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The polymerization of s i l i c ic  ac id  i n  geothermal br ine- l ike aqueous 
1 

so lu t ions  t o  produce amorphous s i l ica  i n  co l lo ida l  form has been s tudied 

c experimentally and theo re t i ca l ly .  

t a l  data has been generated aver t he  temperature range 23 t o  100°CI 
A l a r g e  amount of high q u a l i t y  experimen- 

Wide 
ranges of dissolved s i l ica  concentrat ion,  pH, and sodium chlor ide  concentra- 

t i o n  were covered. 
.I 

The c a t a l y t i c  e f f e c t s  of f l uo r ide  and t h e  reac t ion  - 

i nh ib i t i ng  e f f e c t s  of aluminum and boron were studied a l so .  Two bas ic  
Drocesses have been sepa ra t e ly  s tudied:  the ' formation of new c o l l o i d a l  

particles by t h e  homogeneous nuc lea t ion  process and t h e  depos i t ion  of dis- 
solved s i l ica  on pre-existing c o l l o i d a l  particles. 

A r igorous theory of t he  forna t ion  of c o l l o i d a l  p a r t i c l e s  of amorphous - 

s i l i c a  by homogeneous nuc lea t ion  was developed. This theory employs t h e  
Lothe-Pound formalism, and is embodied I n  the  computer code SILNUC which 

a u a n t i t a t i v e l y  models t he  homogeneous nucleat ion and growth of c o l l o i d a l  

s i l i ca  particles i n  more than enough d e t a i l  f o r  p r a c t i c a l  appl icat ion.  The 
theory and code were extensively used i n  planning the  experimental work and 

analyzing t h e  da ta  produced. 

f i n a l  form. 

wi th in  experimental error. 

The code is now complete and running i n  i ts  
It is capable of reproducing mbst of the  experimental r e s u l t s  to  

It is a l s o  capable of ex t rapola t ion  t o  experimen- 

. 
temperature and pK, etc. 

work reported here  is probably t h e  most extensive and de ta i l ed  app l i ca t ion  of 
Aside from i ts  practical u t i l i t y ,  t h e  t h e o r e t i c a l  

homogeneous nucleat ion theory t o  a real physical  system t o  date .  

The l i t e r a t u r e  on aspects of the  chemistry of amorphous silica t h a t  were . 
not d i r e c t l y  s tud ied  by us has been extensively reviewed. 

both fundamental chemical p rope r t i e s  and t h e  p r a c t i c a l  'experience gained 

working with geothermal b r ines  throughout the  world. 

This review covers 
c 
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ki ONE - INTRODUCTION 

S1.1 The Scope of t h i s  Report 

L 

e c i p i t a t i o n  of c o l l o i d a l  amorphous si l ica from b r ines  and t h e  

of amorphous silica scale cause se r ious  p r a c t i c a l  problems in a * 
8 

t geothermal resource areas. Unfortunately, it is i n  
prec i se ly  those  geothermal resource areas whose b r ines  are h o t t e r  and, 

u i t a b l e  f o r  power genera t ion  that the  g r e a t e s t  problems 

ling and p r e c i p i t a t i o n  are encountered. These resource 

1- 

8 

areas inc lude  Niland and the  Baca si te in the United S t a t e s ,  Cerro P r i e t o  and 

n Mexico, and Wairakei and Broadlands in New Zealand. ' 

I - ....-* 
Complex chemical processes are involved in t h e  p r e c i p i t a t i o n  of amorphous 

s i l i c a  from geothermal br ines .  

on s o l i d  surf  aces molecule by molecule ("molecular deposition") , t h e  formation 

of c o l l o i d a l  amorpho 

nuclea t ion ,  t h e  growth of c o l l o i d a l  s i l ica p a r t i c l e s  by f u r t h e r  molecular. 

depos i t ion  of d i sso lved  s i l ica  upon them, t h e  f loccu la t ion  ora coagulation of 

c o l l o i d a l  s i l ica by e l e c t r o l y t e s ,  i ts  adhesion t o  s o l i d  su r faces ,  and t h e  

cementation of t hese  depos i t s  t o  form s o l i d  s i l ica  scale. That t h i s  list 
inc ludes  unsolved g e n e r i c  problems in physical 'chemistry sugges ts  t h e  magni- 

tude  of t h e  t a sk  of properly describing and p red ic t ing  t h e  p r e c i p i t a t i o n  of . 
amorphous 6111 from geothermal brines.  

c i p i t a t i o n  of near  

These include the  depos i t ion  of -dissolved s i l ica  

s i l ica  p a r t i c l e s  by homogeneous nuc lea t ion ,  heterogeneous 

I 

I 

Fortunately,  in m o s t  of the high temperature resource areas the pre- 

sil ica formed by homogeneous 

0 are Blso commonly 
I 

Therefore, t h e  major p r a c t  sed by studying t h e  
c 
t 

fto r des c r i b  ing 

geothermal b r ines  i e w  of t h e  l i t e r a t u r e  

r e v i e w  is presented i n  
Chapter 2 of t h i s  r epor t  
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L4 The most important processes are the  formation of c o l l o i d a l  s i l i c a  

particles by homogeneous nucleat ion and t h e i r  f u r t h e r  growth by t h e  molecular 

deposi t ion of dissolved s i l ica  upon them. These two process were extensively 

s tudied both experimentally and theo re t i ca l ly .  

i n  Chapter 3. 

quan t i t a t ive  pred ic t ions  t o  be made throughout most of t he  range of /physical  

condi t ions of p r a c t i c a l  interest .  This predic t ive  c a p a b i l i t y  is-embodied i n  c 

t he  computer code SILNUC which is documented i n  Chapter 6 of t h i  

These s tud ie s  are reported 

They were successful ,  and the  results obtained al low meaningful 
1 

* 

Practical experience gained i n  working with si l ica r i c h  geothermal 

br ines  i n  var ious  geothermal f i e l d s  throughout the  world is  reviewed i n  

Chapters 4 and 5 .  Chapter 4 focuses on the  important problem of removal of 

amorphous si l ica from geothermal br ines  p r i o r  t o  re in jec t ion .  

cusses the  problem of treatment of geothermal b r ine  from a genera l  perspective.  

Chapter 5 dis-  

- The mechanism of formation,of s o l i d  s i l ica  scale is discussed i n  Chapter 4. 
The basic p r inc ip l e s  and phenomenology of t he  f loccu la t ion  and coagulation of 

c o l l o i d a l  s i l ica  are discussed i n  Chapter 2, and the  p r a c t i c a l  aspects of 

t h i s  subjec t  as they apply t o  p re in j ec t ion  b r ines  treatment are discussed i n  

Chapter 4. 
:(Weres e t  al., 1980). . 

Our o r i g i n a l  work i n  these areas is presented i n  a sepa ra t e  r epor t  

This repor t  is an anthology r a the r  than a u n i t a r y  work. 

Chapters were wr i t t en  separa te ly  and may be read separa te ly .  

excerpted from a longer paper t h a t  was  presented by 0.  Weres and J.A. Apps a t  

Recent Trends i n  Hydrogeology - A Symposium Honorinn Paul A. Witherspoon on 

Its var ious  

Chapter 4 is  

h i s  S i x t i e t h  Birthday, which was  held a t  the  Lawrence Berkeley Laboratory, 

February 8 and 9, 1979. 
i n  book form i n  the  near fu ture .  

paper at  the Electric Power Research I n s t i t u t e ' s  Third Geothermal Conference 

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

paper has its own repor t  number, LBL-9249, and w i l l  soon appear as p a r t  of 

t he  published proceedings of t h a t  conference. 

have not been presented or  published elsewhere, they d i f f e r  i n  form and 

content ,  and each may be read almost independently of t he  o the r s  as w e l l .  

s m a l l  amount of redundant material has  been allowed t o  remain i n  order  t o  

preserve the  separa te  r eadab i l i t y  of t he  var ious  Chapters. 

The proceedings of t h i s  Symposium w i l l  be published 

Chapter 5 was o r i g i n a l l y  presented as a 

Although Chapters 2, 3 &d 6 

A 

crr 

. 
1 
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CHAPTER TWO - TOPICS I N  THE AQUEOUS CHEMISTRY OF AMORPHOUS SILICA: A REVIEW 

AND SYNTHESIS OF THE LITERATURE 

S2.1 Introduct ion 

T h i s  Chapter  i s  a rev iew of t h e  l i t e r a t u r e  on t h o s e  b a s i c  chemica l  

proper t ies  of amorphous s i l ica  which may be re levant  t o  its chemical behavior 

i n  geothermal br ines  and brine-like solut ions.  This review was executed 

p r i o r  t o  the  s tar t  of experimental work and contr ibuted t o  i ts  planning.> 

Port ions of i t .were  later revised i n ' l i g h t  of t he  new data.  Other port ions 

t h a t  were rendered obsolete  by our own work have been completely dropped. 

The reader  i s  reassured that the  major gaps i n  t h i s  review have been f i l l e d  

by our  own work. 

It appears t h a t  under most condi t ions si l ica p r e c i p i t a t e s  as r e l a t i v e l y  

pure amorphous silica. The scope of t h i s  review, as w e l l  as t h a t  of our own 

work, was r e s t r i c t e d  accordingly. 

aqueous phase cons i s t s  of the  following s teps:  

1) 
2) 

The process of amorphous s i l ica  p rec ip i t a t ion  from supersaturated bulk 

Formation of sil'ica polymers of less than cr i t ical  nucleus s ize .  

Nucleation of an amorphous si l ica phase (from here  on simply AS) i n  t he  

form of c o l l o i d a l  pa r t i c l e s .  

Growth of the  s u p e r c r i t i c a l  AS p a r t i c l e s  by f u r t h e r  chemical deposi t ion 

of s i l i c i c  acid on t h e i r  surfaces.  

3) 

4) Coagulation o r  f loccu la t ion  of c o l l o i d a l  p a r t i c l e s  t o  give e i t h e r  a pre- 

c i p i t a t e  o r  a semisolid material. 

Cementation of t he  p a r t i c l e s  i n  the  depos i t  by chemical bonding and fur-  

t he r  deposi t ion of si l ica between them. 

Rarely, growth of a secondary phase i n  the  i n t e r s t i c e s  between the  AS 

p a r t i c l e s  . 
When a s o l i d  sur face  i s  present ,  a l aye r  of amorphous s i l ica  forms on i t ,  

and f u r t h e r  deposi t ion may proceed as s t ep  3) alone. I f  an  AS c o l l o i d  i s  

present  i n  the  medium, the  p a r t i c l e s  may adhere t o  the  sur face  i n  analogy t o  

s t e p s  4) and 5 ) ,  and s t e p  6) may follow. 

5 )  

6) 

Loi 

. 
. =  

c 
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Our o r i g i n a l  work cons is ted  of an exhaustive q u a n t i t a t i v e  experimental 
There i s - v e r y  . l i t t l e  Information 

hi 
and t h e o r e t i c a l  study of s t e p s  2) and 3). 
of t h i s  s o r t  a v a i l a b l e  I n  the l i t e r a t u r e .  Therefore, t he  dis 
these processes i n  t h i s  review is, perforce,  

and emphasizes the q u a l i t a t i v e , a s p e c t s  of t hes  

t i t a t i v e  sense) informatfon about s t e p s  1) and 4) th;at is a 

l i t e r a t u r e  has been reviewed and discussed i n  d e t a i l .  

* 

0 

On t h e  o the r  hand, t h e  ex tens ive  and o f t e  

have access otherwise. 

i n  what might otherwise be major gaps i n  

IV and V o f . t h i s  repor t .  

* 

i 

* 

equi l ibr ium s o l u b i l i t y  of A 
' I  

bid 
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log co -731lW1.52 (2.2.1) 

(Fournier and Rowe, 1977) 
Up t o  about 22OoC, t he  s o l u b i l i t y  of quartz  i s  given by the  equation . 

log  co = -1160/T+1.93 (2 02.2) 
. L  

(An empirical  f i t  t o  da ta  co l lec ted  i n  an unpublished l i t e r a t u r e  search 

by S. Cosner and J.A. Apps of t h i s  Laboratory.) 

A t  higher temperatures the  s o l u b i l i t y  of both forms drops below these  

curves because of t he  decreasing dens i ty  and solvent  power of water. The 

s o l u b i l i t y  r e a c h e s  a maximum a t  about  34OOC and t h e n  r a p i d l y  d e c r e a s e s  

as the  cr i t ical  point of w a t e r  is approached. 

The f a c t  t h a t  quartz  s o l u b i l i t y  con t ro l s  i n i t i a l  s i l ica  concentrat ion 

i n  br ines  while AS p r e c i p i t a t e s  g r e a t l y  reduces the  incidence and rate of 

prec ip i ta t ion .  For example, a low s a l i n i t y  br ine  sa tura ted  with quartz  a t  

22OOC does not  become supersaturated with AS u n t i l  the  temperature drops t o  

below about 100°C. Between 100°C and 22OoC the  only s i l ica  p r e c i p i t a t i o n  t o  

be expected is a slow and very l i k e l y  k i n e t i c a l l y  i n s i g n i f i c a n t  growth of 

quar tz  on some surfaces .  Even below 100°C t he  p r e c i p i t a t i o n  of s i l i ca  w i l l  

be l imi ted  t o  slow and, again,  probably in s ign i f i can t  molecular depos i t ion  of 

AS on s o l i d  surfaces.  

However, i f  the  temperature is low enough and, thereby, the  degree of 

supersa tura t ion  g r e a t  enough, homogeneous nucleat ion w i l l  occur. Available 

evidence (Harvey - e t  -', a1 1976; Midkiff and Foyt, 1976, 1977) suggests  that 

a sa tu ra t ion  r a t i o  of about two is  required f o r  homogeneous nucleat ion t o  

occur. I n  our example, t h i s  value w i l l  be reached when the  b r ine  is  cooled t o  

about 5OoC. However, a t  temperatures t h i s  low the  rate of p r e c i p i t a t i o n  i s  

slow and t h i s  w i l l  delay p r e c i p i t a t i o n  although c e r t a i n l y  not  prevent i t  . 
I n  general ,  we a n t i c i p a t e  t h a t  s i l ica  p rec ip i t a t ion  w i l l  be a s i g n i f i c a n t  

problem only with br ines  of i n i t i a l  temperature above about 2OOOC. This 

seems t o  be borne out  by ava i l ab le  f i e l d  experience. 
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bi 2.1 

Solubility of Amorphous Silica and Quartz i n  Pure Water 

t z  

220 493.15 1091 

,. 513.15 1246 240 ~ ~ " . ,  
260 533.15 
280 553.15 

300 573.15 
L 32 0 

37 8 

446 

506 
54 1 

597 

652 

c Amorphous s i l i c  

Van Lier, DeBruyn and 

was generated by S. 

trr' 
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JCP'' 
The salts i n  the  b r ine  a l s o  e f f e c t  t he  s o l u b i l i t y  of silica. Using 

t h e o r e t i c a l  methods, we have demonstrated that t h i s  e f f e c t  i s  approximately 

described by the  equation 

where 

co(m)  = the  s o l u b i l i t y  of silica- i n  the  b r ine  so lu t ion ,  

m = t he  concentration of dissolved salt i n  the  s o l u t i o n  i n  moles per 

kg of water, 

a, = the  a c t i v i t y  of water under the given conditions,  
co(0) = the  s o l u b i l i t y  i n  pure water at the  same temperature and 

pressure. 

This equation i s  probably accu ra t e  enough f o r  a l l  p r a c t i c a l  purposes 

when most of t h e  ions i n  t h e  s o l u t i o n  are univalent,  as i s  almost always t h e  

case wi th  geothermal brines. (Niland i s  the one major exception t o  this . )  

The de r iva t ion  of (2 .2 .3 )  is  presented i n  Chapter 111 of t h i s  repor t .  

The a c t i v i t y  of water h a s  been e x p e r i m e n t a l l y  de te rmined  f o r  many 

s o l u t i o n  compositions. For a s o l u t i o n  containing one dissolved s a l t ,  i t  i s  
given by the equation: 

I n  a, = - 0.018 .V m 4 

where 

(2 .2 .4 )  

v = t he  number of ions per mole of sa l t  (2 f o r  NaC1)  

4 = the  p r a c t i c a l  osmotic c o e f f i c i e n t  

I n  t h e  case of sodium and potassium chlor ide  s o l u t i o  

c o e f f i c i e n t  is between 0.9 and 1.0 over a l a r g e  range of 

concentration. 
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The s o l u b i l i t i e s  of quartz a t  30ObC and of quartz and AS a t  100°C i n  

NaCl solut ions of various concentrations are presented i n  Table 2.2. The 

effect  of the n t ra t ions  UP t o  1 molal, but is  a l t  i s  seen t o  be minor a t  co 

c l e a r l y  important a t  6 molal. The e f f e c t  i s  smaller a t  the higher temperature 

than a t  the  lower. This means that t h e  sa tura t ion  r a t i o  w i l l  increase faster 
with f a l l i n g  temperature i n  br ine than 1n"pure water, and t h i s  incteases  t h e  

dr iving force f o r  prec ip i ta t ion  i n  the cooled brine. 

e f f e c t  i s  due t o  t h e  formation of o r t h o s i l i c a t e  ion 

second specie 

H has a major' e f f e c t  on si l ica s o l u b i l i t y  i n  the a lka l ine  range. This 

t h a t  s l l ica  may form when going i n t o  solution. The dissoci-  

a t i o n  reac t ion  is: 

Si(OH)4 + OH- ----+ SiO(0H)i + H20, 
. . ,  . .  ., . 

(2.2.5) 

I -  
? 

Busey and Mesmer (1977) give the following expression f o r  the corres- 

ponding concentration product , i n  NaCl solut ions of ionic .  s t rength  up 

log Q,, 2346.69 + 2*579791nT - 18.4014 

(2.2.6) + 0.0964146 I - 3.02800 E-7 I T 2  + 0.529703F(I)I 

+ 0.0157 $1 ' 

where 

- ion ic  s tength (same 

F(1) [ l  - (1+211'2 - 2 (2.2.7) 



-10- 

Table 2.2 

Solubi l i ty  of Amorphous S i l i c a  and Quartz 

Mola 1 i t y 

of NaCl 

0.0 
0.1 
0.5 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 

0.0 
0.1 
0.5 
1.0 
2.0 
3.0 
4.0 

5.0 
6.0 

T = 100°C 

Weight X of I 

% NaCl - 4 .  aw 

0 
0.58 
2.84 
5.52 
10 . 46 
14.92 
18.95 
22.61 
25 . 96 

1 1 
0.922 0.997 
0.913 0.984 
0.932 0.967 
0.985 0.932 
1.043 0.893 
1.101 0.853 
1.157 0.812 
1.208 0.770 

T - 300OC 
1 

0.816 
0.734 
0.705 
0.689 
0.693 
0.703 

0.7 15 
0.726 

1 
0.997 
0.987 
0.975 
0.952 
0.928 
0.904 
0.879 
0.855 

L. 

In NaCl Solutions 

* 

Solubi l i ty  Solubi l i ty  I 

of AS of Q 
(mg/kg H20) ( m g k  H2O) 

364 
363 
358 
35 2 
339 
325 
31 1 
29 6 
280 

66 
66 
65 
64 
62 
59 
56 
54 
51 

597 

595 
589 
582 
568 
554 
540 

’ 525 
510 

Values of 4 from Sylvester and Pi tzer  (1976). 
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, The f u n c t i o n ' F  (I) arises from TPitzer's (1973) theory of e l ec t ro ly t e  

. solut ions.  I n  (2.2.6), t h e  :value of the logarithm of Q11 varies s t rongly 

with temperature, but only moderately with ion ic  strength.  This equilibrium 
constant may be converted t o  t h a t  f o r  the equivalent react ion 

8 

(2.2.8) 

' t  

by combining it  with the  value-of the water ion  concentration product 

under the  same conditions. This may be calculated f o r  N a C l  so lu t ions  of up 

t o  3 molal concentration over the  te r a t u r e  range 0 t o  3OOOC using similar 

en by Busey and Mesmer (1976) i n  another paper. They a l s o  give 

Here we quote only t h e i r  formula f o r  the  disso- KC1 solut ions.  

c i a t i o n  equilibrium constant of water i n  N a C l  so 

log  Kw = 7611 T - 2170870 T-2 (2.2.9) 

-606 . 522 

a .  

For exampl3, a t  25% nd I =O.O. t h e  pKa of 'MSA is 9.82. Thus, a t  

pH = 8.50 the  s o l u b i l i t y  MSA under these conditions would be about 5% 

grea te r  than a t  a c i d i c  pH's. We conclude th  t h i s  e f f e c t  is of small quan- 

t i t a t i v e  s ignif icance under t y p i c a l  brine i t i o n s  as long as the pH is 
not above about 8,  but can become extremely important a t  higher pH values. 

(Note a l s o  t h a t  the pKa of MSA decreases with increasing temperature.) 
, 

MSA may release more than one proton t o  give anions of charge g rea t e r  
8 

than one. The second ioniza t ion  s t e p  is: 

* 

SiO(0H); -+ H+ + S i 0 2  (OH);- (2 . 2 . 10) 

Busey and Mesmer (1977) report  the PKa f o r  on i n  1 molal 

NaCl t o  be 12.32 a t  60% and 10.2 'at 30OOC. * the  values of 

pK, f o r  the  f i r s t  d i ssoc ia t ion  s t e p  under the same conditions a r e  about 8.9 



and 7.8, respectively. 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 

Dissolved silica is known to react with fluoride solutions to form the 
silicon hexafluoride ion: 

Si(OH)4 + 6F- + 4H+ - SiF% 4H20 (2.3.1) 

The equilibrium constant for this reaction is on the order of 1E30 at 
room temperature and moderate salinity (R. Busey, private communication). 
Typical concentrations of total F in geothermal brines are 5E-5 to 1E-3 
molal. It is easy to determine that this complexing reaction will have only 
negligible effects upon free F- and silica concentrations under the condi- 
tions of interest. 

Complexes with divalent cations may also be important. Santschi and 
Schindler (1974) studied the formation of magnesium and calcium complexes: 

M2+ + H SiO, -+ M(H3Si04) + 
3 

M2+ + 2H3SiOi - M(H3Si04)2 
, 

M2+ + H2SiOt--+ M(H2Si04) 

(2 . 3.2a) K1 

K2 (2 . 3.2b) 

where 

2+ M2+ = either Mg2+ or Ca 



Table 2.3 conta ins  the  r e s u l t s  they .obtained. It is  easy t o  determine 

t h a t  these  r eac t ions  w i l l  be important only a t  the very highest  calcium and 
magnesium concentrat ions encountered' in gedthermal Brines. ! f f i h d ,  cal- 

cium has been reported a t  concentrdtion's' 0 '  1 molal, but is much lower 

about 0.1 molal, and i s  t h a t  complexing by 

With 1 molal Ca2+, t f e c t  of the first complexing r e a c t i o n  w i l l  
be t o  approximately t r i p l e  the  t o t a l  amquat .of o r t h o s i l i c a t e  i on  i n  solut ion.  

Unmodified Niland b r ines  - both f lashed and unflashed - t y p i c a l l y  have a 

pH between 5 and 7 a t  room temp ThGs, the concentrat ion of both f r e e  

and calcium complexed silicate 116 i n  them i s  neg b l y  small. Flashed 

b r ine  i n  o the r  areas - notably East Mesa and Cerro P r i e t o  - may have a pH as 

. 
* elsewhere ( t y p i c a l l y  1E; nowhere higher than 

I magnesium i s  i n s i g n i f i c a n t  c ed t o  complexing by calcium. 

4 

* 
8 

5 

high a s  8.5,  but these  br ines  contain f a r  too l i t t l e  calcium and magnesium 
f o r  q u a n t i t a t i v e l y  s i g n i f i c a n t  complexing t o  occur. 

Niland b r ines  a l s o  conta in  up t o  .6Et2 .molal .d ivalent  i ron  and manganese, 

and up t o  2E-2 molal zinc.  o .si.li;cate ,complexing data seem t o  be a v a i l a b l e  

f o r  these  ions. However, Schindle e t  *al. ( 1 9 7 5 )  found, t h a t  t h e r e  is a%ood 

l i n e a r  c o r r e l a t i o n  between the  logarithms of the i o n  exchange c o e f f i c i e n t s  

of several d iva len t  ions  on the  AS sur face  and the  logarithms of their hydro- 

x ide  complexing coe f f i c i en t s .  As a f i r s t  guess, we may assume t h a t  such a 

l i n e a r  r e l a t i o n s h i p  holds  i n  t h i s  case also.  Combining the  da t a  i n  Table 2.3 

wi th  the  necessary OET complexing cons tan ts  from the  compilation of S i l l e n  

and Martell (1964)  allows us  t o  estimate the  needed values. For i r o n  we esti- 
mate l o g  K1 = 1.4 and f o r  manganese, l og  K1 = 1.1. 

The value f o r  z inc  i s  less certain but i s  probably roughly the same. 
I f  these  ions  were present  i n  f r e e  form i n  Niland br ine ,  they would have 
about t he  same small e f f e c t  a s  calcium on s i l i  so lub i l i t y .  However, they 

are probably s t rong ly  complexed by s u l f i d e  and l o r i d e  and l a r g e l y  unavail' 

a b l e  f o r  complexing wi th  silica. We conclude t h a t  complexing by d iva len t  

t r a n s i t i o n  metal ions  has no e f f e c t  on si l ica s o l u b i l i t y  even a t  Niland. 
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Table 2.3 

Complexing Constants of Mg2+ and Ca2+ with Monosilicate 

Ions at  25OC i n  1 M NaC104 

(From Santschi and Schindler, 1974) 

Mg2+ 

a 

P 
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w 
Reardon (1979) has s tudied  the  complexation of silica by f e r r i c  i r o n  

a t  low pH's and has shown it t o  be important below5about pH 2.5.. ,However, ' 

a t  higher pH's t h e  maximum concentrat ion of f e r r i c - i o n  i n  s o l u t i o n  ismarkedLy.  

reduced due t o  the  decreasing ' s o l u b i l i t y  o f .  i t s  hydroxide, and i tsL e f f e c t  .an 
the  

t i o n  of silica by ferric i r o n  is un l ike ly .  t o  be - p r a c t i c a l l y  important in 
* s o l u b i l i t y  of silica becomes unimportant. We conclude t h a t  the 'complexa- , - 

L . .  - geothermal b r ines  L - -  ' &  

i 

Complexing w i  novalent ions is probably very weak, and any quant i ta -  

t i v e  e f f e c t  c h a t  i t  may have is ace t e d  f o r  as p a r t  of t h e  e f f e c t  of 

s a l i n i t y  on the  d i s s b c i a t i o n  constant.  he concentrat ion of f r e e  t r i v a l e n t  

i ons  is almost always neg l ig ib ly  small because o f T  the  formation of hydroxide 

and o the r  complexes. 

. We conclude that complexing with o t h e r " b r i n e  cons t i t uen t s  has e s s e n t i a l l y  

e f f e c t  upon si l ica solubiXity.  * I n  the  case of low and moderate s a l i n i t y  

b r ines  t h i s  is' ce r t a in .  The pauci ty  of , d a t a  appl icable  _ t o  )Niland b r i n e s '  

and t h e i r  high s a l i n i t y  precludes c e r t a i n t y  in this case, but the  p robab i l i t y  

remains high. 

For a l l  p r a c t i c a l  purposes, we  can' say that the s o l u b i l i t y  o f , s i l i c a  

i n  geothermal br ines  is cont ro l led  mostly by temperature and osmotic pressure,  

while pH has a secondary e f f e c t .  

U 

0 

CJ 
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Consider a ( p a r t i a l )  l a y e r  of monosil icic a c i d  ( E A )  molecules condensed onto 

the  sur face  of a quar tz  c r y s t a l .  I f  t h i s  is t he  f i r s t  l a y e r  deposited on the  

bulk quartz,  i ts s t r u c t u r e  w i l l  s t rong ly  resemble t h a t  of quartz,  but w i l l  

a l s o  conta in  some "mistakes". I f  t h e  time scale f o r  t h e  depos i t ion  of addi- 

t i o n a l  molecules from s o l u t i o n  is comparable t o  that f o r  rearrangement t o  near  

pe r fec t  quar tz  s t r u c t u r e  o r  sho r t e r ,  these e r r o r s  w i l l  be "frozen in"  by being 

covered over by add i t iona l  l a y e r s  of f r e s h l y  condensed silica. The f i r s t  

l a y e r ' s  e r r o r s  w i l l  be propagated, and new ones added as more l a y e r s  are 
deposited. I f  t he  p r e c i p i t a t i n g  medium is supersaturated wi th  AS, t h e  u l t i -  

mate r e s u l t  w i l l  be an AS sur face  which advances by t h e  depos i t ion  of more AS 

upon it  from solution. 

Such a t r a n s i t i o n  from bulk quar tz  t o  amorphous silica has been demon- 
, s t r a t e d  i n .  t h e  labora tory  by Baumann (1970). He found that about t e n  mono- 

l a y e r s  are required t o  complete the  t r ans i t i on .  I f  t h e  medium is super- 

s a tu ra t ed  wi th  quar tz  but not with AS, t h e  depos i t ion  of.  s i l ica s t o p s  a t  

fewer than t e n  l aye r s .  The f i n a l  l aye r  deposited under such condi t ions  has 

a s o l u b i l i t y  equal t o  t h e  concent ra t ion  of MSA i n  t h e  medium. Its s t r u c t u r e  

is probably intermediate between those  of AS and quartz. 

Quartz does, of course, form i n  na ture ,  and the  formation of quar tz  

under ambient labora tory  condi t ions  has a l s o  been reported (MacKenzie and 

Gees, 1971). Baumann (1970) has suggested t h a t  t h e  depos i t ion  of qua r t z  from 

aqueous so lu t ion  involves an imperfect sur face  layer .  The rate determining 

s t e p  is probably the  conversion of t h e  sur face  l a y e r  s t r u c t u r e  t o  t h e  quar tz  

s t r u c t u r e ,  and t h i s  rate is probably con t ro l l ed  by t h e  rate of d i f f u s i o n  of 

s t r u c t u r a l  de fec t s  out of t h e  su r face  layer .  

There are a few r e p o r t s  of quar tz  depos i t ion  from geothermal b r ines  and 

brine-like so lu t ions .  Rothbaum and Rohde (1978) s tud ied  t h e  polymerization 

of s i l i ca  i n  v e r y  low s a l i n i t y  media a t  t e m p e r a t u r e s  up t o  1 8 O O C .  They 

found t h a t  a t  temperatures up t o  100°C the  dissolved si l ica concent ra t ion  

would f a l l  t o  s l i g h t l y  above the  equilibrium s o l u b i l i t y  of amorphous si l ica 
and s t a y  there.  A t  higher temperatures, it would f i r s t  f a l l  t o  that l e v e l  and 

then, and a f t e r  much longer aging, would f a l l  t o  s l i g h t l y  above the  equilibrium 

s o l u b i l i t y  of quartz.  However, quar tz  was not de tec ted  by X-ray d i f f r a c t i o n  

I n  t h e  p r e c i p i t a t e  that was formed. No i nd ica t ion  of quar tz  formation was 

observed a t  lower temperatures. 

(L 

* 

1.I 
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U 
Howard e t  al .  (1978) have reported the  formation of minor amounts of 

i c h  scale a t  120% i n  

geothermal br ine  a t  ’East Me 
temperatures down t o  100°C, but these occu 

* . t h e  incorpora t ion  of b r i n e  and a i rborne  rock - 
t h e  d e p o s i t i o n  

a from nominally s a l t - f r e e  . -  

quartz . su r f ace  w i l l  

xposed t o  a s o l u t i o n  which is 
ica from a medium which i s  

e medium may be supersa- 

the,dominant p r e c i p i t a t e  
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t o  a subs t an t i a l  s i m p l i f i c a t i o n  of our task ,  because i t  means that only t h e  

k i n e t i c s  of depos i t ion  on an AS su r face  need be considered. 

S2.6 The Surface S t ruc tu re  of hOrphOu6 S i l i c a  

The bulk structure of AS l i t t le  t€!Se~~bleS t h a t  of the var ious  c rys t a l -  

l i n e  forms, and ava i l ab le  evidence suggests that the  sur face  of AS does not  

resemble that of any of t he  c r y s t a l l i n e  forms. 

The d e f i d t i v e  work i n  t h i s  regard appears t o  be that of M. M. Egorow 

and h i s  coworkers a t  Moscow S t a t e  University.  (For a comprehensive German 
language review, see Egorow e t  al., 1966.) 

The most d i r e c t  information about the sur face  s t r u c t u r e  is t h a t  yielded 

by Kvlividze's  ( 1 9 6 4 )  NMR study of the sur face  s i l a n o l i c  protons of s i l ica  gel  

dr ied  i n  vacuum a t  200OC. Be w a s  a b l e  t o  f i t  the  proton s i g n a l  wi th  t h r e e  

Gaussian d i s t r i b u t i o n s ,  each of which he assigned t o  a d i f f e r e n t  type of 
s i l a n o l  group. 

The narrowest peak wa6 assigned t o  i s o l a t e d  s i l a n o l s  whose nea res t  neigh- 

bour protons l i e  about 5.2 t o  5.4 & away. 

group must be the  only one at tached t o  i t s  s i l i c o n  atom, i.e., a " t e r t i a r y  

s i lanol" .  

2.6 d apar t .  It was not  poss ib le  t o  determine whether these  s i l a n o l s  belong t o  

a s i n g l e  wsecondary" si l ica group, o r  t o  two adjacent  " t e r t i a r y "  silica groups. 

About 30% of the  s i l a n o l s  which were found t o  f a l l  in t h i s  group. 

four  neighbours a t  a d i s t ance  of 2.52 t o  2.6 t .  
found t o  belong t o  t h i s  group. 

Clear ly ,  such a n  i s o l a t e d  s i l a n o l  

About 25% of the s i l a n o l s  f a l l  in t h i s  group. 

A second peak was assigned t o  p a i r s  of s l l a n o l s  whose protons l i e  2.52 t o  

The t h i r d  and broadest peak was assigned t o  s i l a n o l s  which have two t o  

About 45% of the  s i l a n o l s  were 

OH 

(2.6.1) 
1 

OH 

H0,I s i  /OH 

I 1 / \  

OH 

1 
(2.6.1) 

I \  
Primary S i l ano l  Secondary S i l ano l  Te r t i a ry  S i l ano l  

Groups Groups Group 

L 

Y 

r . 

L 
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tld 
Most i n t r i g u i n g  is  t h e  presence of the i s o l a t e d  s i l a n o l s .  The presence 

of such i s o l a t e d  s i l a n o l s  demands -the presence of f a i r l y  s u b s t a n t i a l  s i l ano l -  

f r e e  a reas  around them. 

of s i l a n o l s  also. 

. 

* A simi1ar”argumenent a p p l i e s  t o  t h e  $solated pairs  

. These cons idera t ions  suggest that the  is markedly hetero- 

geneous. Apparently, t h e r e  are s u r f i c i a l  patches that conta in  seve ra l  c l o s e l y  
i spaced s i l a n o l s  i n t e r spe r sed  with areas i n  which t h e r e  are n l y  i s o l a t e d  

s i l a n o l s  and p a i r s  of s i l a n o l s .  Egorow e t  al .  ‘(1966) r e f e r  t o  these  two 

types of domains as s i l a n o l i c  regions nd s i loxan ic  regions,  respec t ive ly .  

These au thors  r epor t  ‘ the  water ’content of ’ t h e i r  dehydrated si l ica specimens t o  

correspond t o  4 t o  5 vM H20 C2 of sur face  area (i.e., 4.8314 t o  6.OE14 OH 
These values l i e  toward t h e  low end of t h e  range of s i l a n o l  d e n s i t i e s  

ca l cu la t ed  f o r  t he  var ious  c r y s t a l  faces  of ridymite and c r i s t o b a l i t e ,  which 

again supports t h e  concept of a p a r t i a l l y  de r a t ed  ’surface. 

Egorow and h i s  coworkers used s i l ica  t .  100°C. . It is  poss ib le  

t h a t  t h i s  treatment has crea ted  a - s u r f a c e  less hydrated than t h a t  of AS i n  

contac t  with l i q u i d  water. ’ However, t h l  s unlikely.  F i r s t ,  i t  was 

found t h a t  t h e  d r y i n g  a t  200°C produced f a c e  whose p r o p e r t i e s  were 
only s l i g h t l y  d i f f e r e n t  from that produced 

only a few percent more wa 

a t u r e s  (Ibid.). 

ing a t  50%. -, I n  pa 

as removed’by dehydration a t  the  higher temper- 
t - 

Working w i t h  c o l l o i d a l  b i l i ca  p repa red  b rmal decompos i t ion  of 
s i c l 4 ,  Young (1958) found t h a t  chemical1 bound water was emoved only by 

drying above about 170°C. The ex ten t  of sur face  dehydration a t  2OO0C was 
apparent ly  only a few percent. - 

I 

of hand the  idea  t h a t  
s 

* 

kd 
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of t h e  oxygen atom between t two s i l i c o n s  provides g r e a t  f l e x i b i l i t y  t o  t h e  

s i loxane  bridges. Because t h e  bonding through the oxyge i s  noncolinear,  t h e  - 
oxygen serves as a swivel point;  a l s o ,  SI-0-Si bending appears t o  be easy. 

Mozzi and Warren (1969) r e p o r t  that t h e  i-0-Si bond angle  i n  bulk AS v a r i e s  

between 120 and 180°, with a peak i n  t d i s t r i b u t i o n  a t  144O. The su r face  

s i l a n o l  g roups  w i l l  p robab ly  a l s o  react and i n t e r l i n k  as  much as s t e r i c  

f a c t o r s  allow, There is  no reason t o  doubt that t h i s  condensation may go so 

f a r  as t o  produce a l o c a l l y  s i l ano l - f r ee  s u r f a c e . i n  contac t  w l i q u i d  water. 
It: i s  t r u e  t h a t  t h e  replacement of wet tab le  s i l a n o l i c  sur face  t h  non-wettable 

s i l oxan ic  sur face  w i l l  decrease t h e  s t a b i l i z a t i o n  of t h e  sur face  due t o  hydra- 

t i o n ,  but t h i s  i s  probably a r e l a t i v e l y  small e f f e c t  that i s  overwhelmed by 

the  chemical d r iv ing  fo rce  f o r  condensation. 

The low i o n  exchange capac i ty  of 3,9314 cm'2 which may be i n f e r r e d  from 

the  r e s u l t s  of Allen, -- e t  a l e  (1977) is  a l s o  cons i s t en t  with a more o r  less 

maximally condensed and dehydrated AS sur face  s t ruc tu re .  

e 

7 

- -  

Fina l ly ,  t h i s  genera l  concept of the  appearance of t h e  AS su r face  is 

supported by model building experiments. Two d i f f e r e n t  " k i n e t i c  l a w s "  have 

been  employed t o  c o n s t r u c t  models  of p a r t i c l e s  c o n s i s t i n g  of o v e r  f i f t y  

monomer uni ts .  (A realistic k i t  with 1410 SI-0-Si angles w a s  employed.) 

I n  both cases i r r e g u l a r  particles with h ighly  inhomogeneous su r face  s t r u c t u r e s  

resu l ted .  Dist inct  and obviously d i f f e r e n t  s i l a n o l  and s i loxane  dominated 

regions of s eve ra l  1 exten t  were evident  on t h e  sur faces  of both models. 

S2.7 The P a r t i a l l y  Hydrophobic Nature of t h e  Amorphous S i l i c a  Surface 

Young (1958) s tudied  water absorp t ion  on AS specimens d r i ed  a t  var ious  

temperatures. He  found t h a t  higher drying temperatures caused g r e a t e r  irre- 
v e r s i b l e  water l o s s  and a r l o s s  of a b i l i t y  t o  physical  orb water 

vapor. He co r re l a t ed  t h i s  decrease i n  water so rp t ion  a b i l i t y  wi th  t h e  l o s s  

of sur face  s i l a n o l  groups through dehydration, and 

cu le s  are sorbed only by s i l a n o l  groups by hydrog 

s apparently d id  not sorb water a t  a l l ,  and as t h e i r  ex ten t  increased wi th  

a g r e a t e r  degree of i r r e v e r s i b l e  dehydration, t h e  water so rp t ion  capac i ty  of 

t he  sur face  decreased. 

z 

L 
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Egorov e t  a l a  (1959) s tud ied  the hea t  of water wetting of p a r t i a l l y  ther- 
mally dehydrated s i l ica  gels.  They nd tha t  i t  slow1 t o  3000c 

drying temperature, and then r ap id ly  dropped o f f  with higher drying tempera- 

ture .  This maximum cor re l a t ed  w e l l  wi th  a pronounced break i n  the curve of 

water content versus drying temperature. The rate of increase  of dehydration 

with increas ing  temperature was observed t o  sharply increase  a t  about 300OC. 

They compared the hea t s  of wetting of d i f f e r e n t  specimens of s i l ica  g e l  d r i ed  

a t  3OOOC. The amount of water remaining i n  each specimen a f t e r  drying t o  

300% w a s  somewhat d i f f e r e n t .  An exce l len t  l i n e a r  r e l a t i o n s h i p  was found t o  

hold between the  amount of water remaining after drying a t  300% and t h e  hea t  

of wetting. Extrapolating t h e  l i n e  t o  zero water content gave an  estimate of 

50 e rgs  f o r  t he  he of wetting of a surface.  Ext 

l a t i o n  t o  a hypothe t ica l  " f u l l y  hydrated" su r face  wi th  E14 OH emi2 g 

t 

4 
c 

6, 

value of 250 e rgs  

f i g u r e  is roughly cons i s t en t  with a "wetting" i n t e r a c t i o  

f e e b l e  d i spe r s ion  and induced' d ipole  forces.  

f o r  t he  hea t  of wetting of such a surface. The lower 

The second value is i n  pe r fec t  

' which involves on of one hydrogen 

t water molecule . 
S2.8 

S i l i c o n  l i es  d i r e c t l y  below carbon i n  the per iodic  table .  The chemical 

p r o p e r t i e s  and u c t u r a l  p r o c l i v i t i e s  of t h e  two l e m e n t s  are '  somewhat 

similar. S i l i c  s t e t r a h e d r a l l y  coordinated i n  nea r ly  a l l  ins tances ,  and 

n u d e o p h i l i c  s u b s t i t u t i o n  wi th  s t e r i c ' i n v e r s i o n  is a common reac t ion  mechanism. 

There are a l s o  important d i f fe rences .  One is that  s i l i c o n  never engages 

i n  1 bonding which involves i t s  p o r b i t a l s .  This means t 

of t he  s o r t  carbon, n i t rogen  and oxygen commonly engage i n  a 
(S i l i con  dioxide would ab ly  be a gas  i f  t h  

Another d i f f e rence  is that si1 has f i v e  vacant 3d o r b i t a l s  a v a i l a b l e  

ve bonding i n t e r a c t i o n s  which are  somewhat similar t o  o r d i n a r y  

pon the prope r t i e s  of SiO2. The 

eak p a r t i a l  bands by t h e  p a r t i a l  

airs of oxygen i n t o  t h e  s i l i c o n  3d o r b i t a l s .  The 

e f f e c t  of t h i s  is a t r a n s f e r  of n e g a t i v e  c h a r g e  from oxygen t o  s i l i c o n .  

underlying phenom 
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s t r u c t u r e s  involved are: 

1 / si -6 .. -si f 

f i r s t  "s ingly  bonded" s t r u c t u r e  is the majo 

da t ive  bonding. Each s i l i c o n  atom can accept 

eighboring oxygen atoms i n  t h i s  way. 

I n  genera l ,  h ighly  e lec t ronegat ive  oxygen p u l l s  some t i v e  charge 

toward i t  when bonded t o  a less c t ronegat ive  element li icon. This 
"normal" induct ive  e f f e c t  involv 

dens n to  t h e  higher vacant o r b i  

jux tapos i t ion  of f r e e  e l e c t r o n  p a i r s  on the  oxygen atom with the vacant 3d 

o r b i t a l s  of t h e  s i l i c o n  is optimal f o r  induct ion t o  occur i n  the  opposite 

d i r e c t i o n  as described above. The two phenomena a r e n t l y  j u s t  

o the r  ou t ,  and the  r e s u l t  is a very near ly  non-polar Si-0 bond. This l ack  of 

p o l a r i t y  and the diminished f r e e  e l e c t r o n  p a i r  charge dens i ty  are the  cause of 
t he  hydrophobic na ture  of the  s i l oxan ic  regions of t he  AS sur face .  The hydro- 

gen bonding i n a b i l i t y  of s i l oxan ic  oxygen i n  small  organosiloxanes has been 

demonstrated by NMR methods by Huggins (1961) who in t e rp re t ed  h i s  r e s u l t s  i n  
approximately the above terms. 

Dative bonding is a l s o  r e f l e c t e d  i n  the  Si-0-Si bond angles  of about 

about 1410 t yp ica l  of AS and c r y s t a l l i n e  silicates. This is s u b s t a n t i a l l y  

l a r g e r  than the  H-0-H angle  of water (10501, t he  C-0-H angle  of a lcohols ,  

and the  C-0-C angle  of e t h e r s  ( t y p i c a l l y  about 1100). 

i n  the  e l e c t r o n i c  s t r u c t u r e  of t he  oxygen. (Pure s p  i z a t i o n  would give 

a bond angle  of 1800.) This component of s p  hybrida 

This l a r g e  angle  suggests  a s u b s t a n t i a l  component of s p  

. . 

L 
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b d  
ing with s i l i c o n  easier, because it forces  the  f r e e  e lec t ron  p a i r s  i n t o  

p-like o r b i t a l s ,  whose shape is optimal f o r  forming da t ive  bonds 'with s i l i con .  

W This deduction l eads  t o  a usefu l  corol lary:  if the 'Si-0-Si .  bond angle is 

. 
.r 

I) 

nce MSA has four  equi- 

e p ro tons" i s  ac tua l ly '  . 

re powerfCl ac id  than ' 

water or the  a l k y l  alcohols.  

t i o n '  of the  negat ive charge of -an ionized s i l a n o l i c  ox 
t o  the  adjacent  s i l i con :  

The reason i s  that da t ive  bond allows a por- 

e t ransfer red  

(2.9.i) 
/i\ /Si\ 

I I 
. -  

The PKa of the  surface s i l a n o l  grobps of AS $as been spec t roscopica l ly  

estimated t o  be 7.1 - + 0.5 (Hair and Hertl, 197 This is i n  good agreement 

with numerous estimates based on t i t r a t i o n  cu r  i c h  range from about 6.5 
t o  7.7. (Schindler and Kamber, ; Strazhesko e t  al., 1974; and others.) 

* 

d a t i v e  bonding is r e s p o n s i b l e .  
I) . 

da t ive  bonds: 

(2.9.2) 

td 
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erms, i- may be sa id  tha- t he  absence ( o r  near absence) 

of a negative charge on t h e  s i l oxan ic  oxygen makes it easier f o r  the s i l i c o n  

t o  accommodate p a r t  of t h e  negative charge of the ionized s i l ano l .  Clearly,  

t h i s  cannot happen in MSA which contains only one s i l i c o n  atom per  molecule. 

It is  l i k e l y  that the  a c i d i t y  of a s i l a n o l i c  proton v a r i e s  with the 

number of s i l oxan ic  bonds that i t s  s i l i c o n  p a r t i c i p a t e s  in. Thus, the s ing le  

s i l a n o l  on a t e r t i a r y  s i l i c o n  should be the most a c i d i c ,  t he  s i l a n o l s  on a 
secondary s i l i c o n  somewhat less a c i d i c ,  and the  s i l a n o l s  on a primary s i l a n o l  

even less so, but s t i l l  more a c i d i c  than t h e  s i l a n o l s  of MSA. It seems very 

l i k e l y  that the " i n t r i n s i c  ac id i ty"  pKa of about 7 determined by t i t r a t i o n  

methods a c t u a l l y  r e f l e c t s  t h e  PKa of t h e  most a c i d i c ,  i.e., t e r t i a r y  sila- 
nols. This hypothesis i s  supported by t h e  observation made by Allen et al. 
(1971)  that  the t i t r a t i o n  curve of an c o l l o i d a l  AS i n  N a C l  media i s  better 

f i t t e d  by a model wi th  two classes of s i l a n o l i c  protons of d i f f e r e n t  a c i d i t y  

than by a model wi th  only one class of s i l a n o l s .  

A fou r th  kind of sur face  s i l a n o l  which may be expected t o  be chemically 

d i s t i n c t  is that of a secondary group which belongs t o  a three-ring: 

( 2 . 9 . 3 )  

Assuming an 0-Si-0 bond angle of 109.50 l e a d s  t o  an  Si-0-Si bond angle 

of about 130.50. A bond angle  t h i s  small must c e r t a i n l y  reduce d a t i v e  bond- 

ing and, thereby, t h e  a c i d i t y  of t h e  s i l a n o l s  i n  t h i s  s t ruc ture .  

It i s  noteworthy that d a t i v e  bonding does not appear t o  decrease t h e  

b a s i c i t y  of t he  oxygen i n  an undissociated s i l a n o l  group. This conclusion 

w a s  reached by West and Baney (1959) on the b a s i s  of spectroscopic s t u d i e s  

of hydrogen bonding among s i l a n o l  compound molecules. They found that sila- 

no1 groups a c t u a l l y  seem t o  form s t ronger  hydrogen bonds among themselves 

' than do a l coho l i c  hydroxyls. This is  apparent ly  due t o  the  f a c t  t h a t  d a t i v e  

bonding wi th  one s i l i c o n  can only a f f e c t  one f r e e  e l ec t ron  p a i r  of t h e  oxygen 

atom but not both. 
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S2.10 The F i r s t  Steps of S i l i c a  Polymerization: D i m e r  t o  Pentamer 

Engelhardt et  al. (1975) have ceeded i n  i n t e r p r e t i n g  the  2% NMR 
s p e c t r a  of a l k a l i n e  s i l i c a t e  s o l u t i o n s  i n b t e m s  o f  t h e  v a r i o u s  chemica l  

They have s ince  applied lVMR spectroscopy t o  t h e  

study of t he  very f i r s t  s t e p s  of s i l ic ic  ac id  polymerization i n  ac id  media 

(Engelhard e t  al., 1977). A t y p i c a l  experiment was one in which t h e  i n i t i a l  
pH'$ ktnd temperatures 

i n  t h i s  r ange .were  employed i n  order t o  make the r eac t ion  proceed slowly 

enough t o  be a b l e  t o  study it  with t h e  l imi ted  -time reso lu t ion  of 2% NMR. 
B r i e f l y ,  t h e y  found t h e  f i r s t  s t e p s  .of t h e  r e k c t i o n  t o  proceed v i a  

I - 
t f s i l i c o n  present.  

were-0.5 mole ~ - 1  MSA, PH = 2 t =--2OC. 

the  following NMR-distinguishable species:  .' monosi l ic ic  ac id  . c y c l o t r i s i l i c i c  ac id  . c y c l o t e t r a s i l i c i c  ac id  

. 
I "  

c y c l o p e n t a s i l i c i c  'acid' and o ther  secondary sili- 
con spec ies  i n ' r i n g s  of f i v e  o r  more members 

more highly condensed species up to and including 

bulk AS 
. 

They made a poin t  of emphasizing that a t  no poin t  d i d  they see any sign 

of d i s i l i c i c  ac id  o r  any o the r  form of primary s i l i con .  

We do not see any 'wa 
by way of d i s i l i c i c  acid. 

of t h e  f i r s t  s t e p  of polymerizati  

g e t  from MSA t o  c y c l o t r i s i l i c i c  a e i d  o the r  than 
.hypothesis that d i s i l i c i c  acid 'is the product 

s supported by these  authors"observat ion 

isappearance of MSA n ice ly  obe a second order 
* k i n e t i c  law. . 

t ec t ed  i n  these experiments is 
i d  that is formed quick ly  

gh MSA concent ra t ions  the  

involves t h e  formation of 

t h e r  words, t h e  free energy change f o r  t h i s  reac- 

i t i b n s  any d i s i l i c i c  
f 

dr iv ing  fo rce  f o r  t h i s  r e a c t i o  

two new s i loxane  bonds; 

t i o n  is probably approxi going from MSA t o  bulk AS. 
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i 

A similar argument explains  why e c y c l i c  tri- and t e t r a s i l i c i c  ac ids  

were observed but not t he  " l inear"  ones: the  negat ive f r e e  energy change 

a s s o c i a t e d  w i t h  making an  a d d i t i o n a l  s i l o x a n e  bond by l i n k i n g  t o g e t h e r  

the  two ends of the  l i n e a r  form overwhelms the  pos i t i ve  f r e e  energy t e r m  

associated with the  loss of conf igura t iona l  freedom. 

Arguments based on t rad ing  of f  broken bonds f o r  i n t e r n a l  rotat ions '  are 
n o t  s u f f i c i e n t  t o  e x p l a i n  t h e  a p p a r e n t l y  g r e a t e r  s t a b i l i t y  of s econdary  

s i l a n o l s  r e l a t i v e  t o  primary s i l a n o l s  i n  cases where the  interconversion 

does  n o t  i n v o l v e  a change i n  t h e  t o - t s l  number of bonds. Cons ider ,  f o r  

example, the  two te t ras i l ic ic  ac ids  

( 2  . 10.1) 
Both contain the  same number of si loxane bonds, y e t  the second i s  t h e  

only one t h a t  was detected.  It must be that the  loosening of t h e  r i n g  s t ruc-  

t u r e  associated with going from the  three-ring t o  the  four-ring causes a nega- 

t i v e  f r e e  energy change g r e a t  enough t o  compensate f o r  t h e  pos i t i ve  f r e e  energy 

change assoc ia ted  with the  l o s s  of the  r o t a t i o n a l  degree of freedom of the  

primary group. 

An analogous argument may be constructed to  explain the  absence of p r i -  

mary groups at tached t o  more highly condensed s t ruc tu res .  I n  a l l  cases, a 

primary group would be at tached t o  a t e r t i a r y  o r  quaternary group. The la t te r  
would be a member of one o r  more "rings" within the  condensed s t ruc tu re .  An 

i so l a t ed  r ing  oligomer of four  o r  more u n i t s  within the  aqueous phase might 

not have any s ign i f i can t  r i ng  s t r a i n  which would cause i t  t o  tend to'expand 

the  expense of t he  at tached primary groups. (Although the re  might w e l l  be an 

"entropic  force" favoring r ing  expansion.) However, the  same r i n g  b u i l t  i n t o  

a multiply-condensed As s t r u c t u r e  very l i k e l y  would be s t r a ined  simply because 

of having the  rest of t he  s t r u c t u r e  a t tached t o  it. Therefore, r i n g  expansion 

a t  the  expense of the  primary group would be favored because i t  would produce 

a loose r ,  less s t r a ined  and (probably) higher entropy s t ruc ture .  

This argument explains  Engelhardt et  al.'s observat ion that t h e r e  was 

apparent ly  no s ign i f i can t  number of primary groups at tached t o  even the  more 

LJ highly condensed s t r u c t u r e s  which eventual ly  formed i n  the  course of t h e i r  

experiments. Clear ly ,  t he  same argument should apply t o  the  AS sur face  s t ruc-  

t u r e  as well. 
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U n f o r t u n a t e l y  n g e l h a r d t  _ e t  a l .  

NMR s i g n a l s  t o  spec ies  beyond the  cyc l  

Somewhat d i s tu rb ing  i s  the repor 

resolved DSA by paper chromatogr 

5 minutes polymerization a t  250 

ously i d e n t i f y  a spot  corresponding t o :  cyclo-TSA; rather , :  they assigned a 
smear between t h e  tetramer and hexamer spec ie sa to  the  trimer. s poss ib l e  

t h a t  they mistook t h e  triher epot f o r  t he  dimer, and that Engelhardt et  al., 
(1977) , were c o r r e c t  in xeporting the  absence of de t ec t ab le  q u a n t i t i e s  of 

dimer. T h e ~ l a t t e r ~ a u t h o r s  themselves suggest t h i s  p o s s i b i l i t y .  

Rothbaum and Roh (1979) have’lpresented preliminary d a t a  a n  t h e  r e l a t i v e  

concentrations of mono-, di-  d-, a n d - t e t r a s i l i c i c  ac ids  io  polymerizing 

s o l u t i o n s  of  modera te  t o t a l  s’ilica c o n t e n t  at  t e m p e r a t u r e s  up t o  18OOC.  

They d i r e c t l y  determined the  concentrations of these  fou r  spec ies  by t h e  

t r i m e t h y l s i l y l a t i o n  ‘method. Unfortunately; t he  t o t a l  molybdate a c t i v e e  si l ica 

t h e  sum of t h e  fou r  spec ies )  was not s t a t e d ,  but could .be in fe r r ed  t o  

be roughly equal t o  t h e  equi l ibr ium s o l u b i l i t y  6f AS a t  any given temperature 

p lus  0.4 g L-1. Making the  f a i r l y  s a f e  assumption t h a t  these small spec ies  

were roughly i n  equi l ibr ium among themselves, we reanalyzed this da ta  t o  obta in  

approximate va lues  of t h e  molal concentrations,of t he  di-- and t r is i l ic ic  a c i d s  

t h a t  would e x i s t  i n  equilibium wi th  s o l i d  AS a t  any given temperature. The 

values ca l cu la t ed  f o r  t h e  temperatures 90, 120, and 180OC appeared t o  be 

c o n s i s t e n t  and reasonable, and we f i t t e d  them wi th  t h e  following equations 

I 

s a t u r a t i o n  r a t i o  o the r  u 

adequate t o  support our arguments concerning t h e  r e l a t i v e  s t a b i l i t i e s  of the 

di-  and t r i s i l i c ic  acids.  Using these  formulas, we estimate that the molar 
t 
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concentration of the trimer e 
onditions employed 

S2.11 Silica Polymerization: Hexamer and Beyond ' 

-A number of oligomeric silicate ions in this rang - 
in various synthetic silicate compounds. These are: 

Double-tri-ring hexamer ("triangular prism") (Smolin, 1969) 
A heptamer of unknown structure (Hoebbel and Wieker, 1974) 
Double four-ring octamer ("cube") (Hoebbel and Wieker, 1971; 

Hoebbel and Wieker, 1972; Smolin et al., 1972; Smolin 
-* et a1 1975, Hoebbel et al., 1976) 

Double five-ring decamer ("pentagonal" prism") (Hoebbel et 
a1 1975). -* ' 

A number of complex silicate ions have also been isolated in the form 

of completely reacted trimethylsilyl esters (Hoebbel et a1.,1976). Those 
whose structures have been unambiguously assigned are: 

Monomer 
Dimer 
Linear trimer (i.e., noncyclic) 
Cyclic trimer 
Linear tetramer 8 

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 f ive-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(C2H~)40H*Si02*10H20. 

