved silica concentration, you will have good grounds to
suspect that heterogeneous nucleation will dominate in fact. k | ’
The algorithm in SILNUC also has some purely ‘mathematical characteris-
tics that could conceivably cause incorrect results to be generated under
some circumstances. First, after the nucleation calculation haslbeen termi-
nated, it cannot be restarted. If the temperature and pHVareiconstant or
" vary only slightly, this is no problem'because under these conditions, the
nucleation rate would go through an early maximum and then drop rapidly and
monotonically with time. However, if'the temperature drons rapidly.and/or
the pH increases rapidly, the rate of nucleation might go through a minimum
and then increase again. The initial decrease is due to “the depletion of
dissolved silica by the growth of colloidal particles that formed early in
the process. The subsequent increase may be caused by a decrease'inltempera-
ture, an increase in pH, or both. A rapid decrease in tenperaturercan cause
the saturation ratioc to increase despite a decreasing concentration of |
dissolved silica. An increase in pH will lower the surface tension. ﬁote

also that when the pH is controlled by MSA buffering, decreasing dissolved
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silica concentration and, even more so, decreasing temperature will -cause the

pH to increase. If SILNUC terminates the nucleation calculation during the

‘period of falling nucleation rate, it will miss the possibly important

second crop” of colloidal particles formed when nucleation resumes.

This deficiency in SILNUC could be corrected by modifying SILNUC to
allow nucleation to resume after ‘it has been terminated but we didn t have
the opportunity to do this. With the present form of SILNUC all that one
can.do is to carefully exanine the output for indications of trouble on this
score so as not. to be taken unawares. (See the sample problem in Section 6.8.)
Fortunately, this problem is unlikely to arise in connection with what is
probably the most important practical case. a very rapid temperature drop in
the wellbore and steam separators, followed by essentially isothermal condi-
tions in the brine _treatment and reinjection systems. If the time scale of
the initial temperature drop is shorter than the time scale of the silica
polymerization process, nucleation does not terminate until after the initial
rapid temperature drop is over, and the problem does not arise.’ '

Another purely numerical problem can arise when one colloid class
completely dominates the overall polymerization process, for example, this
would happen if one were to try to model the course of one of our molecular
deposition experiments using SILNUC (Seé¢tion 3 4 ) The problem arises
because the expression we use to calculate the rate of molecular deposition
on the surface of a colloidal particle is discontinuous ‘at the value of S at
which the particle of a given radius r is in equilibrium with the silica in
solution. When the silica concentration drops to the value that corresponds
to saturation with the dominant colloid class, this ‘discontinuity will
prevent the dissolved silica concentration and particle radius from settling
down into their ultimate steady state values.' Rather, they will endlessly
drift around in a quasiperiodic fashion in a small range of values that
includes the actual steady state values. This behavior is easily recognized
and easy to correct for"'simply consider the steady state to have been )
reached at the point at which this begins to happen. Of course, in nature
particle growth by agglomeration and fusion would become the dominant growth

process at . this point anyhow.
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56.8 A Sample Calculation

In this sample problem we model the chemistry of silica in the brine
“at Cerro Prieto.v This is a relatively‘difficult problem that demonstrates ‘
most of the code' svcapabilities‘as'well as some of its limitations. (Cal-
culating isothermal homogeneous nucleation curves like those in Figures 3 18,
3.20 and 3.24 to 3.28 is a relatively easy problem.) '

The input deck for this problem is reproduced in Table 6. 1 and the

printed output is reproduced in Table 6.2,

7 The first input card specifies that there is only one problem in this
deck. The second card specifies that there are thirteen time base values
between which the temperature and fraction of water lost by flashing are to
be. interpolated that there are two colloid classes initially present, and
that the nucleation calculation is to be performed. The third card specifies
the brine composition at the beginningrof the problem. The initial total

dissolved silica concentration is 0.597 g (kg Hp0)~ 1 of which 0.0075 g
kg™ l i5 in ionic form. The salts in the brine are represented by 0.18 moles
kg'lvof NaCl, and the initial total concentration of fluoride is 0.0006
moles kg"1 The calculation is to be terminated when the dissolved silica
concentration drops below 0.25 g kg"1

. At time 0., the temperature is 300°C and no water has been lost by
flashing. (The pH is not specified because the concentration of silica in
ionic form has been.) These initial conditions approximately correspond to
saturation with quartz down in the reservoir.

7 Chemical equilibrium is destroyedVWhen the brine begins to flash in
or near the wellbore. This moment corresponds to time O. Starting‘at this
time, the brine rapidly loses water by flashing and drops'in temperature as
it flows up the wellbore and through a three stage steam separator'SYStem.'
(The 0.5 minute intervals are meant to represent the residence ‘time within
the separators.) At 2.75 minutes it has lost 41% of its water by flashing,
and its temperature is down to 100°C. It then flows through a pipe at
approximately constant temperature for 10 minutes, and 1is dumped into an
evaporation pond where it slowly cools down to ambient temperature. (This'
temperature sequence is meant to demonstrate some possibilities of practical

interest rather than to describe what is actually happening at Cerro Prieto.)

o
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The last two cards specify the two classes of colloidal particles
initially present. The particle radii are 3.5 and 7.0 nanometers (=3.5E-7 and
7.0E~7 cm), and each class contains 0.005 g Si0; (kg Hp0)~ l at the start
of the problem. These particles are meant to represent the small amount of
particulate matter that-is always present in natural brines. (Of course, in
nature these heteronuclei would not consist of pure .amorphous silica.)

In fact, the carbon dioxide that is initially present in the brine in.a
concentration of nearly 1% by weight has a major effect on the pH while it is
still in solution. However, most of it is removed from the brine by steam
stripping relatively early in the flashing process. By the time that the
brine temperature has fallen to the point that silica polymerization begins,
most of the carbon dioxide: and other. gases are gone, and MSA is the dominant
buffer. - ) : ,

The sample output. for this problem was generated with IPR set to its
default value 3.. ' )

The output begins with a printout of the input values and the various
control parameters that were indirectly specified by the input and default
values. In casee where default values: have been substituted for blank fields
or zeros in the input, the default values are printed out rather than what
was actually input. -

The first part of the output 1is that from the main program SILNUC.:
The four lines that begin with "KNUC=58" are from SETUP. ' ANNUC 1s the number
of monomer units- in a particle of critical nucleus- size.” KNUC is ANNUC
rounded off to the. nearest integer value., AN is the number of monomer units

‘inthe particle actuallyl"nuéleatedrby‘the code” at the beginning of ‘the.

calculation. ZLD is the Zeldovich factor.
AN=ANNUG+0.5/ZLD
RLIM is the radius of a particie of size AN in centimeters., (Throughout
the printed output, all lengths are!in centimetets.) TAUN, TAUD, TAU and
RTAU are as discussed Section 6. 5.», _ , C e R
' The values in the fourth line may be used to. estimate the effect of
varying the value of the surface tension (GAMMA) on the induction time for

homogeneous nucleation (TAUN). (See Section 3.10.) All the output to this

point is always generated, regardless of the value of IPR.
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The block of output between the two lines of # signs is that generated

by subroutine OUTPUT.

TSPEC is the time of the last call to SILKIN. In this particular case, -
it is the time at which the calculation was started. TEMP is the temperature
in °C, 'FLASH is the fraction of the water that has been flashed to steam.:
FLC is the factor by which the dissolved compounds and preexisting colloidal
particles have been concentrated by flashing.

FLC=1./(1.-FLASH)

GLASH. is the prdduct of FLC and the time derivati§e of FLASH.

- CSIL is the concentration of monomeric silica (both ionic silica and .-
MSA) present in g kgfl. (Throughout the printed output, all concentrations -
are given in terms of grams or moles per kilogram of water.) .

“SOL.CORR.FACTOR" is the factor by which the solubility of AS is decreas-
ed by the presence of the sodium chloride.

PHN is pHpope. FPH is F(pH,pH,qpn). FINT is I(pH,pH, p).

GAMZ is HY-TSY;,i.e.,‘it is what the value of Y would be at the
given temperature in the limit of negligible surface dissociation.

DQS is ny,, the number of ionizable sites per square centimeter on the
surface 6f AS.

AKIN is Sy (see Eqns. 3.4.7). DKIN is an arbitrary "rate constant”
assumed for the particlée dissolution process. It is' preset to unity.

"TOT.F" is the total amount of fluoride present in molal units. .

ALPF is the fraction of the total flouride that is present as F~ (rather
than HF). -
RKF1 and RKF2 are kgp and kg, respectively (see Eqns. 3.6.6 and 7).