The structures of three of these species were determined. These are: 
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where each ve r t ex  i s  a "sili nd oxygen atoms, and TMS groups 

have been ignored. , 

A s p e c i f i c  and complete attempt was mad 

the cyc lohexas i l i c i c  a c i d  ester using Dioptas, a cyc lohexas i l ica te  mineral  of 

t h e  formula Cug[Si6018]*6H20. This obse rva t ion , l eads  t o . t h e  inescapable con- 

c l u s i o n  that cyc lohexas i l i c i c  ac id  i s  unstable.  r e l a t i v e  t o  t he  hemmers wi th  

, s t ruc tu res  A, B nd C. This i s  Bto be expected-from a simple count o f . s i l o x a n e  

bonds. It seems s a f e  t o  genera l ize  t h i s  observation s l i g h t l y ,  a 

a s i l i c ic  ac id  six-rings w i l l  spontaneously be bridged i f  t h i s  

allowed. The r e s u l t s  obtained wi th  Dioptas suggest t h a t  the formation of one 

bridging bond -(as i n  s t r u c t u r e s  A and B) is  more l i k e l y , t h a n  t h e  formation of 

two (as i n  C). 

u n j u s t i f i e d  t o  claim 

the e a r l y  condensation of MSA, o r  even that they ever exist i n  s o l u t i o n  i n  

s i g n i f i c a n t  concentrations. For one he s t a b i l i t y  0 silicate ions 

need not follow the  same p a t t e r n s  as t h a t ,  of s i l i c ic  a c i d  oligomers. 

an obvious example, t h e  d i s i l i c a t e  i on  ( S i 2 0 ~ ' ~ )  is a well-known and s t a b l e  

spec ies ,  while i t s  corresponding ac id  appears t o  e x i s t  only .  as an ephemeral 
intermediate.  Likewise, t h e  cyc lohexas i l ica te  i on  is known ist, while 

i t s , co r re spond ing  a c i d  i s  unstable. The reason t h a t  these ions e x i s t  is, of 

course,  that they possess no unionized s i l a n o l s  and, thereby, cannot polymer- 

i z e  o r  condense any fu r the r .  Also, a silicate spec ies  #of middling s t a b i l i t y  

s t a b i l i z a t i o n  t h a t  t he  formation o f - a  c r y s t a l  involves. 

t ake  p a r t  i n  the poly- 

may play only secondary roles.  
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L t he  ea r ly  condensation of MSA. -Two a s - y e t  unobserved but probable interme- 

d i a t e  s t r u c t u r e s  (4a and 5a) have been included t o  make t h i s  scheme complete. 

Two o ther  in fer red  unstable  intermediate s t r u c t u r e s  which are known i n  ester 
form (2  and 3a) have l ikewise been included. 

However, a t  n = 5 the  tabula t ion  ceases t o  be complete; two bridged pen- 

tamer s t r u c t u r e s  which do not  appear t o  be unduly s t e r i c a l l y  s t r a ined  are 
possible.  These may a l s o  e x i s t  and play a r o l e  i n  the  polymerization process. 

Several  addi t iona l  hexamers may be constructed,  and th ree  of the  fou r  tabu- 

l a t e d  hexamer s t r u c t u r e s  can be assembled i n  two d i f f e r e n t  isomeric forms. 

Many more oligomers of n = 7 and higher may be constructed.  

We conclude t h a t  a t  n = 5 o r  6 the  r eac t ion  sequence ceases t o  be unique 

and many d i f f e r e n t  pathways involving many d i f f e r e n t  s t r u c t u r e s  become pos- 

s ib l e .  It i s  poss ib le  t h a t  the  maximal extent  of condensation a t t a ined  i n  the  

s t r u c t u r e s  6d, 'sa and 10a channels most of the  e a r l y  polymerization through 

them, but t r u l y  random s t r u c t u r e s  must become dominant not f a r  beyond. Model 

bui lding experiments confirm t h a t  by n = 15 o r  so t he  s t r u c t u r e s  which occur 

begin t o  look l i k e  small pieces of amorphous s o l i d  r a t h e r  than l a r g e  molecules. 

These s t r u c t u r e s  and the  preceding discussion a l s o  suggest the sequence 

of events  involved i n  MSA depos i t ion  on the  AS surface.  

F i r s t ,  an MSA molecule i n  so lu t ion  r eac t s  with a sur face  s i l a n o l  group 

Attachment t o  a t e r t i a r y  s i l a n o l  i s  probably t o  give a primary s i l ica  group. 

k i n e t i c a l l y  favored (see  S2.13). 

Second, a rearrangement t o  a more s t a b l e  s t ruc tu re  occurs. I f  a s i l a n o l  

i s  ava i l ab le  within reach of the  newly at tached si l ica group, a r ing  of t h r e e  

o r  more members may be formed. However, model bui lding revea ls  t h a t  t h i s  is 

usual ly  not possible.  A more probable f a t e  f o r  the primary group i s  conver- 

s ion  t o  a secondary group by a rearrangement of the  s o r t  t h a t  connects oligo- 

meric s t r u c t u r e s  4a and b, and Sa and b. Such a rearrangement c r e a t e s  o r  

en larges  a "loop" of secondary groups on the  surface.  

Third,  when a "surface loop" becomes long enough, i t  w i l l  c ros s l ink  

in t e rna l ly .  The conversion of cyc lohexas i l ica te  ion  t o  s t r u c t u r e s  6a and 6b 

when protonated i s  an example of t h i s .  Al te rna t ive ly ,  a "surface loop" may 

become long and loose enough t o  be ab le  t o  come within bonding range of a 

s i l a n o l  a t tached t o  some o r pa r t  of the  s i l ica  surface. Topologically,  ,- 

such a l i n k  i s  equivalent t o  bridging a ring. Model bui lding reveals t h a t ,  c 
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Figure 2.1 

Known and Suspected S i l i c i c  Acid  Oligomet  Structures 

I r , _ .  > '  \ .  . 
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I 2 probable; TMSE; p-chrom? 
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0 MR, TMSE; p-chrom 
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b 
t yp ica l ly ,  two o r  t h ree  silica groups must be added t o  a given pa r t  of t he  

si l ica surface t o  make the  formation of a new c ross l ink  s t e r i c a l l y  poss ib le  

although one is  sometimes su f f i c i en t .  

Fourth, add i t iona l  rearrangements occur which f u r t h e r  increase crossl ink-  

ing and reduce steric s t r a i n .  

Models b u i l t  following this general  "k ine t ic  l a w "  produce both bulk and 

sur face  s t ruc tu res  which are cons is ten t  with a l l  of our expectations.  

There i s  a l s o  d i r e c t  evidence f o r  the  exis tence of such loose "loops" on 
the  sur face  of AS when i t  i s  i n  contact  with water. 

Holt and King (1955) found that the re  is a c e r t a i n  amount of si l ica on 

the  sur face  of AS which may be chemically removed and redeposited much more 

rap id ly  than can be the  bulk AS i t s e l f .  In  the  case of AS e q u i l i b r i a t e d  wi th  

aqueous so lu t ion  a t  room temperature and near neu t r a l  pH, they determined the  

amount of t h i s  l a b i l e  o r  "adsorbed" sur face  si l ica t o  be about 0.13 mg Si02 

per square meter of sur face  area as determined by the  BET method. They esti- 

mated that t h i s  corresponds t o  about 16% of a f u l l  monolayer.. 

It i s  tempting t o  i d e n t i f y  this l a b i l e  "adsorbed" s i l ica  with the  tran- 

s i e n t  population of primary groups and the  "loose" secondary groups t h a t  the  

former are approximately i n  equi l ibr ium with. These molecules are k i n e t i c a l l y  

d i s t i n c t  i n  t h a t  t h e i r  c r ea t ion  from MSA molecules i n  so lu t ion  involves the  

formation of only one add i t iona l  s i loxane  bond. They may w e l l  be expected t o  

be r e l a t i v e l y  l a b i l e .  

I 

C l e a r l y ,  the  o v e r a l l  mechanism and rate l a w  f o r  molecular depos i t ion  and 

d i s so lu t ion  a t  the  AS sur face  must involve "adsorbed" s i l i ca  as an intermediate  

species.  This w a s  f i r s t  proposed and discussed i n  d e t a i l  by St'dber (1967). 

S2.13 The Base Catalyzed Condensation Reaction 

The polymerization and depolymerization of s i l ic ic  ac id  are catalyzed by 

hydroxide ion  (Hurd et g. ,  1934). This is  usual ly  t h e  dominant r eac t ion  

above about pH 3 (Iler,  1952). Between about pH 3 and 7 the  r eac t ion  is f i r s t  

order  i n  hydroxide concentration. A t  about pH 8 o r  9 t he  rate of polymeriza- 

. 

t i o n  goes through a maximum, and decreases a t  higher pH's (Marsh e t  al., - 

Lid 
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1976).  The rate of depolymerization reaches a maximum l i m i t i n g  value a t  

about pH 11 but does not decrease a t  higher Greenberg, 195 
It is  believed t h a t  the a c t u a l  conden between 

an ionized s i l a n o l  and a si l ica group none of are ionized. 

The microscopic mechanism i s  very l i k e l y  t o  be S&with i c  inversion: 

@0)3 $i -. 0: + 

arbon compounds and is  

alsosknown t o  occur with 

nonpolar media (Sommer, 1965, pp. 66-72), I n  

51-56). Frontside a 
t he  invers ion  assoc ia  4-158).  This 

The more a c i d i c  a s i l a n o l  i s ,  t h e  more 

and a v a i l a b l e  t o  serve as t h e  nucleophile. 

a t t a c k  f r e e  MSA when the la t ter  f i r s t  a t t aches  i t s e l f  t o  t he  sur face  r a t h e r  

than the  o the r  way a r o  
favored as attachment 

r y  probably, t h e  su r face  s i l a n o l s  

It is poss ib l  

t h e r e  i s  o f t e n  obs 
rate cons tan t  and 

i s  a lways  between 

genera l  r u l e ,  t h e  va lue  of nds on t h e  ex ten t  

of t h e  r e a c t a n t s  Gpon rate’ is usual ly  small, and -- v ice  versa.  

i on  is  a - f a r  more powerful base than an ionized s i l a n o l ,  t h e  t r a n s i t i o n  state 

Because hydroxide 

/ 
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myst c lose ly  resemble the products i n  t h i s  case. We conclude t h a t  the nucleo- 

p h i l i c  r e a c t i v i t i e s  of d i f f e r e n t  ionized sur face  s i l a n o l s  may be assumed t o  be 

equal f o r  p r a c t i c a l  purposes. 

Such a c o r r e l a t i o n  may a l s o  be expected i n  the  case of subs t r a t e  reacti- 

v i ty .  The g rea t e r  e l e c t r o p h i l i c i t y  of more highly condensed s i l i c o n  atoms 

should tend t o  make them more react ive.  On the  o ther  hand, g rea t e r  steric 

. hindrance would tend t o  make them less react ive.  Which e f f e c t  is dominant 

The drop o f f  i n  polymerization rate a t  high pH is  due pr imari ly  t o  the  

decreasing number of unionized sur face  groups and MSA molecules i n  so lu t ion  

ava i l ab le  t o  serve as subs t ra tes .  It i s  the k i n e t i c  expression of the  increase  

i n  s o l u b i l i t y  a t  high pH (see S2.2). The attainment of a l imi t ing  depolymeri- 

za t ion  rate above pH 11 may be due t o  a t r a n s i t i o n  to d i f fus ion  control.  

Another  e f f e c t  which  t e n d s  t o  s low b o t h  r e a c t i o n s  above pH 7 i s - t h a t  of 

increasing sur face  charge. This increase  causes the  concentrat ion of ionized 

sur face  s i l a n o l s  and of hydroxide a t  the  sur face  t o  l a g  behind the  hydroxide 

concentrat ion i n  the  bulk so lu t ion  as the pH is  increased. 

is not obvious but a l s o  probably not important f o r  our purposes. 
' 

An ionized s i l a n o l  group on the  s i l ica  sur face  may be "bare" (as depicted 

above) , or  i t  may have a ca t ion  bound t o  it .  Our own work has demonstrated 

t h a t  both bare and cation-paired ionized s i l a n o l s  (a t  least i n  the  case of 

sodium and o ther  univalent ca t ions)  cont r ibu te  t o  the  reac t ion  rate, and con- 

t r i b u t e  equal ly  i n  as f a r  as w e  can determine from our k i n e t i c  data.  

Adding dissolved salts to  the  medium increases  the sur face  dens i ty  of 

cation-paired ionized s i l a n o l  groups a t  any given pH value. 

salts accelerates the  deposi t ion of MSA on preexis t ing  surfaces.  (Added salts 

accelerate homogeneous nucleat ion by an even g rea t e r  f a c t o r  because they a l s o  

decrease the  s o l u b i l i t y  of sil ica and, thereby, increase  the  supersa tura t ion  

r a t i o .  They a l s o  lower the  sur face  tens ion  of the  AS-water i n t e r f ace ,  and 

t h i s  accelerates nucleat ion even further.)  

This i s  why adding 

. 

S2.14 Cata lys i s  by Hydrogen Fluoride and Hydrogen Ion 

A t  about pH 2 t he  rate of s i l i c a  polymerization passes  through a minimum, 

and again increases  a t  s t i l l  lower pH. Iler (1952) demonstrated that i n  t h i s  

pH range even very small concentrations of f luo r ide  salts (3.03-4 molar) 



u 

* 

* 

e tota l  fluoride 

ge l  time decreased with increasing concentration of KF. Between 0.05 and 
e va F. Above 0.10 M 
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Si02 concentrations a t  which the  added potassium from the  KF represents  a 

g rea t e r  proport ional  increase i n  t o t a l  ca t ion  concentrat ion and ion ic  s t rength.  

T a i  and Chen a l s o  determined the  f r a c t i o n  of the added f luo r ide  that 

remained chemically bound t o  the  g e l  t h a t  was produced. They found t h a t  t he  - 

f r a c t i o n  of bound f luo r ide  var ied from un i ty  a t  pH -0.15 t o  

Working with 1 g L-l Si02 so lu t ions  (0.017 M MSA) a t  pH 7 and 3OoC Baumann 

. (1959) found that NaF d id  not e f f e c t  the rate of polymerization a t  con 

t i ons  below about 0.01 M. 

NaF had no e f f e c t  on the  depolymerization r eac t ion  below 

ra ted  it- a t  higher concentrations.  

A t  higher concentrations of NaF, t he  rate decreased. 

Baumann in te rpre ted  these e f f e c t s  as being 

due t o  the  increase i n  s i l ica  s o l u b i l i t y  assoc ia ted  with s i l i c o n  hexafluoride 

complex formation. 

I n  t h e i r  depolymerization experiments, Stade and Wieker (1971) found that - .  

a t  25OC and pH 5.5 F' i n  concentrat ions as s m a l l  as 53-7 M had a not iceable  

acce le ra t ing  e f f e c t .  The increase  i n  rate appeared t o  be l i n e a r  i n  F' concen- 

t r a t i o n  up t o  about 3E-6 M, but ceased t o  increase with f u r t h e r  add i t ion  of 

f luor ide .  The t o t a l  increase  observed was about 45%. This "satu 

remains t o  be explained i f  it i s  real. It may o r  may not  be r e l a t e d  t o  the  

s u p e r f i c i a l l y  similar phenomenon observed by T a i  and Chen a t  much higher fluo- 

r i d e  concentrations.  It is not  clear whether t h i s  Ca ta ly t i c  e f f e c t  was due t o  

F' o r  t o  the small amount of HF s t i l l  present a t  t h i s  pH. Stade and Wieker 

found t h a t  2E-5 molar NH4F had a l a r g e  e f f e c t  upon the  a c t i v a t i o n  energy of 

the  reac t ion  up t o  about pH 4. Because the  pKa of HF i s  

they in te rpre ted  t h i s  t o  mean that HF i s  the  major c a t a l y t i  ecies r a t h e r  

than F-. They d ispute  Iler 's content ion t h a t  ac id  c a t a l y s i s  of s i l i ca  reac- 

t ions  i s  genera l ly  due t o  c a t a l y s i s  by traces of HF, a rgu i  t i f  t h i s  were 
the  case, adding f u r t h e r  small amounts of HF would not e f  the  a c t i v a t i o n  

energy. 

Taken as a whole, these  r e s u l t s  make an exce l len t  case f o r  the  c a t a l y t i c  

e f f e c t  of HF. 

Baumann's r e s u l t s  and those of T a i  and Chen ind ica t e  t h a t  both mechanisms can 

Cata lys i s  by F- i s  not as c e r t a i n ,  but i t  seems 1 

- . 

probably be ignored above about pH 6. 

The only mechanism t h a t  seems cons is ten t  with c a t a l y s i s  by HF r a t h e r  than 

F is one i n  which an uncharged complex of MSA and HF plays the  r o l e  of an 

unstable  intermediate (S t re lko ,  1970). A l i k e l y  f i r s t  s t e p  is: 

.- 
LJ 
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W HF + Si(OH),, OH)3 F + H20 
- I  - 2 .  I : )  

(Iler suggests that such an intermediate may be six coordinated. AGsuming 
c a structure in .which the'-silicon is also coo2dinated ,by two water molecules 

would not effect our argument in any way The intermediate"could,dlso be five 
.) 

I coordinated with the forntula Si(OH)4FH.) 
Because HF is a far stronger acid than water, F- may be expected to be a 

Written for the particular case of the dimerization . far better leaving group. 
of MSA, the actual c . .  

6 MSA + Si(OH)3F - DSA + HF (2.14.2) 

The overall rate law for polymerization via this mechanism would be first 
order in HF concentration. 

There are- two plausible -mechanisms that would 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: 

(2.14.3) 

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.lE-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 $ catalysis be low^ the gel time maximum and 
OH- catalysis above it. When F is added, both of these are swamped by the HF 

- 
1 

catalyzed mechanism. 
The most likely microscopic mechanism for catalysis is 

H+ 

(2.14.5) \ *. + 
+-Si - 0 - Si(OH)3 + H20 

HO 

followed by rapid deprotonation. 
Although we believe that such a mechanism actually does exist, we doubt 

that it is at all significant compared to the HF and OIT catalyzed mechanisms 
under practical conditions. 

Both the HF and $ mechanisms involve the transitory existence of a 
protonated siloxanic oxygen immediately following the nucleophilic attack. 
The H+ 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 known 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 
H+ catalysis. This is precisely what has been observed (Engelhardt, et al., 
1977; Iler, 1973, pp. 9-11; Acker, 1969). 
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97 ) have s tudied  the  e f f ec - s  of a whole series E 
ate ' of 'depolMerizat ion ' af. l s i l ic ic  ac id  

r)\ 
nucl eo phi 1 i c  sub s t  an 

sols .  They analyzed e s u l t s  using t h e  expression 

a 
b 

.L where El, represents  t h e  rate of t h  lyzed" (1 .e . , OH- catalyzed reac- 
t i o n ) ,  (N) i s  t h e  concent ra t ion  of eophile,  and K, i s  the  " c a t a l y t i c  

coef f ic ien t" .  Their values f o r  K, s IC,., are given i n  Table 2.4.  

Where necessary, t h e  concent ra t ion  pecies of i n t e r e s t  was cal- 

cu la ted  from t h e  concent ra t ion  added and the  corresponding d i s s o c i a t i o n  equi- 

l ibrium. 
' >  

Stade and Wieker r e p  catalysis by HF and hydroxylamine showed 

a " s a t u r a t i o n  e f f e c t " ,  i t h e  rate of r eac t ion  ceased increase  wi th  

concent ra t ion  of c a t a l y s t  nd a certain point. They rep  the threshold 

concent ra t ion  f o r  HF t o  be 3E-6 molar, but d id  not repor t  a - v a l u e  f o r  hydro- 

xylamine and F'. The t i o n  mechanisms involving c a t a l y s i s  by t h e  o the r  

substances i n  Table 2.4 probably similar t o  one o r  another of t h e  mechan- 

i s m s  proposed f o r  t h e  f l b o r i d e  catalyzed mechanisms. General nuc leophi l ic  

c a t a l y s i s  analogous t o  (2.14.3) seems l i k e l y  i n  most cases. Aside from HF, 

none of t hese  substa l i k e l y  t o  be present i n  geotherm b r ines  i n  con- 

c e n t r a t i o n s  l a r g e  en cause a not iceable  e f f e c t .  

The s i z e a b l e  c a t a l y t i c  c o e f f i c i e n t s  of t he  two amines suggest that ammo- 

n i a  may a l s o  be an e f f e c t i v e  c a t a l y s t .  Bisu l f ide  i o n  (HS') and bicarbonate 

are two o the r  nucleophiles known t o  e x i s t  i n  geothermal b r ines  i n  s i g n i f i c a n t  

c *  

c - concentrations. A l l  t h ree  a t  least deserve t o  be screened f o r  c a t a l y t i c  

ac t i v i t  y . 
0 

52-16 Toward P red ic t ing  t h e  Rates of Molecular Deposition 

L i t e r a l l y  t h e  only published datum r e l a t i n g  t o  the  a c t u a l ,  abso lu te  rate 
of depos i t ion  per u n i t  sur face  area i s  t h e  statement by I ler (1973, p.15) t h a t ,  

a t  100°C, t h e  maximum rate a t  which MSA may be deposited on the su r face  of 
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Table 2.4 

Catalytic Coefficientscfor Various Nucleophilic Catalysts of the 
S i l i ca  Depolymerization Reaction 

Data of Stade and Wieker (1973) 

T - 25OC 

$ = 0.014 min-l t 

px = 5.5 

Catalyst K, 
(mole-1 min-1) 

10000 

1300 
- 
F 

NH20x 

0.38 

0.22 

B O 3 -  0.078 

XF 
7 9 . 8 ~ 1 0  

c 

. 
3 
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t3 preexis t ing  c o l l o i d a l  p a r t i c l e s  without nucleat ing new ones is about 0.005 g 

m-2hr'1. This I s  equivalent  t o  a rate of ' s u r f ace  advance' of 2.3 nm hr-l. 

I ler  has elsewhere ~ s t a t e d  (Iler, 1975) tha is datum refers to  pH 9. We 
I ,  " I  1 -  > *  

* r a t i o n  under t s re fer red '  t o  w a s  about 
1 .  

t h a t  the  MSA 
I i k t  4 

0.7 g SI02 kg-l. 
. I  

* n h i s  t h e s i s  R i m s t i d t  (19 
n 

u t ion  experiments 

d 

This corresponds t o  an activatYon energy o f *  11.9 kcal  mole-1, There 

was no si'gnific'ant d i f f e rence  between the  rates o f -d i s so lu t ion  of t h e  diffe- 
r e n t  s i l i ca  phases. . +  

Unfortunately, Rlmstidt  apparent ly  d id  not attempt t o  cont ro l .  or even 

t o  record the  pH values  i n  h i s  experimental media. This makes h i s ;  r e s u l t s  

very hard t o  relate t o  o the r  'condi t ions,  and i s  probably . i n  l a r g e  degree 

responsible  f o r  the  l a r g e  scatter In  his rate constant  values  ( s l l g h t l g  Over 

Ires to  make 

t a t i v e  sense. 

4 . 
. 

0 

h i r d  order  ra l a w  of t he  form b.' 
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csu 
dc/dt = k ( C  - eo) 3 (2.16 . 2)  

b u t  d i d  n o t  j u s t i f y  t h e  assumption.  Alexander  (1953) found an  a p p a r e n t  - 

t h i r d  order  rate l a w  a t  pH = 1.7 and 2.1, and a second order  l a w  a t  pH = 4.36. 

Bauman (1959) reported apparent rate orders  of between 2 and 5, depending on 

the  pH and i n i t i a l  concentration. 

order  of e i t h e r  2 o r  3. (The choice depends on whether one assumes t h a t  gela- 

t i o n  occurs a f t e r  a c e r t a i n  amount of co l lo ida l  AS has formed, o r  a f t e r  a 

c e r t a i n  f r a c t i o n  of the  i n i t i a l  MSA has condensed.) Unfortunately, none of 

these  inves t iga to r s  made any a t tempt  t o  d i s t ingu i sh  between ac tua l  chemical 

k i n e t i c s  and the  k i n e t i c s  of nucleation. It is  very l i k e l y  that t h e i r  r e s u l t s  

are influenced as much by the  l a t te r  as by the  former and are, therefore ,  of 

questionable use f o r  our purposes. 

Hurd and Sheffer (1941) reported an apparent 

a 

Jbrgensen (1968) avoided t h i s  problem by studying t h e  growth and disso- 

l u t i o n  of preformed c o l l o i d a l  p a r t i c l e s  of AS. H e  w a s  ab le  t o  achieve a rea- 

sonable f i t  by using Gato's "cubic" formula above. Friedberg (1955) a l s o  used 

a preformed co l lo id ,  but d id  not a t tempt  t o  f i t  h i s  r e s u l t s  ana ly t i ca l ly .  

On the  bas i s  of g e l  t i m e  determinations,  Penner (1946) reported the  fo l -  

lowing values  f o r  the  a c t i v a t i o n  energy f o r  the  ac id  and base catalyzed poly- 

merization mechanisms: 

E& = 9.7 

EOH- 16.1 

Other i nves t iga to r s  have 

Hurd and Let teron,  1932; Hurd 

kca l  mole'l 

kca l  mole'l 

reported similar values  (Hurd and Barclay, 1940; 

and Schuyler-Miller, 1932). 

Stade and Wieker (1971) reported an a c t i v a t i o n  energy of 8.6 o r  8.7 kca l  

mole'l f o r  the  HF catalyzed d i s so lu t ion  react ion.  - 
Some work has a l s o  been done on the  d i s so lu t ion  of AS i n  a l k a l i n e  media 

(Greenberg, 1957; O'Connor and Greenberg, 1958). The la t ter  au thors  found 

t h a t  the  rate of d i s so lu t ion  was proport ional  t o  the  sur face  area and had an 

a c t i v a t i o n  energy of 18 - + 0.2 kcal/mole. 

than the  a c t i v a t i o n  energy reported by Penner (1946) f o r  t he  polymerization 

react ion.  Fournier and Rowe (1977) have found the  d i f f e r e n t i a l  heat  of solu- 

t i o n  of AS t o  be 3.71 + 0.05 k c a l  mole'l. The f a c t  t h a t  t h e  d i f f e r e n c e  

s 

This value i s  1.9 kca l  mole'l g rea t e r  

Lid 
- 
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LJ between the  two reported a c t i v a t i o n  energies  is  one-half of t h i s  value i s  

s i i t e n t  w i t h '  o u r  a h e  'rate d e t e r m i n i  

r eac t ion  i s  t king of 'a single" sifoxa'ne' bond 

* Wirth and Gieskes (1978) 

d i s so lu t ion  'of v i t reous  ' s i l i c a  'media containing ' N a C l  aad 'MgC12 

on. rat& 'varied a b  the  

5 a t  room temperature. bet ieen d i s so lu t ion  rate 
b 

and sur face  ch 
3 , *  ' 

* 
Ita i n - t h i s  area t o  be 

' such tha t  w e  had n t a l  prbgram. 

S2.17 
c ' ) ,  

The preceding% discuss ion  has been.. largely l imi ted  t o  the  case of MSA 

d e p o s i t i o n  on a p r e - e x i s t i n g  AS s u r f a c e .  I t , i s  a p p l i c a b l e , t o  molecu la r  

d e p o s i t i o n  on most . o t h e r  t y p e s  of s u r f a c e s  ,as we , as  most a r e  r e a d i l y  

converted t o  AS sur faces  on contact  with qupersaturated MSA solut ion.  Very 

roughly speaking, such depos i t ion  proceed a rate on the  order  of nano- 

meters per  hour. It i s  easy t o  determine t t h i s  process i s  far too  slow 

t o  account f o r  the  formation of sca a t  an observable rate. The obvious 

inference  i s  t h a t  most of tlie A'*ih. so lu t ion  is a c t u a l l y  deposi ted on 

minute c o l l o i d a l  p a r t i c l e s  s d i n  the  brine. These- then adhere t o  

macroscopic sur faces  and cause e i t h e r  si l ica scale o r  a compact s i l ica  g e l  t o  

form. (The foregoing 

The i n i t i a l  formation of the  c o l l o i d a l  AS p a r t i c l e s  is a process of 

nucleat ion similar t o  t h  i n  o ther  systems. t t h e  h igh  i n i t i a l  supersatu- 

This was f i r s t  convincingly demonstrated and 
z r a t i o n  r a t i o s  required f o r  rapid polymerization, the  so-called 'homogeneous 

c l q a r l y  s t a t e d  by A. Makrides, W. W. Harvey and t h e i r  coworkers (Harvey et 

2 
nucleat ion process i s  dominant. 

b 

0 '  -. a1 ' 1976, Makrides e t  a1 9 1978). These authors  worked a t  between 75 and . Experiments e earlier performed af 3OoC by 

Baunann (1959). He l a r  r e s u l t s ,  but, unfortunat  

t o  recognize the  h phenomenon i n  . Rothbaum and 

Rohde (1979) have recent ly  obta in  es 'bp t o  180° C, 

but a l s o  did not recognize ' the: true'.  s ign i f i cance  of t he .  a h a r a c t e r i s t i c a l l y  

shaped curves they obtained. 

I 

LFJ 
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No preexis t ing nucleus is involved i n  the  homogeneous nucleat ion process. 

Rather, a few small oligomers grow by w h a t  i s  e s s e n t i a l l y  a random f l u c t u a t i o n  

process u n t i l  they reach so-called c r i t i c a l  nucleus s ize ,  beyond which they 

grow rap id ly  as would any ex te rna l ly  supplied c o l l o i d a l  pa r t i c l e .  

The rate of homogeneous nucleat ion i s  l a r g e l y  determined by the  f r e e  

energy of the  c r i t i ca l  nucleus and by the  rate of molecular deposi t ion on i t s  

surface.  We w i l l  speak i n  terms of the  so-called Lothe-Pound Theory of Homo- 

geneous Nucleation (see the extensive discussion i n  Abraham, 1974). The 

Lothe-Pound theory i s  a s t ra ightforward and l o g i c a l  extension of t he  so-called 

"Classical" Theory of Homogeneous Nucleation, but avoids the w e l l  known major 

def ic iency of the  latter. I n  the  p a r t i c u l a r  case of AS c o l l o i d  nucleat ion,  a 

fo r tu i tous  physical circumstance makes the  Lothe-Pound theory as simple and 

easy t o  work with as i s  the  classical theory. Indeed, the  simple and t rans-  

parent  form of the  classical theory is preserved almost unchanged. 

The "classical" expression f o r  t he  f r e e  energy of formation of t h e  cri t i-  
cal nucleus from dissolved s i l ica  is: 

AF* = 1 6 d 3  Y3/(pnknTBln S)-2 (2.17.1) 

where 

pn = the  dens i ty  of s o l i d  AS i n  Si02 u n i t s  

= 2.21322 cm-3 

s = c/co 
Y = the  sur face  tension of the  AS-water i n t e r f ace  

The rad ius  and area of the  c r i t i ca l  nucleus are: 
* 

r = 2y /(pn kBT I n  S) (2.17.2) 

A* 
4arf2  = 3 A F  * / Y  

(2.17.3) 

The expression f o r  t he  s teady nuc lea t ion  rate derived from the  Lothe- 

Pound Theory i s  
* * 

I N  Z A R m d n  p Q LP exp(-AF /kBT) (2.17.4) 

where IN i s  the  nucleat ion rate expressed i n  u n i t s  of (kg H20 m1n)'l and 

. - 
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ate  of molecular depos i t ion  i n  g Si02 rnin'l 

Zeldovich. f a c t  ess number which i s  

. *  
. t yp ica l ly  between 0.01 and 0.1 

c ia ted  with c rea t ing  a s t a t iona ry  

e. (This i s  a l l  t h a t  I s  considered 

i n  the  Classical Theory of Nucleation.) The in se r t ion  of the  Lothe-Pound 

o r  c o r r e c t s  the  value of e ca lcu la ted  nucleat ion rate f o r  t he  fact ' that  

c r i t i c a l  nucleus i s  act  l y  i n  motion: i t  d i f fuses  through the -wa te r ,  

s l a t i o n a l  and r o t a t i o n a l  

irees of freedom g r e a t l y  

the  c r i t i c a l  nucleus. Our own work 

and i t  executes r ap  " j igg l ing  motions" of bot 

r o x i m a t e l y  c o n s t a n t  ( i n  t h i s  p a r t i c u l  

0)-1. The physical s ign i f icance  of this 

s t h a t  i t  i s  equ the  number of water molecules i n  a kilogram of 

number of pos i t ions  ava i l ab le  

y i n  a volume of space t h a t ' c o n t a i n s  a 
i s  known and is 

ying considerat ion al luded to 

r i t ical  nucleus. 

t the  ac tua l  concentrat ion of 

he value of IN 

eters. Under 
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There is evidence for such a "threshold value" of S in the case of 
AS nucleation as well. For example, working at 95OC, Makrides, - et al. 
(1978) did not study the rate of nucleation below about S = 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. In his 
similar experiments performed at 3OoC, Baumann (1959) did not work below 

about S = 3.3, again apparently because of the rapid fall-off 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 is made to add 
MSA more rapidly to the solution in order to exceed this rate, the result is 
nucleation of new particles in addition to the growth of preexisting ones. 

This "critical growth rate" phenomenon is easily interpreted as being a 
consequence of the "threshold supersaturation" ef feet . 

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 38OC, Midkiff and Foyt (1976 and 1977) 
found that the sequestration of calcium prevented 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 is 

dominant with lower initial supersaturation ratios. 

S2.18 The "Induction Time" for Nucleation and the Value of the Surface Tension 

b 

* 

t 

An "induction" or "lag" time is often associated with the nucleation pro- 
cess. Characteristically, there is some period of time during which the con- 

centration of monomer remains constant and nothing seems to happen. Finally, 
the concentration of monomer begins to decrease, and this is indicative of 

the nucleation process. In most physical systems, the induction time is id 
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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 is usually ob s in the kinetic data. .(Indeed, the , 

S I  

convenient 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.) 

There are two physical interpret 

a consequenc 

to critical nucleus size and It i s  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 reactions (Russell, 1968 and 1969).  This inter- 
pretation applies to homogeneous nucleation only. 

eyond it. 

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 is implicit in this 
interpretation that 'the "ste y state" nucleation rate is attained so rapidly 
that the fact of an initial slower nucleati rate may be ignored for prac- 
tical purposes . terpretation applies induction times observed in 
the case of hom s and heterogeneous nucleation both. Interpreted in this 

nduction time is simply related to the monomer deposition rate R and 

- 

This result was first obtained by Johnson and O'Rourke (1953), and then 
et al. ( 1 9 7 8 ) .  rederived and applied to the case of AS nucleation by Makrides 

I .  
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L v  
The same two sources a l s o  g ive  an analogous expression f o r  the  v a r i a t i o n  

of t h e  induction time i n  the  case of heterogeneous (i.e., "seeded" nucleat ion):  

it va r i e s  i n  approximate proportion t o  

Ni-1'3 (GdPn1-l (2.18.2) 

where N i  is the  number of s o l i d  p a r t i c l e s  i n i t i a l l y  present.  

The da ta  of Makrides -- et a l .  (1978), Baumann (1959) and Rothbaum and 

Rohde (1979) c l e a r l y  exh ib i t  the  induction t i m e  phenomenon. For some t i m e  

a f t e r  a supersaturated MSA so lu t ion  i s  prepared, no decrease i n  MSA is  detec- 

t a b l e  and then, f i n a l l y ,  nucleat ion becomes evident and the  MSA concentrat ion 

drops rapidly.  A t  lower values of S the  induction time is  longer ,  cons i s t en t  

with our expectations.  Makrides e t  al .  found t h a t  a t  95OC and constant  

s a l i n i t y  and pH the  induction t i m e  v a r i e s  approximately as 
-- 

( I n  s 1-12 

Comparing t h i s  aexpression with (2.18.1), these  authors  estimated t h e  

value of t h e  surface tens ion  t o  be about 45 e rgs  

The sur face  tension of t h e  AS-water i n t e r f a c e  may a l s o  be determined 

from the  empir ical ly  determined r e l a t ionsh ip  between p a r t i c l e  rad ius  and 

s o l u b i l i t y .  Using t h i s  method, Alexander (1956) found the  sur face  tens ion  t o  

be about 46 e rgs  Iler (1979, p.54) reported values  of 54 and 46 e rgs  

cm-2 f o r  c o l l o i d a l  silica s o l s  polymerized a t  high and low temperatures, 

respect ively.  The exce l len t  agreement between the  sur face  tens ion  values  

determined i n  these  two t o t a l l y  d i f f e r e n t  ways lends s t rong  suppott  t o  t he  

t 

fundamenta l  c o r r e c t n e s s  of  t h e  homogeneous n u c l e a t i o n  t h e o r y  of s i l i c a  . 
polymerization. 

- 
Makrides et al., a l s o  found t h a t  an increase  of pH by one u n i t  decreased 

the  induct ion time by about a f a c t o r  of ten. This i s  cons is ten t  with the  

concept of hydroxide c a t a l y s i s  and with the  form of (2.18.1). 

- 
1 

Data presented by Rothbaum and Anderton (1975) show an induct ion t i m e  

f o r  the  decrease of MSA concentrat ion i n  Wairakei br ines .  
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S2.19 The Practical Significance of Nucleation Phenomena and the Study of Homo- 
geneous Nucleation 

' 7 ,  < 

a, 

* In the absence of 1 a preiipititibn is 
limited to molecular deposition id surfaces. This is a 

c relatively simple and easily describ 

Homogeneous nucleation at large va 

inutes, hours, or 
threshold may not precipitate 

but may still precipi- 

d 

s 

. 
the formulation 

ti 
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tial problems that arise in regard to defining and evaluating the cont 
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. 
Also, the crucial step in the reduction of particle solubility data to deter- 
nine surface tension is essentially a numerical differentiation of the experi- 
mental data, and is, 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 
data. 
and Makrides - 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 untilfan optimal overall fit has been achieved. 

These experiments will be essentially similar to those of Baumann (1959) 

A painstaking fit of a rigorous theory to a large amount of high quality 
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 t 

. - 

kd advantage that it will tend to automatically compensate for possible errors 
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and approximations in other 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 

c of in the course of fitting the "surface tension function" to the data. 

e 
a 

cases. These are: 

osition kine- 

zation of the preexisting so 

or amorphous silicates, as in 

d 
i 

I 

e 

silicates is v 

b+ 
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The extreme conditions under which these phases t y p i c a l l y  nucleate seem t o  

e f f e c t i v e l y  preclude exhaustive experimental work of t h e  kind proposed above 

f o r  t h e  case of pure AS. 
We suspect that  the  only case i n  which a proper treatment of amorphous 

si l icate nuclea t ion  w i l l  be forthcoming w i l l  be that i n  which the  non-sil ica 

component is  absent from t h e  su r face  of t he  cri t ical  nucleus, thereby allowing 

pure silica sur face  tension values t o  be used. This, i n  turn,  r equ i r e s  that 

no more than a few atoms of t h e  o the r  component be present i n  the  nucleus; 

i.e., t h a t  t he  p a r t i c l e  c o n s i s t s  mostly of silica. A w e l l  known case of t h i s  

s o r t  is t h a t  of a s i n g l e  ion  o r  a s i n g l e  d i s soc iab le  molecule serving as a 

nucleation center  f o r  a water drople t .  I n  the  AS case, a polymeric aluminum 

r i r o n  hydroxide ion  seems most l i k e l y  t o  have t h i s  e f f e c t .  I f  one such 

e n t i t y  nucleates a si l ica p a r t i c l e ,  i t s  q u a n t i t a t i v e  expression should take  t h e  

form of a constant negative term i n  the  expression f o r  t he  f r e e  energy of t h e  

cr i t ical  nucleus. The problem wi th  t h i s  s o r t  of a n a l y s i s  is that such poly- 

meric s p e c i e s  are  u s u a l l y  i l l - d e f i n e d  and t h e i r  c o n c e n t r a t i o n s  unknown. 

Above .a l l  else, we must know how important t he  above processes r e a l l y  

are. The c u m u l a t i v e  e v i d e n c e  s u g g e s t i n g  t h a t  homogeneou u c l e a t i o n  is 

dominant under labora tory  conditions seems convincing. The i n  the  f i e l d  

is less clear. To conclusively answer t h i s  ques t ion  f o r  any s p e c i f i c  case 

w i l l  r equ i r e  comparing a c t u a l  f i e l d  experience with t h e  behavior of simulated 

br ines  under labora tory  conditions.  Adequate d a t a  appears t o  be a v a i l a b l e  t o  

do t h i s  f o r  t he  case of Wairakei. A more genera l  answer w i l l  r equ i r e  t e s t i n g  

poss ib le  nucleation-enhancing substances ( A l + 3 ,  Fe+3, Mg+2, C , c lay ,  etc.) 

i n  t h e  laboratory.  

iments is easy, but t h e i r  q u a n t i t a t i v e  i n t e r p r e t a t i o n  probably w i l l  not be. 

Ultimately, one would l i k e  t o  be a b l e  t o  answer such ques t ions  by means of 

t h e o r e t i c a l  i n t e r p r e t a t i o n  of b r ine  composition and thermal h i s t o r y  da t a  alone. 

The execut ion and q u a l i t a t i v e  i n t e r p r e t a t i o n  of such exper- 

Fortunately,  t h ree  f a c t o r s  conspire t o  make t h e  p o s s i b i l i t y  of heteroge- 

neous nuc lea t ion  less of an impediment t o  making meaningful q u a n t i t a t i v e  

pred ic t ions  than i t  might otherwise be. 

F i r s t ,  when condi t ions  favor  homogeneous nuc lea t ion ,  i t  w i l l  create a 

t r u l y  enormous number of particles (up t o  about 1E19 dm-3) and w i l l  com- 

p l e t e l y  overwhelm t h e  competing heterogeneous nuc lea t ion  process. 

‘ b  

. 
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Lj Second , t h e  k i n e t i c s  and o v e r a l l  course 

s e n s i t i v e  t o  t h  

have ,noted i n  S2.18, t 

r t h e  minus one 

Third,  aluminum 

. elements i n  
i. 

othermal br ines  i n  

of t h e  extreme s t a b i l i t y  

of i r o n  are, however, o f t en  present i n  

so lub i l i z ing  e f f e c t  ron-chloride complex formation.) 

t 

C o l l o i d a l  S t a b i l i t y  and Coagulation of Col loidal  Amorphous Sil ica 

he classical ( theory of co  

als)  fo rces  exceed s i v e  e l e c t r o s t a t i c  

de te rmined  by t h e  s t r e n g t h  of  the 
ef fec ted  by ' t he  c ical  environment. 

and so lvent  proper t ies  while the  d ispers ive  fo rce  i s  not. The most bas ic  

determinant of t he  e l e c t r o s t a t i c  force  is  the  magnitude of the  sur face  charge 

on the  c o l l o i d a l  p a r t i c l e s .  This is determined by i o n  adsorpt ion and the  

d i s s o c i a t i o n  of sur face  groups. The i n t e n s i t y  of t h e . e l e c t r i c  f i e l d  near each 

p a r t i c l e  is determined by the  degree of sh ie ld ing  by opposi te ly  charged ions  

i n  the surrounding medium.  - Ln general ,  increasing e l e c t r o l y t e  concentrat ion 

i n  the  medium decreases c o l l o i d a l a s t a b i l i t y ,  and a g rea t e r  e l e c t r o l y t e  concen- 

eeded t o  coagulate o l l o i d  with a g rea t e r  sur face  charge 

S o r t h  i n  the  classic book by Verwey and Overbeek 
i classic" iheory does not work i n  the case of col- 

J Matijevid,  1969, 1979, 1971; Iler,  1975a). Allen and 
* 

t h a t  i n  most cases a smaller e l e c t r o l y t e  concentrat ion w a s  

needed to coagulate AS a t  higher pH, desp i t e  the  f a c t  that higher 

pH corresponds t o  rface charge and, thereby, a g rea t e r  electro- 

Furthermore, they found that the  concentrat ion of any 

given e l e c t r o l y t e  needed t o  coagulate the  s i l i c a , w i t h i n  an hour was determined 

I 
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by the  ca t ion ' s  a b i l i t y  t o  exchange f o r  protons on the AS surface.  For any 

e l e c t r o l y t e  a t  a given pH, the  "cri t ical  coagulation concentration" (c.c.c.)* 

was j u s t  t ha t  a t  which the  number of protons released from the  AS sur face  per 

un i t  area equaled a c e r t a i n  value which was a funct ion of pH alone. This 

"cri t ical  exchange curve" (c.e.c.) was found t o  be common t o  a l l  monovalent 

ca t ions  s tudied throughout the  pH range studied. The "crit ical  exchange 

values" f o r  calcium and t r i v a l e n t  lanthanum- a l s o  f a l l  on the  curve up t o  about 

pH 80 A t  higher pH's the "crit ical  exchange" values f o r  calcium f e l l  below 

the  curve f o r  monovalent cat ions.  

Later, Allen and MatijeviL (1971) d i r e c t l y  determined the  amount of 

calcium ion  which was ac tua l ly  adsorbed on the  AS sur face  a t  the  c.c.c., 

as contrasted t o  the  number of protons released by calcium sorpt ion.  (This 

d i s t i n c t i o n  i s  n e c e s s a r y  i n  t h e  c a s e  of d i -  and h i g h e r  v a l e n t  c a t i o n s ,  

because  t h e s e  may, on t h e  a v e r a g e ,  exchange f o r  fewer  p r o t o n s  t h a n  are 
necessary t o  balance t h e i r  charge). They found t h a t  a p l o t  of equiva len ts  of 

ca l c ium adsorbed  a t  t h e  C.C.C. v e r s u s  pH f e l l  on  t h e  " c r i t i c a l  exchange 

curve" up t o  about pH 9. The calcium poin ts  again f e l l  below the  c.e.c. 

* I n  the  usage of these  authors ,  t he  C.C.C. is approximately t h a t  

concentrat ion a t  which coagulation-related l i g h t  s c a t t e r i n g  becomes 

j u s t  d e t e c t a b l e  one hour  a f t e r  mixing. One hour  was chosen  as  t h e  

time of measurement because it was found t o  be the  "critical time" f o r  

si l ica coagulation (Allen and Mati jevic/, 1969) 

The concept of the  "cri t ical  t i m e "  was introduced by Teiak - et  

- al. (1951). Basical ly ,  it is the  length  of time within which the  most 

important mechanism of electrolyte-induced f loccu la t ion  w i l l  become 

apparent i f  t he  e l e c t r o l y t e  concentrat ion i s  high enough f o r  i t  t o  be 

e f fec t ive .  The C.C.C. i s  the corresponding threshold concentrat ion as 
determined a t  the  cr i t ical  t i m e .  Other, slower processes which cause 

an increase  i n  l i g h t  s c a t t e r i n g  may manif est themselves a t  concentations 

below the  C.C.C. a f t e r  some period of t i m e  longer than the  " c r i t i c a l " .  

Tez'ak et  a l .  suggest t ha t  these processes usual ly  involve " r ec rys t a l l l z -  

zation" of the  c o l l o i d a l  material i n t o  l a r g e r  p a r t i c l e s  (i.e.,  c o l l o i d  

aging). L 
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above pH 9 ,  but - ,  I became ob e of experimental 

d i f f i c u l t i e s  a t the  c.e.c. may 

a c t u a l l y  be common f o r  a l l  ca t ions ,  regard less  of charge, i f  i s  . inter-  

The graph of the  cr i t ical  exchange curve presented- by Matijevir! (1973) 
* preted as being the  curve of "cri t ical  ca t ion  adsorption". 

a ed reasonab . 
log  E = -2.34 +.0.210 pH . 

a s p e c i f i c  area o f  

f i t t e d '  w e l l  by the  formula: 

201 - 0.2668 pH 

The analogous formula f o r  KC1 is: 

h i c a l  da t a  presented 

and Mati jevi4 (1970 

8 

s 

a f t e r  mixing were 

was caused by the  same mechanism as the  more rap id  coagula t i  

d a t  pH 8,1, 8.75 and '9 .5 

B.i 
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using p a r t i c l e s  of s p e c i f i c  area ranging from 21 t o  540 m2 g-l.. 

f o r  the  C.C.C. ( i n  moles L'I and 

the  r e l a t ionsh ip  

H i s  r e s u l t s  

termined a t  one hour) are w e l l  f i t t e d  by 

C.C.C. = 0.03885 - 0.004 pH + 7.2E10 exp(-3.326 pH) A (2.21 -4) 

where A i s  the  s p e c i f i c  surface area of the  c o l l o i d a l  AS i n  m2 g-1. 

Allen and MatijeviE's (1969) da ta  f o r  the  C.C.C. of calcium is a l s o  w e l l  

described by t h i s  r e l a t ionsh ip  i n  the  pH range 8.2 t o  9.5. However, t h e  above 

formula gives  values somewhat below those found by Allen and +Matijevicf f o r  

c o l l o i d a l  AS with A = 200 i n  the  pH range 7.2 and 8.0. The discrepancy i s  
about a f a c t o r  of two a t  pH 7.2. 

I l e r  a l s o  s e p a r a t e l y  de te rmined  t h e  number of p r o t o n s  r e l e a s e d  and 

the  n' . he r  of calcium ions adsorbed a t  the  C.C.C. H e  found t h a t ,  t o  within 

expe r imen ta l  e r r o r ,  t h e s e  q u a n t i t i e s  w e r e  independent  of p a r t i c l e  size. 

Both q u a n t i t i e s  increased moderately with increasing pH. The r a t i o  of pro- 

tons released t o  calcium ions adsorbed was found t o  be 1.6 a t  pH 8.1, 1.25 

a t  pH 8.75 and 1.05 a t  pH 9.5. These r e s u l t s  demonstrate t h a t  the  "cri t ical  

sorp t ion  curve" i s  a c t u a l l y  independent of particle s i ze ;  t he  v a r i a t i o n  of 

C.C.C. with particle s i z e  is a c t u a l l y  caused by t h e  f a c t  t h a t  smaller par- 

t icles adsorb calcium ions  less strongly than do l a r g e r  ones. 

. 

Unfortunately, no one seems t o  have s tudied the  r e l a t ionsh ip  between 

C.C.C. f o r  sodium and p a r t i c l e  size. However, Heston e t  al. (1959) and Iler 

(1975a) found t h a t  t he  t i t r a t i o n  curves of c o l l o i d a l  AS i n  N a C l  so lu t ions  

were independent of p a r t i c l e  s ize .  Combining this observat ion with t h e  appar- 

e n t l y  universa l  na ture  of t he  "cri t ical  sorp t ion  curve" l eads  t o  the  predic- 

t i o n  t h a t  the  C.C.C. f o r  sodium should a l s o  be independent of particle s i ze .  

The d i f fe rence  between sodium and calcium i s  obviously due t o  the  charge 

d i f fe rence .  More spec i f i ca l ly ,  we bel ieve that i t  i s  due t o  the  f a c t  that ,  

on the  average, a calcium i o n  d isp laces  less than two protons on the  AS sur- 
face  when it  is  adsorbed. 

It i s  apparent from Eq. (2.21.4) that, a t  pH 8.1, the  dependence of the  

C.C.C. of calcium on p a r t i c l e  s i z e  i s  powerful indeed. The value of the  

ca lc ium C.C.C. changes by more than  an o r d e r  of magni tude between A = 0 

c . 
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%j (extrapolated)  and A = 540. This has the  p r a c t i c a l  implicat ion tha t  AS par- 

t ic les  i n  a calcium-rich geothermal br  e w i l l  tend t o  coagulate 

they have grown t o  a c e r t a i n  s ize .  Likewise, aggregates of severa l  p a r t i c l e s  

4 formed by whatever means w i l l  tend , to coagulate out more rap id ly  than s i n g l e  

.) e r e a d i l y  than t o  each other.  Indeed, seems possible  ' that t h e r e  

the  rate of.remova1 by formation and growth of suspended 

S. Fina l ly ,  monodisperse p a r t i c l e s  w i l l  s t i c k  t o  f l a t  AS 

* 

t i o n s  under which the rate of particle removal by deposi t ion on f l a t  

* r f aces  w i l l  exceed 

grega tes  i n  the  l i q u i d  phase, 

M a t i j e v i l  ( 1 9 7 3 )  has ported the  des t ab i l i z ing  e f f e c t s  of s o d i p  and 

potassium ions  t o  be e. This i s  t o  be expected f r  he universa l  

f the  c r i t i ca l  adsorpt ion curve .and from the  l ike l ihood that a t  the  

n t e r e s t  each of the  ca t ions  is 

adsorbed from mixed e l e c t r o l y t e  s o l u t i o  o r  less independently of the  

others .  Thts observat ion much s impl i f i e s  fhe  pred ic t ion  of he des t ab i l i z ing  

i x t u r e s  of sodium, potassium and calcium. Given the  concentra- 

and the  pH, one merely needs compute the  f r a c t i o n  of the  

esponding C.C.C. t each concentrat ion these add up t o  

low sorp t ion  d e n s i t i e s  of g r e  

un i ty  o r  g rea t e r ,  t h e  c o l l o i d  i s  unstable.  

Both Allen and Matijevic? and Iler came t o  the  obvious and well substan- 

t ia ted conclusion that sur face  t a b i l i z e s  the co l lo id .  Allen 

t 

c 

. 
* 

hd 

\ 
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An important f a c t  which Allen and MatijeviL f a i l e d  t o  comment on i s  that 

the  constancy of the  cr i t ical  exchange curve a l s o  holds over l a rge  va r i a t ions  

i n  ion ic  s t rength.  This must be so because a given exchange value usua l ly  

corresponds t o  considerably d i f f e r e n t  concentrat ions and ion ic  s t rengths  as 
one goes from e l e c t r o l y t e  t o  e l e c t r o l y t e  a t  a given pH. This means that both 

the  a t t r a c t i v e  and the  repuls ive  forces  between the  p a r t i c l e s  must be a f f ec t ed  
the  same way by e l e c t r o s t a t i c  shielding.  This i s  incons is ten t  with the  "dehy- 

drat ion#* theory of des t ab i l i za t ion ,  as w e l l  as with coagulation by Van de r  

Waals type a t t r a c t i v e  forces .  (It i s  prec ise ly  t h e  f a c t  t h a t  van d e r  Waals 

forces  are unaffected by e l e c t r o s t a t i c  sh ie ld ing  while e l e c t r o s t a t i c  repuls ive  

forces  are that causes "classical" c o l l o i d s  t o  be des t ab i l i zed  by e l e c t r o l y t e s ) .  

I n  an e l e c t r o l y t e  so lu t ion ,  t he  in t e rac t ion  of charged p a r t i c l e s  i s  
described by the  shielded Coulomb poten t ia l .  The repuls ive  force  between par- 

ticles of l i k e  charge is  simply due t o  the f a c t  that the  o v e r a l l  charges of 

both p a r t i c l e s  are nonvanishing and of the  same sign. Therefore, the  repul- 

s i v e  force  may be s a i d  t o  arise from the  i n t e r a c t i o n  of t he  monopole terms 

i n  the  multipole expansions of the  electric po ten t i a l s  of the  two particles. 

The a t t r a c t i v e  forces  between two AS p a r t i c l e s  with adsorbed ca t ions  on t h e i r  

s u r f a c e s  a re  due t o  monopole-dipole and h i g h e r  o r d e r  i n t e r a c t i o n  terms. 

I n  the  case of a sphe r i ca l  p a r t i c l e  a t  the  l i m i t  of low i o n i c  s t rength ,  

the  monopole term i n  the  one p a r t i c l e  po ten t i a l  i s  

where 
r = the  p a r t i c l e  radius  

(2.22.1) 

R = the  d is tance  from the  cen te r  of the  particle 

d = the  thickness of the  d i f f u s e  double l aye r  

E = the  d i e l e c t r i c  constant of the  solvent.  

The major d i f fe rence  between (2.22.1) and the  corresponding expression 
f o r  t he  unshielded Coulomb po ten t i a l  is the  presence of the  exponential  term 

which makes the  value of the  p o t e n t i a l  decay more rap id ly  with increasing R. 

The e l e c t r o s t a t i c  sh ie ld ing  f a c t o r  enters i n t o  the  corresponding expressions 

Lf 

* 

c 

LJ f o r  the  d ipole  and higher terms of the  po ten t i a l  i n  the  same way, Therefore, 
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hd varying the  ion ic  s t r eng th  changes the  values of a l l  of t h e  various in te rac-  

and the balance between the 
. ‘ ,  

and r epu l s ive  

I s t r e n g t h  as l o n  

. 
(t 

que. The i n i t  te of decre 

(2.22.2) - dN 

of 1 i n  100 

l e  more can be s a i d  on 

of t h e  a v a i l  

work on the  re ference  t o  

d . 
.i 

determine the s t a b i l i t y  of c o l l o i d a l  AS. A l l  i n  a l l ,  -we’see that t h e  su r face  
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ion exchange proper t ies  of AS determine many of i t s  chemical propert ies .  The 

a b i l i t y  t o  pred ic t  t he  e l e c t r o s t a t i c  state of the  AS sur face  under any given 

condi t ions would cont r ibu te  might i ly  t o  predict ing many of the  chemical and 

c o l l o i d a l  propcr t ies  of AS. 
The exchange of sodium on the  sur face  of AS a t  room temperature has been 

extensively studied. The most extensive and usefu l  s tud ie s  are those of Bolt 

(1957), Heston, Iler and Sears (1960), and Allen, M a t i j e v i l  and Meites (1970). 

The la t ter  three  authors  f i t t e d  t h e i r  da ta  using a more-or-less r igorous 

physical model which is based on the  assumption that a l l  d i ssoc ia ted  s i l a n o l s  

have ca t ions  bound t o  them. (This i s  approximately t r u e  a t  higher salt  con- 

cen t r a t ions ,  but i s  a r a t h e r  poor approximation a t  low s a l i n i t i e s . )  We used 

a s l i g h t l y  more general  vers ion  of t h i s  model which accounts f o r  the  presence 

of "unpaired" ionized s i l a n o l s  i n  an approximate way i n  our own work. 

There i s  a l s o  a smattering of information about the adsorption of other  

ca t ions  on the  surface of AS ava i l ab le  i n  the  l i t e r a t u r e .  See, f o r  example, 

var ious papers i n  the  Bibliography of t h i s  repor t  ( i n  p a r t i c u l a r ,  those papers 

c i t e d  i n  the  preceeding two Sect ions) ,  ' the  review of t h i s  genera l  subjec t  i n  

Iler 's book (1979, pp. 659-76 and elsewhere), and the  review by Wiese e t  al. 

(1976). L.H. Allen's (1970) t h e s i s  a l s o  contains  t i t r a t i o n  da ta  f o r  a v a r i e t y  

of salt media that are not f u l l y  presented elsewhere. 

Unfortunately, t he  da ta  ava i l ab le  i n  the  l i t e r a t u r e  i s  almost completely 

l imi ted  t o  room temperature conditions.  (The paper by Jhgger -* e t  a1 ' 1964, 

is  the  only important exception t o  th i s . )  A study of i on  exchange a t  higher 

temperatures i s  the  most pressing experimental need i n  t h i s  area. A s tudy 

of t he  exchange proper t ies  of  calcium as extensive as those of sodium c i t e d  

t, 

above would a l s o  be highly des i rab le .  

Fortunately,  w h a t  appears t o  be an adequate t h e o r e t i c a l  formalism f o r  

descr ibing the  exchange of ca t ions  f o r  protons on the sur face  of AS (as w e l l  

as those of o ther  amphoteric and a c i d i c  oxides) is  ava i lab le .  This is the  

si te binding model of Yates, Levine, and Healy (1973) i n  t he  form used by 

Yates, James and Leckie (1979). (For a de t a i l ed  review of t he  e a r l y  develop- 

ment of t h i s  modei and r e l a t e d  top ic s  see Wiese e t  al., 1976.) This model i s  

fundamentally similar t o  t h a t  used by Allen, Mati jevid and Meites (1971), but 

. 

. 
f 

. 
f 

L is an improvement on the  latter i n  that i t  c o r r e c t l y  accounts f o r  the  fact  

t h a t  not a l l  d i ssoc ia ted  surface s i l a n o l s  have ca t ions  bound t o  them. 
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The outstanding t h e o r e t i c a l  need i n  t h i s  area is t o  extend t h e  si te 

binding model t o  make i t  appl icable  . t o  small sphe r i ca l  p a r t i c l e s  as w e l l  as 

t o  f la t  sur faces .  This should not be very hard t o  do. 

c1B 

S2.24 The Gela t ion  of Col lo ida l  S i l i c a  

e 
0 Concen t ra t ed  s i l i c a  s o l s  ( s e v e r a l  p e r c e n t  S i02  o r  more) , form a g e l  

b t h e  separa t ion  of s i l i ca  from water. Rather, a ogeneous s o l  t u rns  i n t o  a 
e under c e r t a i n  conditions.  Gel formation e8 not o r d i n a r i l y  involve 

The d i l u t e  s o l s  of geothermal i n t e r e s t  (less than 1 g L-l homogeneous ge l .  

SiO2) do not form g e l s  because they do not conta in  enough si l ica p a r t i  

t o  " f i l l "  t he  whole volume of t h e  s o l  with a more-or-less continuous n e t  

The g e l a t i o n  process is s t i l l  o f -  i n t e r e s t ,  ho r , because the pro 

involved i n  g e l a t i o n  a t  high s o l  concent ra t io  ould cause an analogous 

type of f loccu la t ion  o r  coagulation a t  lower s o l  concentrations under the 

same conditions.  

The only a v a i l a b l e  q u a n t i t a t  he g e l a t i o n  

si l ica s o l s  seems t o  be t h a t  provided by t h e  duPont Company i n  t h e i r  commer- 

c i a l  s i l i c a  s o l  p roduc t  l i t e r a t u r e  (duPont ,  no d a t e ) .  I ler  (1973) a l s o  

d i scusses  g e l a t i o n  in much g r e a t e r  d e t a i l  but l e  quant i  ta t ive l  y . 
The main f a c t s  regarding the  g e l a t i o n  of ense (10 t o  30% Si021 s o l s  

are : 

1) The g e l  t i m e  may be anywher rom a f e w  minutes t o  immeasurably . 
long, depending on concentration, p a r t i c l e  s i z e  and o ther  f ac to r s .  

A l l  else cons tan t ,  , t h e r e  is  a 2) r t a i n  pH value a t  which g e l a t i o n  

value is  general1 ear 5 ,  but may be any- 

bout 7 depending on o ther  f ac to r s .  
2. . reas ing  elect n t r a t i o n  decre 

I9 
the  pH corresponding t o  minimum g 

e e grea t ly .  I n  the  case of 

c t i v a t i o n  energy i s  

about 18.3 kca 

en t ra t ion .  For Ludox 
HS a t  pH 5 and 98.9OC, t h e  g e l  time is i nve r se ly  proportional t o  

the square of t h e  concent ra t ion  between 10 and 30 w%. 

temperatures the  concent ra t ion  dependence is  even g r e a t e r  (Ibid.) .  - 
A t  lower 
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6) A t  a given concentration, g e l  t i m e  decreases r ap id ly  with decreas- 

ing particle s ize .  Iler (1973, p.43) puts  f o r t h  t h i s  approximate 

k i n e t i c  l a w :  

"The rate of g e l l i n g  appears t o  be proport ional  t o  the  t o t a l  

area of  s i l i c a  s u r f a c e  p r e s e n t  i n  a g i v e n  volume of s o l " .  

(Note t h a t  t h i s  con t r ad ic t s  t he  conclusion under 5 )  above. However, 

it does g ive  a f ee l ing  f o r  the r e l a t i v e  e f f e c t s  of varying concen- 

t r a t i o n  and p a r t i c l e  s ize . )  

The apparent a c t i v a t i o n  energy f o r  ge l a t ion  appears t o  be approximately 

the  same as that f o r  the  formation of 2 si loxane bond. It is l i k e l y  that the 

rate-determining s t e p  i n  t h e  ge l a t ion  process is t he  formation of s i loxane  

bonds between two particles which are i n  contact.  The increase of g e l  t i m e  

with decreasing pH below a c e r t a i n  value is a consequence of the  well-known 

pH dependence of t he  rate of s i loxane bond formation. 

The increase i n  g e l  t i m e  with increasing pH a t  higher pH's is c l e a r l y  

due t o  increasing negative charge of the  particles. This behavior is consis- 

t e n t  with the  classical theory of co l lo id  s t a b i l i t y .  It i s  i n  q u a l i t a t i v e  

disagreement with the  ca t ion  sorp t ion  d e s t a b i l i z a t i o n  model discussed i n  S2.22 
This suggests t h a t  t he  i n t e r p a r t i c l e  a t t r a c t i o n  caused by ca t ion  sorp t ion  i s  

not  a s i g n i f i c a n t  f ac to r  i n  the  g e l a t i o n  process. It seems l i k e l y  that some 

combination of van der  Waals forces ,  hydrogen bonding, and hydrophobic attrac- 

t i o n  holds the  co l l i d ing  p a r t i c l e s  together  long enough f o r  t h e  formation of 

i n t e r p a r t i c l e  s i loxane bonds. 

We conclude t h a t  t h e r e  are a l s o  r e l a t i v e l y  weak "classical" a t t r a c t i v e  

forces  which mediate g e l a t i o n  under condi t ions of neg l ig ib l e  c a t i o n  'sorption. 

Overal l ,  i t  appears t h a t  these  forces  are too weak and t h e  g e l a t i o n  process 

t o o  s low t o  be of  much p r a c t i c a l  impor tance  under  most geothermal  b r i n e  

conditions.  It is clear t h a t  under condi t ions of rapid coagulation that i s  

induced by ca t ion  adsorpt ion one need not  concern oneself  about the  parallel  

" c l a s s i c a l  gelat ion" mechanism because of i t s  very low rate a t  the  low s o l  

concentrat ions of g r e a t e s t  i n t e r e s t  t o  geothermal chemistry. 

. 

. 

c . 
1 

1 
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CHAPTER THREE - THE KINETICS OF S I L I C A  P kid 

S3.1 In t roduct ion  
* 

S i l i c a  usua l ly  p r e c i p i t a t e  
0 

R o r  amorphous silicates. This concl 

* t h i s  study was r e s t r i c t e d  accordingly. 

experience, l abora tory  research and 

The process of amorphous s i l ica  p rec ip i t a t ion  from supersaturated bulk 

aqueous,phase cons i s t s  of the  following steps: 

1) 
2) Nucleatio an amorphous s i l i c  

Formation of s i l ica  polymers of 

i d a l  p a r t i c i e s  . 
3)  Growth of the s u p e r c r i t i c a l  AS p a r t i c l e s  by f u r t h e r  chemical depos i t ion-  

of s i l i c i c  acid on t h e i r  surfaces.  

4) o r  f loccu la t ion  o 

5 )  

r ticles . 
ep 6) i s  known 

2 
t 

s 
e 

W 

t o r s  a t  the  Niland test f a c i l i t y .  The secondary phase observed 

The important r o l e  of the  homogeneous nucleat  ep i n  s i l ica  pre- 

t o r s  a t  the  Niland test f a c i l i t y .  The secondary 

The important r o l e  of the  homogeneous nucleat  p i n  s i l ica  pre- 
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c i p i t a t i o n  from so lu t ion  w a s  r ecen t ly  recognized by A.C. Makrides and h i s  

coworkers a t  the E I C  Corporation of Newton, Mass. (Makrides e t  al., 1978). 

Past ignorance of t h i s  c r u c i a l  f a c t  has caused much confusion and 

mis in te rpre ta t ion  i n  the  s i l ica  l i t e r a t u r e .  

2) and 3) are qualitat ively.different ,  and follow d i f f e r e n t  rate laws. 

This makes i t  near ly  worthless t o  t r y  t o  f i t  the  k i n e t i c s  of t h e  whole 

process t o  one k i n e t i c  equation as has usual ly  been the case i n  the  past .  

This p i t f a l l  has been avoided i n  the work reported here. 

The problem is  that s t eps  I), 

The k i n e t i c s  and phenomenology of s t eps  2) and 3) have been s tudied by 

us i n  g rea t  d e t a i l ,  both separa te ly  and together.  

rap id ly  t o  have any e f f e c t  on the ove ra l l  k ine t i c s .  

been studied i n  somewhat less d e t a i l  i n  work reported elsewhere (Weres et 
-* a1 9 1980). 

Step 1) happens too 

Steps 4) and 5) have 

S3.2 Experimental Methods 

The bas i c  experimental design and methods are out l ined here. Further 

d e t a i l s  of experimental technique are presented i n  Appendix 3.2. A l l  i n  a l l ,  

our experimental techniques most c lose ly  resemble those of Baumann (1959) and 

Makrides -- e t  al. (1978). 

Approximately 300 experimental runs were performed, and about two-thirds 

of these produced useable data.  

The bas i c  experimental technique employed was t o  prepare a buffered 

so lu t ion  of given pH, molybdate a c t i v e  s i l ica  concentrat ion (henceforth 

abbreviated as MAS), s a l i n i t y ,  etc., and keep i t  a t  a constant  temperature 

f o r  some length  of time while pe r iod ica l ly  withdrawing small samples t o  

analyze f o r  remaining MAS. 
the  MAS concentrat ion as the r eac t ion  progressed. 

The molybdate yellow method w a s  used t o  determine 

The k i n e t i c  experiments f e l l  i n t o  two broad categories:  

1) experiments of the  molecular depos i t ion  type,  i n  which co l lo ida l  s i l ica  

w a s  added t o  the  so lu t ion  a t  the beginning of the  experiment and served as a 
s o l i d  subs t r a t e  f o r  molecular deposi t ion,  and 

2) experiments of the  homogeneous nucleat ion type,  i n  which no co l lo ida l  

si l ica was added, bu t ,  ins tead ,  it formed by means of homogeneous nuc lea t ion  

as the  reac t ion  progressed. L 

t - 

i 

.L 

c 
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des i red  low pH or  low i n i t i a l  MAS concentrat ion were run as long as required.  

Most of the experiments deal ing with f luo r ide  c a t a l y s i s  required 4 t o  6 

Timing of the  Experiments. The g rea t  bulk of our experiments were 

planned t o  have a dura t ion  of about 60 t o  90 minutes, and most of ' these  were 
done three  a t  a t i m e  with manual sampling a t  i n t e r v a l s  of 5 o r  10 minutes. 

6 
Aside from g r e a t l y  increasing product iv i ty ,  the  three-at-a-time approach bes t  I 

e 

* 

i 

allowed the  e f f e c t s  of s ing le  va r i ab le s  (pH, sa l t  content ,  etc.) to  be 

i s o l a t e d  with least in t e r f e rence  by random e r r o r s ,  etc. 

l a r g e  'and more-or-less e a s i l y  pred ic tab le  e f f e c t  upon reac t ion  rate, we were 

able  to  devise  most of our experiments t o  f i t  i n t o  t h i s  convenient time 

frame . 

Because pH has a 

Those experiments which could not be f i t t e d  i n t o  90 minutes because of 

i m  
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CONTINUOUS FLOW KINETIC SYSTEM FOR EXPERIMENTS AT 100°C 

pJ 
Fig. 3.1. This system is  

2 minute delay mil 
in hot water 

XBL 799 - 2850 

discussed i n  d e t a i l  i n  Appendix 3.2. 

A t  temperatures o ther  than 

thermostatted water bath f i t t e d  

23 and lOOOC,  the  so lu t ions  were kept i n  a 

with a p lex ig lass  cover. Spot checks indi- 

cated a typ ica l  range of temperature f luc tua t ion  of t l o C  a t  temperatures 

below lOOOC,  and e s s e n t i a l l y  constant  temperature a t  100°. 

S i l i c a  s tock solut ion.  A so lu t ion  containing about 2.0 g L-1 Si02 as 

sodium metas i l i ca t e  was used as the  dissolved si l ica s tock so lu t ion .  The 

absence of a s i g n i f i c a n t  concentrat ion of oligomeric species  i n  t h i s  s tock 

so lu t ion  was indicated by the  f a c t  t h a t  a few experiments performed using 

s tock so lu t ions  with a Na:SiOq r a t i o  twice as high gave i d e n t i c a l  r e s u l t s .  

d i sso lve  9.45 g reagent This s tock so lu t ion  was prepared as follows: 

grade sodium metasilicate, Na2Si03.9 H20 i n  one l i t e r  of doubly deionized 

water. Standardize before use. 

Buffers.  Different  buf fers  were used i n  d i f f e r e n t  pH ranges. Below pH 

2.5, a maleate-citrate mixture was used. 

was used. 

Between pH 2.5 and 6, c i t ra te  alone 

Between about pH 6 and 8.5 (most of our work), a mixture of meleate 

d 

F 

and b a r b i t a l  (5 ,5Ld ie thy lba rb i tu r i c  acid; a l s o  known as Veronal) was used. 

Above pH 8'.5, a mixture of b a r b i t a l  and glycine was used. 
Lid 
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In  t h e  case of t h e  barbital-maleate and barbi ta l -glycine systems, t h e  
buffer  s tock  so lu t ions  were prepared from the  sodium sal ts  of the  buffer ing 

compounds, 

t r a t i o n  of 0.1M. Th itrate-maleate and c i t r a t e  buf fer  s tock  s 
prepared i n  acid f o r  with each ac id  present  i n  0.lM concentrat  

cases, the  bu f fe r  s tock  s o l u t i o n  was d i lu t ed  five-fold iu preparing t h  

u 
Each compound present  i n  these s tock so lu t ions  was a t  a conce 

c 

I 

u a l  experimental so lu t ions .  Therefore, t h e  buffer ing compounds were each . I  

The b a r b i t a l  used l l i nck rod t  "Barbital  u r i f  i e d  Powder" intended 

harmaceutical  use. 

I present  i n  0.02M concentrat ion i n  the  experimental so lu t ions .  

e barbital-male prepared as follow 

e 18.4. grams b a r b i t a l  and 11.6 gram 

lica.' The c o l l o i d a l  

deposi t ion experiments was duPont Ludox. 

product,  but  is r a the r  pure. 

duPont Company . 
It was supplied t o  us f r e e  of charge by t h e  

I 

We used Ludox v a r i e t i e s  TM, HS, and SM, an 

sur face  areas by means of t h e  Sears:(1956) t i t r  
su r face  areas determined f o r  t h e  our samples of TM, HS, and SM were 157, 242 

and 359 m2 gol, Si02, respect ively.  

. p a r t i c l e  r a d i i  of about 8.7, 5.6 and 3;8 nanometers 

ined t h e i r  s p  
thodo The s p e c i f i c  

These values  correspond t o  i n i t i a l  

The c o l l o i d a l  s i l ica s'tock so lu t ions  w e r e  prepared *as follows: 

concentrated Fudox ac tu re r  through 

f l u t e d  f i l t e r  paper 

d i l u t e  with deionized 

f i l t e r  

t i o n  of Si02, and 

1' 
s I Other materials and 

5 b a r b i t a l  were of reagent g r  

A l l  so lu t ions  w e r  
water was deionized us 

coming out  of our laboratory 's  deionized.water - _  
~ t ap  was already once doubly 

deionized i n  t h i s  way 

column befo-re using i 

. ice doubly deioniz  

cond time using our  own 

s water showed not  

enough s i l i c a : ( o r  phosphate) t o  g i v e  a de tec tab le  co lor  with the  molybdate 

yellow method. W $ 
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Our da ta  showed t h a t  the only p o t e n t i a l  contaminants which may inf luence 

the chemistry of silica i n  trace concentrations are f luo r ide  and aluminum. 

(Fluoride is a s ign i f i can t  ca t a lys t  below about pH 5 ,  and aluminum counter- 

acts i t s  e f f ec t .  

See S3.6 and S3.15) 

the  obvious e f f e c t s  of contamination by e i the r .  

i n  the low pH range i n  which f luo r ide  contamination might have been s i g n i f i c a n t  

employed e i t h e r  Ludox o r  b a r b i t a l  which would have been the  l i k e l i e s t  sources 

of contamination. 

value of 0.1 ppm f o r  possible  contamination of the  experimental so lu t ions  

with aluminum from t h i s  source. 

l i t t l e  aluminum would be smaller than t h a t  of experimental e r ror .  

Aluminum is  i t s e l f  a potent r eac t ion  i n h i b i t o r  above pH 7.5. 

However, none of our da t a  showed what would have been 
* 

Also, none of the  experiments 

Colorimetric ana lys i s  of the  b a r b i t a l  gave an upper l i m i t  

We bel ieve t h a t  any e f f e c t  caused by t h i s  

Preparat ion of the  Experimental Solutions.  The reac t ions  were i n i t i a t e d  

by r ap id ly  mixing two preheated so lu t ions ,  one acid and one a lka l ine .  In  a l l  

cases, the  a l k a l i n e  so lu t ion  was simply the appropriate  amount of the  sodium 

metasilicate s tock solut ion.  

When the  barbital-maleate o r  barbi ta l -glycine buf fer  system was used, 

the  acid so lu t ion  contained the buffer ing compounds, the  added salts ( i f  

any), and the amount of 0.3 N H2SO4 needed t o  neu t r a l i ze  the  si l ica s tock  

so lu t ion  and ad jus t  the  buffer  t o  the desired pH. The the  f i r s t  s t eps  i n  

compounding the acid so lu t ion  were t o  mix the appropriate  amount of buf fer  

s tock so lu t ion  and the  added sal ts  ( i n  so l id  form, i f  any) with some water, 

and then t o  ad jus t  the pH of t h i s  mixture t o  the desired f i n a l  value by 

t i t r a t i n g  it with 0.3 N H2S04. 

done a t  room temperature. I f  sa l ts  were added, the  mixture was heated t o  

about 50 o r  60OC i n  order  t o  keep the  b a r b i t a l  i n  so lu t ion .  (The tempera- 

t u r e  a t  which t h i s  t i t r a t i o n  is performed i s  not  cri t ical ,  because the pH of 

barbital-maleate buf fer  v a r i e s  l i t t l e  with temperature.) Af te r  t h i s  t i t r a t i o n  

procedure, the  amount of 0.3 N H2SO4 needed t o  neu t r a l i ze  the  silica 

s tock  so lu t ion  was added, as well as the  amount of water needed t o  br ing the  

f i n a l  so lu t ion  volume up t o  t h a t  desired.  

When no sal ts  were added, a l l  t h i s  was 

Typically,  the t o t a l  concentrat ion of sodium ion  introduced i n t o  

the  experimental so lu t ion  by way of the  s i l ica  and buffer  s tock so lu t ions  was 

about 0.09 M. 

t 

I 

* 



W 

4 

L 

. 

1 
c 

. 
* 

-69- 

rogeneous nucleation is 
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L v  
When the  c i t r a t e  o r  citrate-maleate buffer  system was used, t he  prepara- 

t i o n  of the  acid so lu t ion  involved doing a test t i t r a t i o n  f i r s t .  The test 

so lu t ion  was prepared by mix 

buffer  stock so lu t ion  ( i n  ac 

This mixture was t i t r a t e d  with e i t h e r  0.3 N H2SO4 o r  1.0 N NaOH t o  the de- 

s i r e d  pH value,  and the volume of acid o r  base so lu t ion  required was recorded. 

the desired amounts of s i l ica  s tock so lu t ion ,  

form), and added salts ,  i f  any ( i n  so l id  form 1. 

The acid s t a r t i n g  so lu t ion  ac tua l ly  used was then formulated by mixing the 

te amounts of buffer  s tock so lu t ion  and added salts, the  amount of 

acid o r  base needed t o  obtain the  desired f i n a l  pH as determined above, and 

the  amount of water needed t o  give the desired f i n a l  volume.. This procedure 

typ ica l ly  introduced about 0.05 M of sodium derived from the s i l i c a  s tock 

so lu t ion  i n t o  the  experimental so lu t ion ,  and a smaller amount from t h e .  

NaOH used t o  ad j u s t  the  pH ( i f  any). 

When Ludox w a s  employed, i t  w a s  added las t ,  after the acid and a lka l ine  

so lu t ions  had been mixed and a 1 m l  a l i quo t  withdrawn f o r  the purpose of 

e s t ab l i sh ing  an i n i t i a l  s i l ica concentration. 

Concentration u n i t s  employed. All  l i qu id  measuring was done a t  o r  near 

room temperature, and a l l  concentrations were calculated on a per l i t e r  a t  

room temperature basis .  

1 g of Si02 and 1 mole of N a C l  per l i t e r  a t  room temperature, regard less  of 

what temperature we a c t u a l l y  intended t o  use i n  the  experiment. 

nominal per l i ter  concentrat ions were about equal t o  the ac tua l  ones i n  the  

case of work a t  23 and 300C, but  not a t  the higher temperatures. When no 

salts were added, t h e  nominal per l i t e r  concentrat ions were approximately 

equal t o  concentrations per kilogram of water (i.e., molal concentrations) a t  

a l l  temperatures. 

t i ons  were not equal t o  molal concentrat ions a t  any temperature, but  they 

were independent of the  actual temperature of the  experiment. Therefore, 

For example, we formulated a so lu t ion  t o  contain,  say 

Thus, t he  

When salts were added, the  nominal per l i t e r  concentra- t 

f 

during da ta  ana lys i s ,  we could always convert our concentrat ion values t o  

molal values  by using a cor rec t ion  f a c t o r  which depended only on the concen- 

t r a t i o n  of the  added salt and the  tabulated values  of i t s  p a r t i a l  molal 

volume as determined a t  room temperature. 

Throughout t h i s  r epor t ,  concentrat ions expressed i n  terms of grams 

o r  moles per l i t e r  are "nominal" concentrations re fer red  t o  room temperature 

as discussed above; i.e., 1 M N a C l  means t h a t  t h a t  so lu t ion  have would been 
c, 
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. ,  

til 1 M i n  NaCl  if analyzed a t  room temperature, but a c t u a l l y  w a s  not a t  the 

temperature of t he  experiment. 

All si l ica  analyses were made using the  molybdate ye l low method.and, 

t he re fo re ,  a l l  of t h e  concentrations determined were concentrations of 

molybdate-active-sil ica.  
a 

This i s  not qu i t e  the same as ‘:monomeric (si l ica’:  o r  

- as monosi l ic ic  ac id  (henceforth abbreviated as MSA) , because s i l tc ic  ac id  . 

dimers and trimers are molybdate-active as ,we l l .  I n  p r a c t i c e ,  t he re  -was no 

way we could d i s t i n g u i s h  between MAS and monomeric s i lSca  (which includes MSA 

and the ion  H3SiO4’). 

our work most i f  t h e  MAS i s  a c t u a l l y  monomeric,’we analyzed the da t a  as though 

a l l  of i t  were. . ” S t r i c t l y  speaking, t h i s  is wrong’, bu t ,  as ’ w i l l  be discussed 

i n  S3.7, this convenient approximation does not hu r t  f i n a l  r e s u l t s  and is  easy 

P 

Therefore, knowing t h a t  under the conditions used i n  

t o  compensate fo r ’  i n  , re t rospect .  > -  

Reaction vesse ls .  A t  l O O O C  t h e  r eac t ion  vesse l  was a .I-L three-necked 

The f l a s k ,  and 400 m l  of the so lu t ion  (room temperature measure) ,was used. 

ac id  s o l u t i o n  was preheated i n  the f l a s  , and the *a lka l ine  so lu t ion  was pre- 

heated i n  a s t a i n l e s s  steel vesse l .  

A t  temperatures below lOOOC,  8-02. polyethelene b o t t l e s  (weighted 

with lead  f o i l  o r  so lde r  on the outs ide  when used i n  a water bath) were used 

d t h e  actual experiment. 

wever , measuring, 

k experiments 

nges i n  s i l ica  

j -  

z 

9 

e meter Cali- 

bra h was corrected f o r  du r in  sis. We bel ieve  the most 

probable e r r o r  i n  pH a t  t h i s  temperature t o  be a b o u t 2  0.02 u n i t .  
LJ 
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h& 
An Orion Model 701A pH meter was used. In  a l l  cases, i t  was ca l ibra ted  

with a standard held a t  the  temperature a t  vhich the  ac tua l  measurements were 

t o  be made. It was found t o  be necessary t o  allow the  e lec t rode  t o  thermally 

e q u i l i b r i a t e  f o r  about 15 minutes i n . t h e  warmed standard t o  obtain a s t a b l e  

reading. 

was a slow d r i f t  i n  the reading. 

slow response of the  KC1 concentration i n  the sa tura ted  KC1/ calomel reference 

e lec t rode  t o  the  change i n  e lec t rode  temperature. 

Until  the  e lec t rode  had been allowed t o  s t a b i l i z e  i n  t h i s  way, t he re  

This d r i f t  was a t t r i b u t e d  t o  the r e l a t i v e l y  

Experience showed t h a t  the  e lec t rode  should not be l e f t  standing i n  the 

experimental so lu t ions  any longer than it  took t o  obta in  a reading. It w a s  

. 
1 

found t h a t  prolonged and/or f requent  contact  with the  experimental so lu t ions  

caused a de te r io ra t ion  i n  e lec t rode  performance over t i m e  which manifested 

i t s e l f  as a progressively slower response. 

deposi t ion on the g l a s s  membrane which progressively increased i t s  electrical 

res i s tance .  

work above room temperature because ordinary,  unsealed e lec t rodes  s u f f e r  from 

evaporation of the  f l u i d  i n  the  KC1 bridge. 

This was a t t r i b u t e d  t o  si l ica 

In general ,  an  e lec t rode  of the  sealed type i s  preferab le  f o r  

S3.3 The Rate of Molecular Deposit ion as a Function of pH 

A number of p a i r s  and t r i p l e t s  of experiments were performed which 

d i f f e r e d  only i n  pH. 

with and withor-t added co l lo id  were included i n  t h i s  s e r i e s ,  and most were 

performed a t  SOOC. 

is  presented i n  Fig. 3.2. The expected acce lera t ing  e f f e c t  of increasing pH 

i s  evident.  

(No salts were added i n  t h i s  series.) Experiments both 

A t y p i c a l  t r i p l e t  of curves generated i n  t h i s  series 

A l l  da ta  ana lys i s  was done i n  terms of p a i r s  of curves run a t  the same 

temperature, i n i t i a l  s i l ica  concentration, and added co l lo id  ( i f  any). 

of t h ree  curves were t r ea t ed  as two p a i r s  of curves a t  adjacent  pH values.  c 

In  most cases  two curves t h a t  were compared with each o ther  during da ta  

ana lys i s  had a c t u a l l y  been run simultaneously. 

Se ts  - 

The ana lys i s  of the  colloid-added da ta  i n  t h i s  s e r i e s  began with 

f i t t i n g  a t r i a l  k i n e t i c  funct ion t o  each curve and determining the empirical  

value of the  apparent pH dependent rate constant from it. (That i s  t o  say, 

a "rate constant" whose value r e f l e c t s  the  pH as wel l  as the  temperature. c 
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EFFECT OF VARYING pH 

Fig. 3.2, Homogeneous nucleation experiments with barbital-maleate buffer, 
s in  this Chapter, a l l  kinetic data l ike th is  were 
f f er  unless exp l i c i t ly  stated otherwise. 

< 

This f i t t i n g  procedure is discusse 3.4 below.) The apparent - 
kinetic  order in  respect to OH 

mate relation: 
ated by using the approxi- 

of MSA i s  important. 
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curves .were drawn through it. 

converted t o  tabular  da ta  i n  the form of time as a funct ion of concentration. 

This was done by reading the  time value corresponding t o  a given concentra- 

t i o n  from the graph f o r  each curve. 

column of p a i r s  of time values ,  each pa i r  corresponding t o  a d i f f e r e n t  

concentration. 

(As, f o r  example, i n  Fig. 3.2.) It was then 

For each pa i r  of curves, t h i s  gave a 

The r a t i o  of the  two t i m e  values  i n  each pa i r  was calculated.  These 

f igu res  were examined, and c l e a r l y  erratic values  discarded. 

usua l ly  those t h a t  corresponded t o  the  highest  concentrat ion values ,  where 

the  drop i n  MAS concentrat ion was most rapid and graphing and in t e rpo la t ion  

e r r o r s  g rea t e s t .  Frequently, the  lowest concentration values were a l s o  

erratic. (As w i l l  be discussed i n  Sect ion 3.12 below, t h i s  was probably 

due t o  a change i n  the p a r t i c l e  growth mechanism under these conditions.) 

These were 

Then the remaining values of the  t i m e  r a t i o  were averaged. An average 

time r a t i o  calculated i n  t h i s  way is  a c t u a l l y  the rec iproca l  of the  molecular 

deposi t ion rates a t  the  two given pH values.  F ina l ly ,  the  value of N f o r  the 

given pa i r  of curves was calculated using the formula 

N E - log ( ( t 2 /  t l ) a v e r )  / (pH2 - PHI) (3.3.2) 

Values of N ca lcu la ted  from s ix  p a i r s  of co l lo id  added curves and seven 

p a i r s  of homogeneous nucleat ion curves a t  5OOC are presented i n  Fig. 3.3. 
Each bar corresponds t o  a p a i r  of curves. The height of each bar  represents  

the  value of N, and the pos i t ions  of i t s  two edges represent  the pH's of the  

two curves. 

The da ta  i n  Fig. 3.3 i s  cons is ten t  with the  genera l ly  accepted view t h a t  
0 

the  rate of molecular deposi t ion is proport ional  t o  the concentrat ion of I 

ionized s i l a n o l  groups on the s i l ica  surface.  A t  low pH, t h e i r  concentrat ion 

v a r i e s  i n  proportion t o  the  concentrat ion o'f hydroxide ion i n  so lu t ion  and N 
i s  about one. 

sur face  s i l a n o l s  t o  be d issoc ia ted ,  t he  increas ingly  negat ive sur face  poten- 

t i a l  makes the  increase i n  the concentrat ion of d i ssoc ia ted  sur face  s i l a n o l s  

l a g  behind the  hydroxide ion concentration, and the value of N decreases.  

- 

A t  pH values  high enough f o r  a s i g n i f i c a n t  f r a c t i o n  of the  

F i t t i n g  the  data.  The experimental values  of N Fig. 3.3 were f i t t e d  

using an equation proposed by Allen e t  al. (1971): 



. 
1 

c 

imental values, and the Lo l id  cur 
on of Eqn. (3.3.3) calculated using the values of the two 

parameters i n  that equation which give the best f i t .  

log f = pH - pKi + log [Na'] - B ' f /  (3.3.3) 

1s that are dissociated 

4 

8 

. - 
entif icat ion 

b+ 



-76- 

i 
Therefore, the  da ta  i n  Fig. 3.3 may be f i t t e d  using the t o t a l  de r iva t ive  

of log f over pH as the f i t t i n g  function. This is: 

d log f /d  pH = N = l / ( l+f[B'  + l / ( l - f ) ] )  (3.3.5) 

In most of these experiments the  sodium ion concentrat ion was 0.088+_0.01 

and the sodium ion a c t i v i t y  was 0.069t0.008. - Therefore, we chose t o  treat 

the  quant i ty  (pKi - log [Na+]) as an ad jus tab le  parameter f o r  the  purposes 

of da t a  f i t t i n g  ( instead of pKi) along with B'.~ 
The experimental values  of il were f i t t e d  with values  calculated using 

The method of l e a s t  squares was employed, with each point weighed (3.3.5). 

i n  proportion t o  the d i f fe rence  between the  two corresponding pH values  

( i . e . ,  the  width,of  the  bar i n  Fig. 3.3). 
calculated by in t eg ra t ing  (3.3.5) from low pH, a t  which the i n i t i a l  value of f 

was taken t o  be 

The values  of f on the R.H.S. were 

I 

log f = pH - pKi -I- log [Na+] (3.3.6) 

The bes t  f i t  (weighed r.m.s. e r r o r  = 0.141) w a s  obtained with B' = 5.2 and 

pKi-log [Na'] = 7.6, which corresponds t o  pKi = 6.4. 
agreement with values  B' = 4.3 and pKi = 6.6 found by Allen e t  a1.(1971) 

when they f i t t e d  room temperature t i t r a t i o n  da ta  f o r  Ludox HS employing 

(3.3.3). 
molecular deposi t ion is  proport ional  t o  the  concentrat ion of d i ssoc ia ted  

sur face  s i l a n o l  groups. The so l id  curve i n  Fig. 3.3 represents  the  bes t  f i t .  

This i s  i n  exce l len t  

This exce l len t  agreement conclusively demonstrates t h a t  the  rate of 

Introducing a standard state. The form of (3.3.3) suggests that the 

r a t i o  of the  a c t i v i t i e s  of the  sodium and hydrogen ions determines the  value 

of f r a t h e r  than t h e i r  separa te  values. This suggests that f may be more 

conveniently expressed as a funct ion of some combination of pH and [Na+]. 

We chose t o  work with f 

as 

PHnom PH + 
When [Na+] = 0.069 

work) , pH = PHnom. 

t 

t 

expressed as a funct ion of "nominal pH"-, defined 

log ( [ Na'] /O . 069 ) (3.3.7) 

(as was approximately t h e  case with most of our 
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i " -  

Furthermore, most of our experiments were performed between pH 6 and 8. 

This suggests t h a t  a convenient reference state f o r  our purposes would be 

[Na+l = 0.069 and pH = PHnom = 7.0. 

t he  va lue  of f normalized r e l a t i v e  t o  its v a l u e  under these conditions.  
&erefore,  we chose t o  work with . 

W e  

I 

where - 

f(7.0) 0.118913 
I 

Because the re  are approximately s w e q , s i l a n o l  groups per  square nanome- 

ter on t h e  s u r f i c e  (see S3.101, t h i s  st 
less than one ionized s i l a n o l  group per square nanometer. I 

ard  state corresponds t o  s l i g h t l y  

Eqns.(3.3.3) and (3.3.5) are fundamental, but too unwieldy f o r  rou t ine  

p r a c t i c a l  appl ica t ion .  Therefore, we r e f i t t e d  the  va lues  of f ca lcu la ted  from 

se expressions are 

The separate 

4 

bound t o  them 

* 

W 
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. I  

: . .  

I I I I I 

0.0lf 6 7 8 

back and start over using a more adequate replacement f o r  (3.3.3). 
we chose t o  proceed with the  simplifying (and s impl i s t i c )  assumption t h a t  the 

funct ion t h a t  expresses the  dependence of the  r eac t ion  rate on pH and sali- 

n i t y  could be wri t ten  i n  the  form: 

Instead,  

F (PH,P%om) = h f'(PH) + (1-h) f'(pHnom) (303.9) 

- 

. . 

where h is  ye t  another ad jus tab le  parameter t o  be f i t t e d  t o  the  experi- 

The high s a l i n i t y  da t a  was bes t  f i t t e d  using h = 0.45 ( see  

When [Na+] = 0.069, which was approximately the  case i n  most of 

mental data .  

S3.12). 

our work, pH = pH,.,,,, and F = f '  . 
dissoc ia ted  s i l a n o l s  had l i t t l e  e f f e c t  on the  subsequent da ta  ana lys i s  u n t i l  

we got  t o  the high s a l i n i t y  data.  

This i s  why ignoring the "unpaired" 

Of course,  t h e o r e t i c a l  models of the  ion exchange proper t les  

amorphous s i l i c a  surface much more advanced than t h a t  implied i n  (3.3.9) are 

ava i lab le ;  i n  p a r t i c u l a r ,  the  "site- binding" model of Davis e t  al. (1978). 
However, (3.3.9) does seem t o  f i t  our da ta  almost t o  within experimental e r r o r ,  

- 
L 

and, the  subs t an t i a l ly  g rea t e r  complexity of a physical ly  more realist ic t r ea t -  

- . 
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W 

s 

-. 

4 .  
c 

a 

seem warranted 

i s t ic  as the s a l i  

important. In pr 

i t y  than does t 

y high bar between pH 

5.24 and 6’.04. Fortunately, the mathematical form of the function being f i t t e d  

ar deposition, dat 

e seven bars i n  Fig. 3.3 

Unfortunately, these resul ts  were not extensive enough to establish anything 
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more than that the pH dependence a t  the o ther  temperatures is comparable t o  

that a t  50OC. 

are recommended f o r  use a t  a l l  temperatures f o r  the  t i m e  being. 

Therefore, the  formulas and t ab le s  presented i n  Appendix A3.1 

Polymerization rates a t  high pH. Figure 3.5 shows t h  inf luence of pH on 

the r a t e  of’molecular deposi t ion i n  the  pH range above 8. 

rate is  roughly independent of pH i n  the pH range 8 t o  9,  and decreases with 

fu r the r  increases  i n  the  pH value above 9 .  

s i l a n o l  groups increases  with increasing pH throughout; however, above about 

pH 8 the  s o l u b i l i t y  of amorphous si l ica a l s o  begins t o  increase r ap id ly  with 

increasing pH because of the  ion ic  d i s soc ia t ion  of MSA, and t h i s  has a compen- 

sa t ing  decelerat ing e f f ec t .  Between about pH 8 and 9 ,  the  two e f f e c t s  cancel 

almost per fec t ly ,  and the rate of molecular deposi t ion is approximately 

independent of pH. A t  even higher pH values  the  dece lera t ing  e f f e c t  i s  
dominant and the rate decreases. 

The deposi t ion 

The surface dens i ty  of ionized 

Fig. 3.6 shows the  e f f e c t  of increasing pH above about 8 on the  homoge- 

There is  a s l i g h t  increase i n  the o v e r a l l  rate up neous nucleat ion process. 

t o  about pH 8.75, and then a slow decrease above about pH 9. 

f a c t o r s  are operat ive as with the  da ta  i n  Fig. 3.5 and approximately cancel 

each o ther  out  here as w e l l .  The pH a l s o  a f f e c t s  the  f r e e  energy of forma- 

t i o n  of the  cr i t ical  nucleus. The increasing s o l u b i l i t y  of s i l ica  decreases 

the  sa tu ra t ion  r a t i o  a t  a given concentrat ion of MAS, and t h i s  tends t o  slow 

down nucleation. The increasing ex ten t  of sur face  ion iza t ion  reduces the  

sur face  tension,  and t h i s  tends t o  accelerate nucleation. These two e f f e c t s  

approximately cancel each other  out  as well. 
The reader  &s cautioned that these are r e a l l y  only q u a l i t a t i v e  examples 

The same two 

that r e f e r  t o  one p a r t i c u l a r  temperature and range of s a l i n i t y  and MAS 
concentration. This general  pa t t e rn  c e r t a i n l y  holds f o r  other  temperatures, 

etc., but  the rate plateau need not always be i n  the same pH range, etc. 
However, a l l  of these e f f e c t s  may be numerically modeled using the  computer 

code SILNUC which is  presented and discussed i n  Chapter 6 of t h i s  report .  

Unfortunately, the  da ta  i n  Figures 3.5 and 3.6 were not in tegra ted  i n t o  

Therefore, even though the  ove ra l l  da ta  reduct ion process f o r  l ack  of time. 
SILNUC can be used t o  make predic t ions  f o r  the high pH range, these predic- 

t i ons  w i l l  a c t u a l l y  be ex t rapola t ions  and should be recognized as such. 

i 

f . 

* 
* 

a . 



-81- 

* 
i 

MOLECULAR DEPOSITION AT HIGH pH 
bi 

Barbital Glycine Buffer 

m797-3602 / 

Fig. 3.5. 
and type of ,  added col loid are n the Figures. If col loid 
is  not specif 

Data from a !'colloid added experiment". Throughout, the amount 

i 
b 
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S3.4 The Rate of Molecular Deposition 

Experimental data.  The r e s u l t s  of a t o t a l  of e ighteen se lec ted  experi- 

ments a t  50, 75, and lOOOC were used t o  determine the temperature and 

MAS concentration dependence of the rate of molecular deposit ion.  

temperature, two sets of t h ree  runs each were made, 

were run on the  continuous flow system; a t  75OC, both were done with manual 

sampling; a t  500C, one was done with manual sampling, and the  o ther  with 

the  continuous flow system. 

done on the same day, and the r eac t ion  so lu t ions  f o r  the three  were prepared 

as s ing le  batches which were then divided three  ways. In  the  case of the  

manual runs, the  three  were a c t u a l l y  run a t  the same t i m e  and i n  the same 

water bath. 

va r i a t ions  from run t o  run within each set. 

A t  each 

A t  lOOOC,  both sets 

In  a l l  cases ,  a l l  th ree  runs within a set were 

This procedure was followed i n  order  t o  minimize the  random 

The runs within each set d i f f e red  only i n  the type and amount of 

co l lo ida l  silica introduced i n t o  each solut ion.  The three  formulations 

were: 1 g L-1 Ludox "M, 0.6 g L-1 Ludox HS, and 0.4 g L-1 Ludox SM. 
In  each case, t h i s  corresponded t o  a t o t a l  surface area of between 143 and 

157 m* L-1. 

The i n i t i a l  MAS concentrat ions were about 0 .6 ,  0.8 and 0.85 g L-l a t  

50, 75, and lOOOC,  respec t ive ly ,  These p a r t i c u l a r  i n i t i a l  concentrations 

were used because a t  higher i n i t i a l  concentrations homogeneous nucleat ion 

would have s i g n i f i c a n t l y  a f f ec t ed  the  r e s u l t s .  

neous nucleat ion and molecular depos i t ion  on the Ludox could have been 

sh i f t ed  fu r the r  i n  favor of the  l a t te r  by adding more Ludox (considerably 

more), bu t  t h i s  would have r e su l t ed  i n  such a small t o t a l  thickness  of 

deposited si l ica that the  results might wel l  have been perturbed by the  

i n i t i a l  state of the  co l lo id  sur face ,  etc. 

The balance between homoge- 

No attempt was made t o  perform colloid-added experiments a t  temperatures 

below 50OC, because the  rate of molecular deposi t ion a t  50° is about as 
small as can be conveniently s tudied with our techniques, and the  r a t e  a t  

lower temperatures would have been even lower. 

Figure 3.7 presents  the  da ta  from a continuous flow system experiment. 

Figure 3.8 presents  the  r e s u l t s  of a set of t h ree  manually sampled runs. 

I 

. 

, 
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CONTINUOUS FLOW SYSTEM KINETIC DATA 

XBL 799 - 2845 

Fig. 3.7. 
zation points whose coordinates were then read to convert the curve to 
d ig i ta l  form, 

The crosses superimposed on the curv are manually placed dig i t i -  

n l.OgLi Ludox TM. pH6.60 
o 0.6gP M o x  HS. pH6.63 
A 0.4gP LudoxSM.pH6.51 

4 - 
c 
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It is evident that the rate of molecular depos i t ion  per u n i t  of sur face  area 

is independent of p a r t i c l e  s ize .  

sented i n  Table A3.4 t o  6 i n  Appendix 3.4. 

The r e s u l t s  of a l l  e ighteen runs are pre- 

Data reduction. The da ta  was computer f i t t e d  t o  t r ia l  functions.  In 

the case of the  manually sampled runs,  the  numerical da t a  was used d i r ec t ly .  

The curves from the machine runs were manually d i g i t i z e d  f o r  analysis .  The 

crosses  i n  Fig..3.7 are the  d i g i t i z a t i o n  poin ts  f o r  t h a t  pa r t i cu la r  run. 

Some obviously erratic poin ts  i n  the manual da ta  were dropped from the f i t t i n g  

process. 

( r e l a t i v e  t o  the s o l u b i l i t y  over a f l a t  sur face) .  

runs ran  t o  considerably lower s a t u r a t i o n  values  which approached equilibrium 

with the Ludox. 

Most of the  runs were terminated a t  a s a t u r a t i o n  r a t i o  of about 1.28 

However, severa l  of the  l O O O C  

Because the da t a  reduct ion procedure employed was very sensi- 

t i v e  t o  the low concentrat ion por t ion  of t he  curve, including these " ta i l"  
poin ts  i n  the ana lys i s  might have caused spurious f i t s  t h a t  were no good a t  

a l l  i n  the  more i n t e r e s t i n g  higher  concentrat ion range. Therefore, po in t s  

below S = 1.28 were de le ted  from the f i t t i n g  process. The very f i r s t  point  i n  

each run was a l s o  dropped because these tended t o  be erratic. 

The rate of dec l ine  of MAS concentrat ion in a low s a l i n i t y  medium con- 

t a in ing  monodisperse added c o l l o i d a l  s i l ica  may be wr i t t en  as 

d c l d t  = 

- k(Y,T) 
where 

C = the  

c1 = the  

t = the  

a1 = the  

(3.4.1) 

concentrat ion of MAS i n  g si02 ~ - 1  

concentrat ion of MAS a t  the  beginning of the  experiment 

time i n  minutes 

t o t a l  sur face  area of the  added co l lo ida l  si l ica a t  the 

beginning of t he  experiment i n  m* L-1 

m l  = the  t o t a l  mass of t he  c o l l o i d a l  s i l ica  added a t  the  beginning 

of t he  experiment i n  g L-1 

The pH dependence of the  depos i t ion  ra te  is accounted f o r  by the  expli-  

c i t  f a c t o r  F(pH,pHnom). 

of p a r t i c l e  growth on the t o t a l  sur face  area of the  co l lo id  t h a t  is present.  

The las t  f a c t o r  on the  RHS accounts f o r  t he  e f f e c t  

f(Y,c) is t he  funct ion which a c t u a l l y  descr ibes  the  dependence of the  

rate of molecular depos i t ion  on C. The func t iona l  form of f is determined 

* 
f 

. 

L 
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LJ by one o r  more parameters symbolized by Y which are t o  be var ied  i n  searching 

f o r  t h e  bes t  f i t .  

k(Y ,T) is .the pH and concentrat ion independent "rate cbnstant".'. The 

F 
numerical va lue  of k is, of course,  influenced by t h e  form of f(Y,c) and the  

va lue ( s )  of Y. 

n Rearranging and in t eg ra t ing  (3.4,1), we ob ta in  
s 

' I  
A~ ti - t f  

* 
0 - [k(Y,T) P(pH,pHn6m)I (304.2) 

i r e f e r s  t o  a s p e c i f i c  da ta  point ;  i.e., c i  w a s  

the  concentrat ion of MAS measured a t  ti and s o  on. 

a i  = a1 [ I  + (el- ci)/m11(2/3) 

The ' in tegra l  on t h e  RHS o 3.4.2) w a s  numerically evaluated f o r  each 

c i  using the  t r ia l  funct ion P ( Y , c ) .  (Simpson's r u l e  w a s  used with each 

t t e d  as a l i n e a r  

S. k(Y,T) F(pH,pHnom) 

pH dependent rate 

ibed the re ,  condi t ions 

cases. This allowed 

I n  the  experiments 

described here, F(pH,pH,,,) w a s  a l ready known, and the r e s u l t s  w e r e  used 
t o  determine the  va lue  of k(Y,T). Mathemati l y ,  t h i s  procedure is comple- 

t e l y  analogous t o  t h a t  used t o  analyse k i n e t i c  da t a  f o r  ordinary l i q u i d  and 

J ,  

gas phase r e a c t i o  
A 

oscopic Reve r s ib i l i t y  i n  

* t h e  form usua l ly  applied t o  t h e  analogous problem i n  the  theory of vapor 

condensation (Abraham, 1974, pp.80-83), i t  is easy t o  show t h a t  the  rate e 

~ should have the  form 

(3.403) 
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b 
where 

f f (Y,c)  = t h e  rate of t h e  ‘forward r eac t ion  alone,  :(i.e., t h e  rate of 

s 

Y .  
Pn 

kB 
T 
r 

depos i t ion  not cor rec ted  f o r  simultaneous r ed i s so lu t ion )  

divided by k(Y ,T) 

= t h e  s a t u r a t i o n  r a t i o ;  i . e . ,  t he  concentration of dissolved s i l i c a  
divided by t h e  equilibrium s o l u b i l i t y  under the  given conditions 

of temperature, s a l i n i t y ,  and pH 

= t he  su r face  tens ion  i n  e rgs  

= t he  number dens i ty  of AS = 2.21322 S i 0 2  u n i t s  cm-3 

= t h e  Boltzman constant = 1.380543-16 e rgs  K-I 
= t h e  absolu te  temperature i n  Kelvins 

= t h e  p a r t i c l e  rad ius  i n  centimeters 

The exponential  f a c t o r  s e rves  t o  co r rec t  t he  va lue  of S t o  account f o r  

the increased s o l u b i l i t y  of small p a r t i c l e s .  

Eqn. ( 3 . 4 . 3 )  r equ i r e s  t h a t  the  molecular depos i t ion  rate v a r y  with 

p a r t i c l e  s i z e .  

t i o n  rate d isagrees  with our da t a ,  which shows t h a t  t h e  rate is independent 

of p a r t i c l e  s i z e  (see Fig. 3.8). No amount of forced f i t t i n g  or compensation 

elsewhere could make (3.4.3) cons i s t en t  wi th  both the  molecular depos i t i on  

and homogeneous nuc lea t ion  da ta .  

Mowever, t h e  hypothesis of a p a r t i c l e  s i z e  dependent deposi- , .  

(This is discussed f u r t h e r  i n  S3.10) 

Therefore, w e  chose t o  in s t ead  use the  following r e l a t e d  form i n  which r 

does nc t  appear: 

f(Y,c) = f f ( Y , C )  [ l  - s-11 ( 3 . 4 . 4 )  

For reasons t h a t  are discussed i n  S3.5,  we chose t o  treat f f  as a 

func t ion  of 

. where 

a = t h e  f r a c t i o n  of t h e  dissolved s i l i c a  t h a t  is i n  i o n i c  form 

co = t h e  equilibrium s o l u b i l i t y  of amorphous s i l i ca  in pure water a t  

the given temperature i n  g (kg H20)’l. 

L 

1 
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Thus, Sa is  the  s a t u r a t i o n  r a t i o  corrected f o r  the  e f f e c t  of pH, but  

not f o r . t h e  e f f e c t  of s a l i n i t y .  

so lu t ions ,  Sa is approximately equal t o  S. 
In  low s a l i n i t y  media l i k e  our experimental 

We found t h a t  the  molecular deposi t ion da ta  alone could be f i t t e d  

reasonably w e l l  using t h e  s i m p l e  form 
(3 .4 .6)  

data  with n = 5 ,  and 
f f ( S )  san 

i The 5OoC da ta  was bes t  f i t t e d  with n f 4 
t h e  looo .data with n = 6, but the  q u a l i t y  of ,  t he  f i t  a t  50 and 100°C was 

not very  much degraded by using n = >5 a t  , these  temperatures as w e l l .  
f o re ,  we chose t o  ,use n 5 throughout i n  o r d e r - t o  s implify matters.  

There- 

As w i l l  be discussed i n  S3.10, i t  was not p o s s i b l e ~ t o  f i t  the  homoge- 

neous nucleat ion da ta  using t h i s  " f i f t h  order" rate l a w .  

is  only apparent r a the r  than real, because i n  most of the  homogeneous nuclea- 

t i o n  experiments the  t n i t i a l  concentration of M4S was considerably higher 

than i n  the  colloid-added experiments ,a t  the  given temperature., Therefore, 

t he  two bodie 

the  va lue  of Sa, and t h e r e  is  no reason to-doubt  t h a t  t h a t  behavior can 

vary  with s i l ica  concentration. 

This cont rad ic t ion  

of da ta  r e f l e c t  the behavior of f f  i n  d i f f e ren t . r anges  of 

F ina l  r e s u l t s .  The two bodies of da t a  were b e s t  reconciled by assuming 

a f i f t h  order  rate l a w  up t o  a c e r t a i n  "threshol va lue  of Sa which w e  

w i l l  c a l l  S t ,  and a " f i r s t  order" rate law above St, with cont inui ty  of 

t he  va lue  and the  s lope  a t  St: 

f f ( S a )  sa5 i f  Sa < S t  (3.4.7a) 

procedure represented by'(3.4.2) is r e l a t i v e l y  in sens i t i ve  t o  the  da t a  a t  
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L d  

higher dissolved si l ica concentrations (i.e., Sa > St ) .  

St represented by (3 .4 .7~)  were f i t t e d  using homogeneous nuc lea t ion  da ta ;  

t h i s  is described i n  d e t a i l  i n  S3.iO. 

The va lues  of 

The rate of d i s s o l u t i o n  w a s  not  s tud ied  experimentally by us, and t h e  

spo t ty  d i s so lu t ion  rate da ta  ava i l ab le  from o t h e r  sources is not  r e a l l y  

adequate f o r  our purposes. 

amorphous s i l ica  requi res  t h a t  t he  rate of d i s s o l u t i o n  be defined i n  a 

numerical sense even i f  t he  a c t u a l  phys ica l  v a l u e  is unknown. We chose t o  

use an  a r b i t r a r y  but  convenient "first order" ' ra te  l a w  f o r  t he  d i s s o l u t i o n  

process i n  the  code SILNUC: 

However, numerical modelling of the  chemistry of 

1 . 

f ( Y , C )  = S - exp[2Y/(PnkgTr)l 

i f  and only i f  exp[2Y/(Pnk~Tr)l > S (3.4.7d) 

Note t h a t  t he re  is a discontinuous jump i n  t h e  va lue  of f(Y,c) as calcu- 
l a t e d  using (3.4.7a o r  b)  and (3.4.7d) a t  exp[2Y/(PnkgTr)] = S. 
d i scon t inu i ty  may o r  may not be phys ica l ly  s i g n i f i c a n t .  (Note t h a t  t he  

a r b i t r a r y  expression (3.4.7d) is not  the  one a t  f a u l t  here.) 

This 

A v a l u e  of t he  rate cons tan t  k(Y,T) (which w i l l  henceforth be c a l l e d  

koE(T)) was ca lcu la t ed  from t h e  r e s u l t s  of each of t h e  e ighteen  c o l l o i d  

added experiments. 

l i n e a r  regression with t h e  r e s u l t  
These e ighteen  va lues  were f i t t e d  as a func t ion  of f/T by 

log k a ~ ( T )  = 3.1171 - 4296.6/T 

where kOH(T) has the  u n i t s  of g cm-2 rnin'l. 

The r .m. s .  dev ia t ion  of t he  eighteen empirical  va lues  of log k ~ g ( T )  

(3.4.7e) 

from t h i s  l i n e  is only 0.038. 

Mote t h e  narrow spread among t h e  p o i n t s  overall, and t h e  two e s s e n t i a l l y  

coincident t r iplets  of po in t s  a t  50 and 100°C (continuous flow system da ta  

i n  both cases). 

presented i n  t h e  Tables i n  Appendix 3.4. 

This r e s idua l  scatter is shown i n  Fig. 3.9. 

Additional in te rmedia te  r e s u l t s  from t h e  f i t t i n g  process are 

In summary, t h e  molecular depos i t ion  rate i t s e l f  is t o  be ca l cu la t ed  

as 

m . 