RATEKF=TOTF* (RKF1* (1.-ALPF)+RKF2*ALPF)

RATEKT is kop(T) (see Eqns. 3.4.7e and f).
PKW, PKSIL and PKF are the values of pK, for water, MSA, and HF,

respectively.
GSIL,GF and GNA are the single ion activity coefficients for H3SiO4 ,

F~, and Na%t, respectively.
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EPSD is the dielectric constant of pure water. -

DENS is the specific gravity of pure water. -

ADH and BDH are the two Debye-Hickel coefficients. -

CSILS is theiSOlubility of AS in pure water at the given temperature.

ALPSIL is the fraction of the monomeric silica in lonic form. .

CSI is the concentration of silica in iomic form in g kg"l.

SRA"is Sp.

SRR 1s S.

RATEK=RATEKT* (FPE+RATEKF)

 “RDEPF 1is Rpq in g cn™2 min~1l,

FKINL is r*1nS. -

-RNﬁC‘is:the radius ‘of the critical ‘nucleus under the given conditions,
and ANNUC is the number of monomer units that it contains. -

CN is the forward rate of monomer déposition on the surface of a par-
‘ticle of critical nucleus size in $107 units min~1,

QT is the total partition function for thé critical nucleus in units of
(kg'HZO)‘l; ‘Tt is equal to the hypothetical concentration of critical
nuclei that would exist "at equilibrium" at the given value of S.

' RANUC is the nucleation rate corrected for short time effects in units
6f“(kg:min)‘1. (Note: in the code RANUC is used to represent the steady
state nucleation fate;>and RANUCC to represent the nucleation rate corrected
"fbi tréhSient‘effects.) . ' A

TAUC is the "time constant” for the buildup of the nucleation rate to
its steady state value. TAUC is calculated using (3.8.5). The value of TAUC
priﬁted'out here is that calculated for time TSPEC. NCLC is the number of
colloid’classes at the time OUTPUT is called. Even though the calculation
has just'statted NCLC has already been increased to three because a new
;colloid class that consists of just one particle ‘1s ereated at:the beginning
of the calculation. ” ' '

" "TOTAL NO." is the total® number ‘of colloidal particles present per
kilogram of water, and "TOTAL AREA" is their total surface area in cm?;

" "AVER. RAD " ig the average radius of ‘the colloidal particles’ in cm.
:The average surface'area ‘and mass are in cm? and grams, respectively.

"COLL.MASS" 1s the amount of cOlloidal"Silica‘present ing kg~l.
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"DIS.SIL."” is the concentration of monomeric silica in g kg'l. The | &_,
total number and mass of the colloidal particles in each class are given in
units of kg~! and g kg'l, respectively. . | ’ R

“- Most of the output on. the following two pages consists of messages
announcing that one of the time steps has been changed. In this_pert of the
calculation, DELTH decreases at every step because the temperature is still
dropping and the saturation ratio is increasing. If this were an isothermal
problem, DELTH would not change. 7:

TAUCS is the value of the "Collins time constant™ calculated using
Eqn. (3.8.5) at the same time that the value of DELTH was last chahged. This -
value is stored and used to evaluate the “correction factor” in Eqn. (3.8.4)
until it is next changed. TAUC in the output generated by OUTPUT is not the
same as TAUCS; TAUC is calculated by evaluating Eqn. (3.8.5) whene?er OUTPUT
is called.: - . , ,

THN is the time of the last N step, and TCV(l);is‘the‘time of the last
MD step. ‘ o

The time step change messages may be suppressed without effecting
the rest of the output by specifying IPR=2, o

Starting with KSTEP=22; the time steps cease to change, and the next
35 lines of output are from DEPOSIT. The column,headiﬁgs below the last
DELTH change message label the line output from DEPOSIT. ,

"NUC.RATE" is the value of the nucleation rate, cortected‘for,transient
effects, calculated at the time of the last N step.  CAREA is the total
surface area of the colloidal silica present in cm2, "NUC.FLUX" is the
rate of conversion of dissolved silica to colloidal silica by nucleaticn of
new colloidal particles in units of g (kg min)~ 1, ,

"DEP.RATE" is the rate at which dissolved silica is converted to col-
loidal silica by molecular deposition on colloidal particles that already
exist. It is not necessarily equal to the product of RDEPF and CAREA
because not all particles present are necessarily larger than the critical
nucleus size. , , R :

- OUTPUT. is called again when nucleation is ended, Note that this happen-
ed only 0.32 minutes after the temperature reached 100°C. The number of
particles in each of the first three colloid classes and the sumlof colloidal
plus dissolved silica are slightly larger than at the firstbcall of OUTPUT \;Vj
because of slight further water loss by flashing.
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In line output from DEPOSIT that was genefated after nucleation ceased
"NUC.RATE" and "NUC.FLUX" were set equal to zero because SILKIN calculates
the nucleation rate only when called during a N step or by OUTPUT. DEPOSIT
prints out a neﬁly calculated nucleation rate only once and then prints out
zeros until a new value of the nucleation rate is calculated. Zeros can also
occur in the DEPOSIT output before nucleation is terminated if the generation
of line-outﬁut is more fféqdeﬁt'thaﬁ are the N steps.

The temperature stays at 1009C until time = 12.75 minutes. During
the last four minutes at 100°C the dissolved silica concentration (CsIL)
drops by only 0.012 g kg'l. This indicates that the calculation has almost
reached a steady state even though S>1.3. This is caused by the deficiency
in the model that is illustrated in Fig. 3.20 and discussed in Sections 3.12
and 6.8: there are very few particles that are large enough to keep growing by
molecular deposition at this relatively low saturation ratio, and particle
growth by particle fusion is not permitted. This 1is demonstﬁated by the fact
that the area of the particles large enbugh to keep growing as estimated by
dividing "DEP.RATE" by RDEPF is less ;hén a tenth of CAREA at this point.

The calculation continues until the dissolved silica concentration
drops below 0.225 g kg™l at 41°C. The résultsvare,only semiquantitative
below about 70 or 80°C because of the rapid increase in pH and: pHpop With
decreasing temperature. One reason to distrustlthggé resulté iéfbecausé the
values of;F(pH,pHnom) and I(pH,pH,,n) are extrapolated when'tthvaiue of

either argument is > 8., More importantly, the value of the surface tension

" decreases rapidly and, in nature, this would cause nucleation to resume, but

SILNUC is not capable of modeling this. That nucleation should have been
restarted at lower temperature is obvious from the values of GAMMA, QT, and

RANUC that are given in the output from the third and last call to OUTPUT.
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G.25
0.50
075
1.00
1.50
175

2425
2,75
12475
17.75
27.75
77.75
3.5
7.0

Listing of Input Deck for SILNUC_Sample‘,Prob]em

g.25
O

Ge(35
Je151
Je 200
Je254
0.297
34337
Je387
0e41d
Jeleld
0.411
Jall

d.+1ﬁ,v
0605

d.005
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Table 6.1

300,
275

225
200.
175.
150
125,

-100.

100. -

754

50.
33,

- -0.0006

0.0075
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Appendix 6.1
Full Listing of Program SILNUC

PROGIAM SILNUCCINPUT, OUTPUT) )

LOGICAL LTH.LTONLANSC

COMMON /CALCSIL/ CSILVI(3)CFIM{343)4TCV(3)42SFV(3)

COMMON /CLVAR/ CLDV{1200) +CLMV(3D0) 4CLNV{300)sCLRVIEDD) sNCLC4OCSIL
COMMON /CVALS/ PI+PI4+DENSNyDENSMeUMASSyCKBsANLO9AVNSILMW
COMMON /GAMMA/ GAMCGAMTGAMZ ,GAMMACAREA

COMMON /KINCON/ HCMA HCMITCMA4EPSILIEPR9KRSCy IMAXsRLIMICCL ¢ RRMN
COMMON /NUCL/Z FNCAPZLCoCNyQCAPyQT¢RNUCANNUCY TAJCRANUCQL®
COMMON /PH/ PHePHLe PHN+PHNLsAHeFPHy FINTsDQSs03AMAFF

COMMON /PRINOUT/ NDP.OTF;TPN,KPN,IPR,IPRZ'TCP,CLP.KLP.CDP'KDP
COMMON /RKCS/ RK214RK22¢RK314RK 32 +RK41$RKY2Z

- COMMJIN /3ALT/ PHI.SML9SMLIoGNA,AﬂAgAKSIL,&LPSIL'SCR'GSIL'GH

COMMON /SETPAR/ DHCMA ¢ CHCMIoODHe TMAXM,DTPN

COMMIN. /SILBUF/ CSIHCSII

COMMON /SILKC/ ALPHAKo&KoAK,AKINu,AKINT,DKINCoD(INT

COMMON /SILKF/ TOTFIoTOTF.PKFsRKF 1yRKF25ALPF4RATEKF ¢RATEKTGF
COMMON /SILKFC/ CKF14TKF1,CKF2sTKF2

COMMON /SILKIN/RAT:K:RCF.RD:PF:F(INL:CSILS:SRQcaRR.CLAST.&KINgDKIN
COMMON /SPECIN/ TSPEC.TEMP,TEMPLsFLASH GLASH"LCy FLCL

COMMON /SPECPAR/ NREF ¢ ICALLI1412,4T1,4T2.