&d(g si02 cm-2 nin-1) 

F(pH,PHno,) kOH(T) f f (Sa )  (l-s-') (3.4.7f) 
The rate of molecular depos i t ion  mer a broad range of va lues  of tenpe- 

r a t u r e  and d ( l  - a )  i n  a low s a l i n i t y  medium with pH = pHno, = 7.0 is Ld 
presented i n  Figure 3.10. The rate va lues  i n  Fig. 3.10 were ca lcu la ted  with S 
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RESIDUAL SCATTER OF RATE CONSTANT VALUES 
0.05 

s2 
O O  3 

I 

s 
a 
h: 
Q -0.05 

* B  
-I 

-010 

, 
XBL 799 - 2841 

Fig. 3.9. Each point  represents  a molecular depos i t ion  experiment. 

set equal to  Sa, which, i s  approximately , t rue on ly  i n  low s a l i n i t y  media. 

To cor rec t  the  values  read from Fig. 3.10 f o r  t h i s ,  mul t ip ly  them 

( l - l /S) / (  l-l/Sa). 

i t  may be dispensed with,  bu t  i t  can be important when S i s  c lose  t o  one. 

Usually, t h i s  cor rec t ion  f a c t o r  i s  so c lose’  t o  one t h a t  

. , T h e  area out l ined i n  the  Figure with l i g h t  so l id  l i n e s  i s  approximately 

t h a t  covered by our experildental da ta ;  t he  rest of the  Figure is  based on 

extrapolat ion.  However, we be l ieve  even t extrapolated values  to .  be 

l y  b e t t e r  than any o the r  values ,  

tha t  are present ly  ava i lab le .  

ermined experimentally o r  

3 
i The dot ted l i n e  i n  the  Figure represents  the  

These l i e  t o  t 

dary between t h e  domains 

ght  and t o  the  l e f t  of of f i f t h  and first kinet ic :  order.  
* 

* it ,  respec t iv  e follows the  locus of 

the  maximum d 

value of c( 1 - ta). 
perature  a t  any given 

This may o r  m a  eper physical  s ignif icance.  

I -  

w 

0 
I1  . 
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RATES OF MOLECULAR DEPOSITION AT pH,,, =pH= 7,O 

0.001 1 
Temp (OC) - XBL799-2844 

Fig. 3.10. 
of dissolved s i l i c a  in  undissociated form; i . e . ,  c(1-a).  Also,  see the 
discussion of concentration units in  S3.2. 
l ine ,  and dotted l ine  are discussed.in the text in  S3.4 .  

Each solid curve is labeled with the corresponding concentration 

The l ight  quadrilateral, dashed 

t 

li 
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S3.5 "Adsorbed S i l i c a "  and t h e  S t ruc ture  of t he  S i l i c a  Surface 

We take the  term "adsorbed si l ica" t o  mean what Holt and King :(1955) 

re f  e r red  t o  as "adsorbed s i l i c i c  acid" - t h a t  small amount of "loosely bound" 

s i l i c a  on the  su r face  of AS t h a t  leaches o f f  the sur face  ve ry  rap id ly  i n  

an a l k a l i n e  medium. We do not mean t o  imply adsorpt ion i n  t h e  usual  sense.  

I n  p rac t i ce ,  we determined adsorbed s i l ica  as follows: a quant i ty  
of crushed v i t r e o u s  s i l iea  of known su r face  area w a s  allowed t o  "equi l ibrate"  

with a so lu t ion  containing a known concentrat ion of MAS. 
s i l i c a  was leached with an a l k a l i n e  so lu t ion .  The rate a t  which 

i n i t i a l l y  went i n t o  s o l u t i o n  was  r e l a t i v e l y  high, but  quicklyidr  

near ly  constant  l imi t ing  alue.  

be equal  t o  t h e  amount of s i l ica  t h a t  leached o f f  ea 

process over and above the  s teady s t a t e  rate of d i s so lu t ion  t h a t  w a s  ultima- 

t e l y  a t t a ined .  The experimen 

Although our experiments 

Then t h e  v i t r e o u s  

The amount of "adsorbed s i l i ca"  w a s  taken t o  

f n  the  leaching 

technique is discussed i n  d e t a i l  i n  A3.2., 
f Holt and King, 

w e  be l i eve  t h a t  they measured approximately t h e  same physical  quant i ty .  

Figure 3.11 pres  t y  of "adsorbed 

a t  concent rat ions 

MAS because a t  er concent rat i , homogeneous 
- 2  - 

,(i.e., S < 1) demo 
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. 

Dissolved silico concentrotion (g L-' 
xBL797-36'33 

Fig. 3.11. 
funct ion of the concentrat ion of MAS i n  solut ion.  

Concentration of "adsorbed silica" on the surface of AS as a 

* 

molecular deposi t ion process "running backwards." 

Microscopic Reve r s lb i l i t y  i n  i t s  s imple  form does not apply t o  the molecular 

deposi t ion process. 

l e v e l  of the formation and f i s s i o n  of s i n g l e  chemical boids; however, the  

o v e r a l l  process is much more complicated than j u s t  t h i s ,  and the Law does not 

apply t o  it as a whole. This is cons is ten t  with the  observed independence of 

molecular deposi t ion rate from p a r t i c l e  s i z e  t h a t  was discussed i n  S3,4. 

In  o ther  words, the  Law of 

This Law mus t ,  of course, apply to  the process a t  the 

The "adsorbed silica'' must cons i s t  of primary and secondary s i l i c a  

groups; otherwise,  i t  would not be as easy t o  leach  of f  as i t  is. 

increase i n  the number of primary and secondary groups on the sur face  and a 

(i.e., s i l a n o l  f r e e )  areas. 
involve an increase i n  the  sur face  dens i ty  of s i l a n o l  groups. Because the  

amount of "adsorbed s i l i c a "  increases  with increasing MAS concentrat ion i n  

so lu t ion ,  so must the  sur face  dens i ty  of s i l a n o l  groups. 

Therefore, 

an increase i n  the  sur face  dens i ty  of "adsorbed s i l i c a "  must correspond t o  an 

decrease i n  the number of t e r t i a r y  groups and i n  the ex ten t  of "s i loxanic"  

I . 
. 

I 

* 

This change i n  the surface s t r u c t u r e  m u s t  - 

This change i n  the surface dens i ty  of s i l a n o l  groups is a l s o  evident 
LJ from a comparison of estimates of the  sur face  dens i ty  of exchangeable protons 



.* 

* 
i 

i 
c 

I (no) obtained by d l f f e r e n t  methods under ' d i f f e ren t  condit  T i t r a t i n g  

c o l l o i d a l ,  s i l ica s o l s ,  Heston, Iler, and Sears (1960) estimated .I.+, t o  be 

about 3,5314 cm-2,. and the '  t i t r a t i o n  da ta  of 
i n d i c a t e s  a value of about '3,9314 cm-2. Our 

geneous nuc lea t ion  da ta ,  i s  about 7E14 (see S3.10). 

t i t r a t i o n  da ta  probably r e f l e c t  t h e  sur face  s t r u c t u r e  of As that i s  
dissol;ving. 

end a t  pH 11 o r  12.) 
and the  sur face  s i l a n o l  dens i ty  has a minimum value. 

t he  s i l i ca  sur face  under conditions of l a r g e  supersa tura t ion  and rapid 

molecular deposit ion.  Under these conditfons,  t he  amount of "adsorbed 

en and Mati jeviC (1970) 
estimate, derived from homo- 

The values  derived from 

(In such t i t r a t i o n  work, t h e  runs usua l ly  begin a t  l o  

In  t h i s  state, t h e r e  is uo "adsorbed silica" 
Our value a p p l i e s  t o  

's i l ica" and the  number of sur face  s i l a n o l s  are probably 'a t  or near t h e i r  
* - j  maximum values,  

These ex t r emes*of*su r face  s i l a n o l  dens i ty  are easy t o  v i  
var ious  (hydrated) c r y s t a l .  sur faces  of t he  c r y s t a l l i n e '  sili'c 
convenient i dea l i zed  "model,*systems." (See, f o r  example, t h  

representa t ions  and ex tens ive  d iscuss ions  presented by Iler , €955, pp. 242-7) . 
The least densely hydroxylated of these is th6-(0001) face of B-tridymite, 

which is covered wi th  t e r t i a r y  s i l ica  groups and 'has  a sur face  s i l a n o l  dens i ty  

of 4.6314 cm-2. 

l i t e  which i s  covered wi th  secondary s i l i c  

dens i ty  of 7,85314 an4. 

b 

.. 

The most'densely hydroxyla ted ' i s  the sur face  of B 

The apparent change of thexate law depos i t ion  from 

approximately f i f t h  t o  approximately f i r  

solved silica concentration may a l s o  be ' 

silica" density.  A t  low MAS concen t r a t i  ace conce 

"adsorbed" s i l ica  is l a w ,  and the  rare determi 

t i o n , i s  t h e  rearrangement and in te r l inka  
the  sur face  t o  form "bulk" s o l i d  AS. 
several "adsorbed silica" groups and, 
A t  high MAS concentrations,  t h e  d e n s i t  

sur face  is so l a r g e  t h a t  the coordinated rearrangement and in t e r l i nkage  of 

t h e  "adsorbed silica" groups is no longer rate determining. 

s t e p  

ems o€ "adsorbed 

Ins tead ,  t h e  

dissolved silica + "adsorbed silica" 
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becomes rate determining and t h i s  r eac t ion  is f i r s t  o r d e r - i n  dissolved 

silica concentration. 

The h ighes t  MAS concentqation i n  Figure 3.11 i s  0.4 g L'l which 

and f i r s t  k i n e t i c  order domains. 

ed, about 2E14 Si02 u n i t s  cm-2, is equal t o  about ha l f  a monolayer. 

not poss ib le  t o  say whether or not the amount of '*adsorbed s i l i c a "  

ues t o  increase  with increas ing  MAS concent ra t ion  a t  higher MAS 

i s  approximately equal t o  the threshold concentration that separa tes  the 

The l a r g e s t  amount of adsorbed si l ica 

concentrations.  

the sur face  s t r u c t u r e  reaches a l i m i t i n g  " sa tu ra t ed" . s t a t e ,  and ceases t o  

change f u r t h e r  with increas ing  MAS concentration. In our a n a l y s i s  of t he  

homogeneous nucleation da ta  (see S3.10) we found no need t o  pos tu l a t e  a d i r e c t  

effect of dissolved s i l ica  soncent ra t ion  on the value of the sur face  tension. 

It may be that a t  t h i s  concentration o r  s l i g h t l y  beyond it 

ons i s t en t  with the  hypothesis of a constant " l imi t ing"  sur face  

throughout the range f o r  which homogeneous nuc lea t ion  d a t a  is  

, but does not necessa r i ly  prove i t  t o  be true.  . 

The small oligomer da t a  reviewed i n  S2.10 t h r u  1 2  sugges ts  that most of 

t he  "adsorbed silica" c o n s i s t s  of secondary groups that are added on t o  the 

sur face  by "being inser ted"  i n t o  preexis t ing  siloxane bridges. 

of one such group t o  the su r face  involves the  s p l i t t i n g  off of one molecule 

of water. a simple extension of the d e r i v a t i o n  i n  S3.11, we can demons- 

trate t h a t  the presence of salts i n  the s o l u t i o n  w i l l  have approximately 

no effect on the f r e e  energy of t h e  r e a c t i o n  

MSA -t "adsorbed SiOp" + H20 

The add i t ion  

. -  

(3.5.1) 

because the e f f e c t  of the salt  on the a c t i v i t y  c o e f f i c i e n t  of MSA w i l l  

approximately cancel out t he  e f f e c t  of t he  s a l t  on the a c t i v i t y  of water. 

Therefore, a t  a constant MAS concent ra t ion  ( i n  u n i t s  of grams of Si02 per 

kilogram watel?) adding salts t o  t h e  s o l u t i o n  should not e f f e c t  the sur face  

dens i ty  of "adsorbed silica" very much. 

ins tead  of S i n  def in ing  the func t ion  t h a t  desc r ibes  the  e f f e c t  of concen- 

t r a t i o n  on the molecular depos i t ion  rate. 

This i s  why we chose t o  use Sa 

. 
1 - 

.. 
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The "No F" curve was estimated from another 
was run at  a higher pH by adjusting its time 
to PH = 3.3. 

curve 
scale 

( not shown 
to make it 

S3.6 Catalysis by Fluoride' 
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RATE OF FLUORIDE CATALYZED PATHWAY ALONE VS. pH 
I I I I 
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Fig. 3.13. 

The r e s u l t s  obtained i n  one of the  sets i n  t h i s  series are presented i n  

Figure 3.12. 

Table A3.7 i n  Appendix 3.4. 

The r e s u l t s  from another set are presented i n  tabular  form i n  

Average rate r a t i o s  r e l a t i n g  pairs of curves were ca lcu la ted  as i n  the  

case of the  pH dependence experlments (see S3.3). The s ing le  number obtained 

L 

c 

. - 
. 

f o r  each experiment i n  t h i s  way was the  "rate of polymerization" under the  

condi t ions of that experiment divided by the  "rate" under the  condi t ions of 
another experiment i n  the  same set. 

reac t ion  rate could be separated i n t o  a f luo r ide  catalyzed term, and a "base 

c a t a l y s i s  only" term. 

experiment using the r e s u l t s  of the  corresponding "reference experiment" . It 

was then subtracted out of the  o v e r a l l  rate determined f o r  t he  given f luo r ide  

added experiment, leaving the rate of the  f luo r ide  catalyzed pathway alone. 

The assumption w a s  made that the  o v e r a l l  

The lat ter was ca lcu la ted  f o r  each . f l uo r ide  added m . 
* 

The rate of the  f luo r ide  catalyzed pathway was f i n a l l y  converted t o  a rate 

value r e l a t i v e  t o  that of t he  base catalyzed pathway a t  pH = PHno, = 7.0. 
This procedure allowed da ta  from d i f f e r e n t  sets of experiments with d i f fe -  

r en t  i n i t i a l  s i l ica concentrat ions t o  be combined and analyzed together  . 
The f i n a l  results of t h i s  procedure are presented i n  Figure 3.13. L+ 
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ti. - There are tlir&ef cohceWab12 'flhokY4e- 'katalyzeh mechanisms f o r  .siloxane 

(DSA), these  would be 
. MSA + Si(OH)4FH -c DSA. +"'HF*+'HpO' 

MSA + Si(0H);F' -+ DSA + F'.%.H$I (3 . 6. lb) 
I 

i 

preceeded, .in ea& ka&, b 
mediate complex. (Al te rna t ive ly ,  th'e Lcomplex i n  t eac t ions  '(3>.6. l a )  'and 

(3.6.2) could 

s a m e  o v e r a l l ' r a t e  laws as t h e  one used above".) 

t he  composition SifOH)3F; this formula"wu1d g ive  the 

The rate of rea 6n by mechanism (3.6.la) would- be proportional t o  the 

concentration of HF. At constant s a l i n i t y ,  the rate v i a ' e i t h e r  mechanism 

(3.6. lb)  o r  (3.6.2) would be approximately proportional t o  the concentration 

of F'. These concentrations are r e l a t e d  t o  the t o t a l  Concentration of 'F by 

t he  d i s s b c i a t i o n  equilibrium f o r  HF: 4 

*(F-) * (3;6.3a) 

(HF) (F to t )  (1 - UF) . ' (3;6.3b) 
@tot> UF 

where a l l  concentrations are i n  molal units,"and 

e approximation, between 5 and 125% 

Og KHF -1.892 +'403.6/T 
1 ,  

(This formula was f i t t e d  to the  da t a  of' Naumov, Ryzhenko and Kh6'daA 
oted by Kharaka and €3 

(HF) and another with r 
i 

s 

.. 
* n i t y  by adding'NaC1 

~ 

1 

I cons is ten t  with mechanism (3.6.lb), but i ncons i s t en t  with mechanism (3.6.2) . 
1 
i 
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Therefore, the  o v e r a l l  r a t e * o f  molecular depos i t ion  i n  the  presence of 

f luo r ide ,  including the  base catalyzed pathway, may be w r i t t e n  as 

hd(g si02 cn-2 min-1) 

f f (Sa )  (l-sol) ~QH(T) [F(PH,pHnom) 

+ Ftot  ((1-a~) kHF(T) i- UF k ~ ( T ) ) l  '(3.606) 

where kHF(T) and kF-(T) are the  apparent rate constants  f o r  t he  two 

f luo r ide  catalyzed pathways. 

7OoC were determined by f i t t i n g  the  da t a  i n  Figure 3.13 as a funct ion of 

QF. 
pathways are presented as s o l i d  l i n e s  i n  Figure 3.13. 

The values  of the  two rate constants  a t  50 and 

The f i t t e d , v a l u e s  of the  sum of the  rates of the  f luo r ide  catalyzed . 

Assuming molal concen- 

t r a t i o n  u n i t s  f o r  

constants  were 
a t  50° C, , 

a t  70° C, 

These values  

log kHF(T) 

1% k r ( T )  = 

The rates of 

t he  f luo r ide - spec ie s ,  the  values  obtained f o r  t h e  rate 

~ H F  = 5.92 and k r  = 10.3 

~ H F  - 1.11 and k r  = 6.32 

were then f i t t e d  as funct ions of temperature: 
-11-723 + 4039/T (3 .6.7a) 

-2.647 + 1183/T (3.6 -7b) 

the  f l u o r i d e  catalyzed pathways decrease r e l a t i v e  t o  t h e  

rate of the  base catalyzed pathway with increasing temperature, but  not i n  an 

absolu te  sense. 

These fornulas  should be used with caut ion  because of the  uncer ta in ty  

of t he  f i t t e d  va lues  and t h e  small temperature d i f fe rence .  I n  the  50 t o  

7OoC range, the  va lues  of k r  ca lcu la ted  from (3.6.7b) are probably as 

r e l i a b l e  as most of t he  o ther  f i t t e d . v a l u e s  i n  t h i s  repor t .  

Values of kHF calculated from (3.6.7a) are a t  b e s t  semiquant i ta t ive,  and 

should be used accordingly. 

However, t he  

P rac t i ca l ly  speaking, when Ftot = 1E-3 molal, t he  f luo r ide  catalyzed 

mechanisns become dominant below about pH 4.8. 

molal F, they become dominant below about pH 3.5. 

t o  t he  degree t h a t  si l ica p r e c i p i t a t i o n  from geothermal br ines  may be inhi-  

b i t ed  by pH reduction alone. However, aluminum complexes with f luo r ide  and 

blocks the  f luo r ide  catalyzed pathways. This is discussed i n  Sect ion 3.15. 

I n  the  presence of 5E-5 

This sets a na tu ra l  l i m i t  

L - 
. 

* 
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b, S347 Nucleation Theory: The Lothe-Pound Factor 

l e  of cr i t ical  nucleus s i z e  l y  i n  rapid motion: i t  

d i f f u s e s  through the  water, 

t r a n s l a t i o n a l  and r o t a t i o n a l  nature  on a smaller sca l e  of time and space. i 

of formation of the  . 
0 

und Theory takes  

by wr i t ing  the free 
i o n  of a p a r t i  

t u ra t ion  r a t i o  S a 

- kgT I n  S +'A(n)Y 

u n i t s  from a solu- 

F(n)*= 

(3.7.1) 

J ength equal t o  

t 
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Weres and Rice (1972) have demonstrated t h a t  t he  thermodynamic p rope r t i e s  

of l i c u i d  water may be w e l l  accounted f o r  using a "cell model" of t he  l i qu id .  

The key assumption made by these  authors is t h a t ,  on the  time scale of i n t e r -  

molecular (i.e., " la t t ice")  v i b r a t i o n s ,  water molecules s t a y  i n  more o r  less 

t h e  same p lace  and " j igg le"  around i n  o s c i l l a t o r y  t r a n s l a t i o n a l  and l imi ted  

r o t a t i o n a l  ( " l ib ra t iona l" )  motions. This is due t o  t h e  s t r eng th  and highly 

d i r e c t i o n a l  charact 

molecules and the  p a t t e r n  of hydrogen bonds connecting them change on a 
considerably l o  r ("diffusional") t i m e  scale. (This separa t ion  of t i m e  

s c a l e s  i n  water s f i r s t  proposed by Eisenberg and Kauzmann, 1969, based on a 

c a r e f u l  i n t e r p r e t a t i o n  of a v a r i e t y  of spectroscopic and o the r  data.) 

of t he  hydrogen bonds. The a c t u a l  pos i t i ons  of t h e  

If  t h e  spectrum of molecular motions can be separated i n  

then so cdn the  thermodynamic proper t ies .  

p a r t i t i o n  function of l i q u i d  water may be fac tored  i n t o  two pa r t s :  a p a r t i -  

t i o n  func t ion  t h a t  arises from t h e  " l a t t i c e "  modes, and a "configurational" 

p a r t i t i o n  func t ion  t h a t  r e f l e c t s  the  number of ways t h a t  t h e  N molecules and 

the  hydrogen bonds between them may be arranged. 

p a r t i t i o n  func t ion  is simply t h a t  number. The former, l a t t i c e  mode, p a r t i -  

t i o n  func t ion  is e s s e n t i a l l y  t h a t  of an  amorphous molecular s o l  

so because, on the  t i m e  s c a l e  of th: "latt ice" motions, l i q u i d  water behaves 

as though i t  were an amorphous so l id .  

Put another way, t h e  N-particle 

Indeed, t h e  conf igura t iona l  

S i l i c i c  ac id  oligomers and c o l l o i d a l  AS p a r t i c l e s  are hydrogen bonded t o  

t h e  v a t e r  around them by way of t h e i r  su r f ace  s i l a n o l  groups, and d i f f u s e  f a r  

nore slowly than do water molecules because of t h e i r  much greater s i z e  and t h e  - 

l a rge  number of hydrogen bonds they engage in .  

of Weres and Rice is even more appropr ia te  i n  t h i s  case. 

Qext t o  be separated i n t o  two f a c t o r s :  a l a t t i c e  mode f a c t o r  which accounts 

f o r  t he  " j igg l ing  around" of t he  AS p a r t i c l e  imbedded i n  the  aqueous medium 

and hydrogen bonded t o  i t ,  and a conf igura t iona l  p a r t i t i o n  func t ion  which 

accounts f o r  t h e  d i f f e r e n t  l oca t ions  and o r i en ta t ions  which the  p a r t i c l e  may 

have i n  t h e  water. 

fac tored  i n t o  two p a r t s  t h a t  are respec t ive ly  equal t o  t h e  number of pos i t i ons  

anc! t h e  number of o r i en ta t ions  a v a t l a b l e  t o  t h e  p a r t i c l e  i n  t h e  water. Thus, 

Therefore, t h e  b a s i c  assumption 

Accepting i t  allows 

The conf igura t iona l  p a r t i t i o n  func t ion  may f u r t h e r  be 

1 . 

t 

w e  may w r i t t r  

Qext = QlatQposQorien L r  



On c lose r  examinat ion. i t  is easy t o  see t h a t  the  m u l t i p l i c i t y  of orien- 

t a t i o n s  need not be e x p l i c i t l y  considered here  

i n  t h e ' d e f i n i t i o n  of Qext, an analogous f a c t o r  must be included in t he  def in i -  

t i o n  of Qrep as w e l l ,  and t h e  two w i l l  cancel out. Alternat ively,  one may 

argue on physical  grounds t h a t ,  because AS is amorphous and i so t rop ic ,  a l l  
o r i en ta t ions  of a sphe r i ca l  p a r t i c l e  of i t  are physical ly  i d e n t i c a l  and t h i s  

If Qor-en is t o  be included 

imple extension of 
Raoult's Law: 

The number of t i ons  within a given volume of water is 
er of molecules within it. 

he nucleat ion rate is t o  be expressed i n  

er is simply the  number o u n i t s  of (min kg H20)'l, t h i s  ater molecules 
kilogram of water = 3.34C25. I n  a sa l t  so lu t ion ,  i t  is 

1 t o  the  number of water molecules plus  the  number of sa l t  ions pe r  k i lo -  

er. However, t ect ion" i s  so small t h a t  it may be 

approximations introduce 

much l a r g e r  e r r o r s  i n t o  t h e  f i n a l  result.) Therefore, i n  t he  present  system 

of u n i t s  

3.34325 

i ts  physical s i g n i f i  ce  t o  Qrep;  t h e  

mer appl ies  t o  an AS p a r t i c l e  imbedded i n  an 
aqueous medium, while the  la t ter  appl ies  t o  an i d e n t i c a l  p a r t i c l e  imbedded 

y d i f fe rence  is tha  

considera- 

be c lose  t o  unity.  It is, therefore ,  probably c lose  

(30703) 
is probably no mo an order of magnitude 

Eecause only the  minus 1 / 4  t 

d i r e c t l y  measurable phys ica l ly  '(through its e f f e c t s  on the  induct ion t i m e  and 

. 
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on t h e  t o t a l  sur face  area of t h e  p a r t i c l e s  produced, r e spec t ive ly ) ,  (3.7.3) 

is, f o r  most p r a c t i c a l  purposes, exact .  

This is the  f a c t o r  by which c lass ical  nuc lea t ion  theory underestimates 

t h e  rate of nucleation i n  t h i s  system! 

S3.8 Nucleation Theory: Further Development 

The f a c t  t h a t  QLP is  p r a c t i c a l l y  constant means t h a t  i t  disappears 

when (3.7.1) is d i f f e r e n t i a t e d  i n  respec t  t o  n and i n  a l l  analogous mathema- 

t i c a l  manipulations. I n  p r a c t i c e ,  t h i s  means t h a t  t h e  only way t h a t  t h e  f i n a l  

p r a c t i c a l  r e s u l t s  of t h e  Lothe-Pound Theory d i f f e r  from those of t he  Classical 

Theory is  t h a t  t he  ca l cu la t ed  rate of nuc lea t ion  i s  increased by a f a c t o r  equal 

t o  QLP. 
I t  draws heavily on t h e  expos i t ion  by Abraham (1974). 

This Section is a b r i e f  resume of the  r e su l t i ng  f u r t h e r  developments. 

The s teady  state nuclea t ion  rate is 

where 

pn = t h e  number dens i ty  of Si02 u n i t s  i n  s o l i d  AS = 2.21E22 cm-3 

A* = t he  su r face  area of t h e  c r i t i ca l  nucleus under t h e  given condj t ions  

= 4 1 ~ r * 2  

h e r e  

r*= the  rad ius  of t h e  c r i t i ca l  nucleus under the  g iven  condi t ions ,  as 

ca lcu la ted  from the  Classical Theory of Nucleation 

where 

= t h e  su r face  tension of t h e  AS-water i n t e r f a c e  under the  g iven  

conditions i n  e rgs  cm-2 

kE = t he  Eoltzmann cons tan t  = 1.38054E-16 e rgs  K-l 
A F "  = t he  f r e e  energy b a r r i e r  f o r  homogeneous nuc lea t ion  as ca l cu la t ed  

from the  C las s i ca l  Theory 

= YA*/3 

. 

* . 
I 

Z = t h e  "Zeldovich Factor", which accounts f o r  t h e  f a c t  that  only a f rac-  

t i o n  of t h e  nuc le i  t h a t  reach c r i t i ca l  nucleus s i z e  continue t o  grow beyond i t  

( t h e  rest " f a l l  back") . Typically,  i ts  v a l u e  is  between 0.005 and 0.1. 

b- 
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k d  
'(3.8.3) 

r' he critical nucleus 

1 

i As noted, Eqn. (3.8.1) gives the steady state nucleation rate. At very 

times after initiating the action, the,nucleation rate is less than 

b ecause a steady state popu isomers- of near critical nucleus 

ed. There are two ways to de 
the so called 

critical nucleus size is treated as a dif 

contain: n f particles , 

ion of time by numeri- 

n for this time 
e following approx- 
aham, 1974, p. 99): 

(3 08 04) 

* 
s 

mately the size at 
. 

(3.805) 
k.i 

1 
I 
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S3.9 BomoEeneous Nucleation: Experimental Resul t s  

The k i n e t i c s  of s i l i ca  polymerization by homogeneous nuc lea t ion  i n  low 

s a l i n i t y  .(i.e. , "buffer only") med 

The bes t  of t h i s  da t a  is compiled 

12 i n  Appendix 3.4.  

were extensively s tud ied  experimentally. 

Figures 3.14 t o  18 and i n  Tables A3.8 t o  

These experiments were performed a t  var ious  pH va lues  between about 

5.5 and 7.5. ' In  each case the  pH va lue  was chosen so as t o  make the  r eac t ion  

run its course i n  a convenient length  of t i m e ,  i 

cases t h a t  correspond t o  t h e  lower i n i t i a l  conce 

temperature t h i s  was not poss ib le ,  and t h e  r eac t ion  w a s  a run f o r  as 
long as needed t o  take  'it t o  completion!(up t o  seve ra l  days) 

The a c t u a l  unmodified MAS ver sus  t i m e  da t a  is presented 

t a l l  possible.  In a few 

t o  12 i n  A3.4. 

f i e d  form in Figure 3.18 as w e l l .  

The d i f f e r e n t  pH va lues  of the  va r ious  experiments make the  unmodified 

Therefore, the da ta  is presented 

Most of t he  5OoC nuclea t ion  da ta  is presented 

data hard t o  compare in a meaningful way. 

i n  Figures 3.14 t o  17 with the (logarithmic) time scale of each curve s h i f t e d  so 

a s  t o  make it  approximate t h e  r e s u l t s  t h a t  would have been obtained i f  each 

experiment had been run a t  pH = pHno, = 7.0. Spec i f i ca l ly ,  t he  t i m e  scales 

i n  Figures 3.14'through 17 are r e l a t e d  t o  t h e  a c t u a l  experimental t i m e  va lues  

by t h e  r e l a t ion :  

log t = log  t + log  f'pH(PHnom). f i g u r e  a c t u a l  
This s h i f t  i n  t h e  t i m e  scale is d i f f e r e n t  f o r  each ind iv idua l  curve. 

Thus, curves with pHnom > 7.0 were s h i f t e d  t o  t h e  r i g h t  ("slowed down'!) and 

curves wi th  pQom < 7.0 were s h i f t e d  t o  t h e  l e f t  ("speeded up"). (The 

va lue  of pHnom f o r  each curve is presented i n  Tables A3.8 t h r u  12, and 

f$H(pRnom) may be d a l u a t e d  using either Figure 3.4 o r  Table A3.1, i f  

so des i red . )  

These t i m e  s h i f t s  are only approximate. F i r s t ,  t h e  e f f e c t  of varying 

pE! on t h e  va lue  of t he  su r face  tension was ignored. Second, t h e  v a l u e  of t he  

s h i f t  i n ' l o g  t should have been log  F(pH,pHnom). 

made very l i t t l e  d i f f e rence  because i n  most cases included i n  these Figures 

pH is not much d i f f e r e n t  from pHno,. 

However, t h i s  would have 

. 

d - 
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I 1 I I I I I  I I I I I l l  I I I I I l l  I I 1  

01 0,s 1 5 10 50 100 500 01 

Time ( m i d  

I 

s 

XBL 799 - 2843 

Fig. 3.14. 
discussed in  the text .  
were generated on the continuous flow kinet i  

Each curve in  th i s  Figure shifted he log  t axis as  
The curves i n  th i s  Fig continuous because they 

V 
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F i g .  3.15. 
are actual data obtained by manual sampling. 
and fof lowing two Figures accurate to 2 1OC.  
see i'ables A3.8 thru 11 i n  Appendix 3.4. 

Time scales  shi€ted as i n  preceeding Figure. Discrete points 
Temperature values i n  this 
For the exact values 

I I I 1 1 1 1  I I I 1 1 1 1  I I I I I l l 1  I I I I l l 1  

Homogeneous nucleation 4 
75'C, pH,,, = 7.0 1 

Time (min) 
XBL 7811-12770 

. 

L71 Fig. 3.16. Time scales  shifted as i n  preceeaing rigure::. 
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ata for CIS 0.6 at 23°C 

CI2O.7 at 30°C 

1 pHnOm= 7.0 

1 

Time (min) 
XBL 7812-13429A 

Fig. 3..17, Time scales sh i f t ed  as i n  preceeding Figures. 

Homogeneous Nucleation: Data Reduction and t h e  Surface Tension 

The,homogeneous nucleat ion da ta  w a s  analyzed and reduced by " f i t t i ng"  

i t  using the  t h e o r e t i c a l  formalism presented in 53.7 and 8. 

t h a t  is a b l e  t o  numerically model t h e  processes of homogeneous nucleat ion 

and c o l l o i d  growth w a s  used f o r  t h i s  purpose. 

i t  is discussed i n  d e t a i l  and documented i n  Chapter 6 of t h i s  repor t .  

A computer code 

This code is e a l l e d  SILNUC and 

As o r i g i n a l l y  wr i t ten ,  SILNUC used the  mathematically exact "mult is ta te  

k ine t i c s "  method t o  model t h e  homogeneous nucleat ion process. Later, t h e  
time constant" model (Eqns: 3.8.4 5 )  was' added ag 'an Dption 

e s s e n t i a l l y -  i d e n t i c a l  As it  turned out ,  t he  two mathematicalsmodels g 

r e s u l t s ,  and t h e  more comp 

r i thm was u l t imate ly  

cated and cumberso 

C :(more on t h  

The t h e o r e t i c a l  SILNUC assumes t h a t  t he  total .concen-  

t r a t i o n  of s i l i c a  oligomers :(i.e 

g i b l e  r e l a t i v e  t o  t h e  concentrat  as f a r  as the  model 
embodied i n  SILNUC I s  co 

molybdate a c t i v e  si 
and t h e  latter term will be used in discussin 

I 
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A t  least  a t  t h e  higher  dissolved s i l i c a  concentrat ions t h a t  were s tudied,  

triis is demonstrably incor rec t .  The p r a c t i c a l  consequences of t h i s  omfs- 

s ion ,  and why they are r a the r  less grave than might have been expected, are 

discussed be low . 
I n  t h i s  f i t t i n g  process t h e  pH dependence of t he  molecular deposi t ion 

rate as determined i n  53.3 and t h e  'value of QLp as' determined i n  53.7 were 

taken as given. 

S3.4 w a s  used, and i n i t i a l l y  i t  w a s  assmed t h a t  t he  f i f t h  order  rate l a w  f o r  

'he rate constant  f o r  molecular deposi t ion determined i n  

molecular deposi t ion held a t  a l l  values  of S. 

proved t o  be inconsi3tent  with the  homogeneous nuc lea t ion  data.  

ca l cu la t e  out  the  homogeneous nucleat ion curves invar iab ly  produced curves 

that were "too f l a t " ;  i.e., the  maximum (negat ive)  s lope  of t h e  curve of MAS 
versus 102 t was always too small. It w a s  soon found t h a t  t h i s  devia t ion  

could De corrected by assuming t h a t  t h e  v a r i a t i o n  of depos i t ion  rate with 

s a t u r a t i o n  r a t i o  vas l i n e a r  above a c e r t a i n  value. 

was estimated by t r i a l  and e r r o r  f o r  50, 75 and 100°C by varying it u n t i l  

t he  o v e r a l l  best  "shape f i t "  was obtained f o r  a l l  of t h e  homogeneous nuclea- 

t i o n  da ta  a t  each temperature. 

by Eqn. (3 .4 .7~)  . 

However, t h i s  assumption 

Using i t  t o  

This "threshold value" St 

These "best values" are approximately g iven  

It was found t h a t  t he  homogeneous nuc lea t ion  d a t a  obtained a t  23 and 3OoC 

could not  be  w e l l  f i t t e d  u s i q  values  of St t h a t  could be ex t rapola ted  f r o m ,  

t h e  higher tenpera tu tc  va lues  i n  any reasonable way. This bespeaks a funda- 

mental change of mechanism a t  the lowest temperatures. This change is pro- 

baoly due t o  t h e  much higher  S values  encountered-a t  t h e  lower temperatures 

( a t  3 P C ,  1.0 g L'l corresponds t o  S = 7.8). Very l i k e l y ,  t h e  concentra- 

t i o n  of ol igouets  is  l a rge  a t  these lowest temperatures. Also, the basic 

t h e o r e t i c a l  nodel of t he  nucleat ion process euployed probably f a i l s  t o  some 

ex ten t  because of t h e  very s m a l l  c r i t i c a l  nucleus s ize .  

a t tempts  t o  f i t  t h e  23 and 3O'C d a t a  Were abandoned, and a l l  f u r t h e r  e f f o r t  

was r e s t r i c t e d  t o  the  higher th ree  temperatures. 

Because of t h i s ,  

One aspect  of t h i s  change and/or f a i l u r e  t h a t  is d i r e c t l y  evident  i n  

Fig. 3.17 is t h a t ,  a t  t he  three  highest  i n i t i a l  concentrat ioqs,  t h e  course of 

tile reac t ion  is almost unaffected by t h e  value of t he  i n i t i a l  concentration. 

This suggests  t h a t  nucleat ion is no longer t h e  rate l imi t ing  s t e p  under these  

conditions.  

c 

t 

a 

c 

b.' 
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Once the functions t h a t  determine the rate of molecular depos i t ion  and 

the Lothe-Pound f a c t o r  are known, a l l  t h a t  i s  needed t o  completely spec i fy  

the homogeneous nuc lea t ion  process is  a function that gives the value of t h e  

sur face  tension under any given conditions.  

nuc lea t ion  da ta  reduction procedure e s s e n t i a l l y  consisted of varying a t r ia l  

func t ion  f o r  the sur face  tension u n t i l  an o v e r a l l  optimal f i t  was obtained. 

The remainder of t he  homogeneous 

Changing the value of the  sur face  tension genera l ly  s h i f t s  the ca lcu la ted  

curve along the log t a x i s  without changing i ts  shape. 

occurs when the t r ia l  V a l  f t he  sur face  tension is  c l e a r l y  too 

(An exception t o  t h i s  

urve i s  ' d i s to r t ed  i n  'a c h a r a c t e r i s t i c  

he value of y , t he  s h i f t  

l y  estimated using the approximate bu 

log  T 
= 41r/(3 x 2,302 kBT)(kBT pnlnS)-2 

\ A Y3 
ere T is  the  t i m  

value. It has t he  same 
discussed i n  S2.18. Eq 
( 2 . 1 8 . 4 ) .  

In  p r a c t i c e ,  w e  calc 
value of Y, and then graph 

would m a k e  the ca lcu la ted  

The t r i a l  func 

S.r( = t he  su r face  entropy i n  e r g s  cm- 
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PI1 
I(pd,pHnom) =/ [O. 45f (pH' + 0.55f (pHnom(pH' 1) 1 d pH' (3.10.3) 

- O D  

The integrand i n  (3.10.3) is  equal t o  the  f r a c t i o n  of i on izab le  su r face  

sites t h a t  are a c t u a l l y  ionized a t  the  given values of pI1 and pH,,,. 

t he  d iscuss ion  and d e f i n i t i o n s  i n  S3.3.) 

(See 

The f i r s t  two terms i n  (3.10.2) g ive  the  va lues  of Y a t  t h e  given temper- 

a t u r e  i n  the  hypothetical  (but c lose ly  approachable) s t a t e  of no sur face  

ion iza t ion .  'Ihe t h i r d  t e r n  c o r r e c t s  t h e  value of y f o r  t he  e f f e c t  of su r f ace  

ionization. It is easy t o  de r ive  i t  froni t he  Gibbs r e l a t i o n ,  which desc r ibes  

t h e  e f f e c t  of an  a r b i t r a r y  isothermal adsorp t ion  process on y: 
d~ = -rdp (3.10.4) 

where 

r =  t h e  su r face  dens i ty  of t h e  adsorbed spec ies  

p =  t he  chemical p o t e n t i a l  of t h e  adsorbed spec ie s  i n  s o l u t i o n  

(See, f o r  exanple, the  discus-sion by Adamson, 1976, pp. 70-71.) 

Because the  func t ion  B'(pii,pGom) is  known, t h e  vafuc of I(pH,pSom) 

1s a l s o  known. (Empirical formulas and tabula ted  va lues  t h a t  may b e  used t o  

c a l c u l a t e  t he  va lue  of I(pH,pHnon) are presented i n  Appendix 3-10 1 
Therefore, t h e  only unknowns i n  expression (3.10.2) are Hy, Sy and no. 

'these th ree  parameters were determined by performing a mul t ip l e  l i n e a r  regres- 

s i o n  on t h e  a r r a y  of Ye, va lues  deternined f o r  each of t h e  curves included 

i n  Figure 3.14 t o  17. 
I(pii,pkom) evaluated with pi1 set  equal  t o  pH,,. 

was an e r r o r ,  bu t  only a minor one, i n  t h a t  pH and pHnom d i f f e r e d  l i t t l e  i n  

most cases. The f i t t i n z  process i s  summarized i n  Table 3.1. 

This f i t t i n 3  process was executed u s i x  va lues  of 

S t r i c t l y  speaking, t h i s  

It proved inposs ib le  t o  f i t  a l l  eighteen YemD va lues  well using 

(3.10.2); a t  each tenperature,  t he  one o r  two Yemp values t h a t  correspond 

. 
- 

t 

Cf t o  the lowest i n i t i a l  concentrations are too  low t o  be f i t t e d  toge ther  with 
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COMPARISON OF EXPERIMENTAL 
AND CALCULATED CURVES 

Fig. 3.18. Solid curves ca lcu la ted  by SILNUC. MAS concentrat ion scale 
s h i f t e d  by 0.5 g Lml between curves. 

mu1 t is ta te  k ine t ics"  
The l i g h t  so l id  curve f o r  c i  = 0.6 

g o r i t h  (see tex t )  . 
nucleus has the  geometric proper t ies  of a sphere and a w e l l  

defined sur face  seems t o  work ve ry  w e l l  indeed. 

Impl i c i t l y  averages aver a l l  poss ib le  c l u s t e r s  containing n* monomer u n i t s  

t o  obta in  the  of "the" c r i t i c a l  nucl This imp l i c i t  averaging 

process impose 

t h a t  comes out  of i t ,  regard less  of what assor ted odd shapes the  ac tua l  nuc le i  
of " c r i t i c a l "  s i z e  may have. 1 t h i s  suggests t h a t  the. theory of homogeneous 

r f a c e  tension i tself  may be r a the r  more power- 

This Ls:because the  theory 

spher ica l  symmetry on t h  

an has been h i t h e r  

i 5OC from t h e i r  

own homogeneous nucleat ion da ta  and obtained t h e  va lue  45 e rgs  cm-2. 

mpletely d i f f e r e n t  from the  one taken h 

e was determined rom the  empirical  re1 

(Their 
9 

0 

i t y  of c o l l o i d a l  AS p a r t i c l e s  by Alexander (1957) and Iler 
r obtained the  va lue  

4 e rgs  cm-2 using co l  a1 si l ica s o l s  prepared * 

r g s  cmm2 and the  l a t te r  

i n  d i f f e r e n t  ways. The s o l u b i l i t y  method has nothing a t  a l l  to do with homo- 

td ' geneous nucleat ion and is l a rge ly  f r e e  of ambiguities of i n t e rp re t a t ion .  



Table 3.1 
F i t t i n g  of Homogeneous Nucleation Data 

Resid. log  t Number I n i t i a l  
Error of Nuclei n* P'nom Yemp ' f i t  Run No. Temp. C I n i t i a l  pH 

('C) (g / i )  S 

50-10-0 
50-9 
50-8 
50-6 
50-5* 
50-4* 

75-1 1 
75-10 
75-9 
75-8 
75-7 
75-5* 

100-12 
100-11 
100-10-0 
100-9 
100-85 
100-75* 

50 
51 
51 

50 
50 
50 

74 
74 
74 
75 
75 
75 

100 
100 
100 
100 
100 

100 

1.0 5.53 6.23 
0.9 4.90 6.68 
0.8 4.35 6.87 
0; 6 3.30 7.21 
0.5 2.75 7.19 
0.4 2.20 7.30 

1.1 4.25 5.78 
1 .o 3.86 5.94 
0.9 3.47 6.53 
0.8 3.04 6.75 
0.7 2.65 7.00 
0.5 1.90 6.71 

1.2 3.30 5.73 
1.1 3.03 6.01 
1.0 2.75 6.45 
0.9 2.47 6.53 
0.85 2.32 6;89 
0.75 2.04 7.02 

6.25 46.0 
6.68 45.8 
6.86 44.6 
7.16 41.7 
7.12 39.3 
7.22 34.9 

5.80 46.7 
5.95 46.0 
6.52 44.5 
6.73 41.8 
6.96 40.6 
6.64 34.3 

5.76 44.4 
6.03 44.6 
6.45 44.2 
6.52 43.1 
6.87 41.4 
6.99 38.1 

46.6 
45.0 
43.9 
41.5 
(41.9) 
(40.8) 

46.2 
46.0 
44.5 
43.3 
41.7 
(43.8) 

44.9 
44.5 
43.3 
43.0 
40.9 
(39.8) 

-0.06 2.5319 16 
0.08 1.8E19 17 
0.08 9.3318 20 
0.04 8.2317 32 

(-0.51 ) (1E17) a -- 
(-1.72) (7E15) -- 

0.06 1.3E19 20 
-0.01 4.8318 24 

0 2.4El8 28 
-0.22 4.7317 36 
-0.19 5.4316 48 
(-3.56) (4E14) -- 

-0.06 6.4E18 26 
0.01 2.OE18 32 
0.13 6.1E17 39 
0.02 3.2E16 54 
0.10 3.7E16 57 

(-0.40) (4E15) -- 

*Dominated by heterogeneous nuc lea t ion ;  d a t a  not f i t t e d .  I n  these  cases y f i t  va lues  ca l cu la t ed  using t h e  parameters 
given i n  the  t e x t ,  even though these  p a r t i c u l a r  p o i n t s  were not f i t t e d .  The re s idua l  log T e r r o r  va lues  here ,  as else- 
where, approximately r e f l e c t  t he  discrepancy between the  experimental  data and the homogeneous nuc lea t ion  model. 
"number of nuc le i"  values f o r  t he  po in t s  no t  f i t t e d  were estimated from the  experimental data.  

The 

The number of n u c l e i  and n* va lues  f o r  the  f i t t e d  curves were ca l cu la t ed  us ing  y f i t  as the  value of t h e  su r face  tension. 

* 
4 4 4 c 
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Thus, t he  s o l u b i l i t y  derived values t r u l y  cons t i t u t e  independent confirmation 

of t he  values  determined from homogeneous nucleation data. 

The poss ib le  importance of oligomer formation was estimated a f t e r  t he  

f a c t  by estimating the dimer and trimer concentrations using the  approximate 

empirical  formulas (2.10.1 and 2). 

f i t t e d  with SILNIIC, these oligomers never accounted f o r  more than about 11% 

of the  t o t a l  dissolved s i l i ca  and usually less. A t  these low concentrations,  

t he  only important e f f e c t  t h a t  oligomer formation can have is t h a t  i t  reduces 

the  monomer concentration and, thereby, t he  sa tu ra t ion . r a t io ,  and t h i s  slows 

Over the range of the  da ta  tha t  w a s  

I 1 ,  down nucleation. ~ 

In a numerical sense, a change i n  the value of the  sa tu ra t ion  r a t i o  

can-always be o f f s e t  by a corresponding change i n  the  value of t he  sur face  

tension t o  g ive  the  same nucleation rate. 
needed t o  compensate f o r  oligomer formation w a s  calculated throughout the  

range of f i t t e d  data. 

the  value of t he  sur face  

of oligomers 

The change i n  the  sur face  tension 

It turned out t ha t ,  i n  a l l  cases considered, reducing 

ion by, 4.3  f 0.3% compensated f o r  the  formation 

, L "  

It would have been easy t o  incorporate oligomer formation i n t o  SILNUC 

and t o  modify the  sur face  tension values,  but  doing t h i s  would have had l i t t l e  

e f f e c t  on the  cal  
However, i f  and when re da ta  regarding oligomer n t r a t ipns  become 

oing so might become worthwhile. 

d, w e  be l ieve  our formula f o r  Y t o  be accu e t o  about * 3  e rgs  

i n  an absolute  sense. Most of t h i s  un 

a t i o n  and a constan 

t y  arises from our haying 

assumed no oligome 

fac tor .  

a lue  of t he  Lothe-Pound 

- I  individual  values  o ee f i t t i n g  parameters a 

r e l i a b l e  becaus 
are reasonable. 

The numbers of 

experiments are not cons is ten t  from experiment t o  experiment, bu t  t h i s  is  

only t o  have been expected i n  l i g  

poorly reproducible na ture  of t he  heterogeneous nucleat ion process. 

only allow us  t o  suggest very approximate criteria f o r  ident i fying cases i n  

which heterogeneous nucleat ion i s  l ike ly  t o  be dominant. One ind ica t ion  is  

t h e  noto l y  id iosyncra t ic  and 

The da ta  
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L: 
t h a t  t he  predicted value of n* i s  g rea t e r  than about 60. Another is t h a t  

the t i m e  required f o r  the  reac t ion  t o  run halfway t o  completion under the 

given conditions; e i t h e r  as determined experimentally o r  as predicted theore- 

t i c a l l y ,  i s  g rea t e r  than about 2/F(pH,pQom) hours, with the  value of F 

evaluated f o r  the  conditions of i n t e re s t .  These estimates are, of course, 

based on the r e s u l t s  of experiments t h a t  were performed under reasonably 

clean laboratory conditions. In  actual geothermal br ines ,  heterogeneous 

nucleation may become dominant a t  a somewhat higher i n i t i a l  concentration 

because of the  g rea t e r  number of po ten t i a l  heteronuclei  present. Note, 

however, t h a t  t he  induction tine f o r  heterogeneous nucleation varies as 
only the minus one-third power of t he  number of hetronuclei  (see Eqn. 

(2.18.4));  t h i s  g rea t ly  reduces the  p r a c t i c a l  impact of possible  va r i a t ions  

i n  the  number of heteronuclei  i n so fa r  as making predict ions is concerned. 

S3.11 The Solubi l i ty  of S i l i c a  i n  S a l t  Solutions 

Fournier and Rowe (1977) give  the  following empirical  formula f o r  

t he  s o l u b i l i t y  of AS i n  pure water under its own vapor pressure between 

100 and 25OOC 

log ~ ~ ( 0 )  = -731/T+1.52 (3.11.1) 

Because of very slow equ i l ib ra t ion  rates a t  lower temperatures, t he re  

is l i t t l e  r e l i a b l e  s o l u b i l i t y  da t a  below 100°C. Kowever, (3.11.1) does 

appear t o  g ive  r e s u l t s  t h a t  are cons is ten t  with such da ta  as is ava i lab le ,  

and it  was used throughout the  present  work. 

The salts  i n  the  b r ine  a l s o  e f f e c t  t he  s o l u b i l i t y  of s i l ica .  Because 

no usable data  on t h i s  e f f e c t  could be found i n  the  l i t e r a t u r e ,  we estimated 

i t  theore t ica l ly .  

The e f f e c t  of dissolved salts on the  a c t i v i t y  of water has been experi- 

For a so lu t ion  contain- mentally determined f o r  many so lu t ion  compositions. 

ing one dissolved sa l t ,  t h i s  e f f e c t  is given by the  equation: 
In  + - - 0.018 u m 4 (3.11.2) 

, where 

1 v - t he  nunber of ions per  mole of sa l t  
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tj m = t h e  molal concektrat ion of t h e  salt 

4 = t h e  p r a c t i c a l  osmot 

In the  case.  of solukio lec t r o l y t  es , t he  ' p r a c t i c a l  osmotic 
I 

. c o e f f i c i e n t  is  between -0. 9 and 

a c t i v i t y  of water is the  dominant one; .e., t he  a c t i v i t y  of water is de- 

e range of temperature and \ 

concentration. This means t h a t  the  simple c o l l i g a t i v e  e f f e c t  upon the  
. 

i 

creased because the  presence of .  the  sa ions  causes the  water i t s e l f  t o  be  

d i lu t ed  i n  the  solut ion.  Translated i n t o  ' s ta t is t ical  mechanical terms, t h e  

number of sites t h a t  water molecules may occupy within t h a t  amount of solu-  

t i o n  which contains  one kg of water i s  increased by the nunber of s o l u t e  ions  

added. Other e f f e c t s ,  which are d by the  *deviat ion of the  value of 

t h e  p r a c t i c a l  osmotic coe f f i c i en t  f 

Under these  circumstances, t he  e f f e c t  of t he  added s a l t  upon the  acti- 

a 

i t y ,  are much less important. 

v i t y  c o e f f i c i e n t  of a I'w -like" small s o l u t e  l ike MSA is  probably about 

the  same as the  e f f e c t  t h e  a c t i v i t y  of water. This is so because the  

"d i lu t ion  e f f ec t "  w i l l  be exact ly  the  same i n  the  case of a molecule of MSA 
as i n  the  case of water, and the  much smaller r e s idua l  e f f e c t s  w i l l  a l s o  

probably be  comparable. 

, f  

a is ac tua l ly  a hydration react ion:  
(3.11-3) 

w , while the  lower a c t i v i t y  coef- 

. 
J. 

dissolved s i l ica  
* 

t h a t  i t  may not be accu f the so lu t ion  i n  quest ion contains  a substan- 

t he  osmotic coe f f i c i en t  w i l l  no longer be approximately uni ty;  

t h i s  i s  very r a r e l y  the  case with geothermal brines.  

Fortunately,  

W 
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EFFECT OF NoCl 
t I I I I 1 I 1 I i 

5I0C,q =O.SSgL! 

N o  NoCl, pH 7.54 
0.5M NoCI, pH 7.03 

5 Y 0 0.51\\\ A I.OM NoCI, pH 7.00 

n 

Fig. 3.19. 
room temperature (see S3.2). 

S a l t  concentrat ions given i n  u n i t s  of moles L-1 referred to  

S3.12 The Ef fec t  of Added Sodium Chloride - 
Dissolved salts  e f f e c t  the  rate of molecular depos i t ion ,  t he  value of 

the  sur face  tension,  and the s o l u b i l i t y  of silica. Unfortunately,  t h e i r  
e f f e c t  on the rate of molecular depos i t ion  could not conveniently be s tudied 

i n  i s o l a t i o n  with co l lo id  added experiments because adding salts  usua l ly  

caused the co l lo id  t o  coagulate. 

homogeneous nucleat ion type could be used t o  s tudy the  e f f e c t s  of added salts. 

Figure 3.19 shows the  r e s u l t s  of a typ ica l  "salt added" homogeneous 

nucleat ion experiment. The three  runs included i n  i t  were formulated and run 

a t  the  same time so as t o  minimize the e f f e c t s  of random var ia t ions .  Altoge- 
t h e r ,  twelve sets of th ree  runs l i k e  t h i s  were generated,  t h ree  each a t  30, 
50, 75 and 1OOOC. 

o ther  sets are presented i n  tabular  form i n  Tables A3.13 t o  15 i n  Appendix 3.4. 

A seventh set is presented i n  Figure 3.20. 

Therefore,  only experimental da t a  of the  

The da ta  from the set  presented i n  Figure 3.19 and f i v e  

The a c c e l e r a t h g  e f f e c t  of the  added s a l t  i s  obvious from Figure 3.19, des- 

p i t e  the f a c t  that the reference (i.e., no NaC1)  curve w.'is run a t  a higher pH. 



W 

1 

S '  

e da ta  ana lys i s  began i n  the  same way as i n  S3 

data<was graphed, and then converted i n t o  tabular  d a t  

as a funct ion  of concentrat ion by estimating f r  

t h e  concentrat ion of,MAS was equal $0 a given v 

values  were ca lcu la ted ,  erratic values  d e l e  , and the  rest averaged t o  g ive  
average " r e l a t i v e  rate'' values. 

ca lcu la ted  f o r  the  0, 0.5 and 1.0 14 curves i n  Figure 3.19 were 1, 1.62, and 

the  form of ;time 

he t i m e  a t  which 

Rat ios  of these t i m e  

For example, t he  r e l a t i v e  rate values  

d with ' t heo re t i -  

T, t he  t i m e  t h a t  

where C i s  a constant  t h a t  depends on the  "reference concentration" 

assumed i n  the  d e f i n i t i o n  of T. (Eqn. (3.12.1) is simply another way of 

wr i t ing  (2.18.4).) 

e l a t i v e  rates a r e . t h e n ' s i n p l y  t h e ' r a t i o s  of the  values  

ach of * t h e  curves i n  the  given set ca lcu la ted 'us ing  (3.12.1) 
Note, however, t h a t  f.+p i s f c o n S t a n t  and t h a t  the  value of (ZA*)lI4 v a r i e s  

but  l i t t l e  be 

and Z increases  with Increasing s a l i n i t y  i n  such a way t h a t  the  changes approx 

imately cancel.) Therefore, t o  a good approximation, t he  r a t i o  o f - r a t e s  for two 

curves i n  a given set may be  calculated as 

en the  three  curves i n  each s&t. (It was found the  A* decreases 

. R J R ,  = T. (3.12.2) 
L l  l"2 

* ' *  
[-(AF, - AF.)/(4kT)I 
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i n  (3.12.2) and f(p%,,(pH)) as the  integrand i n  (3.10.3). ( A l l  t h i s  is for -  

mally equivalent  t o  s e t t i n g  pH = pQOm throughout.) These assumptions f a i l e d  

badly t o  f i t  t he  da ta ;  i n  every case, the  ca lcu la ted  r a t i o  of t he  rate of t h e  

s a l t  added run t o  the  rate of t he  corresponding no sal t  added run was substan- 

t i a l l y  higher than t h a t  experimentally observed. 

We then t r i e d  using t h e  form 

F(PH,PH~~,) = hf'(pH) + (1 h)  f'(pHnom) 

where h i s  a parameter t o  be  f i t t e d  t o  the  experimental data.  

allows f o r  the  f a c t  t h a t  some of t h e  ionized s i l a n o l s  do not  have ca t ions  

bound t o  them. The bes t  f i t  w a s  obtained with h = 0.45. With t h i s  value the  

N4S devia t ion  between the  ca lcu la ted  and empi r i ca l  r e l a t i v e  rate values w a s  

only about 0.09 log uni ts .  

r e s idua l  f i t t d n g . e r r o r s  encountered, and t h i s  suggests  t h a t ,  a t  the  very 

least, poss ib le  o v e r f i t t i n g  o r  simply inco r rec t  f i t t i n g  i n  one p lace  d i d  not 

s p o i l  the  f i t  i n  another. 

This form 

* This is  about t h e  same s i z e  as the  o the r  

* The EMS devia t ion  t h a t  w a s  minimized during t h i s  f i t t i n g  process w a s  
defined as follows: l e t  a i ,  bi, and ci be  the  th ree  empir ical  r e l a t i v e  

rate values  f o r  the  three  runs i n  set i, and le t  4, B i  and C i  b e  the  

corresponding bes t  ca lcu la ted  values. By d e f i n i t i o n ,  t he  relative rate of 

t he  no sa l t  experiment is 
The hi's devia t ion  is  

set equal  t o  uni ty ,  so t h a t  a i  = A i  = 1. 

then  

12 

\ i=1 

. 
. *  

where E t  * [ log(Bi/bi)  + log(Ci /c i ) l /3 .  
t n a t  the  "rate" determined f o r  the  reference run is no less sub jec t  t o  experi-  

mental e r r o r  than are the  "rates" determined f o r  the  two sa l t  added runs i n  

the  set. 

!his d e f i n i t i o n  r e f l e c t s  t h e  f a c t  
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. coMRL\RISoN OF D(pERIMEMAL AND 
WCULATU) CURVES 

c 

P cal c d by SILNUC. MAS conce 
s h i f t e d  by 0.5 g LO1’ between curves. 

i n t o  the computer I program . 

0 ticles. Thi 
t 

0 

1 

break occurred was always higher f o r  ca l cu la t ions  commencing a t  a higher 

i n i t i a l  concentrat ion and sa tu ra t ion  r a t i o .  The increase i n  the devia t ion  

with increasing s a l i n i t y  evident  i n  Figure 3.20 is  a t  least p a r t l y  mediated 

by the f a c t  that the  sa tu ra t ion  r a t i o  increases  with s a l i n i t y .  : b i  
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The cause of the  break i n  the ca lcu la ted  curves is clear from the  

SILNUC output:  the co l lo ida l  p a r t i c l e s  formed by homogeneous nucleat ion are 
numerous and small, and the  dissolved si l ica concentrat ion eventual ly  drops 

below the s o l u b i l i t y  l e v e l  of most of them. It continues t o  decrease beyond 

t h a t  point  because of continuing molecular deposi t ion onto the  f e w  l a r g e s t  

p a r t i c l e s ,  but a t  a much reduced r a t e  because the few l a r g e s t  p a r t i c l e s  that 

continue t o  grow have a r e l a t i v e l y  small t o t a l  surface area.  Attempts t o  

co r rec t  t h i s  s i t u a t i o n  by increasing the r a t e  of d i s so lu t ion  of the  small 

p a r t i c l e s  had l i t t l e  e f f e c t ;  i t  hastened the  el iminat ion of the  smallest 

particles, but did not cause the sur face  area of the  l a rge r  p a r t i c l e s  t o  

increase enough t o  e l iminate  the break i n  the calculated curve. 

The ul t imate  cause of t h i s  break i n  the calculated curves is that SILNUC 

models growth of co l lo ida l  p a r t i c l e s  only by molecular deposi t ion of dissolved 

s i l ica  on them. It appears t h a t ,  i n  r e a l i t y ,  there  is a l s o  a second p a r t i c l e  

growth mechanism that  becomes r e l a t i v e l y  important only a f t e r  the  dissolved 

s i l ica  concentration has dropped most of the  way from its i n i t i a l  value t o  

the equilibrium s o l u b i l i t y .  

and adhesion of the  p a r t i c l e s  t o  form l a r g e r  pa r t i c l e s .  The "composite part-  

i c l e s "  thus formed then grow by molecular deposi t ion of dissolved s i l ica  upon 

them. Essent ia l ly ,  t h i s  concret ional  mechanism provides a way f o r  small par t -  

i c l e s  t o  be converted i n t o  l a r g e r  ones by a means o ther  than red isso lu t ion  

followed by molecular deposi t ion on o ther  particles. 

That mechanism can only be growth by c o l l i s i o n  

To be sure ,  t h i s  must occur a t  earlier s tages  of the  r eac t ion  as wel l ,  

but simply is not very important then because the concentrat ion of MSA is 

s t i l l  high enough f o r  most of the  p a r t i c l e s  t o  continue growing by molecular 

deposi t ion alone. 

That t h i s  concret ional  mechanism of p a r t i c l e  growth is ignored i n  

SILNUC is a ser ious  omission bu t ,  p r a c t i c a l l y  speaking, need not be a f a t a l  

one. 

t o  compensate f o r  by judicious ex t r apo la t ion  of t h a t  p a r t  of the  ca lcu la ted  

curve t h a t  comes before the break. 

After a l l ,  the  appearance of the  break is unmistakable, and it is easy 

L' 

* .  
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EFFECT OF WYING THE CATION 
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Time (mid 

Fig. 3.21. 

S3.13 The E f f e c t s  of Other Sal ts  

Figure 3.21 compares the  e f f e c t s  of d i f f e r e n t  alkali metal chlor ides  on 
homogeneous nucleation. 

within experimental errbr of each o the r ,  and the devia t ion  of the  potassium 

chlor ide  curve from the  o ther  two i s  exaggerated by i t s  somewhat higher pH 

value. 

normal concentrations of sodium, magnesium and calcium chlor ides  a l so .  revealed 

The sodium and l i thium chlor ide curves appear t o  be 

Another s e t  of curves (not  shown) which compares the e f f e c t s  of equi- 

Figure 3.22 compares 

It i s  apparent t h a t  both 
than sodium chloride.  O t  l s o  t rue  of sodium 

bicarbonate,  iodide,  and 

g rea t e r  e f f e c t  

Figure 3.23 compares e and sodium s u l f a t e ,  

a r a t e l y  and together  f a t e  is  c l e a r l y  much 

than that of an e ium chloride.  (Note 

that the e f f e c t  of sodium s u l f a t e  i s  exaggerated by the  lower pH of the refer -  
LJ 

c 
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EFFECT OF VARYING THE ANION 
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EFFECT OF SODIUM SULFATE r 1 I I I I I 

t 500C,ci =0.65gL-' 1 

0.5N N4S04 ,pH = 7.18 I 0 0.5N NaCl, pH = 7.15 

Fig. 3-23. 
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ence curve.) 

chlor ide,  i t  seems t o  have no incremental e f f e c t  a t  a l l .  

When sodium s u l f a t e  is  added t o  a so lu t ion  t h a t  contains  sodium 

In o the r  experiments i t  was found t h a t  increasing the  concentrat ion of 

maleate i n  the  bu f fe r  f ive-fold had no v i s i b l e  e f f e c t ,  while adding citrate 
a t  a pH above its buffer ing range ac tua l ly  slowed t h e ' r e a c t i o n  down. 

To summarize, i t  was found t h a t  (within the  range of sa l t s  s tudied)  t he  

e f f e c t j o f  t he  added sal t  var ied  l i t t l e  with the  i d e n t i t y  of t he  cation. 

t h e  o the r  hand, t he  e f f e c t  var ied  markedly with t h e  i d e n t i t y  of t he  anion. 

A l l  sodium sal ts  of monovalent anions t h a t  were t e s t ed  had marked acce lera t ing  

e f f e c t s ,  with t h e  e f f e c t  increasing with the  s i z e  on the  anion (i.e., with 

t h e  par t ia l  molal volume of i ts  sodium salt) .  The sodium salts of t he  two 

d iva len t  anions t e s t e d  had l i t t l e  or no e f f e c t ,  and trisodium citrate ac tua l ly  

slowed the  r eac t ion  down. 

On 

A l l  of' t h i s  suggests  t h a t  t he  e f f e c t  of added salts is due t o  the  anions 

and not  t he  ca t ions ;  i f  t h e  opposi te  were t rue ,  one would expect t he  e f f e c t  t o  

vary with the  i d e n t i t y  of t he  ca t ion  but  no t -wi th  t h a t  of t he  anion. 

(1959) performed approximately the  same experiments, g o t  approximately t h e  

same r e s u l t s ,  and drew t h e  same conclusion. 

Baumann 

Unfortunately, t h i s  conclusion c o n f l i c t s  with our i n t e r p r e t a t i o n  and 

successfu l  reduction of t he  low s a l i n i t y  and sodium chlor ide  added data. It 

was found t h a t  a l l  of t h i s  da ta  could be w e l l  accounted f o r  by assuming t h a t  

t h e  rate of molecular deposi t ion and the  value of the  sur face  tension a t  the  

given temperature and dissolved s i l i ca  concentrat ion depend only on the  
dens i ty  of ionized su r face  sites on the  su r face  of AS. 
determined exclusively by the  na tu re  and a c t i v i t i e s , o f  t he  ca t ions  t h a t  are 
present  and the  pH. 

This, i n  turn,  is 

( I n  t h i s  

The apparent d i f fe rences  

ase, by sodium a c t i v i t y  and pH.') 

etween the  e f f e c t s  of t he  sodium salts of t he  

var ious anions t e s t e d  are probably due mostly t o  the  d i f fe rences  between 

the  p a r t i a l  molal volumes of t he  respec t ive  salts. 

rate has a l a r g e r  p a r t i a l  molal volume t 

of the  perchlora te  corresponds t o  a hig 

case with the  same molar concentrat ion of so €de. A s i l i ca  concen- 

t r a t i o n  of 1 g L 
higher  concentrat ion i n  terms of g (kg. H20)-\ than.Gould be the  case i n  a 

1 M N a C l  solut ion.  

Because sodium perchlo- 

sodium chlor ide , .a  given molar i ty  

an would the  be the  

i n  a 1 M NaC104 s o l u t i o n  l ikewise corresponds t o  a 

Therefore, 1 g L'l i n  1 M NaC104 corresponds t o  a 
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higher s a tu ra t ion  r a t i o  than i t  would i n  1 M N a C l  and, a l l  else being equal,  

nucleat ion wi l l  be more rapid i n  the NaC!O4 solut ion.  

a mole of a sa l t  t h a t  has a l a r g e r  par t ia l .mola1 volume wi l l  leave less room 

i n  a l i t e r  f o r  molecules of water and MSA t o  occupy. 

Put more concretely,  

A l l  t o ld ,  the  s u p e r f i c i a l l y  d i f f e r e n t  k i n e t i c  e f f e c t s  of the  various 

1-1 sodium s a l t s  are only a r t i f a c t s  t h a t  a r i s e  from our system of concentra- 

t i o n  un i t s .  I f  we had worked throughout with concentrations given i n  terms 
of moles and grams per kilogram of water, t h i s  da ta  would.have very probably 

shown t h a t  a l l  1-1 sodium salts have about the same e f f e c t .  The same app l i e s  

t o  Baumann's (1959) work. 

more pronounced i n  the case of 1-2 and 1-3 salts. The p a r t i a l  molal volumes 

of these salts a r e  usual ly  smaller than those of 1-1 salts, and the p a r t i a l  

volume of a gram equivalent  of one of them is smaller st i l l  by a fac to r  of 
two o r  three.  Furthermore, a gram equivalent  of a 1-2 o r  1-3 sa l t  i n  a 
kilogram of water (as opposed t o  " i n  a l i t e r  of solut ion")  w i l l  decrease the 

s o l u b i l i t y  of si l ica less than w i l l  a gram equivalent  of a 1-1 salt.  

because a gram equivalent o f ,  say,  a 1-2 sal t  contains  only 3/4ths  as many 

ions  as a gram equivalent of a 1-1 sa l t ,  and because the osmotic coe f f i c i en t  

of a 1-2 sal t  so lu t ion  is usua l ly  smaller than that of a 1-1 so lu t ion .  

a so lu t ion  t h a t  contains  a given number of equivalents  of a 1-2 o r  1-3 sa l t  

w i l l  have a considerably g rea t e r  i on ic  s t r eng th  than one containing the same 

number of equivalents  of 1-1 salt.  This means that the sodium ion  a c t i v i t y  

coe f f i c i en t  and a c t i v i t y  w i l l  be smaller i n  the  1-2 sal t  so lu t ion  even i f  the  

sodium ion  concentrat ion is t he  same i n  both. 

The e f f e c t  of t he  par t ia l  molal volume is even 

This is  

, 

Also, 

Fina l ly ,  a l l  added salts have a secondary tendency t o  increase  the 

s o l u b i l i t y  of AS by enhancing the ion ic  d i s soc ia t ion  of MSA. This i s  a 
r e l a t i v e l y  minor' e f f e c t  t h a t  is  completely swamped by the  s o l u b i l i t y  decreas- 

ing e f f e c t s  i n  so lu t ions  of 1-1 salts, but may be s i g n i f i c a n t  i n  1-2 o r  1-3 

sa l t  so lu t ions  i n  which the  opposing e f f e c t s  are weaker. 

p laus ib le  explanation f o r  the reduced rate of polymerization observed i n  the  

presence of sodium citrate, because these experiments were performed a t  high 

This is the  most 

I 

i o n i c  s t rengths  and f a i r l y  high pH va lues  (7.44 and 7.61). 

t h a t  sodium citrate has a negat ive p a r t i a l  molal volume o r  that the citrate 

ion  forms a complex with silica, but we do not know t h i s .  

It may a l s o  be 

- 
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a l k a l i n e  e a r t h  ch lor ides  studied had comparable e f f ec t s .  

only a s c r i b e  that observation t o  a coincidence that i s  very for tuna te  i n '  

i t  simp1ifies"making approximate pred ic t ions  f o r  a wide range of so lu t ion  

Ultimately,-we can 

compositions. 

S3.14 Methods of P r a c t i c a l  P red ic t ion  

o s t  of our work has been with low s a l i n i t y  (i.e., "buffer only") so 

n which the  'only ca t ion  is sodium, and with so lu t ions  that contain 

of sodium chloride.  This i s  a l l  the da t a  t h a t  has 
s t r i c t l y  speaking, de f ines  the 

t i o n s  i n  which t h  can be d i r e c t l y  applied. Of course, 

h l o r i d e  is t he  s a l t  that is present i n  g r e a t e s t  concentration i n  most 

s a l t s  are not much d i f f e r  

The r e s u l t s  and d iscuss ion  i n  S3.13 suggest how t o  go about def in ing  

an " e f f e c t i v e  sodium chlor ide  concentration" t h a t  w i l l  be chemically equiva- 

l e n t ,  i n s o f a r  as 'si l ica polymerization goes, t o  an a r b i t r a r y  mixture o f  salts, 
as long as sodium chlor ide  is $he most important amollg them: 

u n i t s  of moles per l i t e r  a t  room temperature the sum of t he  concentrations o f5  

ch lo r ide  and bicarbonate. (The l a t t e r + $  

r e l a t i v e  t o  the  chloride.) ' C a l l  this the  "e f f ec t ive  sodium chl  

tration," and proceed 

so lu t ion  as though so um chlor ide  a t  t 

sal t  present. i rst ,  conver t  a l l  

per kilogram of water using Eqn. ( 

of the  sodium ion  usgng Eqn. ( 

c a l c u l a t e  t he  sodium ion  acti  

and t h e  " e f f e c t i v e  sodium chl  

d a t a  is not a v a i l a b l e ,  assume 

t o  0.92. 

f o r  the e f f e c t  of d i s s o c i a t i o n  using Eqn. 

determine i n  

o predict  the che 

I f  t he  pH is g r e a t e r  than abou 

.It i s  then a s t ra ight forward  matter to  calculate the r 
depos i t ion  in a so lu t ion  t h a t  cont 
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THEORETICALLY CALCULATED HOMOGENEOUS NUCLEATION CURVES 
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XBL799-2848 

Fig. 3.24. 
SILNUC. 
pH = pbom = 5.71 was used because F(5.71,5.71) = 0.100. 

Curves i n  this and the following four Figures calculated using 
Concentration values  are i n  terms of monomeric s i l ica  as i n  SILNUC 

mulas, Figures,  and Tables t h a t  are given i n  S3.3, S3.4 and A3.1. The mole- 

cu lar  deposi t ion rate i n  the  presence of f luo r ide  is l ikewise easy t o  calcu- 

late using the formulas given i n  S3.6. 

The course of the  homogeneous nucleat ion process i n  a so lu t ion  t h a t  

contains  sodium chlor ide may l ikewise be quan t i t a t ive ly  predicted using the 

computer code SILNUC which i s  l i s t e d  and documented i n  Chapter 6 of t h i s  

r epor t  . I 

Al ternat ively,  t he  course of homogeneous nucleat ion a t  constant temper- 

ature and pH may be estimated using the ca lcu la ted  homogeneous nucleat ion 

curves presented i n  Figures 3.24 t o  28. I f  the temperature of i n t e r e s t  is 

near t o  that of one of these Figures,  the  procedure is  as follows: 

1. 

2. 

Determine the concentrat ion of dissolved silica and the  "e f f ec t ive  

sodium chlor ide concentration" i n  u n i t s  of grams and moles per 
kilogram of water, respec t ive ly .  

Determine the t rue  sa tu ra t ion  r a t i o  f o r  the dissolved silica 

under the given condi t ions,  remembering to c o r r e c t l y  account f o r  

. 
* 

ild 
the d i s soc ia t ion  of MSA and the  e f f e c t  of the  dissolved s a l t  on 

the s o l u b i l i t y  (Eqn. 3.11.4). 
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THEORETICALLY CALCULATED HOMOGENEOUS NUCLEATION CURVES 

XBL 799 - 2847 

Fig. 3.25. 

XBL 799-2979 
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3. Calculate  the  values of p%om, F(pX,pGom) and Y f o r  the  

give d i t i o n  the  formula's and Tables i n  A3.1 

Referring t o  the  top p a r t  of Table 3.2, f i nd  the  combi 

temperature and concentration f o r  which the  va lue  of S is  c l o s e s t  

t o  t h a t  ca lcu la ted  kbove. This i d e n t i f i e s  the  ca lcu  

4. 
. &  

U 

. 
a rence curve" which is c loses t  t o  the  condi t ions of i 

corresponding va lue  of S found i n  Table 3.2 w i l l  henceforth b e  

be re fer red  t o  as "the reference value" Sref.  

"reference values"  of the  sur face  tension and absolute  temperature 

may be read from the  Table as well as- the va lue  of the  funct ion Fref 

which is tabulated i n  the  bottom pa r t  of Table 3.2. (Only the  

reference curve and Fref are ac tua l ly  used.) 

3 Likewise, t h e  

I f  t h e  c a l p l a t e d  S va lue  is lower than the tabulated va lues  of Sref 

f o r  the  given temperatur 

t h i s  procedure cannot be used with conf idence ' in  any case. 

s i g n i f i c a n t l y  higher than those tabulated are unl ike ly  t o  be encountered i n  

p r a c t i c e . .  

heterogeneous nucleat ion is probably dominant and 

Values of S 

The "reference curve" se lec ted  I n  s t e p  4) above is t h a t  one among t he  

curves i n  Figures 3.24 t o  28 whose uve ra l l  shape b e s t  matches the  course of 

the  homogeneous nucleat ion process under the  given conditions.  

c a l c u l a t e  the  s h i f t  along the  log t a x i s  which w i l l  g ive  the reference curve 

i ts  co r rec t  t i m e  scale. 
t i m e "  ca lcu la ted  for the  given c 

t i o n  t i m e "  ca lcu la ted  un 

It remains t o  

This s h i f t  is simply t h e  logarithm of the  "induction 

a t  correspond t o  the  reference 

is a s i m p l e  extension of Eqn. This d i f f e rence  

5 -(3.12*2): 
* t [log F(5.7 

-2 I a 

I (3.14.1) 

'(Yref/Tref) ( In  Si&) 47r . i + 
* 2 3  3 x 2-302Pn kg 

irst term a b w e  expresses the e f f e c t  of the  pH upon the  "induction 

is mediated by the  e f f e c t  of pH on the  rate of molecular deposi- 

t ion .  The second expresses the  e f f e c t s  of the  sur face  tension, temperature, 

c, 
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I .  

TABLE 3.2 

"Reference Values" t o  be Used with Figures 3.24 t o  28 

T('C) 50 75 t 100 125 150 

= Tref 323.15 348.15 373.15 398.15 423.15 

47.47 46.22 44.96 43.71 42.46 Yref (e rg  an-2) 

0.6 , 

0.7 
0.8 
0.9 

1.0 
1.1 
1.2 
1.3 

3,31 
3.86 2.66 
4.42 3.04 2.20 
4.97 3.42 2.47 

5.52 3.80 2.75 
6.07 4.18 3.02 

4.56 3.30 
3.57 

2,07 
2.28 
2.48 1.94 
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 
2.45 3.45 
2.03 2.67 3.97 

0.7 
0.8 
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 

1.52 1.91 2.59 

1.4 1.65 2.15 
1.5 1.83 
1.6 1.59 
1.8 1.26 

, 1.3 

i, 

. 
* 



J 
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l 

and s a t u r a t i o n  r a t i o  t h a t  are mediated by t h e i r  e f f e c t s  on the  f r e e  energy of 

formation of the  cr i t ical  nucleus. 

For practical  use, Eqn. (3.14.1) may be  s implif ied by making appropriate  

s u b s t i t u t i o n s  t o  g i v e  

log t = -1 - log F(pH,pHnom) 412 ( Y/TI3(ln SIm2- Fref (3.14.2) 

The remaining s t eps  i n  the  ca l cu la t ion  are: 
5. Evaluate Alog t from (3.14.2) using the  values of Y , T, and S 

t h a t  were determined i n  s t e p s  2) and 3) 
Fref determined i n  s t e p  4). 

6. S h i f t  the "reference curve" chosen i n  s t e p  4) 
log t axis in t h e  corresponding Figure either 

The s h i f t  i s  i n  the  following sense: i f  t he  value of log t is 
pos i t i ve ,  s h i f t  the  reference curve t o  the  r i g h t  (that is, "slow i t  

down"); i f  log t i s  negat iv  

"speed it  UP".) 

o the  l e f t  ( t h a t  is, 

If  t he  des i red  temperature is  not  c lose  t o  t h a t  of a 

Figures ,  run through the  above p racketing the  actual tempera- 

example, i f  t h e  given 

75OC, and once 

f o r  100°C, with 

both cases. 

and the  same i n  

7. Then appr tching a curve t h a t  

A sample  calculat ion.  This sample ca l cu la t ion  appr 

ra t ion" equal  t o  
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c i  = 1.0 g kg-1 
pH = 7.2 
From Eqns. (A3.3.1) and (A3.3.2) and Table A3.3: 

YNa+ 00685 

y s i l  0.650 
f f s i l  = 0.019 

From Cqns. (3.11.1) and (3.11.4): 

co(0) = 0.364 

co(mI.JaC1) = 0.360 
Then 
[Na+] = 0.3 x 0.685 = 0.205 

C i ( l - a s i l )  0.981 
Sa = C i ( l ~ s i l ) / C o ( O )  = 0*981/0.364 = 20695 

S = 0.981/0.360 = 2.725 
From Eqn. (3.3.7) 

PHnom = 7.20 + log (0.205/0*069) = 7.67 

From Tables A3.1 and 2 and Eqns. (A3.1.21, (A3.1.3), and (A3.1.5) 

F(7-20,7-67) 

1(7-20,7.67) 

= 0.45 x 1-284 + 0.55 x 2.070 = 1.716 

= 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, t h e  reference curve is t h e  one f o r  c i  = 1.0 and 

100°C i n  Fig. 3.26, and 
Fref = 2.41 

From Fig. 3.10, w e  determine t h a t ,  a t  100°C, ci(l-asil) = 0.981, 
and p~ = p%om = 7.0, %d = 2.2E-7 g cm-2 min-1 = 0.53 mm yr-1. 

t h i s  case the  r a t e  cor rec t ion  f a c t o r  (l-l/S)/(l-l/Sa) is obviously so c lose  

t o  uni ty  t h a t  we need not bother with it. 

of Fig. 3.10 by t h e  va lue  of F(pH,p%,,), we ob ta in  t h e  des i red  r e s u l t :  

I n  

Multiplying t h e  va lue  read off  

= 2.2E-7 g cm-2 min-lx 1.716 - 3.8E-7 g cm-2 min-1 = 0.9 mm yr-1 

From Eqn. (3.14.2): 

log t = -1  0.24 + 1-00 - 2.41 =-2.64 8 

Therefore, t h e  reference curve i n  Fig. 3.26 is  t o  be "speeded up" by 

multiplying its t i m e  s c a l e  by antilog(-2.64) = 2.293-3. ' I n  o ther  words, 

. 

e 

i 
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under the  actual conditions of i n t e r e s t ,  the  reac t ion  runs f a s t e r  by a f a c t o r  
6d 

depicted i n  Fig. 26. Examining the 
r the reference i t i o n s ,  the  concentra- 

kg"' a f t e r  about 70 minutes: "Speeding 

t h i s  up" by a f a c t o r  of 8 g kg" a f t e r  about 0.16 

* minutes 
I lude tha t ,  f o r  most i ca l  purposes, t he  conversion of dis-  

i l l o i d a l  s i l ica  is a1 instantaneous under these conditions. , .  
ese r e s u l t s  ( a s  w e l l  as those generated by SILNUC) must be used 

ly and with f u l l  awareness of t h e i r  l imitat ions.  F i r s t  of a l l ,  Qd 

of scale deposi t ion on a f l a t  surface. 

by f a r  the  major mechanism of scale 

as ca lcu la ted  above i s  not the  ra 

Under the conditions of t h i s  prob 

deposi t ion involves e l e c t r o s t a t i c  adhesion of co l lo ida l  s i l i c a  t o  surfaces  

followed by cementation by molecular d t i o n  of dissolved s i l i c  

the  pa r t i c l e s .  This process r e s u l t s  l e  deposi t ion rates muc 
ca l cu l  han the value of 

ar ing th i s '  (Is 

nucleat ion process w i t  

above (see Weres e t  al., 1980). 
e of the  course of t he  homogeneous 

obtained by running the  same problem 

The "shifted curve" and the  curve calcu- 

oss a t  about t = 0.165 min and c = 0.77 g kg'l. 
However, t he  SILNW curve is much " f la t te r" ,  and 't 

considerable d i f fe rence  is 

large.  For ex 1 min and c = 

two curves c ross  a t  a 

c = 0.45 a t  t - 1. 

o SILNE's known 

model the  l a  i n  a high in i ' t i a l  S, 
0 

8 (2. & e ,  Fig. 2) 

han the  SILNUC 

n a t  t = 5, c = 0-'45. 

l e  problem involves 

n t i a l l y  the  same br ine  down f r o  t o  100°C slowly enough 

f o r  the  PO za t ion  t o  begin a t  about 125OC. The r e s u l t s  obtdined bi 
\ 
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applying SILNUC t o  t h a t  case are again ra ther  d i f f e r e n t  from the  ones obtained 

here,  but not because SILNUC f a i l s  again. 
slower cooling and reac t ion  i n i t i a t f o n  a t  a higher temperature change the 

ac tua l  course of the  reac t ion  i n  a way t h a t  makes using a "shifted curve" 

technique inappropriate.  

SILNUC "out of trouble" i n  t h i s  case. 

as a check'on the- r e s u l t s  generated by SILNUC and vice-versa. 

i t  shows t h a t  an unthinking "cookbook" approach is inadequate when using 

SILNUC or the  other  methods and r e s u l t s  presented here. 

bas ic  understanding of the  chemical phenomena involved, and be prepared t o  

c r i t i c a l l y  evaluate  the r e s u l t s  obtained. 

It does not ;  r a the r ,  the  f a c t  of 

These same physical d i f fe rences  ac tua l ly  keep - 
This shows how the  simple "shifted curve" est imat ion technique can serve 

Most of a l l ,  

One mus't develop a 

- 

S3.15 Inhib i t ion  by Aluminum and Boron 

Iler (1973) reported t h a t  r e l a t i v e l y  small amounts of aluminum adsorbed 

on the  surface of co l lo ida l  s i l i ca  d r a s t i c a l l y  decrease both the  s o l u b i l i t y  

and the  rate of d i sso lu t ion  of t he  sur face  layer .  
s o l u b i l i t y  caused by aluminum doping is t o  be expected i n  l i g h t  of the  many 

extremely insoluble  a luminosi l icate  phases known i n  na ture  (e.g., c lays) .  . 
The decrease i n  d isso lu t ion  rate is i n  p a r t  the  k i n e t i c  expression of .  

the  reduced s o l u b i l i t y ,  bu t  may a l s o  r e f l e c t  a spec i f i c  k i n e t i c  i nh ib i t i ng  

e f f ec t .  I f  there  is such a s p e c i f i c  k i n e t i c  inh ib i t ing  e f f e c t ,  aluminum * 

doping should a l s o  i n h i b i t  molecular deposi t ion t o  some extent .  

The decrease i n  s i l i ca  

Figure 3.29 shows the  e f f e c t s  of aluminum on the  polymerization of 

s i l i ca .  

added (so l id  squares),  the  aluminum was put i n t o  the  sodium metasilicate 
In  the  case of t he  homogeneous nucleat ion experiment with aluminum 

stock so lu t ion  i n  the form of sodium aluminate. 

of an amorphous aluminosi l icate  phase formed (enough t o  cause a drop of 0.1 g 

L'l i n  MAS concentration),  p r i o r  t o  'or immediately upon mixing, but then 
fu r the r  deposi t ion of dissolved s i l ica  on these p a r t i c l e s  continued r a the r  

slowly. 

sur face  doping with aluminum on the  rate of molecular deposi t ion onto Ludox 

pa r t i c l e s .  

the  method described by Iler (1973a), and under R. K. Iler's personal super- 

v i s i o n  i n  our laboratory.  

Apparently, a small amount 

The colloid-added experiments i n  Figure 3.29 show the  e f f e c t  of 

The Ludox p a r t i c l e s  were p a r t i a l l y  covered with aluminum using 

The method cons is t s  of f i r s t  completely deionizing 

\ 
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EFFECTS OF ALUMINUM 

m 0.025gC' Al.pH7.13 

m197-3641 

Fig. 3.29. Solid squares! Na[A1(0  1 added t o  s i l ica  s tock so lu t ion  p r i o r  
to mixing 'with acid and buffer  . 
doped with aluminum by t r e a t i n g  i t  with aluminum c i t r a t e  as discussed i n  tex t .  

a suspension of Ludox, ad jus t ing  the  pH t o  about 7 with d i l u t e  NaOH, and then 

adding the  co r rec t  amount of aluminum i n  the  form of aluminum citrate with 

rapid s t i r r i n g .  

t i o n  t h a t  e i g h t  atoms of aluminum per square nanometer would be e q u a l . t o  

100 percent  sur face  coverage. 

Op squares and t r i ang le s :  surface of Ludox 

The "percent sur face  coverage" is estimated on the  assump- 

In t h e  case of t he  aluminum doped Ludox the  inh ib i t i ng  e f f e c t  of the  
aluminum is  c l e a r l y  evident.  

suggests  t h a t  i n i t i a l l y  the  inh ib i t i ng  e f f e c t  is s t rong,  but t h a t  it dis-  

f t e r  t he  aluminum on the  sur face  of the  p a r t i c l e s  is "buried" by 

shape of the  15 percent sur face  coverage curve 

example, fe ldspars )  aluminum occurs i n  t e t r ahedra l ly  

n t  t o  those i n  which s i l i c o n  

er of aluminum is one less than 
l l y  coordinated aluminum atom corresponds t o  an 

excess negat ive charge i n  the  a luminos i l ica te  s t r u c t u r a l  framework. 

minerals ,  t h i s  charge excess i n  the  framework i s  balanced by t h e  presence of a 

ca t ion  (sodium, potassium, o r  calcium i n  the  fe ldspar  minerals) i n  a framework 

In 

cavi ty .  
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EFFECT OF BORON 

I I I I I I I I 1 
0 50 

Time ( m i d  
XBL797-3605 

Fig. 3.30; 
mixing with acid and buffer.  

Na[B(OH)4] added t o  sodium metas i l ica te  s tock so lu t ion  p r i o r  t o  

A t  pH values  above seven, aluminum atoms on the s i l ica  surface are 

probably a l s o  t e t r ahedra l ly  coordinated and, thereby, represent  bound negat ive 

charges. These negat ively charged sites are not and do not resemble ionized 

s i l a n o l  groups. Therefore, they are not  r eac t ion  l o c i  f o r  the  deposi t ion of 

dissolved silica on the  surface.  Furthermore, the  negat ive e l e c t r i c a l  

sur face  po ten t i a l  they produce i n h i b i t s  -the ion iza t ion  of sur face  s i l a n o l s ,  

and this  is  probably why aluminum doping of the  s i l i c a  surface i n h i b i t s  the  

deposi t ion of dissolved silica upon it. 

This explanation suggests t h a t  the inh ib i t i ng  e f f e c t  of sur face  doping 

with aluminum should increase with increasing pH, and other  da ta  t h a t  are not  

shown here seem t o  bear t h i s  out. 

It a l s o  suggests that elements that resemble aluminum chemically should 

a l s o  i n h i b i t  silica polymerization. 

boron i n  the  form of sodium orthoborate  t o  the so lu t ions  i n  homogeneous 

Figure 3.30 shows the  e f f e c t  of adding 

nucleat ion experiments. The sodium orthoborate  was added t o  the  sodium 

metasilicate s tock solut ion.  The i n h i b i t i n g  e f f e c t  is  obvious. The f a c t  

t h a t  the no added boron curve is a t  a lower pH makes no d i f fe rence  because 

t h i s  i s  j u s t  i n  the range of weak dependence of r a t e  on pH (see S3.3). 

. . 

. 
% 

L 
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Some metal ions  are a l s o  known t o  be very s t rong i n h i b i t o r s  of the i 
I 

f luo r ide  catalyzed r eac t ion  pathway. 
(1952) f o r  aluminum, b e r y l l i  tho ue to  the powerful 

0.03 g L’l A l  t o  a so lu t ion  that contained 0 

Si02 a t  pH 2.48 and 50OC c 
reac t ion  pathway and,ca 

This was f i r s t  d &rated by Iler 

L complexing of f luo r ide  by t h  of . We found that adding 

e 
0 

f luo r ide  were present.  

silica polymeri- 

z a t i o n  by lowering pH; adding a small am0 

w i l l  cause the  f luo r ide  catalyzed pathway t o  be completely blocked as w e l l .  

of aluminum along with the acid 
I ’  

APPENDICES TO CHAPTER THREE 

To calculate the  value of the  funct ion f ( p H )  o r  ( o r  f(P&om)) pr ceed 

as follows. 

A t  low pH, log  f i s  approximately l i n e a r  i n  pH, and f o r  pH < 5.97, an 

approximate one s t e p  successive s u b s t i t u t i o n  ca l cu la t ion  i s  adequate: 
x pH - 7.6 (~3.1. la) 

fo - a n t i l o g  x = lox 
log f = fo/(l, + 6.2f,) (A3.1. lb) 

pression P Y  The following a r b i t r a r y ,  empir ica l ly  f i t t e d  closed fo  

be used when 5.97 < pH < 8.72915: ~‘ 

i log f = x - d log (.1 
.t 

. 
* 

d = 2.113 

When pH > 8.7291 

following symmetry r e l a t ionsh ip :  
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f (x)  = 1 - f(B - X) 

where B = B'/2.302 = 2.2583 

(A3.1. Id) 

and e i t h e r  (A3.l.lb o r  c) as t o  evaluate  f(B-x). 
4 

And then 

f'(pH) = f(pH) / 0.118913 

F(pH,pQom) = 0.45 f'(pH) + (A3.1.2) 

The values of f'(pH) are presente  o m  i n  Table A3.1 and i n  
. 

graphical  form i n  Fig. 3.4. - 
The value of the  i n t e g r a l  func ef ined by Eqn. (3.10.3) may be 

evaluated as 

I(pH,pQom) = 0.45 i(pH) + 0.55 i(pHnom). (A3.1.3) 

where 

The funct ion i(pH) was f i r s t  ca lcu la ted  by numerically in t eg ra t ing  

values  of f(pH) given by Eqns. (A3.1.1). 

the  a r b i t r a r y  closed form, a n a l y t i c  expressions given below. 

These values were then f i t t e d  using 

For pH <5.97, use the  formula 

i - a n t i l o g  (1 + 6.2 a n t i l o g  x)/6.2 (A3.1.4a) 

with x the same as before. 

For 5.97 < pH < 8.72915 use 

i = a n t i l o g  (-0.75924 + 0.58993 x - 0.11292 x2 ) (A3.1.4b) 

For pH > 8.72915 use the  symmetry r e l a t i o n  

i (x)  = i(B - x) + x - B/2 (A3.1.4~) 

along with one of (A3.1.4a o r  b) as appropriate .  - 

PHF 

and 

The values  of i(pH) a r e  presented i n  tabular  form i n  Table A3.2. 

The algorithms above are contained i n  FORTRAN coded form i n  subroutine 

. 
. 

i n  SILNUC. 
€3.2. 

This subroutine was used t o  generate  the values  i n  Tables A3.1 

Fina l  1 y , 
Y =  63.68 - I00049 + 0.2174 I(pH,pQom)] T (A3.1.5) 

b 
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I Table A3.1 

Values of f'(pH) vs. pH 

t 

* 

ri 

rx 
c 

* 
8 

0. 001 002 003 04 005 -06 . O f  -08 0 09 PH 

40 00 
0 10 
r2O 
30 
40 

050 
4.60 

7-00 

-00211 .00216T.00223 -800226 -00231 e00237 000242 -00248 -00253 -00259 
.00265 000272 000278 -032e4 0-00291 ,00298 .003C5 -00312 -00319 -00326 

253 - 2 5 8  -262 a267 

376 1-392 1-408 lo423 

- 4 6  2 -46  
066 2-68 
086  2000 
-06  3.08 

w31 4 - 3 4  
e52 4.54 
-73 4 - 7 5  
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Table A3.2 

Values of i(pH) vs. pH 

PH 0. .Ol 0 02 -03 a04 -0s -06 007 008 09 

40 00 
4-10 
4.20 
4030 
4 -40  
4.50 
4.60 
4.70 
40 80 
4.90 
5-00 
5.10 
5.20 
5.30 
5 - 6 0  
5.50 
5060 
5070 
5080 
5.90 
60 00 
6-10 
4-20 
6030 

' 6040 
6-40 
6060 
6 070 

6090 
1.00 
7.10 
7020 
7 030 

, 7040  
7 -50 
7-60 
7.70 
1-80 
7090 
8-00 
8010 
80 t o  
8.30 
8.40 
8-50 
8060 
8-10 
8.80 
8-90 

6.80 

* 

-0001 .0001 00001 ,0001 -0001 ,0001 ,0001 -0001 ,0001 00001 
O O O U l  . O O O l  .0001 -0001 ,0002 a0002 00002 -0002 -0002 .0002 
* C O O 2  -0002 00002 -0002 -0002 -0002 -0002 ,0002 00002 e0002 
00002 -0002 00002 e0002 -0002 -0002 -0002 ,0003 -0003 m O O G 3  . 
-0033 00003 00003 -0003 -0003 -0003 -0003 -0003 -0003 -0003 
00003 -COO4 -0004 00004 ,0004 -0004 -0004 a0004 -0004 o30C4 
-OW4 -0004 so005 -0005 moo05 ,0005 00005 -0005 -0005 
00035 -0006 -0006 -0006 o O O O 6  -0006 -0006 00006 mOCO7 

,0009 -0009 -0000 00009 -0009 -0010 e0010 -0010 -001C o O O 1 1  
-0011 -0011 -0011 -0012 00012 -0012 ,0012 e0013 00013 ,3313 
-0014 -0014 00014 -0015 00015 .0015 -0016 -0016 00016 '-0017 
00017 -0015 ,*0018 -0018 -0019 ,0019 -0020  -0020 -0020 00021 
e O O L 1 .  e0022 00022 -0023 -0023 -0024 ,0025 -0025 -0026 -0026 
-0027 ,0027 ,0028 -0029 -0029 -3030 00031 ,0031 -0032 ,0033 
00034  -0034  - 0 0 3 5 .  00936 00037 00038 ,0039 ,0039 -0040 -0041 
-0042 -0043 ,0044 e0045 -0046 o0047 -0048 moo49 o O C 5 0  03051 

.0007 -ooo? ,0007 .o007 -0008 -0o08 .oooe -0008 ,oooe 

-0053 -0054 -0055 -0056 -0058 -0059 ,006C -0061 -0063 ,0064 
00066 a0067 -0069 00070 00072 -0073  -0075 .0077 -0079 .0080 

00102 -0104 -0106 00109 00111 ,0114 -0116 ,0119 ,0121 ,0124 
00126 -0129 -0132 ,0135 mC138 -0141 -0144 -0147 -0150 ,9153 

-0192 00196 -0200 00204  o C 2 C 8  -0212 ,0217 00221 00225 -0230 
00235 e0239 ,0244 00249 -0254 -025Q -0264 -0269 -0276 00280 

-0345 -0352 -0358 -0365 -0312 -0379 -0386 -0393 - 0 4 0 0  -0408 

,0497 -0506 -0515 ,0524 -0534 e0543 -0553 .-OS62 -0572 -0582 
00592 -0602 00613 -0623 -0634 -0641 -0656 -0667 ,0679 -0690 
-0102 -0713 -0725 -0'38 mOf50 -0762 ,0775 -0788 oOt30 l  -0814 

e0970 00985 -1001 -1016 01032 -1048 -1064 -1081 q1099 -1114 
-1131 -1149 -1166 -1184 -1202 01220 01238 .e1256 01275 -1294 
01313 -1332 m1352 ~ 1 3 7 2  -1391 01412 -1432 ,1453 -1473 -1495 
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W ‘A3.2 Fur ther  Experimental Details 

The continuous flow k i n e t i c  system. Manual sampling of so lu t ions  held 

i n  a waterbath a t  75% was uncomfortable because of the steam r i s i n g  from 

it ,  and would have been impossible a t  1OOOC. 

system wi th  a closed r eac t ion  vesse l  and provision f o r  continuous automatic 

Therefore, we devised a‘ 2. 

.I sampling f o r  work with bo i l ing  so lu t ions .  This system is depicted i n  

Fig. 3.1. 
.” 

i The r eac t ion  vesse l  is an electric hea ter  mantled, 1-L,‘ three-necked 

f l a s k .  ‘-A. continuous stream of the  experimental so lu t ion  i s  d r a m  from the 

f l a s k  by a p e r i s t a l t i c  pump. 

s o l u t i o n  and a stream of ammoni bdate reagent %solution. The s u l f u r i c  

ac id  stream is mixed with the  experimental so lu t ion ,s t ream as soon as N s - .  

s i b l e  a f t e r  the lat ter leaves  the f l a s k ,  and t h i s  immediately quenches 

the  reac t ion .  The mixture of experimental so lu t ion  and s u l f u r i c  acid i s  then 

drawn throbgh the  pump, and mixed with the  molybdate reagent. 

mixture then goes through a two minute delay c o i l  - i n  d waterbath held a t  

about 43% t o  develop t 

This pump a l s o  pumps a stream of s u l f u r i c  ac id  

The r e s u l t i n g  

olybdate yellow and f i n a l l y  t o  the 
spectrophotometer. . ” .  

The p e r i s t a l t i c  pump used-’was a Manostat Cassette pump which has sepa- 

rate slow and f a s t  d r i y e  s h a f t s  and capacity f o r  up t o  ten pumping cassettes. 
The spectrophotometer w a s  a (double beam) Perkin Elmer  550 equipped with a 

flow through cell. The spectrophotometer~was‘slightly modified so that the 

sample stream was not regulated by the instrument’s co r o l s  after it l e f t  

the  cell.  (Therefore, t he  p e r i s t a l t i  on t ro l l ed  the-  flow 

rate through the sample cell.) The sp  photometer was operated in the  

8 concentration mode, whic na l  amp1 i tude t o  
e a convenient range, The 

a by an ord inary  s t r i p  cha 
f middle one of t he  three necks of t he  f l a s k  f i t t e d  with a reflux- 

i ng  column t h a t  wa cooled by cold ugh the  jacket. 

This served t o  minimize water er neck was f i t t e d  

with a thermometer. ‘The t h i r d  nec ed g l a s s  sampling 

tube with I.D. 1 mm and O.D. = 7 chosen so that bubbles 
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. I  L 
from the boi l ing  r eac t ion  so lu t ion  would not be sucked ' into the  sample 

stream. A Teflon tube with I.D. = 1/32" was attached t o  the J tube by 

jamming it i n t o  the  J tube, allowing f o r  quick connection when the r eac t ion  

was s t a r t e d .  

w a s  made by d r i l l i n g  out  a small block of p l a s t i c .  

mixing manifold was a s o f t  Tygon tube with I.D. = 1/32" through which a 

stream of 1.5 N H2SO4 was pumped at 7 m l  hr-1. 

was drawn through the  p e r i s t a l t i c  pump i n  a 1/16" I.D. s o f t  Tygon tube at  25 

m l  hr-1. 

t h e . f l a s k  was the  d i f fe rence  between these two rates, o r  about 18 m l  hf l .  

The t r a n s i t  time from the i n t e r i o r  of the f l a s k  to  the quench poipt within 

This Teflon tube was i n  t u rn  attached t o  a mixing manifold t h a t  

Also attached t o  t h i s  

The re su l t i ng  mixture 

The rate a t  which the  experimental so lu t ion  was withdrawn from 

the  mixing manifold w a s  about 25 seconds. The s u l f u r i c  acid and mixed 

streams were pumped by two separate  c a s s e t t e s ,  both of which were dr iven by 

the  slow d r ive  shaf t .  

The mixture of experimental so lu t ion  and s u l f u r i c  acid w a s  mixed with a 

stream of molybdate reagent i n  a second mixing manifold. 

reagent was drawn through a s o f t  Tygon tube with I.D. = 3/16" and w a l l  

th ickness  of 1/32" a t  a rate of about 350 m l  hr-l. This stream was pumped 

by i t s  own cassette, which was driven by the  f a s t  d r ive  sha f t  of the  pump. 

The same molybdate reagent formula was used as i n  the  experiments with 

manual sampling. (See fu r the r  below.) 

the  apparatus responded l i n e a r l y  to  MAS concentrat ions up t o  1.2 g L-1. 

The molybdate 

Tests with s tandards of known si l ica  concentrat ion es tab l i shed  that 

A t o t a l  reac t ion  volume of 0.4 L was used (i.e.,  twice t h a t  used a t  
lower temperatures) . 
f l a s k  t o  100°C while ref luxing.  

preheated i n  a p l a s t i c  jar  i n  a boi l ing  water bath. 

a temperature of 95OC, i t  was poured i n t o  the  r eac t ion  f l a s k  t o  i n i t i a t e  

the  r eac t ion ,  and the sampling tube was connected t o  the pump immediately 

the rea f t e r .  The l i qu id  i n  the  f l a s k  was r ap id ly  s t i r r e d  with a magneti- 

c a l l y  dr iven  s t i r r i n g  bar at the  t i m e  of mixing and f o r  a few seconds there- 

a f t e r .  

t u r e  of 100°C, and remained s teady a t  that value f o r  the dura t ion  of the  

experiment . 

The acid-buf f e r  mixture was preheated i n  the r eac t ion  

The sodium metasilicate so lu t ion  was 

When the l a t t e r  reached 

. 

After mixing, the  experimental so lu t ion  rap id ly  atta ' ined a tempera- 

. 

T 

z 

* 

L v  
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W . Whenever c o l l o i d a l  s i l ica  was added t o  the so lu t ion ,  i t  was added 

about t h ree  minutes a f t e r  the so lu t ions  had been mixed, This de lay  .prevented 

the  l o s s  of da t a  from the e a r l y  minutes of the r eac t ion  which would have 

otherwise been caused by the f i n i t e  response time of the system. (It usua l ly  

took about two minutes t o  go from no s i l i c a  to  a steady, high concentration.) 

A room,temperature standard so lu t ion  of e i t h e r  0.8 o r  1.0 g L-1 Si02 

3 

\ 

was run through the  system while the two components of the experimental , 

so lu t ion  were being preheated. A heated standard was unnecessary, because 

the temperature of t he  s o l u t i o n  being sampled would have a f fec ted  the ampli- 

tude of t h e  s igna l  only through i t s  e f f e c t  on the pumping rate, and, i n  

p r a c t i c e ,  t h e  mixture of experimental , solut io  

enough time t o  cool down most of the way t o  room temperature by the  time i t  

reached the . p e r i s t a l t i c  pump. Prel iminary tests confirmed that preheating the 

standard had very l i t t l e  e f f e c t .  Al , not- preheating it avoided p o t e n t i a l l y  

se r ious  and unpredictable e r r o r s  due o concent ra t ion*by evaporation. 

a 

and s u l f u r i c  ac id  had had 

A l imi t ed  amount of work was a l s o  done with the continuous flow system 

a t  lower temperatures i n  order t o  compare the da t a  it produced with manually 

generated data.  In t h i s  case, the  r eac t ion  vessel was simply a p l a s t i c  

b o t t l e  standing i n  a thermostatted water ba th  and the so lu t ion  prepara t ion  

procedure was exac t ly  the  same as f o r  experiments wi th  manual sampling. 

We found that the da t a  obtained from the two methods was c o n s i s t e n t . .  

The major advantages of t he  continuous flow system are: 
1) It allows work at  €00 OC with  exce l1  
2) The experiment can be allowed t o  run 

temperature cont ro l  
h no f u r t h e r  e f f o r t  on the 

p a r t  of t he  opera tor  once it has been set up. 

3) The da ta  traces produced are continuous and have a time re so lu t ion  on 
0 the  order  of one minute (as compared t o  f i v e  minutes i n  the case of most of 

t 

ampled work). 

ta traces produced are smooth and f r e e  of point scatter. I 

s 

The main disadvantages of t he  continuous low system are: 
1) Maintaining stead hronic problem . 

ha l f  of t he  experiments sta 
base l ine  d r i f t ,  We conclud s t l y  due t o  the gradual change 

of t h e  characteristics of t he  pump tubing with tinie. 

r t e d  due t o  s igna l  and/or 

We learned t o  be 

w 
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carefu l  not t o  kink the tubing,while  pu t t ing  it i n t o ' t h e  c a s s e t t e ,  t o  

in" new tubing by leaving it clamped in the  c a s s e t t e  overnight and then 

pumping water through i t  f o r  a 'whi le ,  and t o  reduce undesirable fu r the r  

d i s t o r t i o n  once broken in by unclamping the cas se t t e s  when the pump was  not 

i n  use. - 
2) Only one experiment can be run a t  a ' t ime.  This subs t an t i a l ly  reduced 

the  rate of da ta  generat ion,  and made it impossible t o  reduce random varia- 

t i ons  between runs by running them simultaneously. . 

3) The continuous traces had t o  be manually d i g i t i z e d  p r i o r  to da ta  

ana lys i s  . 
Adsorbed s i l ica  determination. The experiments employed to determine 

the  dens i ty  of adsorbed or surface a c t i v e  si l ica were of the  column e l u t i o n  

type. -A small p l a s t i c  column (about 7 m l  volume) packed with powdered quartz 

g l a s s  (i.e., s o l i d  v i t reous  silica) was used. 

The quartz g l a s s  powder was prepared by grinding broken pieces  of 

quartz g l a s s  tubing i n  a Chatterbox. 

of gr inding w a s  sieved through a 125 mesh screen. 

re ta ined on the screen was returned t o  the gr inder  o r  discarded. 

sieved through was then digested in hot 6 N HC1 t o  d isso lve  the contaminating 

The powder obtained after two minutes 

The coarse material 

The powder 

metal particles that resu l ted  from the grinding. 

removed by repeated decantat ion in water. The acid washed material was then . 

leached in boi l ing  6 N NaOH f o r  30 minutes t o  remove the dis turbed sur face  

l aye r  produced by the  grinding process,  sharp edges, etc. 
was washed f r e e  of a lka l i  and d r i ed ,  i t s  surface area was determined by 

ni t rogen adsorption ( t h e  B.E.T. method). 

manner had a s p e c i f i c  sur face  area of 0.24 m 2  g-1. 

Ultra f i n e  p a r t i c l e s  were 

After the powder 

The quartz powder obtained in t h i s  

7.5 grams of t h i s  powder (with a t o t a l  surface area of 1.8 m2) was 
packed as a s l u r r y  i n t o  a p l a s t i c  column fabr ica ted  out  of f l e x i g l a s s  ' 

tubing that measured 10 cm x 1 em I.D. The ends of the  column were f i t t e d  

with s ing le  hole rubber g l a s s  s toppers  and a small *amount of quartz g l a s s  wool 

t o  r e t a i n  the powder in the  tubing. The column was connected t o  a p e r i s t a l t i c  

pump. A l l  tubing connections were of t e f l o n  s i l i c o n e  t o  maintain column 

temperature. The e n t i r e  column assembly was 

t u r e  water bath set a t  50OC. J u s t  p r i o r  t o  

1.ON NaOH followed by deionized water. 

immersed i n  a constant tempera- 

use the column was washed with 
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Dissolved si l ica was sorbed" onto the surface of the quartz g l a s s  i n  

the column by pumping a buffered so lu t ion  containing the des i red  concentra- > .  

t i o n  of dissolved s i l ica  through the  column using the p e r i s t a l t i c  pump. 

Dif fe ren t  concentrations ranging from 0.1 t o  0.4 g L-1 were used i n  d i f f e -  

r e n t  runs. each case, the so lu t ion  was buffered with the  usual ba rb i t a l -  

maleate buf fer  system, and i t s  pH adjus ted  t o  7.50 with  d i l u t e  s u l f u r i c  ac id  

before use. 

so lu t ion  was rec i rcu la ted .  

the pumping was maintained f o r  periods 

between 1 and 5). 
e f fec t ed .by  changing the e q u i l i b r a t i o n  time within th i s . range .  

The pumping rate through the  column was 1.5 m l  min-1, and the  

To allow adequate , t i m e  f o r  chemical e q u i l i b r a t i o n  

anging from 1 t o  24 hours (usua l ly  

Our da ta  suggests that the r e s u l t s  obtained are not 

A t  the end of t he  adsorption period, t he  

water ba th  and washed with 0.005N HC1. The co 

NaOH t o  remove the adsorbed silica. 
f r a c t i o n s  of 10 m l  volume, and the amount of silica i n  each f r a c t i o n  was 
determined by the  molybdate blue method u n t i l  the si l ica i n  each f r a c t i o n  had 

reached a ~ s t e a d y  state valuc. 

as corresponding t o  the d i s s o l u t i o n  of the s o l i d  quartz g l a s s  r a the r  than the 

removal of t he  adsorbed s i l ica  from* i ts  surface.  

The e l u t i n g  so lu t ion  was co l lec ted  i n  

This f i n a l  steady state value was i n t e rp re t ed  

To calculate the amount of adsorbed s i l ica ,  t h e  f i n a l  steady state 

amount of silica (per f r a c t i o n )  was subt rac ted  from the amount i n  each of t he  

e a r l y  f r a c t i o n s ,  and these  d i f f e rences  summed. 

excess of si l ica coming of f  of the column ( r e l a t i v e  t o  the f i n a l  steady state 
value) a t  the beginning of t he  e l u t i o n  was a t t r i b u t e d  t o  the removal of t he  

r e l a t i v e l y  more loose ly  bound and, thereby, more r: 

In  o ther  words, the i n i t i a l  

ive "adsorbed" silica. 
e are two standard S pe c t  r o  pho tome tr i c determinat ion of si1 i ca . 

spectrophotometric methods that are rou t  
of s i l ica  i n  aqueous so lu t ion .  Both met a 

colored silicomolybda te complex 

i s  then measured with a spec t ro  

ve ly  l a r g e  concentrations of dissolved s i l i  

method is used. A t  concentrations below ab 

s e n s i t i v e  molybdate blue method i s  recommended. 

an acid medium, the  absorbance of which 

tometer, For so lu t ions  containing re la t i  
the simpler molybdate yellow 

t 0.02 g L'l t h e  much more 
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‘Ld The nolybdate b lue  method involves f u r t h e r  reducing the  f a i n t l y  yellow 

si l icoLidybdate  couplex t o  a very in tense ly  blue complex, thereby extending 

the s e n s i t i v i t y  of t he  procedure. Any of a nunber of reducing agents  may be 

used f o r  t h i s  purpose; f o r  example, sodiun s u l f i t e ,  sodium b i s u l f i t e ,  stan- . 
nous chlor ide,  v i t a u i n  C ,  o r  aminonaphthosulfonic acid.  The most comnon 

i n t e r f e r i n g  substance is inorganic  phosphate which is o f t e n  present  i n  water . 
and var ious chemicals and reacts with the  molybdate reagent much as si l ica 

does. It can be chelated with o x a l i c  ac id  t o  give a complex t h a t  does not  

i n t e r f e r e  with t h e  molybdate react ion.  Therefore, oxa l i c  ac id  is rout ine ly  

added t o  the  u ix tu re  when the  molybdate blue method is used. 

c 

The molybdate yellow method used was t h a t  recommended by Iler (1979, p.97).  

l l a t e r i a l s  f o r  molybdate ana lys i s .  

* Standard s i l i c o n  reference so lu t ion ,  1,000 ppm-as s i l i c o n ,  F isher  

S c i e n t i f i c  o r  equivalent.  

Working standard so lu t ion ,  1110 ppn S i :  d i l u t e  10 r n l  of reference s tan-  

dard above w i t h  b.1. water t o  100 m l  and s t o r e  i n  p l a s t i c  container .  

Armoniun ruolybdate s tock so lu t ion ,  10%: 100 g ammonium molybdate I. .*‘ 

4Hp and 47 n l  concentrated NH4Oli (28% N H 3 ) ,  d i l u t e d  t o  1 L wi th  D . I .  water. 

Working ac id  awonium molybdate solut ion:  d i l u t e  100 n l  s tock molybdate 

w i t h  2OU n l  D . 1 .  water, add 200 n l  1.5N s u l f u r i c  ac id  and’nix.  