COMMON /SPECS/ TREFV(SG)1FLASHRV(50’cTEMPRV(Sﬂ)'PHRV(SB)
COMMON /START/ SILINsSILOUTHICXsINXsTSTART,TAJCS

COMMOIN /STEPS/ KSTP+THLsDELTCoDELTHoLTHyLTOy LNSC

CONHON /NATER/ DENS,EPSD.ADH,BDH,FKH,TK,ALNT-TKB

THE FOLLOWING ARE PHYSICAL AND Ma THEMATICAL CONSTANTS.
LEAVE THEM ALONE.

DATA PI-CKB'AVNoSILMd13.14159265359g1.38056:-16;5.022‘2523,60.065/
DATA VMOLE/27.2/

DATA RKZloRKZZoRK31cRK32oRKh1cRK42/0-g0.5c0..1.'2.'2.

DATA GAMCyGAMT,DQS¢FF+QLP/50430s ~0.049y 6e34Z1ky 0ekS5Ss 3.34E25/
DATA ALPHAK$EKyAK/Ses 4296069301171/

OATA AKINCsAKINT ¢ CKINC+OKINT /009774756843 009 047

DATA CKFLoTKF14CKF24TKF2 / =1147234 403%9¢4 -2.647y 1183. /

THE FOLLORING ARE PRESET CONTROL VARIABLES.
CHANSE THEM IF YOU- DARE.

DATA EPSIL+EPRoRRMN /7 0802y 0e02, 0.001/
THE FOLLOWING ARE DEFAULT VALUES FOR INPUT VARIABLES.

_OATA IPR¢IPR2,KDPsNOP»IMAX / 3¢ 34 10y 50, 21000 /7 =
DATA PHIoSMLITCP+COP / 04S2¢ 04088y 1E10s 0.001/
OATA DHCMA3DHCMI+OODhe TMAXM / bey 2048ey CGhes 64s /

UMASS=S ILMH/AVN

DENSN=AYN/VMOLE

DENSM=0ENSN*UMASS

Pluss o *Pl :

ALN13=ALOG(1G.) .

READ 14NRUN S

DO 5 KRUN=1,NRUN ,

READ ivNREF,NCLc.INx,IPRI.IPRIZ.KDPI’NDPI.ItPﬂoIHAXIpIHCMAgIHCNI;
1. IDH,IMAXM

I1CX=4

IF(IPRIWNE.G) IPR=IPRI

IF(IPRI2.NE.O) IPR2=IPRI2 ’
IF(KOPL.GTe0) KDP=KOPI - '
IF(NDPILGT«0) NDP=NOPI :

a
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DTPM=2.#*ITPM

IF(IMAXI«GT.0) IMAX=IMAXI
IF(I4CMALGTa0) DHCMA=2 «**1HCMA

&) | IFUIACMILGT.0) DHCMI=2.*$IHCMI

~IF(IDheGT40) DDH=2.**ICH e ,
S IFCIMRXM, 6T ,0), TMAXM-Z ‘*LHAXN .
PRINT 121NREF,NCLC INX o IPR,IPRZ,KUP.NDP,ITPH,IMAX IHCMA tHCHI,IDHo :
1 IMAKM . e ﬁ
PRINT 1#:DTPM DHCNA;DHL”I DDH:TMAXM .
. READ 3'SILIN,SILOUT.PHIIN,SMLIIN,TGTFI,CSII TCPI'CDPI
B ‘IF(PiIIN-NE 0) PHI=PHIIN. CO S A
s IF(SMLIINGNE O0.) SMLI= SMLIIN
IF(TCPI 6T 04 TCPETCPI o
IF(COPI5T«Ge) COP=CDPI.
PRINT 6OSILINQSILOUT'PHI’SMLI TOTFI CSII TCP,CDP
IF(CSII«GTe0e) PRINT 13
PRINT 7
DO 2 K=14NREF
READ 34 TREFV(K)FLASHRVI(K), TEPPRV(K’,PHRV(K)
" PRINT BvTREFV(K)vFLAShRV(K)'TEMPRV(K’ngRV(K)
2 CONTINUe
TSTART=TREFV (1)
KSTP=0
IF(NCLCeLES D) GO 10 3 IR :
“PRINT 14 ’ e ‘ -
DO 4 K=14NCLC R
READ 34CLRsCLM
CLR=CLR*1¢c=7
PM=PI4 /3 *DENSM¥CLR**3
CULNV(K)=CLM/PHM
CLMY(K)=CLM
" CLRV(K)=CLR
PRINT 11.+KsCLR, CLM'CLNV(K)
CONTINUE
CONTINULE
CALL SETUP(IBORT) . ...
IF(IBORT.GT.0) GU TO 5
CALL MASTER
CONTINUE
FORMAT (1615)

‘FORMAT(8F10.6) - . ‘
FORMAT (# SILIN,SILOUT =’,2F8.4,3K.‘PHI.SMLI ".FB.#,lP:lZ-k.3X,

1 *TOTFI =%,1PE12.4//% CSII S¥ o 0PFBelig3Xy*TCP -'.19512.4.3x.

* 2 *CDP =*,0PFB8.4/) |
7 FORMAT(6A,‘TR;F'oSXﬁ‘FLASH*.&X.‘TEMP’.&X,'Pd‘/)

LU

C‘N'—“\n,

- 8 FORMAT(1X 4F10.4)

* 10 FORMRT(1hG,3X.‘K‘QEXQ*RADIUS‘QGXy'NASS‘QGXQ‘NJMB-R’/’

11 FORMAT(1X+I541P3E124%)

12 FORMAT (113 *NREFyNCLC ¢ INX "113,1“;1312X,‘IPR119R2 "121312XQ
1 *K0D24NDP "QZIQ,ZX,'ITPM’IMAX "013’159ZXQ’IHCMAvIHC"IQIDHQIHAXH
2=%,413/) : ;

13 FORMAT(* MONOSILICIC ACID BUFFERING: IS ASSUWEJ-‘/’ ,

14 FORMAT (14,*DTPM "01P511-393XQ‘DHLMA DHCHI c¥, 1P2£llo !3X9
1 ¥0D4yTMAXM =*41P2E11.3/)

%) & NO
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SUBRIUTINE MASTER
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LCGICAL LTHsLTDsLNSC -

COMMIN
COMMON
COMMON
COMMON

COMMON

COMMON
COMMON
COMMON
COMMON
COMMON
COMMON

JCALCSIL/ CSILV(3)tCFIM(3y3)1TCV(3’|CSFV(3’ &'
/CLVAR/ CLODV(1200) +CLMV(300) 4CLNV(300),CLRV(600) 4NCLCsDCSTL
/CVALS/ PI4PIt ¢DENSNyDENSMsUMASS)CKBoALNLIOsAVN,S ILMW

/KINCON/ HCMA'"CMI'ICMA'EPQIL’EPR!KRDCQIHAX’RLI"’ICCL,RR"N
/NUCL/ FNCAP o ZL OyCNyQCAPyQTyRNUCs ANNUC, TAUC, RANUC,QLP
/PRINOUTY/ NDP,DTF,TPN,KPN.IPRqIPR21TCP:CLP,KLP,CDP’KDP
/3cTPAR/ DHC"A,DHCMIQDUH;TNAXM;OTPP

/SILKIN/RATEKy RCFyRIEPF,FCINL, CSILSySRA ySRRyCLAST4AKIN,DKIN

/SPECIN/ TSPECy TEMPyTEMPLsFLASHyGLASHFLCy FLCL
/START/ SILINsSILOUT,ICXsINXKsTSTART,TAJCS

/STEPS/ KSTPsTHLyDELTCoDEL THeLTH,LTD, LNSC

CSF(DT)-CSFV(i)*CSFV(Z)*DT*CSFV(3)‘DT'DT
PRINT 102

RNMX=C o

LNSCz . TRUE, .
IF(IPR.GE+2) CALL ouT PUT

PRINT 1

DO &« KST=P=14IMAX
KSTP=KSTEP

CALL DEPOSIT(ILOSS)
IF(ILOSS.LT.0) GO TO 5
IF(ILOSSsNE«O) LNSC=.TRUE.
IF(IL0S55.6T.0) GO TO 39
IF(INX.EQe0) GO TO 39
TAU=1, GGL‘G/RDEPF*(ZLD‘QT*RNUC’RNUC"'(‘0025)
DHN=TAU/DOK '

CONTINUE

THN=THL+OELTH
IF{DAN.GE.DELTH) GO TO 15

- THN=THL#0.5%(DELTH+UHN)

IF(TiAN.GT.TCV(1)) GC TO 39

DEL TH=DHN

TAUCS=TAUC

IF(IPR«GZe3) PRINT 19.0:LTP.TAUCS,TCV(1)'THN
IF(IPR4GE«3) PRINT 1

CONTINUE

IF(TANGTTCV(1)) GO TO 39

THL=THN

IF(NCLC.-Q.BUO) GO T0 38

TSPEC=THL R
CALL SPECIFY | - ’ I .