Oxalic acid so lu t ion :  d i s so lve  10 grams i n  D.L. water t o  g ive  100 m l .  

Keducing solut ion:  d i s so lve  0.5 g l-amino-2-naphthol-4-sulfonic ac id  and 

1 g sodiuu s u l f i t e  i n  50 til D . 1 .  water; add t h i s  t o  a so lu t ion  of 30 g sodium 

b i s u l f i t e  i n  130 m l  water. 

Sul fur ic ,  Acid, 1.5N: Dilu te  41.7 m l  concentrated H 2 S O 4  with  D . I .  

water t o  g ive  1 L. 

procedure: nolybdate yellow method. To 40 m l  of molybdate working 

so lu t ion  contained i n  a 50 n l  volumetric f l a s k  add from a p ipe t  1 m l  of t he  

so lu t ion  t o  be analyzed f o r  silica. 

tnoroughly (incomplete mixing a t  t h i s  s t age  is t he  major source of e r r o r  i n  

t n i s  procedure), 

teuperature.  

nu. Kun a reagent blank and a t  least one standard each t i m e  samples are t o  
be analyzed f o r  si l ica.  

Di lu te  t o  50 mf with D . I .  water and mix 

Allow 3-1/2 minutes f o r  f u l l  co lor  development a t  room 

Then read t h e  absorbance with a spectrophotometer set a t  400 

The molybdate yellow method has  been demonstrated t o  
L 
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r up t o  an O.U. of 1.5. One mi l l i l i t e r  of thesworking standard 

c a l l y  y ie lded  an.0.D. of about 0.155. 

double beam spectrometer {Perkin E l m e r  550) equipped with a flow- 

.In most cases, a blank formulated from the  working through ce l l  w a s  used. 

uolybdate s o l u t i o n  and D . 1  water was present i n  the  reference beam. 

ellow method was used throughout t h e  k i n e t i c  experiments. 

Procedure: nolybdate blue method. Because of t h e  extreme s e n s i t i v i t y  

of t h i s  uethod a l l  glassware must be avoided. 

nolybdate reagent i n  a 50 m l  polypropylene volumetric f l a s h  (Nalgene o r  equi- 

a l e n t )  and add t o  it up t o  10 m l  of sample containing s i l ica  t o  be analyzed. 

Place 30 m l  of t h e  working 

Allow 3-1/2 minutes as before f o r  f u l l  co lo r  development. 

o x a l i c  ac id  s o l u t i o n  and w a i t  f o r  two minutes. 

Then add 1.5 n l  10% 

Fina l ly ,  add 2 m l  reducing 

e absorbance wi th  a 
spectrophotometer set a t  650 nmr 
obeys Beer's Law. 

The complex i s  s t a b l e  up t o  12 hours and 

Blank and standard determinations are performed I n  a similar 

f S i  i s  used wi th  t h e  

The nolybdate blue method was used i n  t h e  adsorbed s i l i ca  determination 

A primary s i l i c o n  

oxide (99.999% 

p u r i t y )  by fus ing  i t  wi th  sodium carbonate i n  a pla t inuu  cruc ib le .  

was dissolved and d i l u t e d  t o  known voliune with deionized w a t e r  and i m m e d i a -  

t e l y  s to red  i n  a p l a s t i c  container.  

c a l i b r a t e  t he  F isher  S c i e n t i f i  eference s i l i c o n  standard and t h e  sodium 

,uetasilicate s tock  so iu t ions  u i n  t h e  k i n e t i c s  work. 

The m e l t  

This primary standard w a s  used t o  

kla t e r ia l  s : 
S i l i c o n  (IV) s x i  
Sodiuu carbonate ade, Mallinckrod 

Procedure: mix exact1 2.11982 g of u l t  

mole r a t i o  1:4) i n  a platinum cruc ib le .  

e Si02 wi th  8.40 g of 

anhydrous sodium carbonat 

ver a Meker burner f o r  2 inutes .  While s t i l l  very hot ,  touch the  bottom 

f t h e  c r u c i b l e  to co ld  water. This s o l i d i f i e s  t h e  fused material and causes 

i t  t o  separa te  from t h e  c r u c i b l e  wall which enables i t  t o  be e a s i l y  removed. 
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Inve r t  the c ruc ib le  over a beaker which contains  some D.I. water t o  t r a n s f e r  

the p e l l e t  of fused material t o  the beaker. Rinse out  the c ruc ib l e  with hot  

D.I. water and add the r i n s e  water t o  the beaker. 

the  beaker t o  a 1 L volumetric f l a s k  with ca re fu l  r ins ing .  Add D.1. water t o  

a t o t a l  volume of 1 L and mix thoroughly. 

Transfer the contents  of 

Store  i n  a p l a s t i c  b o t t l e .  

This standard has a silica concentrat ion of 2.11982 g L-1 Si02  and a 

pH of 12.5. 

s o l s  (Ludox TM, HS, and &) were obtained from the du Pont Company which 

manufactures them. 

use. 

Charac te r iza t ion  of c o l l o i d a l  s i l ica s o l s  Commercial co l lo ida l  silica 

The samples received were c a r e f u l l y  character ized before 

This cha rac t e r i za t ion  consis ted of determining the t o t a l  weight concen- 

t r a t i o n  of Si02 i n  each, and the s p e c i f i c  sur face  area of each. 

The procedure f o r  the gravimetr ic  determination of the  silica content  
of the  sols was as follows: a c a r e f u l l y  weighed sample of the  s o l  containing 

one t o  two grams of Si02 w a s  placed i n  a platinum c ruc ib l e  and slowly d r i ed  

i n  a lOOOC convection oven o r  over a warm hot  p la te .  

s a ry  because rapid drying inva r i ab ly  caused s p l a t t e r i n g  that r e su l t ed  i n  l o s s  

of sample. 

f u r i c  acid were added and the sample heated over a low flame i n  a w e l l  vent i -  

l a t e d  fume hood. When fuming ceased the  s u l f u r i c  acid treatment was repeated 

once more. The purpose of t h i s  treatment was t o  convert a l l  the  salt present  

i n  the  sample t o  the  s u l f a t e  form with the  l i b e r a t i o n  of ch lor ides  and n i t r a t e s  

as HC1 and HNO3. 

plus c ruc ib l e  recorded . 

Slow drying was neces- 

When the  sample was dry,  two t o  th ree  drops of concentrated sul- 

The sample was then cooled and the  weight of the sample 

One o r  two drops of concentrated s u l f u r i c  ac id  were again added t o  the 

sample, and then HF was added dropwise. 

was required.  

ho t  p l a t e  t o  f a c i l i t a t e  v o l a t i l i z a t i o n  of the SiF4  formed. 

l i b e r a t i o n  of SiF4 t h e  excess s u l f u r i c  acid remaining i n  the c ruc ib l e  was 
removed over a h o t t e r  flame. 

complete removal of a l l  the  silica. 

The d i f f e rence  i n  weight before  and af , ter  the  BF t reatment  was the weight of 

s i l ica  present  i n  the  o r i g i n a l  sample. 

agreed well with those given i n  the  du Pont product s p e c i f i c a t i o n  sheets .  

Approximately two mill i l i ters of HF 
The c ruc ib l e  was gen t ly  ro t a t ed  with a tong and warmed over a 

After complete 

The HF t reatment  was then repeated t o  ensure 

The c ruc ib l e  was then weighed again.  

Silica values  obtained i n  this manner 

I 
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6 J  Surface area determination by t h e  Sears  T i t r a t i o n  Method. The s p e c i f i c  

sur face  area of t he  Ludox c o l l o i d a l  si l ica was determined 

method of Sears (1956). 

s A quan t i ty  of si l ica supension known t o  contain exac t ly  1.50 grams of 

c o l l o i d a l  Si02 was.weighed i n t o  a beaker. 

placed i n t o  a water ba th  held a t  25% and i ts  contents allowed t o  thermally 

e q u i l i b r a t e .  

- + 0.001 u n i t  

so lu t ion  was then c a r e f u l l y  t i t r a t e d  t o  a f i n a l  pH of 9.0 wi th  standardized 

0.100 N NaOH, and the volume of base , requi red  w a s  recorded. 

i s  approached, some t i m e  must be allowed a f t e r  each add i t ion  of base t o  

allow the  pH value t o  s t a b i l i z e .  before adding more base. (The pH always 

d r i f t s  back down a b i t  with time.) 

then ca lcu la ted  from the formula: S=32V-25 where V i s  the volume i n  , m l s  of 

0,100 N base used I n  the  t i t r a t i o n .  

8 water t o  br ing  the t o t a l  volume up t o  150 m l  were added. The beaker was z 

s The pH was monitored with an Orion pH meter accurate t o  

nd the i n i t i a l  pH was adjus ted  to  4.0 i t h  0.1 N HC1. The 

When the endpoint 

The s p e c i f i c  sur face  area I n  m2 g'l was 

The va lues  f o r  s p e c i f i c  area i n  m2 g-1 of ,Si02 obtained i n  t h i s  

way f o r  the three products were: 
Ludox TM 157 

Ludox HS 242 

Ludox SM 359 

These values are the averages of two determinations each. We estimate 

the  e r r o r  i n  them t o  be less than 2X. 

product l i t e r a t u r e  (duPont Company, no date)  gives t y p i c a l  values of J30, 
By way of.comparison, t h e  duPont 

r 
c 

. The mathematical model i n  SILNUC and our da t a  reduction procedures 
Ip requi ted  c e r t a i n  supplementary da t a  from various sources. 

Except as noted below, a l l  i o n i c  e q u i l i b r i a  were ca lcu la ted  the  o ld  

fashioned way, using pK values extrapo 

s i n g l e  ion a c t i v i t y  c o e f f i c i e n t s  that 

simple form of t he  extended Debye-H'u'c 
c i a t i o n  equilibrium concentration products f o r  monos i l ic ic  ac id  and water 
have been f i t t e d  by Busey and Mesmer (1977,1976) using P i t z e r ' s  (1973) much 

d t o  zero  ion ic  scrength and 

approximately evaluated using a 

It is t r u e  t h a t  the disso- . 

W 
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super ior  ttieory of e l ec t ro ly t e s .  However, t h i s  theory was  not-used i n  our  

present  work o r  incorpora ted ' in to  SILNUC because it does not  provide any way 

t o  estitiate s ing le  ion  ac t iv i t ies .  

u s l n g  s ing le  ion- act ivi t ies  i n  s e t t i n g  up t h e o r e t i c a l  models, but  taking such 

a course would probably have made our node1 of s i l i ca  polymerization unmanagable 

and inpractical . '  

i i i  t he  study of t he  equi l ibr ium chenis t ry  of geothernal br ines  have not  y e t  

I n  p r inc ip l e ,  one can completely avoid 
* 

Also, o the r  i o n i c  e q u i l i b r i a  t h a t  arise i n  our own work and . . 
oeen described using P i t z e r ' s  formalism. Therefore, we chose t o  use  the  . I  

s iup le r ,  old fashioned fonsaliscl  even though we know t h a t  i t  is less accu- 

rate. As i t  turned out ,  t h e  only i o n i c  a c t i v i t y  c o e f f i c i e n t  t h a t  plays an  

lidportant r o l e  i n  our  uodel i s  t h a t  f o r  sodium, and t h i s  is  probably given 

f a i r i y  accura te ly  by t h e  extended Debye-HGckel theory i n  the  f o m  used by US. 

cifter the P i t z e r  tneory has  been extended t o  allow predic t ion  of s i n g l e  

ion a c t i v i t y  coe f f i c i en t s ,  i t  w i l l  probably be des i r ab le  t o  incorpora te  i t  

i n t o  SILNUC. 

s t r eng ths  g r e a t e r  than about 1.1 ( t h e  naxiuum value encountered i n  most of 

our experiraents) and t o  pli values  above 8 .  

would requi re  ttiat our da t a  be reanalyzed, because uos t  of i t  was generated 

1 1 1  prec ise ly  the rclnge i n  which changing t h e  e l e c t r o l y t e  s o l u t i o n  model 

assluaed would have least  e f f e c t .  

our t h e o r e t i c a l  e s t i n a t e  of t h e  e f f e c t  of salts on t h e  s o l u b i l i t y  of s i l i c a  

(3.11.4) by empir ical  values. However, i n  t h i s  case t h e  f o m u l a  t h a t  gives  

t h e  values of the su r face  tens ion  (A3.1.5) might need t o  be revised t o  

m i n t a i n  i n t e r n a l  consistency. 

This would al low f o r  more confident  ex t r apo la t ion  t o  ion ic  

We very much doubt t h a t  doing so 

Likewise, i t  would be d e s i r a b l e  t o  rep lace  

The sources f o r  the  formulas w e  used t o  c a l c u l a t e  t he  s o l u b i l i t y  of AS 

i n  pure water and t h e  d i s soc ia t ion  constant  f o r  HF (Eqns. (3.11.1) and 

(3.6.5), respec t ive ly)  are cited i n  t h e  text. 

To ca l cu la t e  t h e  pKa values f o r  nonos i l i c i c  ac id  and water w e  used t h e  

f o m u l a s  given by Busey and Llesner (1977) and Busey and Llesner (1976) with 

the i o n i c  s t r eng th  set equal  t o  zero. 

The subrout ine WATEK of SILNUC c a l c u l a t e s  t he  dens i ty  and d i e l e c t r i c  

constant  of pure water and t h e  Debye-Hkkel constants .  

range 0-15OoC, t h e  empir ical  f o m u l a  given by by Eisenberg and Kauzmann 

(1969, p.183) i s  used t o  c a l c u l a t e  t he  density.  

I n  t h e  temperature 

I n  t h e  range 15O-25O0C, 
L; 

L 
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our own f i t  t o  t h e  stean t a b l e  values of I rv ine  and Har tne t t  (1976) i s  used. 

To ca l cu la t e  t he  d i e l e c t r i c  constant over the  ra 

oy Eisenberg and K a  

constant a t  higher 

is  wed.  (This fornula  is good up t o  37OOC.) 

O-lOO°C, the  formula given 

ca l cu la t e  the  d i e l e c t r i c  

n p.191 of t he  same book 

Socle values of t he  pKa of MSA and of the  Debye e l  coe f f i c i en t s  are 

given i n  the  bottom p a r t  of Table A3.3. 
A l l  single i o n  a c t i v i t y  coe f f i c i en t s  were calculated using the  extended 

Oebye-HUckel fornula ,  which i 

t he  coe f f i c i en t s  a and b used 

p a r t  of T a b l e  A3.3. 

iven a t  the  top of T a b l e  A3.3. The values  of 

a r ious  ions are given i n  the  

The values of a and b used f o r  Na' and H3Si03- were obtained from 

Truesdel l  and Jones (1974). 

obtained from Butler  (1964, p.434). 

ions ( 0 . 2 )  is an estimate suggested by the  approxinate Davies equation. 

Only the  a c t i v i t y  c o e f f i c i e n t s  f o r  the  f i r s t  th ree  ions  are used i n  

The values of a used f o r  t he  o ther  four  ions  were 

The value of b used f o r  these l a s t  four  

SILNUC. 
auct ion of t he  " f luor ide  added" da t a ,  which w a s  generated using the  c i t ra te  

buffer  s y s  ten. 

The a c t i v i t y  c o e f f i c i e n t s  f o r  the  citrate ions were used i n  the  re- 

SILNUC has the  a b i l i t y  t o  convert concentrations i n  u n i t s  of grams o r  

uoles  per  l i ter  a t  25OC t o  grams o r  moles per  kilogram of water under t h e  

a s s m y t i o n  t h a t  sodiun ch lor ide  is t he  major s o l u t e  present.  In  t h i s  calcula-  

tion it uses the  value of t he  par t ia l  molal volune of sodium chlor ide  i n  water 
at 25OC calculated fron the  

$,(CEI ) 16.4 

wiiere u is t he  molal concentrat ion of sodium chl 

is i t e r a t i v e . )  This fornula  

Throughout our da t a  re 
value of p$,,, f o r  t h e  so lu  

n a t t e r  of ca l cu la t ing  the  s t ion.  The sodium i o n  

a c t i v i t y  is ,  i n  turn ,  determined by the  t r a t i o n  and i o n i c  

s t rength ,  which vary with the  buffer  system employed, the  i n i t i a l  s i l ica  

concentration, t h e  pH, and the  added salts (if any). The cont r ibu t ions  of 

rile added salts t o  the  sodiun i o n  concentrat ion and ion ic  s t r eng th  are 

(The ca l cu la t ion  

ed and Owen (1958, pp.358-61). 

t o  c a l c u l a t e  t h e  
This is mostly a 

t r i v i a l  to ca lcu la te .  Therefore, t he  ca l cu la t ion  e s s e n t i a l l y  reduces t o  
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Table A3.3 u 

Formulas and Values f o r  Calculating Act iv i ty  Coeff ic ients  and asil  
'3 

The extended Debye-HG'ckel equation: 

t 

(A3.3.1) 

a b 
7 

Species 

Na+ 4. 

H3Si04' 4. 

c i  trate-1 3. 

c i  trate-2 5. 

citrate-3 5. 

F' 3. 

Temp.(OC) PKS il 

50 9.50 

75 9.27 

100 9.10 

125 8.98 

150 8.90 

0.075 

0. 
0.2 

0.2 

0.2 

0.2 

ADH 

0.534 

0.562 

0.596 

0.644 

0.692 

BDH 

0.333 

0.337 I 

0.341 

0.348 

0.354 

c 

* 

. .  

i 
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determining the cont r ibu t ions  of the  buffer  system and the  added sodium 

i n  the  experimen 

of s i l ica ,  the  choice of ba f fe r  system, and the f i n a l  pH. 

buf fer  system, the  i n i t i a l  s i l ica concentration, and the actual pH of the  

r e s u l t i n g  so lu t ion  were recorded f o r  each experiment and were known. The 

amount of s u l f u r i c  acid added was not recorded, and had t o  be calculated.  

given value,  as w e l l  as t o  determine the cont r ibu t ion  of the  buffer  ions  t o  

the ion ic  s t rength ,  it is necessary t o  calculate the d i s soc ia t ion  e q u i l i b r i a  

f o r  the  buf fer  compounds. 'Because the d i s soc ia t ion  e q u i l i b r i a  of the  buffer  

compounds are ef fec ted  by the  ion ic  s t rength ,  these ca lcu la t ions  should, i n  

p r inc ip l e ,  be done i t e r a t i v e l y .  

t h i s  is a s i g n i f i c a n t  e f f e c t ,  and the ca l cu la t ions  were done i t e r a t i v e l y ,  

using a c t i v i t y  c o e f f i c i e n t s  f o r  the three  citrate ions khat  were ca lcu la ted  

To ca l cu la t e  the amount of s u l f u r i c  acfd needed t o  ad jus t  the pH t o  t h e -  

In  the case of the  citrate buffer  system, 

(A3.3.1) and the vdlues i n  Table A3.3. In  the case of the  

maleate and maleate-barbital  buffer  systems, t he  d e t a i l s  of the  buffer  

d i s soc ia t ion  e q u i l i b r i a  have r e l a t i v e l y  l i t t l e  e f f e c t  on the  ion ic  s t r eng th  

s f i n a l l y  ca lcu la ted  . 
of-maleate  and b a r b i t a l  were a l l  simply set 

Therefore, t he  

uni ty ,  and i t e r a t i o n  was not needed. 

a t i o n s  were done on a progr b l e  desk ca lcu la tor .  

assumed f o r  c i t r ic  acid a t  C were 3.09, 4.76 ' 

re determined from the  e q u i l i b r i  n s t an t  values given 

The three  corresponding values  assumed 

ese were quadra t i ca l ly  extrapolated 

ca l cu la t ed  from equilibrium constant 
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For b a r b i t a l  a t  room temperatur 

In  our 1 give the value PKa = 7.43. 

b a r b i t a l  t o  be about 7.4 a t  lOOOC, which. is  within experimental e r r o r  of 

the  preceeding value. Therefore, we chose t o  use t 

temperatures. For the second d i s soc ia t ion  of maleic acid a t  25OC, Weast 

value 7.43 a t  
7 

and Selby (same place) give pK, we ex peiimen ta l  l y  estimate t o  

be 6.40 a t  1OOOC. We chose t o  use these values  a t  the corresponding 

temperatures, and values  determine l i n e a r  i n t e rpo la t ion  be 

i n  t ermed i a  t e temperature s . 
A3.4 Tables of Selected Experimental Data 

Tables A3.4 t h r u  15 contain se lec ted  k i n e t i c , d a t a  i n  very near ly  "raw" 
form. 

has  been subjected t o  i s  to  convert the  i n i t i a l  o p t i c a l  dens i ty  values  

t o  molybdate ac t ive  si l ica concentrat ion values ,  and t o  ad jus t  the time 

scales so t h a t  time zero  is a t  the  start of the  react ion.  In  the  case of 

the  contipuous flow k i n e t i c  system da ta ,  the  tabulated values  correspond t o  

d i g i t i z a t i o n  poin ts  that were manually placed and then "read off"  a t  conve-. 

n i en t  but otherwise a r b i t r a r y  i n t e r v a l s  along the o r i g i n a l  continuous curves 

produced by the  chart recorder.  

For the most p a r t ,  the  only processing that the  da ta  i n  these Tables 

For the  most p a r t ,  t he  Tables should be s e l f  explanatory. However, recall 

that here ,  as elsewhere i n  t h i s  Chapter, a l l  concentrat ions are given i n  u n i t s  

of grams o r  moles per l i t e r  a t  room temperature, and not  a t  the  ac tua l  temperature 

of the  experiment. 

t h i s  i s  e s s e n t i a l l y  the  same as concentrat ions i n  terms of grams o r  moles per 

kilogram of water . 
In the  case of the  experiments that involved no added sa l t ,  

The da ta  i n  Table A3.7 w a s  generated using citrate buffer.  The da ta  

. 
21 

. .  

i n  a l l  the other  Tables here  was generated using the barbital-maleate buffer  

system. 

Tables A3.4 t h r u  6 , con ta in  a l l  of the  molecular deposi t ion ("col loid 

added") rate da ta  that was used t o  determine the rate of molecular deposit ion.  

k(pH,pHnom) i s  the  value of ~ H ( T )  F(pH,pHnom) d i r e c t l y  determined by f i t t i n g  

the  da ta  as described i n  S3.4. "RMS e r ro r "  i s  the  root-mean-square discrepancy 

between the empirical  and f i t t e d  values  of the t i m e  (which is  t r ea t ed  as the  

1 

t 

L 
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dependent va r i ab le  i n  t h i s  context). In a l l  cases, t h e  f i t s  were performed 
u 

the t r ia l  func t ion  described 

Table A3.7 contains t h e  r e su l  
I -  1 

of one of t h ree  sets .of “ f luo r ide  added” 
4 experiments that were performed. (The r e s u l t s  of another such set are pre- 

sented i n  Fig. 3.12.) 
6 Tables A3.8 t o  12 contain a l l  of the homogeneous nuc lea t ion  da ta  

t h a t  was used i n  the da a reduction discussed i n  S3.10. This d a t a  is  ‘a l so  
I *  I 

i (with s h i f t e d  t i m e  scales) i n  Figures 3.14 t o  17. 

I Tables A3.13 t o  15 conta in  the results of s i x  out of t he  twelve sets 

of homogeneous nuc lea t ion  experiments i n  which sodium chlor ide  was added t o  

some of the so lu t ions .  

i n  Fig. 3.19. 
Tables here  are presented i n  Fig. 3.20. 

The da ta  from one of these sets are also presented 

The d a t a  from a’seventh  set t h a t  $6 not included i n  the  

...e . -  

i 



TABSE A3.4  

Molecular Deposition Data for 50°C 

10 1 
6/19/78 

51 
0.6 
1.0 TM 
7.21 
7.16 

-10.129 
-10.229 

2.16 

Time (min) C(.gL-l) 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 

55 

60 

70 

80 

9 0  

.600* 

.562 

.540 

.506 

.473 

.447 

.424 

.408 

.393 

.373 

.362 

.353 

.349 

-334 

.320 

.313 

102 
61 191 78 

51 
0.6 
0.6 HS 

7.23 
7.18 

-10.097 
-10.207 

1.95 

C 

.613* 

.569 

.542 

.505 

.475 

.443 

.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 

C 

.6 10* 

.554 

.520 
-479 
.449 
.417 
.398 
.377 
.361 
.353 
.342 
.332 

.326 

.313 

,305 

.298 

104' 
6/22/7a 

50 
0.6 ' 

1.0 TM 

7.75 
-9.776 

-10.130 

7.8b 

105' 
6/22/78 
50 

. 0.6 
0.6  HS 

7.54 
7.49 
9.877 

-10.130 
0.85 0.85 

T i  me 

0 
2 
4 
6 
8 

10 
15 
20 
25 
30 
35 

4 0 

45 

50 

C C 

.659 .573 * 
. .6& .541 * 

.554 .517 , 

.508 .490 

.476 .466 

.445 ,451 
,394 .412 

' .363 .383 
.347 .362 
.331 .344 

.320 

.313 .323 

.306 

. 300 

106' 
61221 78 

50 
0.6 
0.4 Sf1 

* 7.55 
7.50 

-9.875 
-10.132 

1.15 

I 
Y 

C 

' .602'* < .  
.571 
.540 . 

. -513 

in m 
I 

.491'* *\ 

.465 
-422, 
.389, 
.365. 
.348 

.322 

.302 ~ 

* Point not fitted. + Continuous flow kinetic system data. 

6' 
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Table A3.5 

r Deposition Data for 75OC 

Run d 76 . 
Date 5/11/78 
Tf  OC) 75 75 
ci :g 'L- l )  0.8 
Co 1 1 oi d 

PH 6.63 

PH nom 
log k (PH,@nm) 

RMS Error (min) 1.66 .1.44 

0.6 HS 

l o g  km(T) -9.226 -9.220 

T i  me C( gL-1) c 
0 .812 * .817 * 

5 ,782 
.743 .748 
.704 .e98 
.670 6 59 
.637 624 

19 -562 ' .551 
20 . .518 .514 
25 .477 .472 
36 .458 .455 
35 .435 .429 

40 .432 * .416 

45 .410 . .405 
50 ~ .401 .395 . 

60 .391 * .386 
70 ,372 .379 * 
80 .361 .357 
90 .35? .349 

78 
5/ 11/78 

SN 

-9.551 
-9.219 
0.94 

79 
5/ 16/78 

79.2 
0.8 

1.0 Tt! 
6.33 
6.31 

-9.697 
-9.228 

2.73 

8 0 A  81A 
51 164 78 51 16/78 

75.2 75.2 
0.8 0.8 
0.6 HS 0.4 SM 
6.33 6.33 
6.31 6. 

-9.681 -9.666 
-9.212 -9. 
2.34 3.84 

C Time C C C 

0 .804 * .804 * .803'*  
.770 * 4 .?73 .779 .745 
.739 8 -713 .714 .C70 
.681 12 .665 .672 .625 
.657 16 .620 .G21 .566 
.615 20 .583 .5?9 .528 
.551 30 .522 ..ti20 .492 
.509 40 .476 .470 .435 
.475 50 .457 * .445 -409 
.450 60 .438 * .419 .399 
.434 70 .406 .405 .387 
.416 80 .398 .394 .376 
.408 90 .3%7 .384 .372 
.399 100 .383 .380 .369 
.384 110 .358 
.375 120 .371 .364 .352 
.362 140 .357 .352 .346 
.354 160 .352 .346 .342 * 

c 

1 
1-1 cn 
4 
1 

Point not fitted. 



TABLE A3.6  

o +  Molecular Deposition Data fo r  100 C 

Time (min) 

1 
3 
5 
7 
10 
15 
20 
25 . 
30 
35 
40 
45 

50 
55 
60 

81)B 

6/ 1/ 78 
100 

0.850’ 
1.0 TM 
6.30 
6.28 
-8.952 
- 8 ..4 59 
1.58 

c( 9L’ 1) 

.763 

.698 

.653 
-620 
.581 
* 543 
.521 
.506 
.490 
,484 
.476 
.470 

.463 * 

.462 * 

.458 * 

818 
6/1/78 
100 

0.850 
0.6 HS 
6.41 
6.39 
-8.809 
-8.402 
0.80 

C 

.725 

.658 

.613 

.550 

.518 

.497 

.483 

.471 

.464 * 

.459 * 

.453 * 

.450 * 

.446 * 

.443 * 

82 
6/ 1/78 
.loo 

0.850 
0.4 SM 
6.44 
6.42 
-8.800 
-8.416 
1.49 

C 

.820 

.695 

.622 

.579 

.544 

.512 

.489 

.477 

.469 

.463 * 

.458 * 

.452 * 

e.450 * 
.445. * 
.442 * 

Time 

0 
2 
4 
6 
8 
13 
18 
23 
28 
33 
38 
48 

85 
6/9/75 
100 

0.850 
1.0 TM 
6.26 
6.24 . 
-8.900 
-8.375 
1.03 

C 

.765 

.690 

.645 

.612 . 

.586 

.544 

.518 

.500 

.488 
,478 
.470 
.45 

* Point not f i t t e d .  
t All data on t h i s  page generated using the continuous flow k inet ic  system. 

c‘ * ’U 
n 8 

87 86 
6/91 78 6/9/79 
100 100 

0.850 0.850 
0.4 SM 0.6 HS 
6.31 6.22 
6.29 6.20 
-8.857 -8.933 
-8.373 -8.376 
1.37 1.24 

C Time C .  

.787 ‘ 0  .813 

.696 2 .739 

.641 4 .685 

.600 6 .644 

.571 ’ 8 .612 

.526 10 .589 

.502 12 .570 

.486 17 .534 

.476 22 .514 

.468 27 .497 

.460 * 32 .486 

.451 42 .471 

52 .462 * 
62 .454 * 

U e 



TABLE A3.7 

Fluoride Catalysis Dat 

Homogeneous .Nucleation of 7C°C 

h 

1 c P 

Run # 70- 14 75- 28- F 
Date 8/31/78 8/25/78 

T(OC) 70 70 

ti (aL-1) 1.4 1.4 

PH 4.82 2.84 

@nom 4.55 2.58 
Total  F(gL’ 0 .  0.02 

75-32-F 
3125178 

70 
1.4 
3.24 
2.98 
0.02 

Time (nirt) C(gL-1) Time ‘ C  C 

0 1.315 1.363 1.377 

5 .  1.235 1.339 1.324 
0 1.118 1.275 1.256 

45 .975 1.225 1.171 
60 .846. 120 1.159 1.053 
90 .658 150 1.103 .953 

.120 . - .561 ,180 1.021 .857 
150 .499 210 .945 .773 
180 ,459 240 .881 .715 
210 .436 270 .808 .657 
240 .422 300 .f69 .621 
270 .401 330 .715 .581 

300 .390 360 .682 .566 

360 
330 .388 

75-37-F 
8/25/78 

70 
1.4 
3.69 
3.43 
0.02 

75-42-F 
8/25/ 78 

, m  
1.4 
4.18 
3.92 
0.02 

C C 

1.370 1.386 
1.278 . 1.243 
1.13C .965 

.950 .731 

.803 .607 
-708 .543 ‘ 

.497 .628 
.574 ,471 
.548 -456 
.516 .436 
.501 .426 
.485 .418 
.475 .413 

I. 

75-47-F 
8/25/78 

70 
1.4 
4.72 
4.45 
0.02 

C 

1.386 
.992 
.627 
.504 
.452 
.424 
.407 
,397 
.389 
.375 
.379 

....”. 

75-$3-F 
8/25/78 
70 

1.4 
5.28 
5.01 
0.02 

r 
c-l 
LJl 
\o 

C I 

1.352 
.602 

.393 

.372 

.357 

.355 

.347 

.347 

.340 

.347 

.439 

.367 .345 



TABLE A3.8 
* 

Homogeneous Nucleation Data for 23OC 

T i  me( m i  n ) 

0 
10 
20 
30 
40 

t 50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
1 70 

23-6 
9/13/78 

23 
0.6 
7.06 
7.02 

.578 

.584 

.558 

.547 

.549 

.519 

.488 

.462 

.437 
,419 
.394 
.372 
,356 
.330 
.320 
.299 
.280 - 
.281 

T i  me 

0 
20 
60 
90 

120 
180 
210 

' 240 
270 
300 
330 
360 

1473 
1848 
4340 

23-5 . 
9/19/78 

23 
0.5 
7.36 
7.30 

C 

.495 

.486 

.450 

.419 

.371 

.302 

.277 

.265 

.248 

.230 

.224 

.214 

.158 
-154 
.144 

' T i  me 

0 
1020 
1440 
3900 
4300 
5430 

*The data i n  t h i s  t a b l e  was not  f i t t e d  with code SILNUC. 

23-4 
9/26/ 78 

23 
0.4 
6.54 
6.46 

C 

.411 

.375 

.348 

.203 

.192 

.186 

h 

Time 

0 
20 
60 
90 

120 
180 

240 
210; ' 

270 
300 
330 
3€0 

1473 
1848 
2903 
3253 

., . ... , I. . . . 

23-3 
9/ 19/ 78 

23 
0.3 

7.30 

C 

.294 

7 ..40 

.301 

.297 

.294 

.292 

.292 

.300 

.293 7 

.298 

.292 

.29n 

.2F? 

.280 
,261 . 
.239 
.203 
.,.. " , , _  

* 
I e C' 

1 
c1 
Q\ 
0 
1 



L m 1 
4 * 5 c u C * 

TABLE A3.9 

0 
Homogeneous Nucleation Data for 30 C * 

30-10-0 30-9 
7/5/78 

T(OC) ' 30 
q (gL-1) 1.0 0.9 
PH 6.73 6.73 . 
Wnom 6.75 6.64 

Time( min) C( gL- 9 C 

0 -969 .889 
5 .E63 -856 

10 .767 .805 
15 .679 .745 
20 .582 .685 
25 .525 .6 
30 .475 .5 
35 -431 .542 
40 .400 * 494 
45 -371 .470 
50 .349 .432 
55 .330 .401 
60 .323 .382 

%e data i n  t h i s  table was not  f i t t e d  with code SILNUC. 

30-8 
71 121 78 
30 

0.8 
6.92 
6.80 

C 

.792 

.750 

.700 

.655 

.603 

.558 

.524 

.469 

.448 

.414 

.390 

.353 

.352 

30-7 
71 121 79 
30 

0.7 
7.11 
6.97 

C 

. .695 
.678 
.641 
.617 
.583 
.542 
.507 
.474 
.442 

2 .418 
.387 
.369 
.347 



TABLE A3.10 

Homogeneous Nucleation Data fo r  5OoC 

Run # 50- 10-0 50-9 50-8 50-6 50-5* 50-4" 
8/22/ 78 Date 7/24/ 78 6/18/79 6/18/79 8/22/ 78 8/22/78 

T(OC) 50 51 51 50 50 50 

ci (9L' 1) 1.0 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 6186 7.16 7.12 7.22 

Time(min) 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
70 

80 
90 -; 

C(gL-1) 

.993 

.961 

.goo 

.810 

.716 

.643 

.568 

.517 ' 

.473 

.438 

.414 

.399 

.379 

C 

.894 

.860 

.811 

.727 

.641 

.566 

.507 

.459 

.443 

.402 

.384 

.368 

.353 

.333 

.322 

.308 

C 

.792 

.771 

.746 

.702 

.638 

.580 

.524 

.478 

.428 

.417 

.380 

.377 

.360 
,340 
.325 
,312 

Heterogeneous nucleation dominant; data not f i t t e d  with SILNUC. 

Ti  me 

0 
15 
50 
90 

120 
150 
180 
210 
240 
270 
300 
330 

1350 
1730 
2870 
3200 

C 

.587 

.578 

.534 

.404 

.357 

.316 

.299 

.287 

.270 

.264 

.257 

.256 

.217 

.207 

1 ,  

_ I  . 

, . ... - ... 

" . .  . . .  

c 
.494 
.489 
.488 
.489 
.488 
.473 
.461 

.420 

.400 

.377 

.354 

.237 

.223 

.215 

.204 

Time C 

0 
36 
90 - 

120 
140 
180 
210 
240 
4 20 

1440 
1823 

2960 
3290 
4340 

.423 

.403 

.405 

.397 

.399 

.397 

.400 

.394 

.374 

.263 

.241 

.223 

.213 

.223 

I 
P. 
o\ 
h) 
I 



c *I CI 

4 c t, 4 * I  

TABLE A3.11 

Homogeneous Nucleation Data for 75' C 

75-11 75- 10 75-9 7 5 4  75-7  7',-'.* 

101 161 101i617u 1011617~ 10120179 91221 7H 912z17n 

74 74 74 75 7 5  72 

Run t 

Da t t' 

T(OC) 
I 

1.1 1.0 . 0.9 O.H 0.7 0.5 

5.78 5.94 6.53 6.75 7.. 00 6.71 

5-80 5.95 6.52 6.73 6.96 6.64 

'i' ;gL-i) 

PH 

PHnm 

Time(rnin) C(gL-1) c C C T i m e  I: Tim.  C 

1.089 ,996 .892 .783 0 .708 0 . 497  

-974 .H07 ,747 20 .702 1800 .495 

1 
dr 
W 
1 

0 
5 1.076 .993 .a88 .777 10 .705 360 .500 P 

10 1.025 

15 -953 

20 .857 

. 25 -735 

30 .659 

35 

40 

45 

50 

55 

60 

-944 .704 .680 30 .666 2940 .388 

,878 .602 .596 40 .b04 3240 .371 

.788 .523 .528 50 .537 4290 .338 

.714 * 477 .478 60 .480 4710 .32R 

-591 -641 .a48 .4 50 70 ' .440 

.552 .596 426 .422 80 .418 

.516 * 549 .413 .403 9 0  .407 

* 495 -516 .397 .392 100 .395 

458 . .476 .. 3% .374 120 - .375 

.473 .491 .387 .382 110 .382 

a .  

Hetereogeneous nucleation dominant; data not f i t t e d  with SILNUC. 



TABLE A3.12 

Homogeneous Nucleation Data for 100°C+ 

PH 

PHnom 

Time (min) 

3 

5 

7 

10 

12 

15 

20 

25 

35 

45 

55 

65 

100- 12 

6/81 78 

100 

1.2 

5.73 

5.76 

C(gL-l) Time 

1.147 4 

1.108 6 

1.012 10 

-829 16 

.746 21 

.654 26 

.572 36 

.531 46 

.486 56 

.469 . 

.453 

~ . 4 4 i  

100- I I 

(1/8/78 

100 

1.1 

6.01 

6.03 

c Time 

1.093 6 

1.066 10 

.872 12 

.703 14 

.611 17 

.562 22 

100- 10-0 

5 / 2 9 /  78 

100 

1.0 

6.45 

6.45 

C 

.964 

.884 

.830 

.770 

.701 

.622 

T i m e  

10 

15 

20  

25 

30 

35 

I(IO-') 

100 

I). 9 

6 . 5 )  

6 . 5 2  

c 

,904 

.n96 

.875 

.841 

.791 

.742 

.SO8 2 7  .565 40 

.481 32 .545 45 

.466 37 .526 55 

42 .512 65 

50 .SO0 - ...- . .. I _  - " . I  

+ All data in this table generated using continuous flow kinetic system. 
* Heterogeneous nucleation dominant; data not fitted with SILNUC. 

.~ 

# c 
* I 

.696 

.660 

.609 

.572 

'I' i m e  

4 

7 

12 

17 

22 

27 
32 

37 

42 

47 

. .. " .  

1 0  I )- H 'J 

5 1  11/78 

100 

0 . ~ 5  

h . RY 

6.87 

c 

. 84h  

.n42 

.n35 

.815 

. 770  

.710 

.655 

.611 

.588 

.560 

T imc. 

5 

10 

20 

30 

35 

40 
45 

50 

55 

60 

I ,  

65 

69" 

75 

80 

85 

90 
95 

.~ 

100 

0.75 . 

7 .02  

6.99 

C 

.752 

.749 

.747 

.743 

.738 

.726 

.714 

,699 

.682 

.662 

.643 

.631 

.612 

.598 

.586 

.573 

.566 



TABLE A3.13 

Effec t  of Sodium Chloride on Homogenous Nucleation 

Se lec ted  Data for 30 and 100°C 

nun if 30- 10-0 30-10-5 30-10-10 . 100- 10-o+ 100-10-5+ 100- 1 0 -  lo+ 
Date 7/5/78 7/5/78 7/5/78 

' 3 0  m 
0 1 .a 
5 1 .o 

6 .33  6 .02  
7.11 7.08 

C 

7 .922 

.860 7 
10 .? la  .784 

I 

.15 .679 .710 

20 .582 .616 

25 .525 ,521 .550 

5/29/78 b / 5 / 7 8  6/5/78 ' 

100 100 100 
1 .o '1 .0 1 .o 
0 * 0 . 5  1 .0 

6.45 5.27 5.05 
.45 6 . 0 2  6.08 

Time Time C Time C 

b .964 11  .992 8 .984 

10 .884 20 ~ .987 10 .980 

12 .830 25 .975 12 .964 

14 .770 30 .934 18 .912 

17 .701 35 ' .902 24 ' .825 

22 .622 4 0  .848 30 .730 

30 .475 .464 3.494 27 .565 45 .789 35 .659 

35 .431 .414 .445 32 .545 50 .733 39 .607 

. 40 .400 .387 .410 37 .526 55 .689 44 .566 

45 .371 .356 .376 42 ,512 60 .648 50 .535 

50 .349 ,329 .350 50 .SO0 65 .618 55 .513 

55 . ~ '.330 *. .312 .328 
60 .323 .298 .325 

" _ _ -  

+ C o n t i n u o u s  f l o w  kinetic system d a t a .  



TABLE 3.14 

Effect of Sodium Chloride on Homogeneous Nucleation 

Selected Data for 5OoC 

Run # 51-65-0 5 I -f l ')-  5 r) I-f15- 10 50- IIbO , [ I -  Ifl-5 ' 3 0 -  10- I O  

Date 6/20/78 6 /20 /7H 612017n 7 / 4 /  7H 7 /25 /  7H 7 / 2 4 / 7 8  

T(OC) 5 1  51 5 1  5 0  50 50 

ci ( gL- 1) 0.65 0.65 0.65 I .o I .o I . 0 

%aCl(moles ~.-- l)  0.0 0.5 1 . 0  0.0 0.5 1.0 

Time(m1n) 

' 0  

5 

10 

15 

7 . 5 4  7 .03  

7.50 7.80 

20 

25 

30 

35 

40 

45 

50 

. 5 5 .  * 

c(gL-1) ~ 

.659 

.645 

.616 

.578 

.526 

.475 

.434 

,411 

.378 

.361 

.346 

.338 2 

C 

.654 

,628 

.572 

.487 

.419 

. 377  

.346 

.327 

.311 

.296 

.286 

.277 

7.00 h.2P 6.  16 5.88 

n.04 6.25 6.94 6.93 

c 
.649 

.518 

. 3 7 7  

.316 

.285 

.264 

.255 

.243 

.240 

.236 

.228 

.224 -- . * .  

c 
.993 

.961 

.goo 

.a10 

.716 

.643 

.568 

.517 

.473 

. 438  

.4 14 

-399. . _ .  

C 
.884 
.748 
. 5 9 7  

.482 

.414 

.371 

. 3 4 3  

.321 

.309 

.295 

.285 

. 2 8 1  . 

C 
.935 

.837 

.687 CL 
Q\ 
a\ 
1 . 553  

-462 

.400 

.357 . 

.333 

.311 

.293 

.285 

< I  

. .. ...,223. _- 
60  .329 .271 .221 . .379 .272 .265 

65 .317 .266 . 2 1 8 .  

85 .291 ,249 .218 

C '  V '1. 
c I 

b * 
b t C' 



c LI 

9 t 
*I 

*, c 

,403 , .383  * 338 

.367 .325 

.357 .315 

. .347 , .307 

nme its run 75-10 in Table A3.4 -  

I .o 
0 . 0  

6.04 

6 . 0 5  

c 

1.017 

i .oo4 

.927 

.790 

.655 . 

.572 

.519' . 

.482 

1.0 

0 . 5  

5 .69  

5 .69  

e 

-992 

.974 

.E84 

.784 

.613 

.529 

.4RO 

.443 

.417 

.398 

.392 

.381 

.372 

75- 10- 10 

11/8/78 

14 
1.0 

1 .o 

6 .46  
1 
c1 
Q\'  c w 
1 

.971 

.955 

.E87 

.T54 

.628 

.527 

.478 

.441 

.407 

.386 

.378 

,365 

.357 
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CHAPTER FOUR - SILICA AND THE REINJECTION OF GEOTHERMAL BRINES 

S 4  . 1 Introduct ion 

Quartz is the most s t a b l e  and most canmon form of s i l i ca  i n  nature. 

The rock matr ices  of most geothermal reservoi rs  contain quartz ,  and the  

s o l u b i l i t y  of q u a r t z  under  t h e  g i v e n  c o n d i t i o n s  u s u a l l y  de t e rmines  t h e  

concentration of dissolved s i l i c a  in the  brine. The predominant form of t h i s  

dissolved s i l i ca  is monosi l ic ic  ac id ,  S i ( O H ) 4 .  

When the  b r ine  is cooled i n  the  course of production and knergy.extrac- 

t ion ,  i t  becomes supersaturated r e l a t i v e  t o  quartz. The deposi t ion of quartz 

(and the  other c r y s t a l l i n e  s i l i c a  minerals) f r a n  aqueous so lu t ion  is very 

slow. The rate is neg l ig ib l e  under most condi t ions of i n t e r e s t  t o  geothermal 

prac t i c  e . 
The p rec ip i t a t ion  of s i l ica  from geothermal br ines  usua l ly  becomes 

not iceable  only a f t e r  supersa tura t ion  r e l a t i v e  t o  amorphous s i l i ca  is attain- 

ed, and the u s u a l  product is amorphous s i l i c a .  

There are two basic  pathways f o r  the p rec ip i t a t ion  of amorphous s i l ica:  

1) Homogeneous nucleat ion and growth of co l lo ida l  s i l i ca  p a r t i c l e s  in  

the so lu t ion  phase, and 

Molecular  d e p o s i t i o n  upon s o l i d  s u r f a c e s  t o  g i v e  a dense ,  compact 

s i l i ca  glass .  

The r a t e  of homogeneous n u c l e a t i o n  depends v e r y  s t r o n g l y  upon t h e  

sa tu ra t ion  r a t i o ;  i.e., the  r a t i o  of s i l ica  concentrat ion t o  the  equilibrium 

s o l u b i l i t y  under the  given conditions.  Very roughly, i t  is very slow when 

t h e  s a t u r a t i o n  r a t i o  is less  t h a n  two o r  t h r e e ,  and v e r y  f a s t  when t h e  

sa tu ra t ion  r a t i o  is grea te r  than three.  A t  s a tu ra t ion  r a t i o s  below about 

three,  there  is a certain "lag time" during which dissolved s i l ica  concentra- 

t i on  does not  change noticeably.  This "lag time" very r ap  d ly  increases  with 

decreasing s il ica concentration. 

2 )  

When conditions are such t h a t  homogeneous nucleat ion is unimportant 

( f o r  example, s a tu ra t ion  r a t i o  less than two, o r  a flow ve1oci.q f a s t  enough 

f o r  nucleat ion t o  be l imi ted  t o  poin ts  f u r t h e r  downstream), the  molecular 

deposi t ion mechanism is dominant. The rate of molecular depos i t ion  on s o l i d  

surfaces  is usual ly  very slow, but may becane s i g n i f i c a n t  under condi t ions of 

high s i l i ca  concentrat ion and temperature. For example, deposi t ion of v i t -  

L 

I 

t 

(. 

. 

6 

i 

. 
f 



-169- 
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* 

lr i l l u s  trat- 

0 

S 

The deposition of vitreous si1 

depos i t ion  process has a l r  

always slow, but the materi 
t 

4 

6 

s i l i c a  to 

c a l  cementation W 



t f ac to r s ) .  When t e l y  in equilibrium with LJl 

dissolved si l ica,  cementation is sl 

d i f fe rence  of sur f  

points  where hyd 

remain undisturbed. 

I 

F a i r l y  hard s o l i d  depos i t s  may f o  moderate rate ( ce  

p e r  y e a r )  w h e r e  b o t h  c o l l o i  

dissolved s i l i c a  are present.  Cementation is r e l a t i v e l y  f a s t  under these  

bs ' tan t i a l  l y  s u p e r  

conditions.  Sometimes, when the  dissolved s i l i c a  concentrat ion is high enough 
and the  depos i t  remains in good contac t  with th  en ta t ion  can 

proceed t o  the  poin t  of p ucing a g l a s s l i k e  m 
* .  . 

1. 

In j ec t ion  of b r i n e  can damage the  receiving formation if 
supersaturated with si l ica o r  n t a ins  c o l l o i d a l  si l ica.  Any b r ine  t h a t  is 

supersaturated relative t o  

s o l i d  sur faces  a t  a rate determined the  d isso lve  

temperature, and other var iab les .  The rate m a  l e  ( t h e  usual case 

a t  moderate concentrat ions and temperatures), ay no t  be. What const i -  

t u t e s  a neg l ig ib l e  rate 11 depend on the  physical p roper t ies  of the  reser- 
example, 0.0 /year would be neg l ig ib l e  i f  the  in jec ted  f l u i d  

i n t o  a 4 mm f r ac tu re .  It would be ca tas t rophic  the  rock had 

pore permeabili ty only and an averag 

Note t h a t  the  rate of molecular 

o re  s i z e  of 0.01 mm. 

pos i t ion  is determined on1 

ature, concentrat ion and other  chemical var iab les ,  and is no t  a f f ec t ed  by 

the  hydrodynamic s ta te  o This means epos i t ion  w i l l  con t h u e  

u n t i l  the  supersa tura t  ed by some 

dec l ine  and reheating. , 
I f  b r i n e  t h a t  conta ins  a f l o c  is re in jec ted ,  t h e  f l o c  w 

i n  any p lace  e the  b r i n e  en te r s  pores or cracks f i  

.e 

se places  w i l l  n tua l ly  be plugged. I f  pore 

p lace  r i g h t  a t  the wellbor 
L ver ,  damage a t  the  w e  
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bj the  easiest to  undo by t r e a t i n g  the  w e 1  

r e se rvo i r ,  t he  f l o c  may f i n a l l y  come t o  rest so f a r  from the i n j e c t o r  t h a t  

d 

I 

i 

0 

Also, i f  the  f l o c  

y redissolve.  

ough d i s s o l v e d  

d i s t r i b u t i o n  of the  damage 
w i l l  be s imi l a r ,  but the darnane w i l l  be worse and harder t o  undo. Fortuna- - 
t e ly ,  s i g n i f i c a n t  supersa tura t ion  cannot p e r s i s t  f o r  long i n  the presence of 
l a r g e  co l lo id  loadin c e  the  ex ten t  of 

cementation f u r  ther  

It m u s t  be  considere  r e se rvo i r  materi- 

a ls  could d e s t  deposit ion.  For example, 

i n  j ec t ing b r  i n  a t  is undersaturated with calcite i n t o  a calcite bearing 

f on would cause e pH and calcium content of the  b r ine  t o  increase, 
t des t ab i l i z ing  

supersa tura t ion  could 

Whether o r  no t  homogeneous undergo homogeneous nuc lea t ion  post-reinj  ection. 

nucleat ion a c t u a l l y  occurred would be determined by whether competing pro- 

gh t o  prevent it. Homog&eous 

olve rapid cementation of the  c o l l o i d  

i 
.r 

1. 

6 ed p a r t i c l e s  from the  
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S4.4 Brine Treatment f o r  S i l i c a  Control 

A s a l i e n t  c h a r a c t e r i s t i c  of geothermal  energy  c o n v e r s i o n  p r o c e s s e s  

is that they involve l a r g e  mass flows. Typically,  about 10 kg of na t ive  

o r  f l a s h  steam i s  r e q u i r e d  p e r  kwhr g e n e r a t e d ,  and 20 t o  40 kg of s p e n t  

br ine must be disposed of .  This means t h a t  a br ine  treatment cos t  of more 

t h a n  lOE-5$US/kg of  b r i n e  i s  s i g n i f i c a n t ,  and a c o s t  of more t h a n  abou t  

10E-4$US/kg i s  unl ike ly  t o  be acceptable. This means t h a t  br ine  treatments 

must be s imple,  and t h a t  chemicals added i n  concentrat ions g rea t e r  than a 

few p a r t s  per mi l l ion  must be very cheap. Also, the  sheer volume of b r ine  

t o  be t r ea t ed  can render a process impract ical  because of unacceptably l a r g e  

t . 
. 

br ine  s torage o r  chemical de l ivery  o r  handling requirements. F ina l ly ,  t o  be 

commercially v iab le ,  t he  ove ra l l  energy ex t r ac t ion  and conversion system 

must be as cheap, r e l i a b l e ,  and easy t o  operate as o ther  types of electric 

powerplants. 

With the  above considerat ions i n  mind, we proceed t o  review poss ib le  

approaches t o  avoiding s i l ica  r e l a t e d  problems i n  r e in j ec t ion .  

p rec ip i t a t ion  from geothermal brines:’ 

Four d i s t i n c t  approaches have been developed for the  con t ro l  of silica 

1) 
Supersaturat ion can be avoided by preventing cooling of b r i n e .  t o  below 

the  sa tu ra t ion  temperature of amorphous s i l ica  f o r  the  given concentrat ion of 

dissolved s i l i c a  . This i s  the  only completely s a f e  and sure ,  s i m p l e  approach 

Avoidance o r  minimization of s i l ica  supersa tura t ion  

t o  the  problem t h a t  is  ava i l ab le ,  and i s  a matter of clever process design 

f o r  energy conversion r a the r  than ac tua l  br ine  treatment.  The s u b s t a n t i a l  

d i f fe rence  between the  s o l u b i l i t y  of quartz ,  which determines the  i n i t i a l  

s i l i c a  concentrat ion i n  the br ine ,  and t h a t  of amorphous si l ica makes the  

goal  a t t a i n a b l e  i n  many cases ( see  Table 4.1). A successful  p r a c t i c a l  demon- 

s t r a t i o n  of t h i s  approach w i l l  be discussed i n  the  following Section. 

Increasing br ine  pH a l s o  increases  the  s o l u b i l i t y  of amorphous si l ica 

by causing p a r t i a l  d i s soc ia t ion  of monosil icic acid.  This e f f e c t  becomes 

s i g n i f i c a n t  above about pH 7.5. Adding enough base t o  cause a l a r g e  increase 

. 
a 

i n  s o l u b i l i t y  would probably be impract ical  i n  most cases bezause of the  

l a r g e  amounts that ,would be required (as much as severa l  mil l iequivalents /kg 

b r i n e ) .  However, i n  some cases, a small i n c r e a s e  i n  s o l u b i l i t y  may be 
, 

L* 
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4 

i 

i 

des i r ab le  and p r a c t i c a l l y  a t t a inab le .  Also, some unmodified f lashed br ines  

have pH va lues  high-enough f o r  t h i s  e f f e c t  t o  b ign i f  i can t  ; f o r  example , 
t h e  b r i n e s  a t  East Mesa ' (Ca1 i fo rn ia )  are o f  t type .  T h i s  shou ld ,  of 

c o u r s e ,  be t a k e n  i n t o  c o n s i d e r a t i o n  i n  i n t e r p r e t i n g  b r i n e  c h e m i s t r y  and 

devis ing b r ine  treatments 

Under some circumstances a sa tu ra t ion  r a t i o  somewhat i n  excess of un i ty  

may g ive  homogeneous nucleat ion and molecular deposi t ion rates low enough t o  

be p r a c t i c a l l y  in s ign i f i can t .  This is p a r t i c u l a r l y  l i k e l y  a t  temperatures 

below 100OC. i s  p o s s i b i l i t y  should be ca re fu l ly  considered using avai- 

l a b l e  k i n e t i  i n  t h i s  repor t )  when designing f o r  

a s a t u r a t i o n  ratio of un i ty  or lower appears impract ical  f o r  some reason. 

Kinetic i n h i b i t i o n  of molecular deposi t ion and nucleat ion 

a (our own work elsewher 

2) 
The rates of a l l  s i l ica  polymerization ,processes  decrease with decreas- 

ing pH. Therefore, an obvious h r ine  treatment f o r  the  purpose of slowing 

down si l ica p rec ip i t a t ion ,  although not  a c t u a l l y  stopping i t ,  i s  t o  a c i d i f y  

the  brine.  Al te rna t ive ly ,  t h e  pH may be kept f rom.r i s ing  by avoiding f lash ing  

t h e  b r i n e ,  as i n  a b i n a r y  c y c l e  w i t h  .downhole pumped b r i n e  p roduc t ion .  

Another e f f e c t  of lowering pH is t o  i n h i b i t  the  .coagulat ion of c o l l o i d a l  

This may o r  may not be des i r ab le  i n  a given instance.  

Lowering pH o r  keeping it from r i s i n g  may a l s o  decrease o r  e l imina te  the  

p r e c i p i t a t i o n  of calcium carbonate. \ 

Most discussions o f ' t h i s  b r ine  treatment assume the  use of hydrochloric 

acid.  Su l fu r i c  ac id  is  cheaper, but may cause o r  aggravate the  p r e c i p i t a t i o n  
of calcium, strontium o r  barium su l f a t e .  However, this p o s s i b i l i t y  should be 

c a r e f u l l y  evaluated on a case by case bas i  nd the  use of s u l f u r i c  ac id  

should not be r e j ec t ed  out of hand because . The cheapest ac id  of a l l  
i s  t h e  ca rbon  d i o x i d e  c o n t a l n e d  i n  geothermal  condenser  of f -gas .  

additivi!  , I s  ava i l ab le  a t  no c o s t  ts u t i l i z a t i o n  would requi re  l a r g e  and 

6 p o t e n t i a l l y  complicated and expens gas-liquid contact  equipment. Also, 

carbon dioxide would n o t '  be ab le  to  reduce the  pH t o  much below 6 ,  and the  

use of condenser off-  s would inev i t ab ly  introduce some atmospheric oxygen 

i n t o  t h e  b r i n e .  Oxygen c o u l d  a g g r a v a t e  c o r r o s i o n  problems o r  c a u s e  t h e  

p rec ip i t a t ion  of f e r r i c  hydroxide o r  similar substances. 