LNSCz o TRUE,

DT=THL~-

-Tov(y) : Ce i ;

CSIL=CSF(DT) | B ' -

KRGC=0

CALL bILKIN(CSIL)

AN=ANNUC+045/ZLD

ARG=3.7/ (PI4*DEL NSN) ¥ AN
CLR=EXP (ALOG (ARG) 73 )
Cf=le~ hXP(-(THL-TSTAKT)/TAUCS)

RANUCC=

RANUC*CF

CLN=RANUCC*DELTH ’ _ o S o
IF(RANUCC+GT.RNMX) RNMX=RANUCC : o/

. IF(RANUCC +LT «RRMN*RNMX) GO TO 37

NCLC=NCLC+1
CLRV(NCLC)=CLR
CLNVINCLC)=CLN
CLM=PI4/3 . *DENSM*CLR**3
CLM=CLM*CLN
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37 S
U IFCINXWEQEQ) GO'TO u2

27

39

12

16

CLMVINCLC)=CLM 233
CSILV(1)=CSILV(1)-CLM

IF(IPR.LT.5) GO TO 27

PRINT 2

PRINT 17¢KSTEPsCLRy-CLN+CLMyTHLsNCLC

PRINT 185CSILV(1) +ANNUCsANyQT 4RANUC, RANUCCCF
CONTINUE

CS1=CSILvV (1)

CS2=CSILV(2)

CS3=CSILv(3)

CSFV(1)=CFIM(141)%CS1+CFIM(1,2)%CS24CFIM(1,3)0CS3

CSFV(2)=CFIM(241)¥CSL¢CFIM(242)%252¢CFIM(243)¥CS3

"CSFV(3)=CFIM(341)*CSL+CFIM(342)%2S2+4CFIM(353)%CS3 - =

GO TJ 21 ‘
CONTINUE SRR P
IF(4NOToLTH) GO TO 12

DELTC=0.5%DELTC @ * ° ER
IF(IPRGE+3) PRINT 13.DELTC KSTEP
IF(IPRGE«3) PRINT 1

ICCL=KSTEP S
GO T0 16 ' R
CONTINUE

IF(oNOT. (LTD.AND. 1. 93*DELTC.LE<HCMA)) GO TO 15 =

IF(INXeGT a0 e ANDIDELTCeGT40¢5*DELTH) GO TO 46 ¢
DELTC=2.*DELTC

IF(I’R.G;.S) PRINT 13.D.LTC'KST:°
"IF(IPRIGE «3) " PRINT 1 3
ICCL=K3STEP~ -~ ‘

CONTINUZ , J
IF(C:ILV(i).LT.SILDUT) GO To 9
IF(KSTEP.GE«IMAX) GO TO 6
IF(TCV(1) 4DELTC.GT. TCMA) GO YO 32
IF(ILOSS.GT 0) GO TO 43 R

GO TO 42 - =

CONTINUE

PRINT 3
PRINT kl, RANUCC,RRMN'RNMX -

T IF(IPRJGEL2) CALL-OUTPLT

;sa

| 53

9

32

INX=)

‘60"Td 28 S
CONTINUE 2 :
CIFUINXCEQSC) - Go ro 42 -
PRINI 3

PRINT 43

IF(IPR.GE«2) CALL OUTPUT
INX=0 ;

GO TO 28 N
CONTINUE "3
TFUINX, EQ-O) GO YO hZ
PRINT3 - 1

PRINT 11 :
IF(IPR.G-.Z) CALL OUTPUT
CINX=Eg

GO T) 28

CONTINUE

PRINT 20

PRINT 10.SILOUT
IF(IPR.GE.2) CALL OUTPUT
ICX=0

GO TJ) 28

CONTINUE

PRINT 25
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PRINT 33
IF(IPR.Gz2) CALL OUTPUT
ICX=p '
G0 T3 28
6 CONTINULE
PRINI 26
PRINT 35
IF(IPR.GEL2) CALL OUTPUT
ICX=] :
"GO T3 28
5 CONTINUE
PRINI 7
PRINT 14
ICX=0 - ‘
IF(IPRGES2) CALL OUTPUT
28 CONTINUE
 IF(I®ReLT<2) PRINT 36;KSTEP,TCV(1).CSILV(1)
IF(ICX«GT40) PRINT 1
42 CONTINUE
IF(ICX.EQ.0) GO TO 8
IFLTCV(1) «GT.TCP) IPR=IPRZ2
IF(IPR.LT &) GO . TO % .
IF(KSTcP.GE«KPN) CALL :QUTPUT
IF(TCV(l).GE.TPN);CALL QUTPUT
& CONTINUC
8 CONTINUE '
1 FORMAT(* KSTEP‘o:Xc‘TIME's3Xs‘CSIL*thy'SRR‘,+X,*FLC'gSXg'T MP¥,
1 kX.’PH*.SX.*PHN‘.hk.*FPH‘,GX,*RDEPF‘,3X,‘NUC.QATE‘,&X,‘CAR:A*.SX.
2 *NU..FLbK*gSXg‘DEP.RATE‘,GX.'ALPSIL'/)
2 FORMAT(26(* NUC *)/)
3 FORMAT (/716 (* ENDNUC *)/)
7 FORMAT(/7/713(* ALL GONE *) /)
10 FORMAT(* SILICA. CONC-NTRATION HAS ODROPPCZD B:Z LJH SILOUT =¥ F8elt/)
11 FORMAT (* DENUCLEATION STARTED AND NUCLEATION ENDED*/)
13 FORMATI(*ONZW DELTC =*41PE12.4¢* AT KSTEP =%,15/) .
14 FORMAT(* ALL COLLOID CLASSES HAVE OISSOLVED AWAY. PROBLEM ENDED.
1 */)
17 FORMAT(* A NEW COLLOID CLASS HAS NUCLEATEL AT KST:= P =%,15//
1 * RADIUSyNUMBERyTOTeMASS =*#41P3212395Xo *TIMZ =%41PEL2343X
2 *NCLC =%,157)
18 FORMAT(1X+*CSIL4ANNUCsAN = .FB.k,ZF&.l,SX,'NUu.PF.S.S.RAT:.CORR.RA
ATE =%, 1P3E13+433X3s¥CORRe FACT(R =*,0PF83,.4/) :
19 FORMAT(‘HN;N DELTHs TAUCS =%41P2212.493Xe ¥AT TCV(L), THN °‘g1P2€12.k
17
20 FORMAT(//716(* SILOUT *)/)
25 FORMAT (/716 (* TIMEX *)/)
26 FCRMAT(/718(* CONEX *)7)
33 FORMAT(* MAXIMUM TIME REACHED¥*/)
35 FORMAT(* MAXIMUM NUMBER OF CONDENSATION STEZPS COHPLETED‘/) v
36 FORMAT(* KSTEP =%4I1543X9*TCV(1) =%y 1PE12.393Xe*CSIL =%, 0PF8a4/)
40 FORMAT (* MAXIMUM NUMBER OF COLLOID CLASSES QEACHED.:NUCLEATION END
1£0.%7)
41 FORMAT(* PRECEEDING NUCLEATION RATE (*41PE12.49*) LESS THAN (%,
1 1PE12.4,*%) OF RECORDED MAXIMUM RATE (*,1PE12.4+%). NUCLEATION END
2ED¥*7) i
102 FORMAT (/)
RETURN
END
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SUBRIUTINE SETUP(IBORT)
LOGICAL LTHsLTOsLNSC
COMMON /CALCSIL/ CSILvtst.crruts,s»,rcV(st.CSFV(sy

COMMON /CLVAR/ CLDV(iZﬂU)'CLMV(SOOl,CLNV(300'90LRV(600);ﬁCLCcDCSIL

COMMON “/CVALSZ PI4PI4yDENSNyDENSM, UMASS'CKB'ALNiﬂvAthSlLMH

" COMMON /GAMMA/ GAMC GAMTyGAMZ+GAMMA,CAREA
COMMON /KINCON/ HCMA,hCMI,TCHA.EP‘IL-EPR,KQ:C.INAX.RLINQICCLqRRHN

COMMON /NUCL/ FNCAPJZLDsCNyQCAP+QT¢RNUCyANNUC, TAUC+RANIC,,QLP
COMMON /PRINOUT/ NDPQDTPQTPNQKPN’IPR’IPRZQTCPQCLPQKLP!CDP,KﬂP
COMMON /SETPAR/ DHCMA s DHCMISDOH+TMAXMDTPHM

COMMON /aILKIN/RATEKoRCF’RCEPFoFKINL’CSILSQSRAoSRRvCLASTyAKIN OKIN

COMMON /SPECIN/ TSPEC s TEMP, TEMPL.FLASH,GLASHoFLCqFLCL
COMMON /SPECPAR/ NREF¢ICALLsI1412,T1,T2 ’
COMMON /SPECS/ TREFV(SO).FLASHRV(SO),TEMPRV(SO);PHRV(SO)
COMMON /START/ SILINySILOUTLICKeINXsTSTART,TAUCS ° :
COMMON /STEPS/ KbTP.THL,D&LTC,D-LTH.LTH.LTO;LNSC
IF(NCLC-L:.G.AND.INx.hQ.G) GO TO 9 T

LNSC=+TRUE. :

IBORT=0

ICALL=0

iICCL=0

KPN=0

cLP=10060.

KLP=-1G0

KRGC=0
TSPECSTSTART o

PRER= 34/ (44 *PI*DENSN) "

CONTINUE ,

TAUD=1EBG . o
TAUN=1E80

CALL SPECIFY

CSIL=SILIN*FLC

CALL SILKIN(CSIL)

TEST=ZLD*QT *RNUC* FNUC

IF(TEST.6T+0¢) GO TO 2,

IF(INXeEQ.0 +AND.SRRaGTele) GO TO 2
IF(NREF.LE.1) GO TO 7

CONTINUE '

TSTART=T2

TSPEC=TSTART

IF(TSPEC.GE+ TREFV (NREF)) GO T0 7

GO TI 1

CONTINUE

IF(INKeNESO) TAUN=z1. 08E-6/ROEPFETESTHS (=0425)

IF(NCLCeLE40) GO TO 11

- CAREA=0. -

12

A1

D0 12 K=14NCLC

CRz=CLRV(K)

IF(CR<GT«RNUC) CAREA= LAREA+CR‘CR‘CLNV(KD
CONTINUE

CAREA= CAR:A‘PI#‘FLC

IF(CAREA N BE TAUD-(CSIL‘CSILai/(CAREA'RDEPF)
CONTINUE '

TAUsTAUN® - R P I ATy

“WIF(TAUO.LT.TAUN) TAU=TAUD

"IF(TAU4GT4949E79) 60 TO 5"
DELTA=TAU/DODH

CIFUNREF JLESL) "GO TO G 70 ©
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- IF(DELTHJGT.(T2-T1)) GO 7O 5
4 CONTINUE
IHL= ALOG(TAU)/ALOG(Z.)+0.5
RTAU=2 «*¥* IHL o
HCMA=RT AU/DHCMA : N S o
HCMI=RTAL/DHCMI oo o
DTP=DTPM* AU
TCMA=TAU*TMAXM
IF(N%EF.uT.i.AND.TCMA.GT.TREFV(NREF)) TCHA= TR:FV(NREF)
KNUC=ANNUC#0.5 P o . ; .
‘ANZANNLC*+34572L0 S e ‘
RLIM-tXP(ALOG(PRER‘AN)/3 » . L , R
CTPN=TSTART . T - LR e
THL=TSTART ' - : ,
PRINT 14.KNUC,ANNLC,AN.ZL0.RLIM
NCLC=NCLC#1 :
CLNVINCLC)=1.
CLRVINCLC)=RLIM
CSILV(1)=CSIL
TAULCS=TALC
PRINT 15.TALN9TAuDgTAU'RTAU ,
PRINT a.aCMA.chI,DLLTH.TCMA.DTP,Nop
PREC=PI&/3¢*DENSM
CAREA=G« .
DO 3 K=1,NCLC

CR=CLRV(K)
CLNV(K)= C'NV(K)‘FLC

IF(K.EQ.NCLC) CLNV(KI=1,
CLMV(K)SPREC#CR¥*3*#CLNVI(K)
CAREA=CAREA+PI4*CR*CR*CLNV(K)
IF(KsLToNCLC) SILIN =SILIN#CLMV(K) /FLC
3 CONTINUE
FLCL=FLC
CFIM(1,1)=1.
CFIM(142)=00
CFIM(1+3)=0e
DELTC=HCMI
TCV(1)=TSTART
TCV(2)=T3TART=-DELTC
IF(INX.EQ.0) RETURN
TKB=CKB*(TEMP+273.15)
DER=1+/ (DENSN* TKB¥ALOG (SRR))
DERz4+e *PI/ (3. *TKB) * D R*¥DZR/ALN1O ‘ -
DERI=1./DER . S b
GAMCUB=GAMMA*%3 o ; ,
PRINT 13,DER.DERIyGuMMA.GAHCUB _ S
RETURN . : , L .
7 CONTINUE ' L Lo
IBORT=1
PRINT 8
RETURN
9 CONTINUE
I80RI=1
PRINT 10 , ,
RETURN T I PUR R -
6 FORMAT (* HCMAoHCMI =%,1P2E120 433K s*CELTHTCMA =%, 1P2E12 493X o
1 *DTPyNDP =%,1PEL2.4+15/) . e '
& FORMAT(* INITIATION CONDITICNS NiVER REACHZD. PROBLEM BEING ABORT
1ED*7)
16 FORMAT(* NO COLLOID ADDED AND NUC LEATION nor bPECIFIED. PROBLEM B
1ING ABORTED.*/)
13 FORMAT(* 0O LCG1D0 TAL/O GAMMA 3 =% 19513.5.3&.*R=CIPR00AL =%,
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1 1PEL13.5+3XKy*GAMMA "cBPF7a2.3X,'GAMHA CUEZD =*y1PE13.5/)
14 FORMAT(1x/7* KNUC :'gIEq3Xg‘ANhUC,AN "92F6.103X,‘ZLD,RLIM =%,

1 1P2213.4/)
‘EJ 15 FORMAT (* TAUN,TAUD "'1P2;13.Q13X"TAU.RTAJ ".192;13.kl)
END :

SUBROUTINE DEPOSIT (ILOSS)-
LOGICAL LTHsLTDsLNSC
COMMIN /CALCSIL/ CSILV(3)4CFIM(343)4TCVI3),CSFV(3) a
COMMON /CLVAR/ CLDV(1200) +CLMV(300) sCLNV(300),CLRV(600) yNCLC4DCSIL
COMMON /CVALS/ PLyPItyDENSNyDENSMsUMASSyCKB9ALNLO¢A VNS ILHH
COMMIN /GAMMA/ GAMC+GAMT,GAMZ 4GAMMA CAREA
COMMON /KINCON/ HCMAyHCMI,TCMAyEPSIL¢EPRyKR3Cy IMAXsRLIM,ICCL +RRMN
COMMON /NUCL/ FNCAP sZL0DyCNgQCAPsQTsRNUCs ANNUCs TAUC, RANUC,QLP
COMMON /PH/ PhoPHLPhNyPHNLyAHs FPHy FINT,0QSy D3AMQ FF
COMMON /PRINOUT/ NDP,OTPs TPNsKPNy IPRs IPR2sTCPs CLP¢KLP +C OP9KDP
COMMON /RKCS/ RK21,KK22,RK31yRK32 4R K41 yRK&Z
COMMON /SALT/ PHIySML4SMLIoGNAsANAyAKSILALPSILySCRyGSIL +GH
COMMIN /SILKIN/RATZKyKCFeROEPFyFKINLyCSILSySRA §SRRyCLAST ¢AKENyOKIN
COMMON /SPECIN/ TSPEC, TeMPyTEMPL, FLASH,GLASH FLCs FLCL
COMMON /3TART/ SILINeSILOUTICX¢INXsTSTART,TAJCS
COMMON /3TZPS/ KSTPThisDELTCsDEL THeLTH, LTOs LNSC
DIMENSION DCSV (&)
NCND=KSTP -
CSIL=CSILV(1)
CSILN=CSIL
TSPEC=TCV (1)
DO 7 K=1,4 |
KRGC=K | S
IF(KQGC.;Q.1.0R.KRGC.LQ-3’ G0 10 38
TSPEC=TSPEC#045%DELIC
CALL SPECIFY :
38 CONTINUE
DCSIL=CSILN*GLASH*DELTC
DCS=3CSIL
CALL SILKIN(CSILN)
DCSV(K) =DCSIL L o
. IF(KRGCEQel) CSILN=CSIL#Ge5*DCSIL =+ - L
«  IF(KRGCeiQe2) CSILN= CbIL+RK21’DCSV(1)¢RK22’DC>IL*
IF(KRGCEQe3) CSILN=CSILERK31DCSVI2) +RKIZFDCSIL
. 7 CONTINUE ST
CSILN= DCSV(ll%RKkl*DCSV(ZbeKRZ‘DCSV(B)*DCSV(ﬁ) SR
CSILN=CSIL¢CSILN/ 6. o
TCV(3)=TCV(2)
TCV(2)=TCV(1)
TCV(1)=TSPEC S
IF(NCND.GT«1) GO TO 11
CSILVI(1)=CSIL
o DELSIL=CSILN=CSIL
(- CSILV(2)=CSIL-DELSIL
CSILV(3)=CSILV(2) -DeLSIL
11 CONTINUE
CSILV(3)=CSILV(2)
CSILV(2)=CSILVI(1)
CSIL=CSILN

a
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CSILP=CSILV(2)

-238-

TEST4=(CSIL=-CSILP)/CSILP
TESTH=AB3(TESTH)
CSILV(1)=CS1L

LTH= T:STH.GT.-PSIL
LTO=2+*TESTHeLTJEPSIL
PREC=PI4/ 3% DENSM
SUMCA=0.