- 
c 

* 

4 

\ 

Workers a t  t h e  Lawrence Livennore Laboratory have extensively evaluated 

u t he  use of hydrochloric ac id  addi t ion  f o r  si l ica cont ro l  a t  Niland (Austin,  



e t  a l - ,  1977). In  ' tha t  p a r t i c u l a r  case,  the  estimated c o s t  of b r ine  a c i d i f i -  L+ 
ca t ion  by addi t ion  of 200 ppm HC1 was marginally acceptable (1 or 2 , m i l s  

/kwhr). Prohib i t ive  corrosion problems were u l t imate ly  responsible  f o r  

the abandonment of the  concept. Also, i t  .was .found t h a t  pumping the ac id i -  

f i e d  br ine  through sandstone cores  dissolved the  c a l c i t e  in the-matr ix  which 

l e d  t o  se r ious  plugging with loosened matr ix  material (Piwinski i  and Nether- 

ton, 1977). A l l  i n  a l l ,  b r ine  a c i d i f i c a t i o n  proved i n p r a c t i a l  a t  Niland. 

This may or  may not  prove t o  be the case elsewhere. 

. 3) '*Aging" the  br ine  t o  convert dissolved s i l i ca  t o  c o l l o i d a l  s i l ica  

This process has been demonstrated on a canmercial s c a l e  a t  the  Otake 

p l a n t  i n  Japan  (Yanagase,  et &., 1970) ,  and on a p i l o t  ' p l a n t  * s c a l e  a t  

Ahuachapgn in '  . E l  Salvador (Cudllar , 1975) and a t  Wairakei and Broadlands i n  

New Zealand (Rothbaum and Anderton, 1975). 

A t  Otake and Ahuachapdn t h e  desired goal w a s  reduct ion of the  rate of 

s ca l ing  in sur face  waste b r ine  d isposa l  pipes and canals.  In both places,  

u n t r e a t e d  b r i n e  d e l i v e r e d  t o  th,ese c o n d u i t s  a p p a r e n t l y  c o n t a i n e d  .bo th  

co l lo ida l  s i l i c a  and a s u b s t a n t i a l  .excess of dissolved silica. Rapid accumu- 

l a t i o n  of hard s c a l e  of the  cemented c o l l o i d a l  aggregate type w a s  observed. 

"Aging" the b r ine  by r e t a in ing  i t  in a s u i t a b l e  tank f o r  a period of time w a s  

t r i e d  in  both cases  in a conscious attempt t o  convert  as much s i l i c a  as 
poss ib le  t o  a r e l a t i v e l y  nonadhesive "polymeric form", or,  i n  o ther  words, t o  

reduce the  dissolved s i l i c a  concentrat ion by allowing time f o r  its conversion 

t o  co l lo ida l  s i l i c a .  

The experiments succeeded in both cases, and a commercial scale. "br ine 

aging pond"was a c t u a l l y  constructed and put i n t o  rou t ine  operat ion a t  Otake. 

I n  both places,  the  rate of s c a l e  accumulation in the  b r ine  d isposa l  system 

was g r e a t l y  diminished. Scanning e lec t ron  micrographs of s c a l e  specimens 

from Otake c l e a r l y  show t h a t  the  scale-at  the  o u t l e t  of the  "aging pond" is a 

f l u f f y ,  weakly cemented f loc- l ike  material. Cue l l a r  comments on the accumu- 

l a t i o n  of about 14.5 metr ic  tons of s c a l e  in  the aging pond, but notes  t h a t :  

"Almost a l l  depos i t s  i n  the  tank are very l i g h t ,  porous, and e a s i l y  removed." 

In  both cases, only a f r a c t i o n  of the  co l lo ida l  s i l i ca  i n  the  b r ine  w a s  

deposited in  the  "aging pond" o r  disposal  system. Most of i t  was apparent ly  

ca r r i ed  away by the b r ine  in  metastable or weakly f loccula ted ,  nonadhesive 

z - 
. 

z 

form. . cs, 
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&i New Zealand, brine'  aging has be experimented wit 

a more complicated course The primary purpose 

there  was t o  convert d i  cannot be removed by coagulation, 

l l o i d a l  s i l i c a ,  which can. Th s a t t a ined  there  as w e l l .  
The time needed for the dissolved s i l ica  concentration to drop i n t o  - the  range e of slowly decreasing 'kea teady s t a t e "  Values w i l l  vary widely 

* found t o  be a s  llows: Broadlan 30 minutes , Ahuachapdn, 

i c  

s of 'the brine.  In  t h  ted instances , adequate 

45 minutes, Otake, 1 hour, and Wairakei, 2 1/2 hours. 

ime r equired w i l l  th  increasing i n i t i a l  

eader is re fe r r ed  t o  

the  da ta  presented by us elsewhere i n  t h i s  repor t  in t h i s  regard. 

A v a r i e t y  of d i f f e r e n t  physical  configurations f o r  the  b r ine  aging 

vesse l  seem t o  w9rk w e l l .  The main thing t h a t  the  appa ra t i  seem t o  have i n  
common is t h a t  they a l l  provide approximately plug flaw r eac to r  condi t ion 

the reader  t o  the  o r i g i n a l  the review by P h i l l i  

- al .  (1977)"' ther  d e t a i l s .  Our only firm' r ec  ndation is t h a t  the 

and t o  min 

remove any c o l l o i d a l  

ex i s t ing  knowledge t o  

1 . 
4 

4 

aged b r ine  followed by s e t t l i n g  was found to 'remove a l l  of the  c o l l o i d a l  

hd s i l l c a  and mo of the  a rsen ic  an issolved s i l i c a  (Rothbaum and Anderton, 
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1975). The product is igh su r face  area mixture of c o l l o i d a l  amorphous 

s i l i ca  and amorphous calcium s i l i ca t e  which might have some p r a c t i c a l  use. 

Removal of c o l l o i d a l  s i l i c a  a l o n e  is n o t  e x p l i c i t l y  d i s c u s s e d  by 

Rothbaum and Anderton, but ,the da t a  presented by ,them suggest t h a t  about 100 

ppm CaO alone may be adequate f o r  t h i s  purpose. This r e l a t i v e l y  l a r g e  amount 

appears t o  be needed because the  New Zealand br ines  are of rather l o w  s a l i n i -  

t y  and, i n  p a r t i c u l a r ,  conta in  l i t t l e  calcium. Therefore, a large inc  

i n  pH and/or calcium ion concentration is needed t o  f l o c c u l a t e  the s i l i  
them 

. I  

We n o t e  t h a t  increasing the  pH and/or calcium ion concent ra t ion  may 

cause or  aggravate calcium carbonate p r e c i p i t a t i o n  e i t h e r  a t  the  su r face  

post-reinjection. This is p a r t i c u l a r l y  t o  be expected in the  case of a very 

low ca lc ium and h i g h  b i c a r b o n a t e  b r i n e  l i k e  t h a t  a t  Broadlands.  T h i s  

p o s s i b i l i t y  must be c a r e f u l l y  considered on a case by case b a s i s  i f  lime 
add i t ion  is being considered. 

Removal of c o l l o i d a l  s i l i ca  f r a n  the  b r i n e  a t  Niland (Cal i forn ia)  has  

been demonstrated by Quong, et &. (1978) on a small p i l o t  p l a n t  scale. 

The suspended s o l i d s  i n  the  f lashed  b r ine  a t  Niland c o n s i s t  mostly of co l lo i -  

d a l  amorphous s i l i ca ,  but conta in  smaller amounts of o ther  substances as 

w e l l .  However, the  s i l ica  dominates the  o v e r a l l  behavior of the  p r e c i p i t a t e .  

This b r i n e  is except iona l ly  s a l i n e  and has a p a r t i c u l a r l y  h igh '  calcium 

content ,  but the  pH is only about 5.5. This a t y p i c a l l y  l o w  pH va lue  causes 

t h e  d e c l i n e  i n  d i s s o l v e d '  s i l i c a  t o  be elow, and t h e  r a t e  and e x t e n t  of 

coagulation of c o l l o i d a l  s i l i ca  t o  be s m a l l .  Raising the  pH h e l p s - m a t t e r s  

considerably,  but causes the  supernatant t o  cloud wi th  f e r r i c  hydroxide 

following p rec ip i t a t ion .  This behavior is due t o  the  very high iron concen- 

t r a t i o n  i n  Niland b r i n e s .  ( T h i s  e f f e c t  m i g h t  b e  a v o i d a b l e  by a v o i d i n g  

contac t  wi th  a i r ,  but t h i s  is n o t  discussed in the  c i t e d  paper.) A l l  i n  a l l ,  
Niland is a r a t h e r  d i f f i c u l t  case. 

The process proposed is as follows: 

F i r s t ,  a few ppm of the  coagulant a i d  are added t o  t h e  b r i n e  and i t  is 

r a p i d l y  s t i r r e d  f o r  f i v e  minu tes .  ~ Then i t  e n t e r s  t h e  c l a r i f i e r .  T h i s  

device h a s  a l a r g e  amount of slowly s t i r r e d  coagulated s i l ica  sludge a t  the  

bottom. The b r ine  slowly flows through the  sludge, and as it  does, t he  very 

high dens i ty  of coagulated c o l l o i d a l  s i l i c a  i n  the  sludge r a p i d l y  reduce? 

, 

P 

. 
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8, 

the  dissolved s i l i c a  concentration i n  the br ine ,  as w e l l  as coagulating and 

r e t a i n i n g  most of c o l l o i d a l  s i l i ca .  The b r ine  then flaws up and ou 

sludge blanket a t  about 0.25 mm/s. This is the maximum ve loc i ty  c o n s i s t e n t  

with good sepa ra t ion  of t c l a r i f i e d  b r ine  f. om the  sludge through g rav i t a t -  

iona l  s e t t l i n g  of t h e  la t ter .  The c l a r i f i e r  overflow st i l l  conta ins  4 
unacceptably high concent ra t ion  of suspended s o l i d s  (44 ppm i n  t h e  b e s t  

performance reported) H sand bed f i l t r a t i o n  reduces t h i s  t o  

below 5 ppm, which is considered good enough f o r  re in jec t ion .  

Laboratory s imula t ion  work on Cerro P r i e t o  br ines  (Weres and Tsao, 1980) 
suggests t h a t  a much simpler treatment would s u f f i c e  there: 10-20 minutes 

aging, add i t ion  of 20- ppm CaO,  5 minutes of vigorous s t i r r i n g ,  and sepa- 

r a t  ion of p r e c i p i t a t e  The r e s u l t i n g  precipi-  

ta te  sett les a t  about 1 mm/s and the  " c l a r i f i e d  brine" conta ins  less than 4 
ppm suspended s i l i ca .  

b r i n e  i n  a s e t t l i n g  tank. 

That such a simple process appears ,adequate f o r  Cerro P r i e t o  is f o r t u i -  

tous happens tancer As i t  happens, n flashed down t o  loo%, Cerro P r i e t o  

b r i n e  is i n  a chemical s ta te  conducive t o  very f a s t  c o l l o i d a l  s i l i c a  nuclea- 

t i o n  and dissolved s i l i c a  dec l ine .  

moderately f loccula ted  i n  the  unmodified br ine ,  and does no t  begin t o  se t t le  

wever, i t  is near t o  the  pH 

by about one-half u n i t  by 

st) causes very r ap id  and 

The r e s u l t i n g  co l lo ida l '  

d e r  t h i s  subhead ing  a r e  
, but  vary g r e a t l y  i n  i ts  

ue t o  the  d i f f e r e n t  b r i n e  

a t e s  t h a t  an  
"of f -  the-shelf he area of geothermal che- 

t o  the  par t'icular charac- 

ter is t ics of the  

The only d iscuss ions  of l a r g e  scale r e i n j e c t i o n  of geothermal br ines  

i n  the  l i t e r a t u r e  d e a l  wi th  Ahuachapkn (Einarsson, et.al., 1975; CuLllar,  
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Lf 1975) and Otake (Kubota and Aosaki, 1975). 

uachapan, the  br ine  was i n i t i a l l y  sa tura ted  with quartz  

24OoC, and was f lashed down t o  about 1 5 5 O C  and re in jec ted  a t  152OC. 
ore,  i t  was s l i g h t l y  undersaturated with amorphous s i l i ca  at i n j e c t i o n  

(see Tab le  4.1). As p r e d i c t e d ,  t h e r e  was no p e r m e a b i l i t y  r e d u c t i o n  o r  
s ca l ing  of any s o r t  observed over t he  dura t ion  of the i n j e c t  

s u c c e s s f u l  which t o t a l e d  a lmos t  2E6 m3 of b r i n e .  T h i s  i s  t h e  c l a s  . 
demonstration of the  supersa tura t ion  avoidance approach t o  s i l i ca  prec ip i ta -  

t i o n  control .  

Routine r e in j ec t ion  of spent br ine from the geothermal development 

a t  Otake began i n  1972. As of  1975 ,  8 t o n n e s  had been  i n j e c t e d  i n t o  

. The receiving i n t e r v a l  was a highly permeable stratum of t u f f  

breccias  300 m thick.  Over the  th ree  years ,  a slow decrease i n  i n j e c t i v i t y  

of t he  th ree  welis was observed. For example, with the water l e v e l  a t  the 

wellhead, r e i n j e c t i o n  w e l l  No. 1 took 310 tonnes/hr a t  the beginning of 

i n j e c t i o n ,  but only 120 tonnes/hr i n  1975. Scale w a s  deposited throughout the 

length  of t h i s  w e l l .  A t  the  wellhead, t h e  scale was about 25 mm th i ck  a f t e r  

th ree  years  and consis ted mostly of silica. 

. 

Unfortunately, nothing is s a i d  about t he  p re in j ec t ion  treatment t h a t  

the  br ine  received ( i f  any), o r  even about t h e  br ine  temperature. However, 

Yanagase, e t  a l .  (1970) reported t h a t  a f u l l  f i e l d  capaci ty  b r ine  aging pond 

w a s  i n  rout ine  operat ion as of 1970. Therefore, i t  seems l i k e l y  that  the 

in jec ted  br ine  w a s  being . t reated i n  t h i s  way. This means t h a t  the b r ine  

probably contained about 200 ppm of metastable c o l l o i d a l  si l ica and was 

supersaturated with amorphous s i l ica  by a few percent. I f  so, the  iepor ted  

i n j e c t i v i t y  decrease was probably due t o  slow depos i t ion  and cementation of . 
c o l l o i d a l  amorphous s i l i c a  both near and a t ’  some d i s t ance  from the  wellbore. 

The i n j e c t a b i l i t y  of the spent br ine  a t  Niland has been ex tens ive ly  

s tudied a t  t h a t  s i t e  by laboratory methods as w e l l  some t u a l  i n j e c t i o n  

tests (Owens, - e t  &., 1977; Netherton and Owen, 1978). I n j e c t i o n  tests 

showed t h a t  u n t r e a t e d  b r i n e  q u i c k l y  and comple t e ly  plugged up t h e  p o r e  

permeabili ty of the  receiving formation r i g h t  a t  the w e l l  re. However, 

i n j e c t i o n  was not  stopped by t h i s  plugging because a la r  f r a c t u r e  zone 

continued t o  take  the brine.  The nenbrane f i l t e r  test method commonly used 

i n  petroleum p rac t i ce  t o  evaluate  the  i n j e  a b i l i t y  of waters (Ba 
L 
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c ' Davidson, 1972) w a s  adapted t o  geothermal use and successfu l ly  applied. Its 

d w e l l  with those of t he  i n j e c t i o n  ex ents .  Also, membrane 

f i l t r a t i o n  experiments c l e a r l y  demonstrated the  mechanism of depos i t ion  of 

cemented c o l l o i d a l  aggregates from b r i n e  t h a t  contained both c o l l o i d a l  and 

supersa tura ted  dissolved s i l i c a .  Core-flushing tes t  methods and equipment 
- 
. f o r  evaluating i n j e c t a b i l i t y  were developed, applied,  and described as w e l l .  

i 
S4.6 Outstanding Research Needs 

A bas ic  need in  a l l  a r eas  of geothermal chemistry is t h a t  f i e l d  d a t a  

of var ious  s o r t s  be c a r e f u l l y  co l l ec t ed  and exhaustively analyzed. This does 

no t  necessa r i ly  mean t h a t  grandiose new experimental programs need t o  be  

s t a r t e d .  Rather, ongoing tes t  and operational ac t iv i t i e s  should be planned 

with the  p a r t i c i p a t i o n  of chemists, and provisions should be made f o r  adequate 

and w e l l  defined sampling, ana lys i s ,  and descr ip t ion .  The u l t ima te  product 

of t h i s  work should be a series of w e l l  documented case s t u d i e s  t h a t  desc r ibe  

and explain what a c t u a l l y  happens . Thorough cha rac t e r i za t ion  of a l l  precipi-  

t a t ed  s o l i d s  must be  included i n  such s tud ie s ,  and every e f f o r t  should be 

made t o  compare and r econc i l e  the pred ic t ions  of t h e o r e t i c a l  and labora tory  

s t u d i e s  wi th  a c t u a l  f i e l d  experience. 

The major, outstanding need i n  the  area of s i l i c a  chemistry is a capabi- 

l i t y  t o  q u a n t i t a t i v e l y  e x p l a i n  and p r e d i c t  t h e  c o l l o i d a l  s t a b i l i t y  and 

coagulation behavior of c o l l o i d a l  amorphous s i l ica ,  and its cementation 
following coagulation. ned with e x i s t i n g  knowledge of the  chemical 

k i n e t i c s  of amorphous s i l i c a  p r e c i p i t a t i o n ,  t h i s  information would go a long 

way towards systematizing t h e  design of p re in j ec t ion  b r ine  treatment pro- 

cesses c 

* 
A r e l a t e d  need is a b e t t e r  understanding of the p r e c i p i t a t i o n  of amor- 

b 

i phous s i l i c a t e  materials. Work i n  t h i s  a r eas  should s ta r t  wi th  c a r e f u l  
c h a r a c t e r i z a t i o n  of obse rved  p r e c i p i t a t e s ,  and move toward t h e  s o r t  of 

pred ic t ive  c a p a b i l i t y  t h a t  e x i s t s  f o r  pure amorphous si l ica.  
A need s p e c i f i c  t o  the  study of r e i n j e c t i o n  is a b e t t e r  understanding of 

e x a c t l y  how and where p r e c i p i t a t i o n  and p lugg ing  o c c u r ,  and what  t h e i r  
' e f f e c t s  on formation p rope r t i e s  a c t u a l l y  are .  

b d  
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Table 4.1 

S i l i c a  Concentrations, Sa tura t ion  Rat ios ,  and Deposition Rates 

1 

Resulting from Flashing Water I n i t i a l l y  Saturated with Qua 

I n i t .  t ( % )  200 220 240 270 30 0 
Solub. Quartz(ppm) 297 375 440 52 1 59 8 

Fina l  Solub. 
t (Oc) Am. S i 1  . (ppm) 

70 245 

100 364 

1.315" 
390 

1 . 594 
0.010 

1.238 
368 

1.010 
0.0003 

130 509 1.164 
346 

0.679 - 
160 680 1.093 

0.477 
' 325 

- 

1 . 387 
520 

2.123 
0.058 

1 . 303 
48 9 

1 . 342 
0.029 

1.469 1.619 2 . 004 
64 6 84 4 1,198 

2.636 3.443 4.891 
0.145 0.30 0.62 

1.377 1.514 1.859 
60 6 789 1.112 

1.664 2.167 3.054 
0.13 0.64 2.05 

1.224 1.292 
459 568 

0.902 1.117 - 0.034 

1.148 1.210 
43 0 53 2 

0.633 0.783 - - 

1.416 
738 

1 . 449 
0.37 

1.324 
690 

1.014 
0.016 

1.728 
1.033 
2.030 
3.21 

1.607 
96 1 

1.413 
1.70 

*Key 1.315 Ratio of concentrat ion by f lashing.  
390 

1.594 Fina l  s a t u r a t i o n  r a t i o  over s o l i d  AS. 
0.010 

Fina l  concentrat ion of Si02 (ppm). 

Molecular depos i t ion  r a t e  i n  micrometers/day a t  pH=7;0 and 
[Na+] =O . 069 . 

Deposition r a t e s  ca lcu la ted  using k i n e t i c  expressions given i n  Chapter I11 of 
t h i s  ,report  . 
One s tage  f lash ing  has been assumed f o r  s impl ic i ty .  

. 

. 
t 



hJ CHAPTER FIVE - THE STATUS OF GEOTHERMAL BRINE TREATMENT TECHNOLOGY 

Overview 

s 

t h i s  Chapter is t o  g ive  an overvi 

e of the  art i n  geo 

y. The emph s o r t s  of br ine  

a1 br ine chemistry and br ine  
0 

c 

treatments may be needed by a typ ica l  geothermal e l e c t r i c  development pro- 
* 

j e c t ,  what is  ava i l ab le ,  and w the  developer 

deal ing with a n t i c i  chemistry r e l a t  

expect t o  proceed i n  

The author 's  o 

pre in j ec t ion  s i l i c a  removal, and t h a t  i s  r e f l ec t ed  here. 14uch of the  work i n  

br ine  chemistry is proprietary o r ,  i f  no e t a ry ,  is  s t i l l  under way and 

en published. The discussion of such work i s  necessar i ly  

author 's  l imi ted  knowledge of i t  and b ppl icable  s tandards 

of professional  conf iden t i a l i t y .  

S5.1 

Undisturbed br ines  i n  a geothermal reservoi r  are i n  chemical equilibrium 

with the  s o l i d  phases they are i n  contact  with. The l a r g e  temperature drops 

and steam l o s s e s  br ines  undergo during the  processes of br ine  production and 

energy ex t r ac t ion  may cause various s o l i d s  t o  precipitate from them. 

i n i t i a l  c h a r a c t e r i s t i c s  'of the  br ine  and na ture  and operating parameters of 

these  processes determine wha t ' p rec ip i t a t e s ,  i n  what quant i ty ,  and where. 

The dependence on i n i t i a l  condi t ions and process parameters is st rong and not 

very w e l l  understood. It is  o f t en  the  case that experiments with b r ine  

specimens from d i f f e r e n t  wells i n  the  same f i e l d  or with r a the r  similar 

The 

r 

I 

syn the t i c  br ines  g ive  s t r i k i n g l y  and inexpl icably d i f f e r e n t  r eeu l t s .  Extrapo- 

l a t i o n  from f i e l d  t o ' f i e l d  is more hazardous s t i l l ,  even i f  the  b r ine  composi- 

t i o n s  and i n i t i a l  temperatures are similar. 
In most cases, the  major p r e c i p i t a t e  i s , e i t h e r  calcium carbonate or  

c o l l o i d a l  amorphous si l ica.  Massive carbonate p rec ip i t a t ion  is more t y p i c a l  

of moderate temperature b r ines  ( t h e  classic example is East Mesa), and 
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i d  massive amorphous silica p rec ip i t a t ion  is  l imi ted  t o  h o t t e r  br ines  (Nilsnd ,. 
Cerro Prieto) .  The t o t a l  amount of p rec ip i t a t e  may range up t o  severa l  

hundred grams of s o l i d  per metric tonne of br ine  i n  the case of silica. 

Smaller amounts of other  phases such as amorphous i r o n  si l icate,  i r o n  sul- 

f i d e ,  lead su l f ide ,  o r  i ron  car te are a l s o  f requent ly  

general ,  the  imp0 nce of these  "exotic" phases increase 

br ine s a l i n i t y  and i n i t i a l  temperature. Except f o r  the  most 

(i.e., Niland) they usual ly  a m 0  

As a r u l e ,  they are recognized as being a problem i n  

when not overwhelmed by e i t h e r  calcium carbonate o r  s 

Even at Niland, where the  amount of i r o n  si l i  

approaches the amount of s i l i c  esent  a separate  

simply because they p r e c i p i t a t e  along with the  silica. 

strontium o r  barium s u l f a t e  may a l s o  p r e c i p i t a t e  out  when "incompatible" 

br ines  are mixed. 

t o  only a few grams per t o  

of themselves only 

a t ion .  

u l f  i d e s  t e  and the  var  

Calcium carbonate o r  

A t  present ,  quan t i t a t ive  pred ic t ions  can be made only i n  regard t o  the  

p rec ip i t a t ion  of calcium carbonate and amorphous s i l ica  from low and moderate 

s a l i n i t y  br ines ,  and even t h i s  pred ic t ive  capab i l i t y  i s  not  complete o r  very 

r e l i ab le .  It is possible  t o  ca l cu la t e  the  s o l u b i l i t y  of e i t h e r  under the  

given chemical condi t ions,  and t o  calculate the  rates of nuc lea t ion  of col- 

l o i d a l  s i l ica  p a r t i c l e s  and t h e i r  growth. It i s  not  ye t  possible  t o  -predict  

! 

the  k i n e t i c s  of formation of s o l i d  carbonate o r  si l ica scales o r  the  behavior 

of suspended pa r t i c l e s .  The t h e o r e t i c a l  and numerical methods involved i n  

making these pred ic t ions  are so complicated t h a t  t h i s  c a p a b i l i t y  i s  now only 

beginning t o  be ava i l ab le  ou t s ide  of the  National Laboratories.  

the  o ther  phases, the  e x i s t i n g  predic t ive  c a p a b i l i t i e s  hardly extend beyond 

the  vague g e n e r a l i t i e s  above. 

I n  regard t o  

The p r a c t i c a l  s ign i f icance  of a chemical change that takes place i n  the  

I 

. . 

t 

br ine  a l s o  va r i e s  with l o c a l  conditions and i s  equal ly  hard t o  predict .  For 
purposes of discussion,  we d iv ide  the  general  category of "p rac t i ca l  impacts 

of sca l ing  and s o l i d s  prec ip i ta t ion"  i n t o  two subcategories:  

1) impacts o f , s c a l i n g  on the  production w e l l s  and energy conversion 

sys t e m  ' 

2) damage t o  r e in j ec t ion  wells. 
L' 
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I, 

c 

* 
4- * 

1 

i 

c 

c 

In  general ,  binary cycle  power p l an t s  are much more vulnerable t o  

sca l ing  problems because of the  extreme s e n s i t i v i t y  o f .  t h e i r  thermodynamic 

and economic performance t o  "fouling" of the  heat  exchange surfaces.  

maximum allowable scale buildup on the heat  exchange surfaces  before a 

cleanout is  mandatory is on the  order  of a few t en ths  of a millimeter. Flash 

cycle p lan t  systems are much less vulnerable;  cleaning becomes-necessary only 

when enough scale bu i lds  Lp t o  i n t e r f e r e  with br ine  flow o r  valve operation. 

This means t h a t ,  i n  most cases, only calcium carbonate and amorphous silica 
sca l ing  have p r a c t i c a l  s ign i f icance  i n  a f l a s h  steam system; o ther  kinds of 

scale simply do not bui ld  up rap id ly  enough t o  cause problems i n  and of 

themselves. On the  o ther  hand, even t r ace  amounts of the "exotic" phases may 

be enough t o  render a binary p lan t  project  uneconomical. Fortunately,  binary 

cycle  systems are l e s s  l i k e l y  t o  encounter the  very high sca l ing  rates 

sometimes observed i n  f l a s h  steam systems. Both types of system are equal ly  

vulnerable  t o  producing w e l l  damage caused by rapid sca l ing  a t  the producing 

horizon o r  horizons. 

p red ic t  the  r a t e  of scale formation f o r  any kind of geothermal s c a l e  w e l l  

enough t o  quan t i t a t ive ly  pred ic t  the  economic impacts of sca l ing  f o r  any 

given s i t e  o r  power p lan t  design. 

The 

To the  author 's  knowledge, it is not  ye t  possible  t o  

Damage t o  the  r e in j ec t ion  wellbore may be caused e i t h e r  by plugging with 

s o l i d s  that are.suspended i n  the  b r ine  being in j ec t ed ,  o r  by p r e c i p i t a t i o n  of 

s o l i d s  from the  br ine  a f t e r  it has been reinjected.  
may be caused by slow reac t ions  t h a t  d id  not go t o  completion i n  the s u r f a c e '  

equipment (such as amorphous s i l ica  polymerization), by the  reheat ing.of  t he  

br ine  ( f o r  example, the  s o l u b i l i t y  of calcium carbonate decreases with 

increasing temperature), o r  by mixing with "incompatible" r e se rv io r  br ine  

( f o r  example, a calcium-rich in jec ted  br ine  mixing with a bicarbonate-rich 

r e se rvo i r  br ine) .  In  s i t u  p rec ip i t a t ion  is bas i ca l ly  the  same'as sca l ing ,  

and presents  the  same problems of 

s o l i d s  i n  the  b r ine  may be e a s i l y  measured i n  the  f i e l d ,  and an analogous 

problem of pred ic t ion  is absent.  

I n  s i t u  p rec ip i t a t ion  

red ic t ion .  The concentrat ion of suspended 

' 

However, even i f  p red ic t ion  o r  measurement quant i ty  of s o l i d s  

proves possible ,  i t  is usual ly  not known exac t ly  where these s o l i d s  w i l l  form 

and/or accumulate downhole,.or what t h e i r  practical e f f e c t  on i n j e c t i o n  w e l l  
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ii performance w i l l  be. 

the  simplest  cases, f o r  example, suspended s o l i d s  t h a t  accumulate a t  the  

sandface without s ign i f i can t  invasion of the  pore space t o  g ive  a " f i l t e r  

cake" with w e l l  character ized propert ies .  

A t  present ,  t h i s  may be meaningfully predicted only i n  

Detailed predic t ion  of the  e f f e c t s  of any given b r ine  treatment are 

equal ly  hard t o  make; e.g., everyone knows and can predic t  t h a t  ac id i fy ing  L 

the  br ine  can prevent the  p rec ip i t a t ion  of calcium carbonate and slow down 
- 

t h a t  of s i l i c a ,  but very l i t t l e  else can be predicted even t h i s  w e l l .  The 

v a r i a t i o n  of the  e f f e c t  of any given br ine  treatment from w e l l  t o  w e l l  and 

f i e l d  t o  f i e l d  i s  a t  least  as g rea t  as i s  the  v a r i a t i o n  i n  the  chemical 

behavior of untreated brines. 

simply design a b r ine  treatment system from general  p r inc ip les .  

The p r a c t i c a l  e f f e c t  of t h i s  i s  t h a t  one cannot 

e , n e t  p r a c t i c a l  r e s u l t  of a l l  t h i s  is  that progress i n  understanding 

and mastering the  chemical behavior of the  b r ine  i n  any given area relies 
heavi ly  on extensive f i e l d  tests. 

evaluated by means of de t a i l ed  f i e l d  t e s t i n g  i n  any given a rea .be fo re  f u l l  

scale development may proceed: 

The loca t ion ,  nature ,  and quant i ty  of s o l i d s  prec ip i ta ted  from the  

unmodified brine. Idea l ly ,  t h i s  should include c a r e f u l  chemical and petro- 

graphic ana lys i s ,  and a de ta i l ed  t h e o r e t i c a l  i n t e r p r e t a t i o n  which includes 

considerat ion of the  chemical changes t h a t  the  flowing br ine  i t s e l f  undergoes. 

A state-of-the-art  i n t e r p r e t a t i o n  is worth having, because it w i l l  maximize 

the  probabi l i ty  of making a v a l i d  and usefu l  ex t rapola t ion  t o  commercial 

condi t ions which are, as a r u l e ,  somewhat d i f f e r e n t  from test o r  p i log  

conditions.  

2) 

I n  general ,  the following may need t o  be 

1) 

I f  carbonate p r e c i p i t a t i o n  is a major problem, i t  i s  necessary 

t o  determine the  cause i n  d e t a i l  (i.e., f lash ing  downhole o r  mixing of 

incompatible f l u i d s ) ,  and, i f  needed t o  prevent p rec ip i t a t ion ,  w h a t  inhibi-  

t o r s  o r  ac ids  t o  i n j e c t  i n t o  the  br ine ,  i n  w h a t  amount, and where. 

3) The i n j e c t a b i l i t y  of t he  b r ine  i n  the  chemical state i n  which it w i l l  
be r e in j ec t ed  must be evaluated. 

na t ion  of the  amount and na ture  of any suspended s o l i d s  by membrane f i l t r a -  

t i o n  (Barkman and Davidson, 1972), and core f lushing experiments t o  evaluate  

the  a b i l i t y  of the  b r ine  t o  plug the  reservoi r  rock. 

these tests should be done i n  conjunction with b r ine  treatment p i l o t  plant  

A t  a minimum, t h i s  should include d e t e m i -  

If a t  a l l  poss ib le ,  
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w 

experiments so t h a t  the b r ine  employe 

commercial s c a l e  br ine  treatment f a c i  y a t  t h a t  s i te  w i  de l ive r  t o  the  

r e i n j e c t i o n  w e l l .  The core specimens employed should c lose ly  resemble the  

a c t u a l  reservoi r  rock o r ,  b e t t e r  ye t ,  be prepared from samples of it. A 

de ta i l ed  t h e o r e t i c a l  study of t he  chemistry of the  br ine  t o  be re in jec ted  

should be included i n  order  t o  assess the pro i l i t y  of such things as 
p rec ip i t a t ion  of s o l i d s  caused byxehea t ing  p - r e in j ec t ion  o r  mixing with 

(po ten t i a l ly )  incompatible f l u i d s  na t ive  t o  the  i n j e c t i o n  horizon. 

e a l i s t i c a l l y  represents  t h a t  which a 

Unfortunately, the  state of the  ar t  is such t h a t  even the above course 

of s tud ie s  may not be ab le  t o  g ive  a d e f i n i t i v e  answer regarding in jec tab i -  

l i t y .  

technology goes through the s t age  of a l a r g e  sca l e  in j ec t ion  experiment that 

involves one o r  a few w e l l s .  To be d e f i n i t i v e ,  t h i s  l a r g e  sca l e  test must 

dup l i ca t e  f u l l  scale b r ine  treatment and r e in j ec t ion  f a c i l i t y  operat ing 

condi t ions as c lose ly  as possible.  

A t  most sites, the  development and evaluat ion of b r ine  r e i n j e c t i o n  

4) I f  a p re in j ec t ion  b r ine  treatment process p es necessary, t h i s  

process must be evaluated on the  p i l o t  plant  scale at t h  

again,  the  condi t ions of the  p i l o t - e x p e r i  uld resemble fu l l - s ca l e  

operat ing condi t ions as c lose ly  as possible  

Pa r t  o r  a l l  of the above course of s tud ie s  has been executed o r  is . in 

iven 'site. Once 

r 

progress a t  a number o 

Salvador),  Broadlands (New 

Jemez Caldera, Niland 

Zealand). Commercial t Ahuachapdn and. Otake 

with r e i n j e c t i o n  r e in j ec t ion .  

huachapgn (E l  

, East Hesa, Heber, 

and Wairakei (New 

c t i o n  a t  East Mesa, Niland, and Jemez 

lanning stage.  

a generic  r a the r  than site- 

s p e c i f i c  na ture ,  it wo t ter  references t o  

publ ica t ions  d c i f i c  areas thro  e text. Instead,  i t  

was decided t o  l i t e r a t u r e  i n  t h i s  one 

place. For f u r t h e r  d e t a i l e d  en f i e l d ,  consul t  the  

following sources: 

Ahuachapdn: Cudllar (1975) and Efnarrson, Vides and Cudllar (1975). 



-186- 

L, Geothermal br ine treatment i n  general:  P h i l l i p s ,  Mathur and Doebler 

(1977) . 
Broadlands and Wairakei: Rothbaum and Anderton (1975) 

Cerro Prieto: Weres,Tsao, and I g l e s i a s  (1980) 

Niland and the  general  subjec t  of i n j e c t a b i l i t y  t e s t i n g  as applied i n  

geothermal practice: Austin, e t  al. 

Piwinski and Netherton (1977), Owen, e t  al. (1977), and Quong, e t  a l .  

19771, Netherton and Owen (19781, 

. 1  

978). 1 

Otake: Kubota and Aosaki (1975), and Yanagase, Suginohara and Yanagase 

(1970) . 
S5.2 Brine treatment technology 

The cumulative experience a t  and r e l a t ed  t o  these var ious resource areas 

has l e d  t o  the  recogni t ion of and development of a number of b r ine  treatment 

concepts and component subprocesses. 

t i o n  and energy conversion system design s t r a t e g i e s  intended t o  e l iminate  o r  

reduce the  quant i ty  of prec ip i ta ted  so l id s .  

be termed the  u n i t  processes t h a t  are ava i l ab le  t o  t 

engineer charged with developing a b r ine  treatment process f o r  a given area. 

I n  Figure 5.1, t he  range of ava i l ab le  u n i t  processes i s  graphica l ly  pres  

as the  schematic f o r  a hypothet ical  b r ine  treatment system which conta ins  a l l  

of them. 

treatment systems present ly  under considerat ion contain most of them!) 

This includes a number of b r ine  produc- 

A l l  toge 

(This is not  a c t u a l l y  very f a r  from the  t ru th ;  some of the  b r ine  

Most 

of t h e  u n i t  processes and components depicted have t o  do with removing 

c o l l o i d a l  amorphous s i l i c a  from f lashed br ine t o  make it  f i t  f o r  r e in j ec t ion ;  

t h i s  accura te ly  r e f l e c t s  the  h i s t o r i c a l  emphasis of work i n  appl ied br ine  

chemistry. 

The headings i n  the  following discussion r e f e r  t o  the  l a b e l s  i n  Figure 5.1. 

1. 

A. 

carbonate when f lashed ,  f l a sh ing  i n  the  wellbore should be prevented i f  a t  

a l l  possible.  

The br ine  en te r s  the  producing wellbore from the  reservoi r  matrix. 

The producing wellbore. If the  b r ine  i n  quest ion p r e c i p i t a t e s  calcium 

If t he  w e l l  i s  self-flowing, t h i s  i s  bes t  done by reducing 

t . 
. 
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the  b r ine  flow rate and/or increasing the  diameter of the  w e l l  i f  t h i s  i s  
p rac t i ca l  i n  the  given cage, 'Downhole pumping i s  an a l t e r n a t i v e  which allows 
g rea t e r  flow rates without wellbore f lashing.  

not ye t  been demonstrated i n  commercial service. 

However, downhole pumps have 

Also, i f  the:problem i s ,  

a c t u a l l y  being caused by f l a sh ing  i n  the  formation near the  wellbore, 

downhole pumping alone w i l l  not help. 

Severe wellbore sca l ing  may a l s o  be caused by the  mixing of incompatible 

br ines  from d i f f e r e n t  producing i n t e r v a l s  within the wellbore. 

may be i d e n t i f i e d  by downhole sampling of br ine a t  various depths o r  by 

c a r e f u l  i n t e r p r e t a t i o n  of data  on the  thickness of s ca l e  and br ine flow rate 

as a funct ion of depth. '  It can be e a s i l y  eliminated by completing wells i n  

such a-way tha t .  a l l  br ines  en ter ing  any given w e l l  are compatible. 

2. Addition of ac id  o r  s ca l e  i n h i b i t o r s  t o  the  brine.  The use of commer- 

c i a l  scale i n h i b i t o r s  and hydrochloric ac id  t o  prevent carbonate sca l ing  i n  

sur face  equipment has bcen buccessfiilly demonstrated a t  East Mesa. 

chemicals may a l s o  be added t o  the br ine  a t  t 

by pumping them down D small d i  

This problem 

These 

ottom of the production w e l l  

ter tube placed i n  the wellbore. 

The c o s t  of chemical add i t ion  f o  arbonate scale co r o l  depends on the  

f chemicals needed, and t h i s  depends l o c a l  conditions.  The c o s t  

re f  ore ,  be anything from l i g i b l e  t o  pr  

The addi t ion  of such chemicals may a l s o  caus b l e  s ide  e f f e c t s  

i n  some cases.  For example, carbonate scale i b i t o r s  may combine with 

calcium ion  i n  the  br ine  
se r ious  as the  o r i g i n a l  carbonate sca l ing  problem. Also, it  is not  known 

what happens when br ine  w it  is  re in jec ted .  One 

p o s s i b i l i t y  is  t h a t  the  i 
t i o n  on rock surfaces .  I f  persaturated with calcium 

carbonate a t  t ay damage the  injec-  

t i o n  well  . 

form so c a l l e d  pseudoscale which may be as 

' 1  

ne by adsorp- 

Addition of ac id  prevents by a c t u a l l y  preventing 

supersa tura t ion  w i  
p rec ip i t a t ion  of am polymerization 

s i l i c a  (which 

y' t o  reduce the  

the  pH a l s o  i n h i b i t s  the 

i s  usual ly  considered t o  

pH t o  about 3. This usual ly  requi res  an uneconomically l a r g e  amount of ac id  
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and can cause ser ious  corrosion problems. Also, a b r ine  with t h i s  much ac id  L d  

i n  i t  w i l l  d i sso lve  carbonate minerals i n  the reservior matrix a f t e r  i t  i s  

r e in j ec t ed ,  and may cause ser ious  and hard t o  r epa i r  damage t o  the  i n j e c t i o n  

well. This s o r t  of d r a s t i c  ac id  treatment cannot be considered practical. 
The pH change needed t o  prevent carbonate p rec ip i t a t ion  or t o  i n h i b i t  

I 

sil ica coagulation is  much smaller, and, i n  most cases, would not cause 

corrosion problems o r  i n j e c t i o n  w e l l  damage. However, the inh ib i t i on  of 

s i l ica  coagulation is undesirable i f  c o l l o i d a l  s i l ica  is t o  be removed from 

the  b r ine  a t  some la ter  s t age  of processing. I n  this case, i t  can be consi- 

dered t o  be an undesirable s ide  e f f e c t  of carbonate control .  

. 
. . 

No "surface type" i n h i b i t o r s  are present ly  ava i l ab le  f o r  silica. 
(Commercially ava i l ab le  carbonate and s u l f a t e  i n h i b i t o r s  are mostly of t h i s  I 

kind. ) 

Hydrochloric ac id  and i n h i b i t o r s  may a l s o  be added t o  the  b r ine  a t  o the r  
points  i n  the  system. 

B. The energy conversion process may be t a i l o r e d  t o  reduce or e l imina te  

prec ip i ta t ion .  

been discussed. With a f l a s h  steam stem, a ca re fu l  choice of separa tor  

pressure may a l s o  he lp  cont ro l  prec ip i ta t ion .  

b r ine  is flashed down t o  about 150OC and re in jec ted  a t  that temperature and 

the  corresponding pressure. Because these condi t ions correspond t o  equi l ib-  

rium between amorphous si l ica and dissolved s i l ica  f o r  the  amount of s i l ica  

t h a t  is  present i n  the  br ine ,  t h i s  completely e l imina tes  silica p r e c i p i t a t i o n  

problems which would otherwise be severe. 

The b e n e f i t s  of a binary system i n  t h i s  regard have already 

For example, a t  Ahuachapdn the  

Of course,  such de ta i l ed  process 

design is  very s i te  spec i f i c ,  and requi res  a good understanding of the  

chemical proper t ies  of the  b r ine  i n  quest ion i f  success is t o  be assured. 

For example, re inject ing the  f lashed br ine a t  Cerro P r i e t o  a t  I5OoC with no 

other  br ine  treatment would probably cause severe si l ica sca l ing  i n  the  

r e i n j e c t i o n  w e l l  simply because there  i s  considerably more si l ica i n  the  

br ine  a t  Cerro P r i e t o  than is the  case at  Ahuachapdn. 

C. 

Broadlands, Otake and Wairakei, and i s  present ly  being t e s t ed  a t  Cerro 

Brine aging f o r  s i l ica  sca l ing  cont ro l  has been t e s t ed  a t  Ahauchapdn, 

Pr ie to .  The purpose of the  aging s t e p  i s  t o  a l low the  dissolved s i l i ca  t o  

0 

t 
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hd polymerize t o  c o l l o i d a l  form. This g rea t ly  reduces si l ica supersa tura t ion  

and, thereby, the  rate a t  which dissolved silica depos i t s  on surfaces .  This 

s tops  the  cementation process which converts e l e c t r o s t a t i c a l l y  coagulated 

c o l l o i d a l  s i l i c a  t o  s o l i d  sca le .  .. 
The rate of the  polymerization process va r i e s  enormously with l o c a l  

a conditions.  A t  Cerro P r i e to ,  the  reac t ion  runs i ts  course i n  a few minutes . 
while a t  Wairakei, i t  requi res  two hours. (This is  one of the  few th ings  i n  

geothermal br ine  chemistry t h a t  can be meaningfully predicted by t h e o r e t i c a l  

and/or labora tory  s imulat ion methods.) 
i 

The p r a c t i c a l  e f f e c t  of br ine  aging a l s o  va r i e s  with l o c a l  conditions.  

A t  Ahuachapdn and Otake, b r ine  aging g rea t ly  decreased the  rate of s ca l e  

depos i t ion  and caused the  scale t h a t  w a s  deposited t o  be much s o f t e r  and much 

easier t o  remove. A t  Broadlands, t he  scale deposited by the  aged br ine w a s  

s o f t e r ,  but the  rate of sca l e  depos i t ion  w a s  unchanged. 

Brine aging a l s o  has the  e f f e c t  of increasing the p a r t i c l e  s i z e  of the  

c o l l o i d a l  silica. This i s  des i r ab le  i f  the s i l ica  i s  t o  be removed because 

l a r g e r  s i l i ca  p a r t i c l e s  usual ly  coagulate be t te r . -  

The remaining operat ions i n  Figure 5.1 are the u n i t  operat ions ava i l ab le  

f o r  . The c e n t r a l  operation of pre in jec t ion  

br ine  treatment is the  removal of c o l l o i d a l  s o l i d s  (mostly amorphous s i l i c a )  

from the  br ine  by means of coagulation. Clearly,  t h i s  requi res  t h a t  the  

c o l l o i d a l  s i l i c a  coagulate. This usual ly  happens spontaneously or i s  easy  

t o  induce i n  medium and high s a l i n i t y  
Pr ie to .  As w i l l  be discussed below, gu la t ion  is much harder t o  induce in 

Low s a l i n i t y  br ines  and no really s a t i s f a c t o r y  method is ava i l ab le  t o  remove 

i n e s  l i k e  those a t  Niland and Cerro 

s i l i c a  i n  t h i s  case. 
4 1 equipment i n  a p re in j ec t ion  b r i n  

mize heat l o s s  and t o  keep a i r  out 

atment system should be designed 

he brine.  Good temperature 
4 

4 r o l  i s  usual ly  

l a r g e  s i z e  of t s flows and eq ent.  Keeping 

t o  achieve i n  a commercial s ized  f a c i l i t y  because of 

t i n  order  t o  preve 

ances l i k e  f e r r i c  hydroxide. 

3. 

coagulat ion and s e t t l i n g .  

extremely s i te  spec i f i c .  For example, anionic  polymeric coagulants he lp  a t  

Coagulants may be added t o  the  b r ine  t o  caw o r  acce lera te  si l ica 

The choice and concentrat ion of coagulant is  

w 



-190- 

b XBL 795-7498 

Fig. 5.1. Schematic of a hypothet ical  geothermal b r ine  treatme 
t h a t  includes a l l  poss ib le  u n i t  processes.  

c 

Niland, but have no e f f e c t  at a l l  a t  Cerro Pr ie to .  A t  Cerro P r i e t o ,  some 

(not a l l ! )  ca t ion ic  polymeric coagulants give very good r e s u l t s  with some 

w e l l s ,  but not with others .  A t  both Cerro P r i e t o  and Niland, increasing the  

br ine  pH by about 0.5 u n i t  by adding e i t h e r  lye o r  - l i m e  works w e l l .  A t  Cerro 

P r i e t o ,  the  amount of lime needed is  small enough f o r  l i m e  add i t ion  t o  be 

economically a t t r a c t i v e ,  while the  much more s t rongly  buffered br ine  at 

Niland would requi re  so much that the  process might not  be p r a c t i c a l . t h e r e  

f o r  t h a t  reason alone. 

With high s a l i n i t y  br ines  l i k e  those a t  Cerro P r i e t o  and Niland, t he  main 

purpose of the  added l i m e  is  t o  coagulate the  s i l i c a  by increas ing  br ine  pH 

r a the r  than t o  ac tua l ly  react with it. 

those at Wairakei and Broadlands, coagulation is  much harder t o  induce, and 

the  l i m e  removes the  s i l ica  from the b r ine  by a c t u a l l y  reac t ing  with i t  t o  

produce a p r e c i p i t a t e  of amorphous calcium silicate. 
requi res  much l a rge r  amounts of l i m e ,  and can cause a calcium si l icate  sca l ing  

problem. 

With very low s a l i n i t y  br ines  l i k e  

This s o r t  of treatment 

It can only be considered a treatment of l as t  r e so r t .  

0 

* 
c 

42 Increasing br ine  pH always carries with i t  the  p o s s i b i l i t y  of causing o r  

increasing the  p rec ip i t a t ion  of calcium carbonate. However, t h i s  may not 
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* 
c 

5 

i 

c 

a c t u a l l y  present a p r a c t i c a l  problem because, under these circumstances, t he  

calcium carbonate may be expected t o  precipitate out with the  coagulated silica. 

In  the  case of br ines  which a r e  buffered mostly by s i l i c i c  acid (which 

is the case  a t  Cerro P r i e to ,  but not a t  Niland), increasing the  pH a l s o  has 

the  des i r ab le  e f f e c t  of increasing the  s o l u b i l i t y  of s i l ica  and, thereby, 

reducing o r  e l iminat ing s i l i c a  supersatbrat ion without ac tua l ly  having t o  

remove dissolved s i l i c a  from solut ion.  

D. The coagulant(s)  may be added t o  the  br ine  and the  coagulation r eac t ion  

ca r r i ed  out i n  a separa te  , o r  the  mixing it  may be made an 

i n t e g r a l  pa r t  of the  c l a r  Both configurat ions are equal ly  
. .  

e f fec t ive .  

p i l o t  plant  work because i t  o f f e r s  maximum process f l e x i b i l i t y  and ease of 

monitoring. 

The author considers a separate  mixer t o  be preferable  f o r  

6. The b r ine  goes from the  s t i r r e d  reac tor  t o  the  c l a r i f i e r .  

E. 

C l a r i f i e r s  a r e  rout ine ly  used i n  municipal water treatment and sewage treat- 

ment appl ica t ions ,  and are read i ly  ava i l ab le  f ron  commercial suppl ie rs .  

A r e a c t o r - c l a r i f i e r  which combines the funct ions of the reac tor  and the  

c l a r i f i e r  i n  one u n i t  may be preferab le  f o r  f u l l  scale appl ica t ion  because it 

s i m p l i f i e s  the  ove ra l l  br ine processing system. 

Most o€ the  coagulated s i l ica  i 6  removed from the br ine  in the  c l a r i f i e r .  

- 

The s i n g l e  most important parameter i n  the  design of a br ine  treatment 

system is  the  c l a r i f i e r  upflow rate; i.e., the  rate of br ine  flow through the  

c l a r i f i e r  divided by the  area of the  c l a r i f i e r .  

determined by means of p i l o t  t e s t ing .  

4. The coagulated'  s i l ica leaves  the' c la  
- s l u d E  which cons i s t s  mostly of water but ,  nonetheless,  contains  most of the  

coagulated s i l i  
through the c l a r i f i e r .  

This quant i ty  can only be 

ier  i n  the form of a d i l u t e  

and represents  only a small f r a c t i o n  of the  f l u i d  flow 

3 

as so l id  waste, i t  must be concentra- 

i n t o  a re la t ively dry and compact 

t h i s  is r ead i ly  a i l a b l e  but can 

contribute substantially to the overall cost of the proce 
ca t ions  dewatering n ig  o t  be necessary. For example, a t  Cerro P r i e t o  the  

untreated sludge w i l l  s imply  be dumped i n  the  ex i s t ing  br ine evaporation pond. 

I n  a few appl i -  
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11. 

because it  usual ly  contains  some toxic  metals. With American regulatory 

s tandards,  t h i s  w i l l  usual ly  mean b u r i a l  of dewatered sludge i n  a l i ned  p i t .  

5 .  P a r t  of the  sludge may be rec i rcu la ted ;  i.e., put back i n t o  the  b r ine  a t  

the  point  that the  coagulant is added t o  it. The major e f f e c t  of sludge 

r e c i r c u l a t i o n  is  t o  rap id ly  decrease the concentrat ion of dissolved si l ica 
i n  the  b r ine  t o  near s a t u r a t i o n  l e v e l s  by supplying a l a r g e  concentrat ion of 

c o l l o i d a l  silica p a r t i c l e s  f o r  t he  dissolved si l ica t o  reac t  with. Recircula- 

t i o n  i s  necessary a t  Niland because the rate of s i l i c a  polymerization is  

r a the r  slow the re  with it. The much re rapid s i l ica  polymerization 

rates observed a t  Cerro P r i e t o  ind ica t e  that r e c i r c u l a t i o n  f o r  t h i s  purpose 

may not be necessary there.  

increasing the  ul t imate  p a r t i c l e  s i z e  and the  rate of coagulation. 

The sludge, whether dewatered or not ,  must be disposed of properly ‘rl 

_I . 

- 

Recirculat ion has the  add i t iona l  bene f i t s  of 

The optimal r ec i r cu la t ion  rate ( i f  any) must a l s o  be determined by p i l o t  
t e s t i n g  . 
7. 

treatment p r i o r  t o  re in jec t ion .  As previously noted, the  i n j e c t a b i l i t y  

criteria are highly si te s p e c i f i c  and must be determined by f i e l d  t e s t ing .  

8 .  

The c l a r i f i e d  br ine  leav ing  the  c l a r i f i e r  may o r  may not  need add i t iona l  

Contacting the  b r ine  with e i t h e r  low pressure steam o r  condenser 

off-gas are possible  addi t iona l  operations.  

100°C, and any oxygen t h a t  found i t s  way i n t o  the  b r ine  during processing 

could be removed by steam s t r ipp ing .  

e l iminate  corrosion i n  t h e . r e i n j e c t i o n  system.) 

Steam would reheat  the  b r ine  t o  

(This might be des i r ab le  t o  reduce o r  

Saturat ion with condenser off-gas, which cons i s t s  mostly of carbon 

dioxide with smaller amounts of n i t rogen  and hydrogen s u l f i d e  ( i f  un t rea ted) ,  

would lower the  pH t o  6 o r  less. 
el iminate  any r e s idua l  supersa tura t ion  with calcium carbonate and slow down 

any chemical reac t ions  involving s i l ica  that might s t i l l  be going on. This 

f i n a l  treatment might be p a r t i c u l a r l y  des i r ab le  i f  the  si l ica removal process 

involved increasing the  pH, i n  that i t  would prevent the  p o s s i b i l i t y  of 

calcium carbonate o r  calcium si l icate  p r e c i p i t a t i o n  pos t re in jec t ion .  

o ther  hand, i t  would undo the  si l ica s o l u b i l i t y  increase  brought about by 

previously increasing the  pH. 

contaminated with air  (gross ly  so i f  a contact  condenser i s  used), and 

contact ing the  b r ine  with i t  would inev i t ab ly  introduce some oxygen. 

This f i n a l  pH lowering would reduce o r  

On the  

Also, condenser off-gas is almost always 

* 
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LJ A t  Niland, i t  was fo  d t h a t  contact ing the  br ine  with untreated con- 

denser off-gas removed most o ide  from the lat ter.  The 

chemical bas i s  of t h i s  process is  the  reac t ion  of gen s u l f i d e  with the  

. abundant t r a n s i t i o n  and heavy meta1,ions i n  that brine.  

contain much less of these  elements, the  a p p l i c a b i l i t y  of t h i s  process 

Because most b r ines  

* appears t o  be l imi t ed  t o  Niland and, possibly,  o ther  nearby very high sali- 
I 

n i t y  reserv iors .  Reaction with condenser of as f o r  t h i s  purpose would 

i 
probably be placed i n  the  process p r io r  t o  s i l ica  removal so t h a t  the  precf- 

p i t a t ed  metal s u l f i d e s  would p r e c i p i t a t e  out with the  silica. 

F. 
or  off-gas, but could prove expensive because of the l a r g e  volume of b r ine  

involved. Also, the  degree of pH lowering a t t a i n a b l e  by contact ing the  b r ine  

with off-gas i s  fundamentally l imited by the  s o l u b i l i t y  of carbon dioxide i n  

water, which i s  near i t s  minimum value i n  the temperature range of i n t e r e s t .  

Performing t h i s  operat ion under high pressure t o  overcome t h i s  l i m i t a t i o n  

would almost c e r t a i n l y  prove economically unfeasible.  

9. 

the  excess gas  could simply be ventedi to  the  atmosphere. 

vented contained hydrogen s u l f i d e ,  i t  would probably have t o  be scrubbed 

before discharge. 