STEST=0.

IL0S55=0

D0 14 K=1,4NCLC
CR=CLRV(K)
IF(CREQeCe) GO TO 1w
CLM=PREC*CR**3*CL NV (K)
CLMV(K)I=CLM

IF(CReGT<0+2%RLIM) GO TO &3

CSIL=CSIL+CLM
CSILV(1)=CSIL

-ILOS3=IL0SS+1

IF(IPR.LT.5) GO TO 3
PRINf O

PRINT 4“!K1CR10LNV(K,}CLM
PRINI 36+KSTPysTCV(1)4CSIL
PRINI 1

-CONTINUE

1

CR={0.

CUNVI(K)=0 .

CLRV(K)=U.

CLMV(K) =D,

GO TI 14

CONTINUZ

KK=K+300

CRP=CLRV(KK)
TEST4=(CR=-CRP} /CRP
TESTH=ABS(TESTH)
SUMCA=SUMCH+CLM
STEST=ST.STH+CLM*TESTH
CONTINUE
IF(SJMCWeGT0.) GO TO 2
ILOSS=~

RETURN

CONTINUE

TESTA=STE ST/SUMCH
LTH=LTHORTESTH.GT+EPR
LTD=LTOeAND«2.®TESTHe LTLEPR
IF(IPR.LT.1) GO TO 5

IF(C:ILV(iD.GT.(CLP-LDP).ABD.NCND LT (KLP4K2P)) 50 TO 5

ARG==(TCV (1) ~TSTART)/TALCS
RANUCC=RANUC* (1, ~EXPLARG))
FMN=PI4*DENSM/3.®RNUC**3*RANUCC
FMC==(DCSv(4)-DCS)/DELTC

PRINT 40NCN09TCV(1)vCSILV(1)vSRR:FLCcTLMP'Pﬂ:PHN'FPH RDEPF

sRANUCCoCAREA s FMN4 FMC4ALPSIL
RANU,-O.
CLP=CSILV (1)
KLP=NCND
CONTINUE
IF(INX.EQ.0) RETURN
IF((NCND=ICCL)+GE+3) GO TO 17
T2=TCV(2) -TSPEC
T3=TCV(3)-TSPLC
D=T2*T3*(13~T2)
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CFIM(2,1)=(T2*T2=T3*T3)/0
CFIM(2,2)=T3%T3/0 O A R L e A S R
CFIM(243)==T24T2/0 T R
CFIM(341)=(T3-T2)/0
CFIM(3$421==T3/0
CFIM(3438)=T2/0

17 CONTINUE
CS1=3SILV (1)
CS2=CSILv(2)
CS3=CSILY (3) Co
CSFV(1)=CFIM(1,1)%CS514CFIM(1,2)45S24CFIM(1,3)%CS3 .
CSFV(2)=CFIM(2,4)4C31¢CFIM(2y 20 *CS24CFINI2,30%CS3 = .
CSFV(3)=CFIM(3,1)*CSL+CFIM(342) *C324CFIM(3,3)%CS3 EEET
IF(IPR.LT.6) RETURN S

: PRINT 130G sNCNOsTCVeCSILVy CSFV
1 FORMAT(13(* DoNUC *M/) o

4 FORMAT (iXxosIGs1PEL143¢(QP3F7, ng?oZgZFﬁoZ,F?oﬁvlps’1103.1PE12.4,

36 FORMAT(* KSTEP =%4I543X¢*TCVIL) =%, 1PE12.3¢3Xy*CSIL =%y 0PF8.4/)
44 FORMAT(* A COLLOID CLASS HAS DINJCLEATED. - K9RADIUSyNUMBER,TOTAL ¥

1A35 =

RLTURN
END

¥9I541P3E1244/)
00 FURMAT (1A+1541P9E13 e4)

SUSRIUT INnE SILKIN(CS;L)

LOGICA

L L3KIP

LOGICAL LTHLTRyLNSC

COMHMIN
COMMUN
COMMON
COUMMIN
COMHMIN
COMMIN
COMMUN
COM4IN
- COMMION
- COMMON
CGMMON
- CCMMOIN
COMMUN
COMMON
C OMMON
CoMMON

/CLVAR/ CLbV(luUu)v"LHV(SuU)oLLNV(3 )9 CLRV(600) yNCLE4DCSIL
/CVALSZ PI1+PllyUeNSNy o;naw.unass,cxs.ALNio AVh.SILMN ‘
/5AMMA/ GAMCGAMTyGAMZ yGAMMALCAREA -

/KINCCN/ HCMA hCMIyTCMAZEPSILSEPRyKGCs IMAX e RLIM, ICCL + RRMN
/NUCLYZ FNCAPWZLUWCNyQCLP ATy KNUC, ANVUCvTAdu9R“hUC|QLP

/PR/ PHPH Ly PHNgPRNL3AFRFPHyFINT,00QSs054M2 FF_

/KKCS/ PK?i'kKZZ.RKol RK 32 yR¥LLRKH2 - o
ZIALTYZ PHIZSMLy SMLIyGNA, ANﬁgAKSIL'ALPSILvSCR-GSIL.GH
/3ILBUF/ C3I.CS51I

J3ILKT/Z ALPHAK EK,AKQA(INuvb(INTvDKINL’DKINT

/3ILKF/ TOTFI,TOTF; PKF,RKrioRKFZ'ALDF <ur KFs RuTEKT'GF
/7>ILKFC/ CKF 14 TKF14CKF24TKF2 )
/5ILKIN/RATEKyF.CFoeRDEPFyFK INL Yy CSILS;SRA'>RQ.CLAST.AKIN'DKIN
/3PECIN/ T3PLCyTEMPyTE MPLy FLASHyGLASH FLC-FLCL :

/3TEPS/ KSTPTHLyOcLTCyOEL THeLTHs LTDy LNSC .

/AATER/ DEH)qusavADHvaDhoPKN'TKOALNT T(D

ALGLO (X )= XPTALNLIO*A)

TC=TZiMP

TK=TZ4273,15

TKS=CK3*TK '
LSKIP=XRGCeEQe1s0ReKRGCar a3
IF(LNSC) LSKIP=z.FALSE.
IF(R6Ce=Qel) LNSCz=eFALSE,
IF(L3KIP) GO TO ¢

LF(T MP-LQ.TEHPL) GU 10 13
CALL WATﬁR
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%

PKSI.=2. 3#65953/TK+2.57979'ALNT‘18 “014
PKSIL=-PKSIL+PKHW

AKSIL=ALG10(~PKSIL)
PKF==1,8924¢403.6/TK+0 012#65‘TK
AKF=ALG10 (=-PKF)

CSILL==731./TK#1452

CSILS=ALGL1R(CSILL)

RATECT=zALG10 {AK=-EK/TK)

AKIN=ALGL1O (AKINC+AKINT/TK)

 DKIN=ALGLO (DKINC+DKINT/TK)

RKF1=ALGLO(CKFL14TKFL1/TK)
RKF2=ALG10 (CKF2+TKF2/TK) -
AKINP=AKIN**ALPHAK
CONTINUE

IF(FLC.EQ. FLCL.AND.T:MP.EQ.TEMPL) GC T0 14
. SI=SML-

- SRS1= SQRT(bI)
- .GSILFALGLOL =~ ADH*SRSI/(1-*#.‘BDH*>PSI))

14

GNA=ALG1G (0+4075#SI)*GSIL
GF==AD0H*SRSI/ (1,43, *BOH¥SKSI) +0.2%S1
GF=ALGLO(GF)

ANA=3INA*SML

CONTINUE

IF(CSIetcel0) ALPSIL-1./(1.*AH'GSIL/AKSIL)
IF(CSI.LE.C.) GO TO 1

ALPSIL=CSI/CSIL
AH=AKSIL/GSIL*(1./ALPSIL=1,)

PH=-ALOGLJ (AH)

CONTINUE
ALPF=1e/(1+AH*GF/AKF)

PHN=PH+ALOG10 (ANA/0069)

CALL PHF

RATEKF= TOTF'(RKFI‘(1--ALPF)+QKF2’ALPF)
RATEK=RATEKT*(FPH+RATEKF)

COhTINUE

SRA= bILICSILS‘(l.-ALPSIL)
GAMZ=GAMC+GAMT*TC

. DGAMQ= -ALNIO‘DQS*TKB*FINT

GAMMA=GAMZ+DGAMQ
SCR-=XP(3.036031’PHI*SML)

.SRR=SRA*3CR

SRRL=ALOG (SRR)

SRAL=ALCB(SRA)
FKINL=2.*GAMMA/(DENSN*TKS) |
IF(SRASLT+AKIN) RCF=RATEK*EXP (ALPHAK*SRAL)
IF(SRALLTSAKIN) GO TO 7
RCFA=RATcK*AKINP ,
ORCFA=RCFA*ALPHAK/AKIN

DIF=SRA-AKIN

RCF=DRCFA*DIF+RCFA

CONTINUE :

ROEPF=zRCF¥(1e=14/SRR)

IF(SRR.LT.].-) RCF=0.

IF(SRReLTs14) RDEFF=RATEK¥OKIN*(SRR=14)
RCFN=RCF/UMASS

IF(KRGC.,GT.0) GO TO 15

IF(SRR«GT+14) GO TO 2

RNUC=0.

ANUC=0.

ANNUC=(.,

ZLD=].

QT=0.

n
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RANUS=0.

TAUC=C .

RETURN

CONTINUE
RNUC= FK INL/SRRL
ANUC= 4. *PI*RNUC*RNUC SRS L hew LT L0 L g
FNCAP=ANUC*GAMMA/3e LTS B S D R
QCAP=EXP{=-FNCAP/TKB) S T RISt

ANNUC=PI4/3.*DENSN¥RNUC**3

ZLD=3 4/ (PIL*DENSN*ANNUC*ANNUC)
ZLD=24+/3.*EXP(ALOG(ZLD)/3.)
ZLD=ZLD*SQRT (GAMMA/TKB)

" CN=RCFN*ANUC

QT=QLP¥QCAP Pl

RANUC=ZLD*QT*CN

TAUC=1./7(4*CN*ZLD*2ZLD)

RETURN o

CONTINUE

KBASE=300* (KRGC=1)

FCR=FLC/FLCL

DELDZINS=DELTC/DENSM

CAREA=],

D0 & K=1¢NCLC

CR=CLRV(K)

IF(CQ.CQ-Q.’ GO TO “

K1=K+30G

K2=K+600

FORL=FKINL/CR

CLD=RDEPF ' ' : -
IF(FORL«GT4SRRL) CLDO=RATEK*DKIN*(SRR=E XP(FORL))
CLO=CLO*DELDENS S AR T T
CLOV(K+KBASE)=CLD -

CLN=CLNVI(K)*FCR

DCSIL=DCSIL=PI4L*CLN*CLO*DENSM*CR¥CR
CAREA=CAREA+PIL*CLN*CR¥*CR

IF(KRGC.NE«1) GO TO 10

CLRVIK11=CR

CLRV(K)= CR+0-5'CLDV(K)

CONTINUE

IF(K%GC-LQ-Z) CLRVIK) = CLRV(Kl)*RKZl'CLDV(K!fR(ZZ‘CLDV(Kl)
IF(KRGCEQ3) CLRV(KD-CLRV(Ki)fRKBI‘CLDV(Kl)*QKSZ’CLDV(KZL

IF(KGCaNzo4) GO TO &

SuUM= CLDV(K)tRKQl*CLDV(Ki)*RKQZ‘CLDV(KZ’*CLDV((*900)
CLRV(K)-CLRV(Kl)*SUM/B-;H< -

CLNV(K)=CLN : e

CONTINUE :

IF(KRGCeEGetl) FLCL fLC

RETURN

END ‘

SUBROUTINE PHF

COMMON /Ph/ PHoPHL¢PHNyPHNLyAHyFPH, FINT.DQ:.D:AHQ.FF
OATA PHL, PHNL/2%0 4/ '

ALGLO (XX)=EXP(2.,302585093%XX)
IF(PINCEQ.PHNLANDePH«EQePHL) RETURN
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PHL=PH
PHNL=PHN
Y =PH
00 3 K=1,2
X=¥Y=7.6
IF(XeGT e1.12915) X=2,2563-X
IF(XeGTe-1463) GO TO 1

FPH=ALG14 (X)
FINT=ALOG10(1.46.2%FPH)/6.2

 FPH=FPH/ (1. +6.2%FPH)

GO TJ &
CONTINUE
ARG=1.+ALGL0(X/2.113)

FPH--X/(%-6538*X‘(1.7901*4.1811'X))

FPH=K=2, 113‘ALOGLO(ARG)+FPH
FPH=ALG10 (FPH)
FINT==0475920440:58993%X=0+411292%X*X
FINT=ALGLC (FINT)

CONTINUE

IF(YeLTe8472915) GO TO 2

FPH 1-'FPH

FINT=FINT+Y~-8,72915

CONTINUE

FPH=FPn/i.11891321

IF(K.GT.1) GO TO 3

FINTF=FINT

FPHF=FPH

Y=PHN

CONTINUE
FPH=FF*FPHF + (Lo =FF ) *F PH
FINT=FF*FINTF+(1. ~FF) *FINT
RETURN .

END

SUBRJUTINE HATER

COMMON /WHATER/ D-NSq-PSDvADH’BDHoFKN;TK,ALNT,TKB

OIMENSION ADV(6)

PKW=34.9734*ALNT=(+097611%TK=60 64522

PKW=PKW#(3,1286E4k-2, 17087‘6/TK)/TK
PKW==PKHW

TC=TK=273.15
TCAi=0.01+TC
IF(TG.G‘.lSO’ GO TO 11
ADV(1)=0.9998396
ADV(2)=13.2248442 -1
ADV(3)==7.922210E-2
ADV(4)=-55.4484L6E~3
ABVI(5)=1i49, 7562E~4%
ADV(6)==39342952E~5
BD=13.159725¢E~1

GO TJ 13

CONTINUE:. .

ADV(L)= 1.007788 ,
ADV(2)=~-1,52729E~2

- ADV(3)==4¢33281E-2
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15

i6

ADV(s)=
AOV(5)=
ADV{(3)
B0=0.

=243~

1.22917€E-2
«2434375E-3

=2.6E~11

CONTINUE
SuM=aDvie)
DO 14 K=1,5

KK=6-K

SUM=ADV (KK) #SUM*TCA
CONTINUE
DENS=SUM/(1.+BC*TCA)
IF(TC.LT«10GC) GO TO 15
SUM=3,398E=4-1,410E-6*TC

SUM=z==0.

‘40008 ¢SUM*TC

EPSD=87.7404+SUM*TC

GO 1) 16

CONTINUE
SUM=0.14172-2-0,8292: -6*TK
SUM=z«(69297 +SUM*TK

EP30:= 5321./TK+233 764 SUM¥TK
CONTINUC

TEPSD=TK*EPSD
SQRTE=SQRT(TEPSD)

SQRDZIN=

SQRT (DE NS)

ADH=1.82483E6%SQROEN/ (TEPSD*SARTE)
BOH=5042916%SQARDEN/SQRTE

RETURN
END

SUBRJUTINE SPECIFY

COMMON
COMMON
CGMMON
COMMON
COMMON
C OMMON
COMMIN
COMMON
COMMON
COMMON

/CLVAR/ CLDV(iZUU’QCLHV(300)9CLNV(3UU’OCL{V(6UU,1NCLC’OCSIL
JCVALS/ PIL4PIt ¢ DENSNyDENSMyUMASSsCK34ALNLOsAVNGS ILMH

/PH/ PHy PHL'PHN.PHNL,AH'FPH,FINT,DQS;D:AMQ'FF :

/SALT/ PHIQSML'SNLIvGNA,ANA,AKSIL'ALPSIL'SCR9$SILQGH
/5ILBUF/ CSILCSII 2 '
/SILKF/ TOTFI,TOTF;PKF RKF1'RKFZQALPF,RATEKFQRATEKT'GF
/SPECIN/ TSPECOTEMP,TEMPL'FLASH'GLAS"lFLb'FLCL R
/5PECPAR/ NREF ¢y ICALLI1412,T1,72

/SPECS/ TREFV(sﬂ’QFLASPRV(SG"TEMPRV(SU)QPHRV(50’ :
/START/ SILIN,SILOUTQICXQINX TSTART,TAJCS f'  L

ALGL10(X)=EXP(ALNLO*X)
ICALL=ICALL¢#Y
IF(SMLIGT«04) GO TO 7
SMLI==SMLI . :
SMLR=SMLI .

DO & K=

1,3

PHIVLE (164 0+2.153%SQRT(SMLI) 1% 0, 001
CRF=140037(1¢=PHIVL*SMLRK)
SMLI=SMLR*CRF.

CONTINUE

SILIN=SILIN*CRF

SILOJT=

SiLOUT*CRF

CSIi1=CSIi*CRF
TOTFI=TOT FI*CRF

IF(NZLC.EQ.0) so fb 7

+
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DO 2 K=14NCLC

CLNV(K) =CLNV (K) *CRF

CONTINUE

CONTINUE

TFNREF +GTo1) GO TO 6
IF(ICALL.G6T.2) RETURN
IF(ICALL.EQ.1) GO TO &

TEMPL=TENP

RETURN

 CONTINUE

TEMP=TEMPRV (1)
TEMPL==13004
PH=zPARV (1)
FLASHA=FLASHRV (1)
GLASI=0.
FLC=1./(1.=-FLASH)
FLCL=FLC
SML=SMLI*FLC
TOTF=TOTFI¥*FLC
CSI=ZSII*FLC
AH=A_GL10{(~-PH)
RETURN

CONTINUE
IF(ICALL.GT.1) GO TO 9
TEMPz-1000, ‘
I1=p

12=1

T2=-1¢c10

FLCLzl .

CONTINUE
CONTINUE
IF(T;P:C.LT.TZ) 60 T0 3
I1=I1+4

I2=12¢1
T1=TREFV(IYL)
T2=TREFV(I2)

G0 T3 1

_CONTINUE ...

TEMPL=TEMP :

TFAC=(TSP:C~ Till(TZ-Ti) :
TEMP-T;MDRV(Il)*(TEMPRV(IZ)-TEMPRV(II)D’TFAC
PH=PARV(I1) ¢ (PHRV (I2) =PHRV(IL1))*TFAC

FLASH= FLASHRV(Ii)+(FLASHRV(IZ)-FLASHRV(II))‘TFAC
GLASA= (FLASHPV(IZ)-FLASHRV(Ii))I(TZ‘Tl)
FLC=1e/(1le=FLASH)

GLASH=GLASH*FLC

SML=SMLI*FLC

TOTF=TOTFI*FLC

CSI=CSII*FLC

AHz=ALG10{=PH)

RETURN

END

SUBRJUTINE OUTPUT
LGGICAL LTHysLTD,LNSC



" COMMIN
~ COMMON

“ < COMMON

CCMMIN

CCMMIN
COMMON

 COMMON

- "COMMON

COMMON
COMMON
COMMON

© COMMON'

COMMON
COMMIN ~
COMMON "
CGMMON

CTSPEC=
_KPN=KS

CUUTPN=TS

CALL 3

S oesiL=C

13

KRGC=0

CALL S
PRINT

PKSI.=
PRINT
PRINT
PRINT
PEINT
PRINT
PRINT
PRINT
IF(ICX
SUMN=D
SUMR=0
CAREA=
AMC=J .
Do 13
CR=CLR
CLN=2L
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"/CALCSIL/ CSILV(S)'CFIN(3a3)yTCV(B)gCSFV(S) SRR SRS
/CLVAR/ CLDV(iZOD’gCLHV(3ﬂDl,CLNV(SDO)yCLQV(&OG)thL00DCSIL
/CVALS/ PI,PIkyDENSNsDENSMUMASSsCK34ALN1LO, AVN;SILMH
/GAMMA/ GAMC.GAMTgGAMZ,GAMMA:CAREA
/KINCON/ HCMAsHCMI4TCMA, EP‘ILvEPRvKRuC’IH&XvRLIMvICCL'RRHN
/NUCL/ FNCAPqZLUoCN’QCAPolT RNUC, ANNUC, TAUC+RANUCQLP
/PH/ PHgPHL9PhNgPHNLqAHqFPHQFINT'DQSQDSAMQ!FF7fﬁnﬁ‘
/PRINOUT/Z NDPyDYPy TPNeKPNy IPRyIPRZ4TCP4CLP, KLP;CDP.KDP
/3ALT/ PHI’SML.SMLI.GNA,ANA,AKSILyALPSIL'SCRoGSIL.GH
/3ILBUF/ CSISCSII- :
/SILKF/ TOTFI.TOTF:PKF;RKF1,RKFZ.ALPF’RAT:KFoRATEKT.GF
75ILKIN/RATEKyRCFyROEPFyFK INLsCSILS,SRA, SRR.CLAST AKIN;DKIN
/SPECIN/ TSPECoTEHP.TEMPL;FLASH,GLASﬁvFLC'FLCL
/3TART/Z SIULINy SILOUTsICKeINXsTSTARTSZTAUCS &
ISTEPS/ KSTPyTHL4DELTC ¢DEL THeLTHsLTDyLNSC
INATER/ DENavEPSDsADH'BDHoPKWvTKvALNT:T(B ‘
TCviL) < : ,
TPENDP -
PEC+DTP SRS s L T BT
PECIFY . R Coos e
SILV(l' : R R T R

ILKIN(CSIL)

1028

-ALUG10CAKSIL)

CekSTPTSPECy TEMPyPHsFLASHyGLASHSCSILsFLC
22eSMLSCRyANAy PHNyFPH, FINT

39G0AMZ9GAMMA, DQS+AKINYOKIN

234 TOTFALPFyRKF1yRKF2yRATZKF4RATEKT

24y PKHy PKSILQPKF’GQIL'GFQGWAQEPSD'DEND'ADHQBDH
weSILSyALPSILyCSIySRAsSRReRATEKsRDEPFFKINL
59RNUCANNUC s ZLD+CNQLP4QTy RANUCTAUC

QEQOO’ GO TO 1 :

Us

K=14yNCLC
Vi)

NVIK)

SUMN=SUMN#CLN
SUMR=SUMR+CLN*CR |
CAREA=CAREA+PI4*CR*CR*CLN

AMC=AM

C+CLMV (K)

CONTINUE
RCAV= SUMR/SUMN
ACiVz=CARE &/ SUMN

CMAV=A
AMT=S1
AMTC=C
DELM=A
PRINT

MC/SUMN

LIN*FLC :

SIL+AMC !
MTC~=AMT - ‘
141NCLLvSUNN'CAREA’RCAVoﬂCAVvCMAV

DELM=DcLM/AMT*100.

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
CONTIN

" PRINT

21+AMCsCSILWAMTCoAMT, DELM
16+ (CLNV(K) 4K=14NCLC)

12

174+ (CLRY(K) yK=1 ¢ NCLC)

12

lav(CLHV(K’oK 1+NCLC)

12

LE

104
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2 FORMAT (¥ KSTEP z*,I543Xs*TSPECHTEMP¢PH 3"1P:12-400PF3o2cF7 ZQZXQ
T L #FLASHYGLASH =%9F8 el 9y APEL12eL4 93Xy *CSIL =% 0PFBe koI Xy *FLC =%4FB 44/)
3 FORMAT (* GANZ,GANNA =X ZFGQZQZXQ.DQS =¥ 1Pb10.3,2x.‘AKIN¢0KIN =¥,
1 0P2F7.37) L
& FORMAT (* CSILSQALPSILQCSI""3F7Q#QZXQ‘SRA|SRR “’ZF&Q“'ZX’ "
1 *RATEKIRDEPF =*91P2E 124 33Xy ¥ FKINL =%*41PEL12.47).
S FORMIT(® RNUCJANNULC =*,31P2C 10, 342X *ZLOsCN =%1P2210a342Xs
‘1 *QLP QT =%y 1P2E10¢3912Xs¥RANIC =% 41PE10e342Xs*TAUC =%*,1PE10.3/)
12 FORMAT (/) T : : - AR
14 FORMAT(* NCLC =%,1I5,*% TOTAL NO.sAREA ’¥’1P2511-5v : v -
1% AVERWRAD.sAREAJMASS =*41P3E12:4/) -
;16 FORMAT(* NUMBER OF PARTICLES IN-EACH. CL“SS‘//30(1XQ1P10E13.9/).
17 FORMAT(* PARTICLE RADII¥*//30(1X+1P10E13.5/)) o . -
18 FORMAT(* TOTAL MASS IN EACH CLASS*//30(1Xe1P10EL3. 5/)’
21 FORMAT(* COLL MASSsDISeSILe =*32F 8atis3IXy*SUM =*9FBatle3Xy
1*¥SHOJLD 8E 3"F80“|3X"PERCENT DIFe =%4F8ek/).
22 FORMAT(* SALT MOLALITY+SOL.CORRSFACTOR —*'1P512.4g0PF8.h,3X,
1 *S0De ACT. =¥ 4iPE1304e3X9*PHNsFPHsFINT =%,0P3F8.4/)
23 FORMAT(® TOTF ALPF =% g1PE10e 39 0PFB k92X ¢ *RKFL 4RKF 2. "!1?251003'
1 2X+*RATEKF ¢RATEKT =%,1P2E10.3/) ‘ o :
24 FORMAT(* PKWsPKSILePKF =%43F7+.392Xs ¥GSILyGFsONA =% 43F7ehe2Xs
1 *EPSDyDENS =¥4Fb+2sF 7alt92Xs*ADH,BDR "gZF?o“/’ : :
100 FORMAT(/71X426{*22222%)/7/)
RETURN
END
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