G. 

completely on the  concentrat ion of suspended s o l i d s  i n  the  b r ine  leav ing  

the c lar i f ier ,  and on the injectability cr i t  

site. For example,. a t  Niland the  c l a r i f i e r  overflow contains  about 3Oppm 

suspended si l ica,  and the  

Standard equipment is  ava i l ab le  f o r  contact ing the  b r ine  with steam 

I f  the  b r ine  were contacted with steam or hydrogen s u l f i d e  f r e e  off-gas, 

I f  the  gas  t o  be 

F i l t e r i n g  the  b r ine  is a possible  f i n a l  s tep.  The need f o r  i t  depends 

i a  for the brine at the given 

iv ing  formation is  a t i g h t  sandstone. There 

c f i n a l  f i l t r a t i o n  is a necessary i n  order  t o  reduce the  concentrat ion 
* 

of suspended s i l ica  t o  an acceptable value of lppm o r  less. I f  c l a r i f i e r  

4 re somewhat b e t t e r  the  formation permeabili ty f t a c t u r e  
a 

r a t h e r  than pore dominated, f i l t r a t i o n  might not have proved necessary. 
. .  

r d i f f i c u l t i e s  

bd i n  deal ing with geothermal br ines  are that t h e i r  chemical proper t ies  are 
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Lr poorly understood and t h a t  c e r f a i n  k s of task  s p e c i f i c  add i t ives  are n 

ava i l ab le  (i.e., si l ica polymerization i n h i b i t o r s  of the  surface type and 

coagulants t h a t  are ef A l l  o r  most of the  

hardware needed f o r  b r  

lored t o  the  pa r t i cu la r  appl icat ion.  

and paper s tud ie s  of var ious kinds. 

c lose ly  t i e d  t o  si te s p e c i f i c  technica l  work) simply because the  technology 

i s  not mature enough f o r  them t o  be meaningful. 

t i v e  i n  low s a l i n i t y  media). 

treatment i s  ava i l ab le  and only needs t o  be ta I 

Also not needed are addi t iona l  " l i t e r a t u r e  surveys", bibl iographies ,  * 

This includes economic analyses (unless  

- 

The author considers the  following research work t o  be needed. Some of 

it is already under way, and i t s  cont inuat ion i s  t o  be encouraged. 

1) . Wholistic i n t e r p r e t a t i o n  of the  chemical behavior of geothermal brines.  
This should center  on the  methodical app l i ca t ion  of the  ava i l ab le  br ine  

equilibrium and k i n e t i c s  modelling codes t o  ac tua l  f i e l d  da ta  and t o  the  

r e s u l t s  of laboratory br ine  s imulat ion s tudies .  It should a l s o  include the  

generat ion of add i t iona l  fundamental r e s u l t s  where needed. 

2) 

genera l ly  applicable,method of ca l cu la t ing  e l e c t r o l y t e  so lu t ion  proper t ies  a t  
a r b i t r a r y  compositions and temperatures. 

3) A more modest need is  t o  be ab le  t o  b e t t e r  understand and predic t  the  

coagulation of c o l l o i d a l  amorphous silica. This c a p a b i l i t y  would be immedi- 

a t e l y  appl icable  i n  the  area of p re in j ec t ion  b r ine  treatment process design, 

and would expedi te  the  development of coagulants s u i t a b l e  f o r  the  removal of 

silica from low s a l i n i t y  brines.  

i n  regard t o  the  formation and growth of c o l l o i d a l  s i l ica  p a r t i c l e s  i n  

so lu t ion ,  and a t t a i n i n g  i t  i n  regard t o  the  coagulat ion s t e p  should be no 

harder. 

4) 
For example, the  following basid quest ions s t i l l  need t o  be answered: 

Does solutaon phase nucleat ion of carbonate p a r t i c l e s  play an important 

The most pressing "fundamental need" is  that f o r  a successful  and 

Such a c a p a b i l i t y  has  a l ready been a t t a i n e d  

Study of the  fundamental mechanisms of calcium carbonate prec ip i ta t ion .  

ro l e?  Is the  p r e c i p i t a t i o n  of calcium carbonate rate l imi ted?  W i l l  co l lo ida l  

si l ica nucleate  carbonate p a r t i c l e s ?  

the  case of c o l l o i d a l  s i l ica ,  and the  answers are already i n  use i n  b r ine  

treatment process design. 

Such quest ions have been answered f o r  

L 
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CHAPTER SIX - DOCUMENTATION FOR COMPUTER CODE SILNUC 

S6.1 Introduct ion 

e computer code SILNUC numerically models the  homogeneous nucleat ion 

and growth of c o l l o i d a l  p a r t i c l e s  of amorphous silica. It contains  most of 

the  r e s u l t s  of our experimental and t h e o r e t i c a l  work, and i s  ab le  t o  repro- 

duce most of our experimental da ta  t o  within experimental e r ror .  

The model of amorphous s i l ica  chemistry embodied i n  SILNUC cons i s t s  of 

the  var ious empir ical  and t h e o r e t i c a l l y  derived formulas presented i n  Chapter 

3 of t h i s  report .  

only" and sodium chlor ide  containing so lu t ions  over the temperature range 50 

t o  100°C. We be l ieve  t h a t  the results can be s a f e l y  extrapolated a t  least  
up t o  15OOC because the da t a  a r e  good and the  theo re t i ca l  model with which 

they were f i t t e d  appears t o  be sound. 

ed above about pH 8 ,  and these da ta  were, f o r  the most part, not included i n  

the  o v e r a l l  da ta  reduct ion process. 

very much i n  the  high pH range even though i t  may i n  some cases produce 

It was f i t t e d  t o  experimental data gathered i n  "buffer  

1 

Only l imi ted  k i n e t i c  da ta  were generat- 

Therefore, SILNUC should not be r e l i e d  on 

accurate predic t ions  even there .  I -  
The model embodied i n  SILNUC assumes that a l l  dissolved si ca is monome- 

This is cons is ten t  with our reduction of the  experimental da ta  presented r i c .  

i n  Chapter 3, and i s  not f a r  from the t r u t h  over nos t  of the  range over which 

the  model contained i n  SILNUC was f i t t e d  and i s  val id .  
Both the  base catalyzed and f luo r ide  catalyzed reac t ion  mechanisms are 

Sodium chlor ide ,  sodium f luo r ide ,  and dissolved s i l ica  Included i n  SILNUC. 

are the  only s o l u t e s  t h a t  are assumed t o  be pr  

discussed i n  S3.14, so lu t ions  t h a t  conta in  o ther  dissolved sa l t s  may be w e l l  

approximated by using the  a r t i f i c e  o f . a n  "e f f ec t ive  sodium chlor ide  concentra- 

t ion"  which is equal t o  the  sum of the molar concentrat ions 

bicarbonate a t  room temperature. 

concentration" has been ca l cu la t ed ,  proceed with the  problem as though sodium 

chlor ide  a t  t h a t  molar concentrat ion w e r  

SILNUC models only the  formation of 

ent .  However, as has been 

f ch lor ide  and 

After the  ."effect ive sodium chlor ide  

he only salt  present.  

l l o i d a l  particles of amorphous 

s i l i c a  and t h e i r  growth by f u r t h e r  molecular depos i t ion  of dissolved s i l ica  
upon them. Deposition of dissolved s i l i c a  upon preexis t ing  co l lo ida l  s i l ica  
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particles that are "added" t o  the  b r ine  a t  the beginning of the  r eac t ion  can ii 
a l s o  be modeled. 

o r  varying. Alternat ively,  the  concentrat ion of dissolved s i l ica  i n  ion ic  

form may be spec i f ied ,  and SILNUC w i l l  c a l cu la t e  the pH a t  each point i n  t i m e  

as the  ca l cu la t ion  progresses. This opt ion allows the  frequent case i n  which 

dissolved monosil icic ac id  i s  the dominant buf fer  t o  be t r ea t ed 'by  SILNUC 
alone without having t o  estimate o r  otherwise ca l cu la t e  the b r ine  pH. 

of water by f lash ing  t o  steam may a l s o  be specif ied.  

The temperature and pH may be spec i f ied  as e i t h e r  constant 

Loss 

- 
SILNUC does not model the  f loccu la t ion  o r  coagulation of c o l l o i d a l  

s i l ica ,  o r  i t s  adhesion t o  s o l i d  surfaces  and cementation t o  form s o l i d  

deposi ts .  Unfortunately, the  da ta  and t h e o r e t i c a l  models needed t o  quant i ta-  

t i v e l y  descr ibe and predic t  these processes are nQt ye t  avai lable .  

The primary outputs  ca lcu la ted  by SILNUC are the concentrat ion of 

dissolved s i l i c a  and number and s i z e  d i s t r i b u t i o n  of c o l l o i d a l  s i l ica  par- 
t icles as a funct ion of t i m e .  Various supplementary values  such as the rate 

of molecular deposi t ion on s o l i d  sur faces ,  the  s a t u r a t i o n  r a t i o  f o r  dissolved 

s i l ica  and the  sur face  tension of the  s i l ica-water  i n t e r f a c e  are a l s o  calcu- 

la ted .  Per fec t  plug flow reac to r  condi t ions are assumed. 

t h i s  corresponds t o  a pe r fec t ly  s t i r r e d  r eac to r  ves se l  that conta ins  a "grab 

sample" of br ine  o r  t o  br ine  flowing down a pipe without baclanixing. 

I n  physical  terms, 

SILNUC w a s  developed using the  MNF4 FORTRAN compiler and the  CDC 7600 

system a t  the Lawrence Berkeley Laboratory. 

SILNUC requi res  24K words ( o c t a l )  t o  execute, and a typ ica l  problem requ i r e s  

about 1 second of execution t i m e .  

from standard FORTRAN i n  the  coding of SILNUC. 

CDC systems with any FORTRAN compiler with no modifications whatsoever, 

and should need only minor modifications t o  run on IBM o r  other  systems. 

With t h i s  compiler and computer, 

There is very l i t t l e  o r  no devia t iqn  

It should run on most o the r  

This Chapter was wr i t ten '  i n  enough d e t a i l  t o  allow t h e  ser ious  reader  

t o  work up t o  modifying SILNUC i f  so desired.  A l l  but the f i r s t  page of 

Sect ion 6.2., and a l l  of Sect ions 6.3,  6 .4 ,  6.5, and 6.7 may well  be skipped 

on the  f i r s t  reading. 

A sample problem is  presented and discussed i n  Sect ion 6.8.  A f u l l  

l i s t i n g  of the  code is presented i n  Appendix 6.1. 

Queries concerning SILNUC should be d i rec ted  to :  

- 



-197- 

O l e  h Were s 
90-1140E 
Lawrence Berkeley Laboratory 

415486-5625 o r  FTS 451-5625 

S6.2 The Basic Algorithms i n  SILMUC I 

SILNUC contains  three  major algorithms. The "molecular deposit ion" o r  

p a r t i c l e  growth algorithm ca lcu la t e s  the  rate of moleculer deposi t ion of 
dissolved si l ica on ex i s t ing  c o l l o i d a l  s i l i c a  p a r t i c l e s  and the  particle 

r a d i i  a s  funct ions of t i m e .  It a l s o  ca l cu la t e s  the  dissolved s i l ica  concen- 

t r a t i o n  as a funct ion of t i m e .  

solved s i l i c a  concentrat ion are ca lcu la ted  using the  Runge-Kutta algorithm. 

The time-step for t h i s  ca l cu la t ion  i s  cont ro l led  by comparing the  f rac t ion-  

a l  change i n  dissolved s i l ica  concentrat ion and t h e  mass-averaged f r a c t i o n a l  . 
change i n  p a r t i c l e  r a d i i  t o  prese t  cont ro l  parameters. 

, 

The changes i n  the particle r a d i i  and dis-  

Within SILNUC, the  population of co l lo ida l  s i l ica  articles i s  described 

and d e a l t  with i n  terms of d i s c r e t e  "classes" of particles. 

within each class are assumed t o  a l l  have the same radius.  Each class is  

completely spec i f ied  by t h e  particle radius  (contained i n  a r r ay  CLRV and 

the  number of p a r t i c l e s  i n  it (contained i n  a r r ay  CLNV). 

300 classes present a t  any t i m e .  

be kept t rack  of i s  equal t o  t h e  number of p a r t i c l e  classes t h a t  are present .  

The p a r t i c l e s  

There may be up t o  

Thus, the  number of particle r a d i i  t h a t  need 

One or more classes with given r a d i i  and a given amount of si l ica i n  

each may be spec i f ied  t o  be present a t  the  beginning of the ca lcu la t ibn .  

This f ea tu re  allows heterogeneous nuc lea t ion  and the  e f f e c t  of "seeding" 

the  b r ine  with c o l l o i d a l  s i l ica  t o  be modeled. 

The second major algorithm i n  SILNUC is the  nucleat ion algorithm. 

c l e a t i o n  is  modeled as the  c r e a t i o n  of new co l lo id  classes. Ordinar i ly ,  new 

classes a re l c rea t ed  a t  constant  time i n t e r v a l s  of DELTH. The d e t a i l e d  

procedure i s -as  follows: 

TCV(l), i s  compared t o  the  t i m e  a t  which a c o l l o i d  class was last  nucleated,  

THL. I f  TCV(l).GE.TKL+DELTH, the  nucleat ion algorithm i s  executed. F i r s t ,  

t h e  dissolved s i l ica  concentrat ion and temperature, pH, etc., a t  the t i m e  

THL+DELTH are determined by in te rpola t ion .  

ca lcu la ted  using the  t h e o r e t i c a l  formalism described i n  S3.8. 

Nu- 

t he  time of the  last  molecular depos i t ion  s tep ,  

Then the  n u c l e a t i o n * r a t e  i s  

The t r a n s i e n t  
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shor t  t i m e  e f f e c t s  are approximately accounted f o r  using Eqns. ( 3 . 8 . 4  and 5). 

The value of the  "Collins t i m e  constant" use'd t o  evaluate  the "correct ion 

fac tor"  i n  Eqn. ( 3 . 8 . 4 )  i s  t h a t  ca lcu la ted  using Eqn. ( 3 . 8 . 5 )  a t  the  time 

t h a t  the  time s t e p  s i z e  f o r  nucleat ion (DELTH) w a s  last  changed. (See Sect ion 

6.5). I n  an isothermal problem, the  value of the  time constant ca lcu la ted  a t  

the  beginning of t he  problem is used throughout. 

A newly nucleated class of c o l l o i d a l  particles i s  then introduced. The 

number of p a r t i c l e s  i n  the  class i s  taken t o  be equal t o  the  nucleat ion rate 

a s  ca lcu la ted  above ( ca l l ed  RANUCC i n  the  code) mul t ip l ied  by DELTH. The 

number of Si02 u n i t s  i n  each of the  newly nucleated p a r t i c l e s  i s  taken t o  

be n = n* + 0.5/Z, where n* i s  the number of monomer u n i t s  i n  the nucleus 

of cr i t ical  s i z e  under the  given condi t ions,  and Z i s  the  Zeldovich fac tor .  

Thus, the  newly nucleated particles are ac tua l ly  somewhat l a r g e r  than the 

nucleus of cr i t ical  s i z e  under the  given conditions.  This is cons i s t en t  with 

the  physical content of the  formalism presented i n  S3.8, i n  which the  nuclea- 

t i o n  rate IN is  a c t u a l l y  the  rate at which p a r t i c l e s  of the  s i z e  n* + 0.5/2 
are created.  ' (See the  de t a i l ed  discussion of t h i s  i n  Feder e t  a1 , 1966, pp. 

132-6.) Introducing newly nucleated p a r t i c l e s  a t  a size n > n* is a l s o  

necessary i n  a mathematical sense i n  order  t o  ensure t h a t  they continue t o  

grow i n  the  molecular depos i t ion  p a r t  of the  ca lcu la t ion .  

When a new c l a s s  of p a r t i c l e s  "is nucleated," the  number of classes 

(NCLC) i s  increased by one, and the  concentrat ion of dissolved s i l i c a  is 

decreased by an amount equal t o  the  mass of. the  nucleated particles so t h a t  

t he  mass balance is  preserved. 

Particles may d isso lve  as w e l l  as grow under the  proper conditions.  

I f  t he  rad ius  of a class of p a r t i c l e s  decreases below a c e r t a i n  s m a l l  value,  

t h a t  class i s  "completely dissolved." 

i n  i t  are both set equal t o  zero,  and the  silica t h a t  had been contained i n  

them is added t o  the  dissolved silica concentration. 

happens. . 

The number and radius  of the  p a r t i c l e s  

However, t h i s  r a r e l y  

Whether o r  not any c l a s ses  of c o l l o i d a l  p a r t i c l e s  are spec i f ied  t o  be 

present i n i t i a l l y ,  a class cons is t ing  of one particle is "nucleated" a t  the  

start of the  problem. Therefore, t he re  is  always a t  least one class of 

c o l l o i d a l  p a r t i c l e s  present. 

t 

f 
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W ghout the ca l cu la t ion ,  the  maximum nucleat ion rate t h a t  has been 

Eventually, the  nucleat ion ca lcu la ted  up t o  t h e  given t i m e  is remembered. 

rate w i l l  begin t o  drop rap id ly  as the  concentrat ion of dissolved s i l ica  is 
decreased by i t s  conversion t o  c o l l o i d a l  si l ica.  

t i o n  r a t e  drops t o  below a c e r t a i n  prese t  f r a c t i o n  (RRMN) of the maximum 

recorded nuc lea t ion  rate (RNMX), nucleat ion ceases. 

This serves  t o  h a l t  the  p r o l i f e r a t i o n  of co l lo id  classes which contain an 

When the  ca lcu la ted  nuclea- . 

. RRMN is prese t  t o  0.001. 

i n s i g n i f i c a n t  number of pa r t i c l e s .  . 
The t h i r d  algorithm is the  one t h a t  s p e c i f i e s  the  temperature, pH, and 

f r a c t i o n  of water l o s t  by f l a sh ing  as funct ions of time. The temperature 

( a r r ay  TEMPRV) and f r a c t i o n  of water l o s t  by ' f lashing t o  steam (a r r ay  FLASHRV) 

are input  as a series of d i s c r e t e  values a t  given t i m e  values. A series of 

pH values  ( a r r ay  ) may be spec i f ied  same way, but need not be. The 

base values  of t i m e  ( a r r ay  TREFV) are common f o r  a l l  three.  

l a t i o n  the  values  of temperature, f r a c  

determined by l i n e a r  i n t e r p o l a t i o n  be t  

of temperature, f s h  f r a c t i o n ,  and pH 
is des i red  f o r  each throughout the ca lcu la t ion .  

During the  calcu- 

of water f lashed o f f ,  and pH are 
the  input values.  Only one value 

be spec i f ied  if a constant  value 

Al te rna t ive ly ,  pH may be ca lcu la ted  a t  each s t e p  from the  r a t i o  of sili- 

ca i n  ion ic  form (i.e., H3SiOa) t o  t o t a l  monomeric silica. 

i m p l i c i t l y  assumes that the  b r i n e  is buffered mostly by monosi l ic ic  acid.  

This is usual ly  the  case i f  t he  b r ine  is low i n  bicarbonate and has a pH above 

about 7 a t  100OC. 
substantia1.amount of bicarbo 

Using t h i s  op t ion  

It need 'not  be the case i f  the  pH is lower than 7 o r  if a 
e (e.g., comparable to the amount of dissolved 

e n t r a t i o n  of i on ic  s 

e c i f i e d ,  and w i l l  be i g  
1 dissolved si l ica concentra . 

l a t e d  by quadr 

i ca lcu la ted  i n  the  l a s t  & 

t h ree  parameters a r r ay  CSFV. CSFV is calcu- 

l a t e d  from CSILV 

whenever the  MD s t e p  s i z e  changes. 

r e f e r r ed  t o  as "N step")  the  value of CSILV(1) ( the  most r ecen t ly  ca lcu la ted  LJ 

t 
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element of CSILV) i s  corrected t o  account f o r  the  decrease i n  dissolved 

si l ica concentrat ion t h a t  the  newly formed particles represent ,  and CSFV is  

recalculated.  

The algorithms which generate and cont ro l  t he  pr inted output from 

SILNUC are discussed i n  S6.4. 
- 

S6.3 Program St ruc ture  

The program cons i s t s  

devoted mostly t o  reading 

of n ine  subprograms. 

input  cards  and s e t t i n g  var iab les  equal t o  de fau l t  

The main program SILNUC i s  

values. 

loop t h a t  goes through the  problems one by one i s  i n  SILNUC. 

The program can be given severa l  problems t o  run a t  one t i m e .  The DO 

A copy of every 

COMMON block used anywhere i n  the  program is  present i n  SILNUC f o r  reference,  

even though most of them are not used there. A l l  DATA statements are a l s o  i n  

SILNUC. 
var i ab le s  are reset 'at  the  beginning of a new problem by executable s ta tements  

i n  subrout ines  MASTER, SETUP and SPECIFY.) 

They are segregated by the  kind of va r i ab le s  being preset .  (Other 

SILNUC calls SETUP and MASTER. SETUP and MASTER are ca l l ed  only by 

SILNUC, and only once per problem. 

SETUP decides a t  what physical  t i m e  t o  start ca l cu la t ing  the  problem, 

ca l cu la t e s  i n i t i a l  and m a x i m u m  values f o r  the  MD t imestep, an i n i t i a l . v a l u e  

f o r  t he  N t imestep, and similar q u a n t i t i e s  which con t ro l  t he  generat ion of 

pr in ted  output. 

and SILKIN are a l s o  ca l l ed  by MASTER, DEPOSIT, and OUTPUT.) 

(See Section 6.5.) SETUP cal ls  SPECIFY and SILKIN. (SPECIFY 

MASTER con t ro l s  the  ac tua l  execution of each problem, and d i r e c t l y  o r  

i n d i r e c t l y  calls  a l l  subprograms o ther  than i t s e l f ,  SILNUC, and SETUP. MASTER 
contains  the nucleat ion algorithm, decides  whether t o  execute an MD s t e p  o r  an 

N s t e p  next,  changes the  N and MD time s t eps  whenever necessary, decides  when 

to  terminate nucleat ion and the  problem i t s e l f ,  and pe r iod ica l ly  calls the  

subroutine OUTPUT. 

t 

MASTER calls SPECIFY, SILKIN, DEPOSIT, and OUTPUT. DEPOSIT and OUTPUT 

are c a l l e d  only by MASTER. 
DEPOSIT executes each MD step.  It ca lcu la t e s  the  change i n  dissolved 

s i l ica  concentrat ion,  together  with SILKIN ca lcu la t e s  the change b 

r a d i i ,  decides whether the  change i n  dissolved s i l ica  concentrat ion and/or 
Li 
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1 

* 

c .. 

the mass-averaged change in particle radii warrant a change in MD timestep, 
"completely dis es colloid cl s whenever necessary, gene- 
rates printed o lculates CSFV, and modifies t the level of MD steps 
CFIN whenever necessary. 

DEPOSIT calls SPECIFY SILKIN 
OUTPUT generates printed output ith gives an essentially complete 

oblem at the time of the call. This 
e particles in each colloid class as well 

picture of the physica 
includes the numbe 
as their total mass. 

OUTPUT calls SPECIFY and SILKIN. 
The major function of SPECIFY is to determine the values o 

(TEMP, in degrees C), the fraction of water that has been flash 
and the pH (PH) by linear interpolation between the arrays of input values. 
It also calculates vario ogen ion activity 
(AH) and corrects the so and the total 
concentration of fluoride present (TOTF) for the effect of water loss by 
flashing. 

are specified in units of grams or moles per liter at room t 
beginning of the problem IFY converts these concentrati 
grams or moles per kilogram of water. 
then on. 

elated quantities like the 
chloride concentration ( S  

If the concentration of dissolved silica, sodium chloride and fluoride 
ture at the 

These units are used exclusively from 
, 

SPECIFY calls no other subprograms. 
SILKIN calculates most of the chemical parameters used in the program. 

These include the solubility and saturation ratio of amorphous silica' (SRR) , 
the equilibrium constants for various acid-base equilibria, the various 
chemical rate constants and ionic activity coefficients, PHno, -(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). 
room for the four values of the derivative function that the Runge-Kutta 
algorithm requires to be evaluated per time step. 

CLDV is dimensioned 1200 = 4 x 300 to provide 

CLRV is dimensioned 600 to 
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provide room t o  r e t a i n  the  values of the  p a r t i c l e  r a d i i  ca lcu la ted  a t  the  end 

of t he  preceeding MD s tep.  

t i o n a l  change i n  p a r t i c l e  r a d i i  i n  DEPOSIT.) 

ate values of the  p a r t i c l e  r a d i i  are s tored i n  the  f i r s t  ha l f  of CLRV. 

(These values are needed t o  determine the  frac-  

The most recent  and intermedi- 

The value of t he  cont ro l  parameter KRGC te l  SILKIN which de r iva t ive  

evaluat ion cycle  of the  Runge-Kutta algorithm the  ca l cu la t ion  is on. 

i nd ica t e s  t h a t  SILKIN has not been c a l l e d  by DEPOSIT du 

it  has been ca l l ed  by SETUP, MASTER, o r  OUTPUT, and the  nucleat ion rate and 

r e l a t ed  values are t o  be ca lcu la ted  ins tead  of the  rates of change of the  

par t ic le  r a d i i .  

KRGC=O 

a MD s t e p ;  r a t h e r ,  

SILKIN contains  a number of ca lcu la ted  I F  statements which 

r eca l cu la t ion  of quan t i t i e s  of which the  values are c e r t a i n  not t o  change from 

the  preceeding call .  

SILKIN calls PHF and WATER, which are c a l l e d  only by SILKIN. 

PHF ca lcu la t e s  the  values of t he  "pH functions" F(pH,pbom) and I(pH, pQom). 

(See S3.3 and A3.1 f o r  the  d e f i n i t i o n s  of these functions.) 

they are represented by FPH and FIN", respect ively.  

I n  the  program 

PHF calls no subprograms. 

WATER ca l cu la t e s  the  dens i ty  (DENS) and d i e l e c t r i c  constant  (EPSD) of 

pure water, and the  Debye-Huckel c o e f f i c i e n t s  (ADH and BDH). 

WATER cal ls  no other  subprograms. 

S6.4 Control of Pr in ted  Output 

The pr inted output of the  main program SILNUC and that of SETUP are 
always generated. 

f o r  t he  var ious con t ro l  parameters that have been adopted f o r  the  given 

problem. 

o r  t he  ca l cu la t ion  as a whole has been ended f o r  the  given problem and the  

reason why are a l s o  always generated by MASTER. 

This output descr ibes  the  input received and the  values  

Messages s t a t i n g  that e i t h e r  execution of the  nucleat ion 'a lgori thm 

A l l  o ther  pr inted output is cont ro l led  by the  value of parameter IPR, 

which has a d e f a u l t  value of 3. 

I f  t h e  input spec i f i e s  IPR.LT.0, only the  output described above w i l l  be 

generated. 
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-' I f  t h e  input spec i f i e s  1PR;EQ.O PR W i l l  have the  de fau l t  value 3 o r  

ing problem, i f  t h a t  whatever value it  had a t  the  conclusion of the  pr  

value d i f f e red  from 3. 
I Specifying values of I P R  i n  the  range 1 6 w i l l  cause the  generat ion 

Each successive increase i n  of output i n  addi t ion  t o  t h a t  described above 

the  value 'of  IPR causes the  gene ion  of output i n  addi t ion  t o  that generated 

The value of IPR may be changed during the  ca l cu la t ion  by using the  

cont ro l  parameters IPR2 and TCP.* When TCV(l).GE.TCP, IPR w i l l  be s e t  equal ' 

t o  IPR2. The d e f a u l t  values  f o r  IPR2 and TCP are 3 and 1E10, respect ively.  

IPR.GE.1 causes the  generation of a l i n e  of output by DEPOSIT a t  every 

one o r  few MD s t eps .  

by the  con t ro l  parameters CDP and KDP. 

How of t en  t h i s  l i n e  of output is generated is determined 

The program remembers the  number of 

MD s t e p  a t  which t h i s  output w a s  pr inted (KLP), and the  concentrat ion 

ved s i l ica  a t  the  conclusion of t h a t  MD s t e p  (CLP). The l i n e  is next 

pr inted when the  number of t he  MD s t e p  j u s t  completed NCND.GE.KDP+KLP, o r  when 

the  concentrat ion of dissolved s i l i c a  a t  i t s  conclusion CSILV( 1 )  .LE.CLP-CDP. 

(Elsewhere i n  the  program the  number of the  l a s t  o r  current MD s t e p  is s tored  

CDP and KDP are 0.001 g kg'l and 10, respect ively.  

r KSTP. A t  a l l  times, KSTEP=KSTP=NCND.) The de fau l t  values of 

Se t t ing  KDP=1 o r  CDP=O. 

. t h i s  l i n e  of output t o  be generated a t  every MD s tep.  The 'defaul t  

values  are chosen t 

a l s o  t o  prevent the  generat ion of output i f  only minute changes have occurred 
since the  last  l i n e  was inted.  TPR.EQ.1 generates  only enough output t o  

enerate  enough dutput so t h a t  "nothing is missed," but 

b .  

ange of the  most imp an t  chemical 'parameters with time. 
IPR.GE.2 causes two o r  t h ree  cal ls  of the  subroutine OUTPUT during 

, r  

the  execution of the  problem: 

MASTER has been entered,  when nucleat ion is ended ( i f  i t  was spec i f ied  to  

?at the  beginning of the  ca l cu la t ion  j u s t  a f t e r  

begin with) <md a t  the  end of the  ca lcu la t ion .  

IPR. CE . 3 causes t h  age whenever the  imes t e p 

(D 
cont ro l led  by t h e  

Whenever OUTPUT is ca l l ed ,  i t  sets KPN=KSTEP+NDP and parameters NDP and DTP. 

TPN=TSPEC+DTP. (TSPEC is the  cur ren t  value of the t i m e .  A t  the end of a 
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MD -step,  TCV( l)=TSPEC.) I f  IPR.GE.4, OUTPUT w i l l  be ca l l ed  again whenever i. 
KSTEP.GE.KPN o r  TCV(l).GE.TPN. 

IPR.EQ.5 o r  6 is normally used only f o r  debugging purposes, because 

the  addi t iona l  output generated when these values are spec i f ied  i s  bulky and 

has l i t t l e  i f  any physical  s ignif icance.  
- 

IPR.GE.5 causes a message t o  be generated whenever a co l lo id  class i s  

crea ted  by nucleat ion o r  completely dissolved. 

IPR.GE.6 causes an addi t iona l  l i n e  of output t o  be generated by DEPOSIT - 
a t  every MD step.  

elements each). 

This l i n e  contains  the a r rays  TCV,CSILV and CSFV ( th ree  

Values of IPR.GT.6 have the  same e f f e c t  as IPR.EQ.6. 

S6.5 Control of T ime  Steps and the  S t a r t  of Calculat ion 

The natural  time sca l e  f o r  t he  ca l cu la t ion  may vary over many orders  

of magnitude with the  condi t ions specif ied.  Therefore, cont ro l  va r i ab le s  

t h a t  have the  dimensions of t i m e  cannot be d i r e c t l y  p re se t  o r  read in. Rather, 

they are i n d i r e c t l y  spec i f i ed ,  and then ca lcu la ted  by subrout ine SETUP using 

an approximate measure of " the na tu ra l  t i m e  scale"  f o r  the  given problem. 

A convenient measure of " the na tu ra l  t i m e  scale" i s  theninduct ion t i m e  

f o r  nucleation," defined as the  t i m e  t h a t  it takes f o r  the  i n i t i a l  concentra- 

t i o n  of dissolved s i l ica  t o  drop by 0.05 g kg'l. 

t h a t  " the induction t i m e "  va r i e s  approximately as the  minus f i r s t  power of 

t he  molecular deposi t ion rate and the  minus one-fourth power of the  o ther  

f a c t o r s  i n  the  expression f o r  t he  nucleat ion rate (see S2.18 and S3.14). We 

derived the  following approximate formula f o r  "induction t i m e "  thus  defined: 

It is w e l l  es tab l i shed  

*2 -1/4 -1 * 
TAUNbin)=l.08E-6 Rmd [ZQLpexp(-AF /(kgT))r ] (6.5.1) 

(See Section 3.8 f o r  d e f i n i t i o n s  of the  symbols.) 

This value is an appropriate  measure of the  "na tura l  t i m e  scale" when 

particles formed by homogeneous nuc lea t ion  dominate the  polymeriza reac- 
t ion.  However, when c o l l o i d a l  si l ica i s  i n i t i a l l y  present ,  molecular deposi- 

1 
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t i o n  on the  preexis t ing  particles may be more important than the  formation and 

growth of new ones. 

measure of the  "na tura l  time scale": 

I n  t h i s  case, the  following quant i ty  is a more.appropriate 
LJ 

(6.5.2) 

t 

6 

where Co is the  equilibrium s o l u b i l i t y  of si l ica under the  given condi t ions 

and A, is the  t o t a l  sur face  area of co l lo ida l  s i l ica  i n i t i a l l y  present  per 

kilogram of water. 
c 

If c o l l o i d a l  s i l ica  is  i n i t i a l l y  present ,  SETUP evaluates  both TAW and 

TAUD, and then sets " the- induct ion  time" TAU equal t o  the  smaller of the  two. 

The t imestep f o r  nucleat ion is ca lcu la ted  as 

DELTH = TAU/DDH 

where DDH is a con t ro l  parameter that is prese t  t o  64. but may be changed 

by the  input.  

100 c o l l o i d  classes before-nuclea t ion  ceases. 

This value of DDH typ ica l ly  r e s u l t s  i n  the  nucleat ion of about 

#The maximum t i m e  l i m i t  f o r  the  ca l cu la t ion  is defined as 

TCMA = TAWTMAXM 

and the  t i m e  i n t e r v a l  for calls t o  OUTPUT I s  ca lcu la ted  as 

DTP = TAPDTPM 

4 

c 
WAXM is prese t  t o  6 4 . ,  but may a l s o  be read in .  DTPM is always read in .  

To f a c i l i t a t e  i n t e r p r e t a t i o n  of the  output ,  i t  is b e t t e r  t h a t  the  MD 
9 

I timestep (DELTC) not have a r b i t r a r y  values.  We chose t o  requi re  t h a t  it 

always be an i n t e g r a l  power of two. 

t he  maximum 'permissible value -of DELTC as. 

SETUP ca lcu la t e s  the  i n i t i a l  value and 
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HCMI - RTAU/DHCMI 
HCMA = RTAU/DHCMA . 

where RTAU is  the  power of two, e i t h e r  pos i t i ve  o r  negative,  t h a t  i s  neares t  

( i n  a logarithmic sense) t o  TAU i n  value. DHCMI and DHCMA are cont ro l  vari- 

ab les  t h a t  are p rese t  ' t o  2048. and 4., respect ively,  bu t  may a l s o  be read in.  

At t he  beginning of t he  ca l cu la t ion  DELTC is  set equal t o  HCMI, and 

usual ly  goes through seve ra l  doublings i n  t h e  f i r s t  few MD s teps .  

When temperature is constant (e.g., NREF = l), t h e  algorithm described 

above is executed once and then cont ro l  passes t o  MASTER which ac tua l ly  

executes the  calculat ion.  

. 

When temperature is spec i f i ed  t o  vary, t h e  program'must decide on the  

proper t i m e  t o  start the  calculat ion.  

which the  temperature changes, i t  decreases monotonically. 

t he  br ine  may ac tua l ly  be  undersaturated with amorphous si l ica.  
temperature drops and water is l o s t  by f lash ing ,  t he  sa tu ra t ion  r a t i o  in- 

creases. I n  the  range of values  1<S<3, t h e  value of TAU decreases very 

rapidly as t i m e  passes and S increases .  

a value t h a t  w a s  ca lcu la ted  when S w a s  not very f a r  from uni ty  but  increasing 

n most cases of practical i n t e r e s t  i n  

At t h e  beginning, 

As t h e  

I f  t h e  value of TAU is set equal t o  

rapidly,  t h e  t i m e  parameters ca lcu la ted  w i l l  be much too  l a r g e  t o  s u i t  t h e  

in t e re s t ing ,  later p a r t  of t he  problem. 

To avoid prematurely i n i t i a t i n g  t h e  ca l cu la t ion  with t i m e  parameter 

values t h a t  are m c h  too  l a rge ,  t h e  code compares t h e  value of TAU with 

another "measure of t h e  na tu ra l  t i m e  scale": t h e  d i f fe rence  between succes- 

s i v e  elements of TREFV. 

Speci f ica l ly ,  the  program f i r s t  sets the  " s t a r t i ng  t i m e "  f o r  t h e  calcu- 

l a t i o n ,  TSTART, equal t o  TREFV(l), and ca l cu la t e s  t he  value of S a t  t h a t  

time. I f  S<1, i t  sets TSTART=TREFV(2), and so on, u n t i l ,  f i n a l l y ,  i t  encoun- 

ters S>1 a t  some time value TREFV(1). Then it ca l cu la t e s  TAU and DELTH. I f  

DELTH.LE.(TREFV(I+l)-TREFV(I)), it  accepts these  values  of TSTART, TAU, and 

DELTH, and proceeds with t h e  f u r t h e r  ca lcu la t ions  as above. I f  t h i s  condi- 

t i o n  is not  m e t ,  i t  sets TSTART=TREFV(I+l) and repea ts  t he  ca lcu la t ion ,  and 

so on, u n t i l  i t  is m e t .  Then con t ro l  is passed t o  MASTER and the  ca l cu la t ion  

proper begins. 

p r in ted  and t h e  problem is terminated. 

I f  t h i s  condi t ion cannot be m e t ,  an appropriate  message is 
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As the  ca l cu la t ion  progresses the value of S changes, and with i t ,  

"the na tu ra l  t i m e  scale." 

as dissolved s i l ica  is  converted t o  co l lo ida l  silica. This case poses no 

problem. 

HCMA, and nucleat ion ceases when the  nucleat ion rate f a l l s  t o  below a c e r t a i n  

value. 

during the  e a r l y  p a r t  of the  calculat ion.  

problem, because DELTC w i l l  continue being halved as many times as is  neces- 

sary.  I n  t h i s  case, provision must a l s o  be made t o  allow DELTH t o  decrease. 

Otherwise, too few c o l l o i d  classes "would nucleate" t o  accurately model t he  

n t ro l l ed  by code n 

I f  the  temperature remains constant ,  S w i l l  drop 
cd 

The value of DELTC gradual ly  increases  u n t i l  i t  is equal t o  . 
I f  t he  temperature drops, t he  value o f - S  may continue t o  increase 

The value of DELTC presents  no 
s 

i 

? 

homogeneous nu ion  process. ' 

he beginning of MASTER. 

This value is  c a l l e d  DHN. 

I f  homogeneous nucleation'  i s  s t i l l  pro 

ca lcu la ted  be 

I f  DHN.GE.DELTH.AND.TCV(l).GE.(THL+DELTH), an N s t e p  i s  executed. 

DHN.GE.DELTH.AND.TCV(l).LT.(THL+DELTH), and MD s t e p  i s  executed. 

case above is  the value of  DELTH changed. 

.DELTH.AND.TCV(l).GE.THL+0.5*(DELTH+DHN), an N s 

eding, a new, t r ia l  vaiue of DELTH is  

the  next MD s tep.  

I f  

In  ne i the r  

and DELTH i s  set equal t o  DHN. 

DHN), an MD s t e p  i s  e 

I f  DHN.LT.DELTH.AND.TCV(l).LT.THL+O.5*(DELTH+ 
value of DELTH i s  not changed. 

The dec is ion  t o  halve o r  double DELTC i s  made a he conclusion of 
eac 

The absolute  value of the  f r a c t i o  f the  concentrat ion 

of dissolved si l ica over the l a s t  MD s t e p  is compared w i t h  the value of the 

s t e p  by code i n  DEPOSIT and MASTER. Two numerical tests are used. 

cont ro l  parameter EPSIL. I f  the  change i s  g rea t e r  than EPSIL, DELTC is 

halved. 

t h a t  DELTC shoyld be doubled, but i s  not 

I f  the  change is  less than one-half of EPSIL, t h i s  is an ind ica t ion  
I .  

i 

d 

* 

The o the r  test cons i s t s  of comparing the  average of the  absolute  values  of 

t he  f r a c t i o n a l  changes of t he  p a r t i c l e  r a d i i  with the  cont ro l  parameter EPR. 

This average is weighted by the  mass of si l ica i n  each co l lo id  class. 

If t he  average is  g rea t e r  than EPR, DELTC i s  halved. 

than one-half of EPR, t h i s  is an ind ica t ion  that DELTC should be doubled. 

I f  the  average is less 

DELTC I d  be. It i s  

doubled only when both tests ind ica t e  that it  should be, and even then only 

i f  doubling it w i l l  not make it  l a r g e r  than HCMA. 
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EPSIL and EPR are both prese t  t o  0.02. I n  the  simplest  case of no 

added c o l l o i d ,  constant temperature, and no f l a sh ing ,  t h i s  value r e s u l t s  i n  a 
f r a c t i o n a l  e r r o r  i n  t h e  conservation of mass f o r  silica on the  order  of 

1E-6. I n  the  worst case of co l lo id  added, rapid temperature change, and 
l a r g e  l o s s  of water by f lash ing ,  t h i s  e r r o r  is s t i l l  less than about 1E-3. 

This e r r o r  may be decreased by modifying the  appropriate  DATA statement i n  

SILNUC t o  prese t  EPSIL and EPR t o  smaller values. 
I 

S6.6 Input and Default  Values 

SILMJC accepts  only formatted input  on punched cards. A minimal input  

deck t h a t  spec i f i e s  one problem with no added co l lo id  and constant values of 

a t u r e ,  etc., would cons i s t s  of only four  cards. 

The f i r s t  card s p e c i f i e s  the  number of problems i n  the  deck: 

Card 1: NRUN (15) 
I 

The remainder of the  card sequence i s  then repeated NRUN times, once f o r  

each problem t o  be run: 

Card 2: NREF,NCLC,INX,IPR,IPR;!,KDP,NDP,ITPM,IMAX,IHCMA,IHCMI,IDH,IMAXM 
(1315) 

Card 3: SILIN,SILOUT,PHI,SMLI,TOTFI,CSII,TCP,CDP (8F 10.6) 

Next there  follow NREF cards  of the  form 

Card 4: TREFV(K) ,FLASHRV(K) ,TEMPRV(K) ,PHRV(K) (4F10.6) 

and NCLC cards  of the  form 

Card 5: CLRV(K) ,CLMV(K) (2F10.6) 

i 

I f  NCLC i s  zero,  cards  of the type of Card 5 are not present.  

Card 2 s p e c i f i e s  the  c r o l  parameters f o r  the  given problem: NREF i s  

L 
the  number of elements i n  each of TREFV,TEMPRV, e tc .  NREF must be a t  least  1. 
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. 
t 

I 

0 

NCLC i s  the  number of co l lo id  classes i n i t i a l l y  present.  NCLC must be 

zero or a pos i t i ve  in teger .  

INX i n  the  con t ro l  va r i ab le  that determines whether o r  not homogeneous 

nucleat ion occurs. INX=O s i g n i f i e s  no homogeneous nucleation. (NCLC must be 

a t  least one i n  t h i s  case.) 
t o  take' place . 

INX=1 s i g n i f i e s  that homogeneous nucleat ion is 

NREF,NCLC and INX must always be spec i f ied ,  while the  remaining var i -  

ab l e s  on Card 2 need not  be i n  the  simplest  case. 

IPR determines the l e v e l  of pr inted output generat ion ( see  Sect ion 6.4). 
Leaving t h i s  f i e l d  blank o r  pu t t ing  0 i n  it w i l l  cause IPR t o  remain equal t o  

the  de fau l t  value 3 o r  t o  t h e  value i t  had during the  preceeding problem. 

(Throughout t h i s  Section, "defaul t  value" i s  used i n  t h i s  "e i the r  or" sense. 

See the  discussion at the  end of t h i s  Section.) 

IPR2 i s  the  value t o  which IPR is s e t  equal when TCV(l).GE.TCP. A blank 

f i e l d  w i l l  cause IPR2 t o  remain equal t o  i t s  de fau l t  value 3. 
KDP i s  one of the  con t ro l  va r i ab le s  t h a t  determines the number of 

MD s t eps  %between l i n e s  of output generated by DEPOSIT. 
cause KDP t o  remain equal t o  i t s  de fau l t  value 10. 

A blank f i e l d  w i l l  
1 

NDP and DTPII are the  var iab les  t h a t  con t ro l  t he  frequency of calls t o  

A blank f i e l d  causes NDP t o  remain equal t o  i t s  de fau l t  OUTPUT if IPR.GE.4. 
value 50. ITPM determines the  value of DTPM: 

DTPM=2 .**ITPM 

There is no d e f a u l t  value f o r  ITPM. However, t h i s  f i e l d  is usual ly  l e f t  

blank, and t h i s  has the  e f f e c t  of specifying ITPM=O. 

IMAX i s  the  maximum number of MD s t e p s  allowed. 

THCMA determines DHCNA: 

a The de fau l t  value is  1000. 
\ 

# 

* 

DHCMA=2 .** IHCMA 

I f  t h i s  f i e l d  i s  l e f t  blank, DIiCMA w i l l  r e t a i n  its de fau l t  value 4. 
IHCMI determines DHCMI: 

DHCMIc2 .**IHCMI* 
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i, If t h i s  f i e l d  is l e f t  blank, DHCMI w i l l  r e t a i n  its d e f a u l t  value 2048. 

I D H  determines DDH: 

DDHp2. **IDH 

If  t h i s  f i e l d  is  l e f t  blank, DDH i s  set equal t o  i ts  de fau l t  value 64. 

IMAXM determines TMAXM: 

TMAxM=2. **zMAxM 

A.blank f i e l d  w i l l  cause TMAXM t o  re ta in  i ts  d e f a u l t  value 64. 

Card 3 contains t h e  chemical parameters which spec i fy  t h e  i n i t i a l  

conditions f o r  t h e  given problem and two add i t iona l  c o n t r o l  var iab les .  

SILIN is  t h e  i n i t i a l  Concentration of dissolved s i l i c a .  

SILOUT i s  t h e  dissolved s i l i ca  concentration a t  which the c a l c u l a t i o n  

w i l l  be terminated. 

The u n i t s  assumed f o r  SILIN and SILOUT are determined by t h e  s i g n  of 

SMLI. 

(kg H20)'l. 

If  SMLI.GT.O., t h e  u n i t s  of SILIN and SILOUT are taken t o  be g Si02 

If  SMLI.LT.O., t h e  u n i t s  of SILIN and SILOUT are taken t o  be 
I g S i 0 2  L'l a t  room temperature, and then converted t o  g Si02 (kg H201-l 

during t h e  f i r s t  cal l  t o  SPECIFY. 

In  t h e  simplest  case,  only SILIN and SILOUT need be  s p e c i f i e d  on Card 3. 

PHI i s  t h e  value of t h e  p r a c t i c a l  osmotic c o e f f i c i e n t  t o  be used during 

t h e  ca lcu la t ion .  I f  t h i s  f i e l d  is blank, PHI w i l l  r e t a i n  i t s  d e f a u l t  va lue  

0.92, which is  good enough f o r  most p r a c t i c a l  purposes. 

SMLI.GT.O., i ts  u n i t s  are taken t o  be moles (kg H20)'l. 

ABS(SML1) is taken t o  be t h e  concentration of N a C l  i n  u n i t s  of moles L'l a t  

room temperature, and is converted t o  molal u n i t s  during t h e  f i r s t  cal l  t o  

SPECIFY. If  t h i s  f i e l d  conta ins  a zero  or is l e f t  blank, SMLI w i l l  r e t a i n  

i ts  d e f a u l t  value 0.088. 

"buffer only" experimental so lu t ions .  

ca lcu la ted  r e s u l t s  with those presented i n  Chapter 3 . )  

SNLI.GT.O;, TOTFI is  taken t o  be i n  u n i t s  of moles (kg H20)'1. 

SMLI is  t h e  concentration of N a C l  t h a t  is i n i t i a l l y  present.  I f  

I f  SMLI.LT.O., 

(This value approximately corresponds t o  our 

U s e  i t  only t o  compare your own 

TOW1 is  t h e  t o t a l  concentration of fluor$de i n i t i a l l y  present .  I f  

I f  

c 

w 

. 
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SMLI.LT.O., TOTFI is  taken t o  be i n  u n i t s  of moles L-l a t  room temperature. 

CSI I  is the  concentrat ion of dissolved si l ica i n i t i a l l y  present i n  
ion ic  form. 

with SILIN and SILOUT. I f  CSII.GT.O., the  pH be ca lcu la ted  from the  

r a t i o  of i o n i c  s i l ica  t o  t o t a l  dissolved s i l i c a  a t  each s t e p  of the ca l cu la t ion  

h e  u n i t s  assumed f o r  CSII a r e  determined by-the s ign  of SMLI as 

- 
and PHV need not be spec i f ied .  I f  CSII.  es the  pH values  and 

must be spec i f ied .  

TCP i s  the  time at which IPR i s  t o  be set a1 t o  IPR2. A blank i n  

t h i s  f i e l d  w i l l  cause TCP t o  r e t a i n  its de 

d e f a u l t  value means t h a t  IPR w i l l  not be c 

; i n  pracf ice ,  t h i s  

CDP i s  the  second v a r i a b l e  that con t ro l s  the  frequency of output l i n e s  

e l d  i s  blank, CDP w i l l  r e t a i n  i t s  de fau l t  generated by DEPOSIT. I f  t h i s  

value 0.001. 

TREFV(K) contains  the  sequence m e  values that the temperature, etc., 

FLASHRV(K) is  the  f r a c t i o n  of the  water that has been f lashed off  a t  t i m e  

w i l l  be in te rpola ted  between. 

TREFV(K). It must be less than one. t i v e  values  are allowed and s i g n i f y  

d i l u t i o n  of the  b r ine  with pure water. 

TEMPRV(K) i s  the  tempera e i n  OC a t  the  t i m e  TREFV(K). Good r e s u l t s  

can be expected only i f  the  temperature is  always betwee 

Values up t o  250OC may be spec i f ied  f o r  purposes of approximate extrapolat ion.  

bout 40 and 15OOC. 

PHRV(K) is the  pH a t  time TREFV(K). I f  CSII.GT.O., t h i s  f i e l d  should 

be l e f t  blank. PHRV w i l l  be ignored if i t  i s  spec i f ied  i n  t h i s  case. , 

CLRV(K) i s  the  rad ius  of the  p a r t i c l e s  i n  the  Kth c o l l o i d  class + n i t i a l l y  

ass. The u n i t s  

as determined by the  s ign  of SML 

he input w i l l  be set 
f o r  the  f i r s t  problem i n  , 

s beyond the  f i r s t  he values  t h a t  the  var ious 

blem w i l l  serve as the  

i e d  as 7 f o r  the  f i r s t  problem, 

and the  corresponding f i e l d  w a s  l e f t  blank f o r  the  second problem, DDH w i l l  be 

taken t o  be equal t o  128.0 when the second problem is executed. u 
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S6.7 Limitations and Precautions 

What SILNUC does and does no 

inaccuracy i n  t h e  t h e o r e t i c a l  model t h a t  SILNUC embodies i s  t h a t  i t  does 

not include t h e  process of p a r t i c l e  growth by fusion. (See t h e  discussion i n  

S3.12.) Therefore, as the  concentration of dissolved s i l ica  approaches the  

equilibrium l eve l ,  t h e  concentration = l o g  t i m e  curve ca lcu la ted  by 

SILNUC w i l l  " f l a t t e n  out" prematurely and unphysically as i n  Figure 3.20. 
Fortunately,  t h i s  incor rec t  behavior is easy t o  spot  when the  r e s u l t s  are 

graphed up. 

Also remember t h a t  with INX=1 NCLCrO, SILNUC w i l l  proceed as though 

neous nucleat ion w e r e  t h e  dominant process even when given a case 

in which heterogeneous nucleat ion would usua l ly  dominate i n  f ac t .  

s c a l e  of the  ca lcu la t ion  tu rns  out  t o  be suspiciously long, t r y  "putting in" 

a few mg L'l of co l lo ida l  s i l i ca  of s i z e  g r e a t e r  than t h e  c r i t i c a l  nucleus 

s i z e  under the  given i n i t i a l  conditions.  I f  t h i s  dramatical ly  acce le ra t e s  

t h e  drop off  i n  dissolved s i l ica  concentration, you w i l l  have good grounds to 

suspect  t h a t  heterogeneous nucleat ion w i l l  dominate i n  f ac t .  

I f  t he  t i m e  

The algorithm i n  SILNUC a l s o  has  some purely mathematical charac te r i s -  

t i cs  t h a t  could conceivably cause inco r rec t  r e s u l t s  t o  be generated under 

some circumstances. F i r s t ,  a f t e r  t h e  nuc lea t ion  ca l cu la t ion  has  been termi- 

n a t e d , ' i t  cannot be r e s t a r t ed .  

vary only s l i g h t l y ,  t h i s  is no problem because under these  condi t ions,  t h e  

nucleat ion rate would go' through an ea r ly  maximum and then drop rap id ly  and 

monotonically with t i m e .  However, i f  t h e  teupera ture  drops rap id ly .and/or  

the  pH increases  rap id ly ,  t he  rate of nucleat ion might go through a minimum 

and then increase  again. The i n i t i a l  decrease is due t o  t h e  deple t ion  of 

dissolved s i l ica  by the  growth of c o l l o i d a l  p a r t i c l e s  t h a t  formed e a r l y  i n  

t h e  process. 

t u r e ,  an increase  i n  pH, o r  both. 

t he  s a t u r a t i o n  r a t i o  t o  increase  desp i t e  a decreasing concentrat ion of 

dissolved si l ica.  Note 

a l s o  t h a t  when the  pH is cont ro l led  by MSA buffer ing,  decreasing dissolved 

I f  t he  temperature and pH are constant  o r  

The subsequent increase  may be  caused by a decrease i n  tempera- 

A rap id  decrease i n  temperature can cause 

An increase  i n  pH w i l l  lower the  sur face  tension. 

* . 

. 
., 
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silica concentration and, even more so, decreasing temperature will cause the 
pH to increase. 
period of falling nucleation rate, it will "miss" the possibly important 
"second crop" of colloidal particles formed when nucleation resumes. 

If SILNUC terminates the nucleation calculation during the 

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. 
can do is to carefully examine 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 unlike1 o arise in connection with what is 
probably the most important practica ase: a very rapid temperature drop in 
the wellbore and steam separators, followed by essentially isothermal condi- 
tions in the brine treatment and reinjection systems. 
the initial temperature drop is shorter than the time scale of the silica 
polymerization process, nucleation does not terminate until after the initial 

With the present form of SILNUC, all that one 

If the time scale of 

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 (Section 3 . 4 . )  The. problem arises 

e to calculate the rate o olecular deposition 
is discontinuo at the value of S at 

um with the silica in 
value that corresponds 

is discontinuity will 
prevent the diss 
down into their te steady state va Rather, they will endlessly 
drift around in iperiodic fashion 
includes the actu 
and easy to corre simply consider 
reached at the point at which this begins 
particle growt 
process at thi 

silica concentration and particle radius from settling 

dy state values. 
steady state to have been 
ppen. Of course, in natur 
d become the dominant growth 
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Lpr 
S6.8 A Sample Calculat ion 

In t h i s  sample problem we model the  c i s t r y  of si l ica i n  the  br ine  

a t  Cerro Prieto.  Th i s  is a r e l a t i v e  d i f f i c u l t  problem t h a t  demonstrates 
most of the  code's c a p a b i l i t i e s  as as some of i t s  l imi t a t ions .  (Cal- 

cu la t ing  isothermal homogeneous nucleat ion curves l i k e  those i n  Figures 3.18, 
3.20 and 3.24 t o  3.28 i s  a r e l a t i v e l y  easy problem.) 

The input deck f o r  t h i s  problem i s  reproduced i n  Table 6.1, and the  

pr inted output is reproduced i n  Table 6.2. 

The f i r s t  input card s p e c i f i e s  that there  is y one problem i n  t h i s  

deck. The sec card s p e c i f i e s  that the re  are t h  een t i m e  base values  

between which the  temperature and f r a c t i o n  of water l o s t  by f l a sh ing  are t o  

be in te rpola ted ,  t h a t  t he re  are two co l lo id  classes i n i t i a l l y  present ,  and 

t h a t  t he  nucleat ion ca l cu la t ion  i s  t o  be performed. 

the  br ine  composition a t  the beginning of the problem. The i n i t i a l  t o t a l  

dissolved si l ica concentrat ion is 0.597 g (kg H20)'l, of which 0.0075 g 

kg'l i s  i n  ion ic  form. 

kg'l of NaCl',  and the  i n i t i a l '  t o t a l  concentrat ion of f luo r ide  i s  0.0006 

moles kg'l. 

concentrat ion drops below 0.25 g kg'l. 

The t h i r d  card s p e c i f i e s  

The salts i n  the  b r ine  are represented by 0.18 moles 

The c a l c ' d a t i o n  is t o  be terminated when the  dissolved s i l ica  

A t  t i m e  O., the  temperature is 3OOOC and no water has been l o s t  by 

f lashing.  (The pH i s  not spec i f ied  because the  concentrat ion of s i l ica  i n  

ion ic  form has been.) 

s a tu ra t ion  with quartz  down i n  the  reservoi r .  

These i n i t i a l  condi t ions approximately correspond t o  

Chemical equilibrium is destroyed when the  b r ine  begins t o  f l a sh '  i n  

o r  near t he  wellbore. S t a r t i ng  a t  t h i s  

t i m e ,  t h e  b r ine  rap id ly  lo ses  water by f l a sh ing  and drops in temperature as 

i t  flows up the  wellbore and through a three  s tage  steam separa tor  system. 

(The 0.5 minute i n t e r v a l s  are meant t o  represent  the residence t i m e  wi th in  

the  separators.)  

and i ts  temperature is down t o  100OC. 

approximately constant temperature f o r  10 minutes, and is dumped i n t o  an 

evaporation pond where it slowly cools  down t o  ambient temperature. 

temperature sequence is meant t o  demonstrate some p o s s i b i l i t i e s  of p r a c t i c a l  

This moment corresponds t o  t i m e  0. 

A t  2.75 minutes i t  has l o s t  41% of i t s  water by f l a sh ing ,  

It then flows through a pipe a t  

(This 

. 

c 

L i n t e r e s t  r a the r  than t o  descr ibe  w h a t  is a c t u a l l y  happening a t  Cerro Prieto. )  
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7 The las t  two cards  spec i fy  the  two c l a s ses  of co l lo ida l  particles 

i n i t i a l l y  present. 

7.OE-7 cm), and each class contains  0.005 g Si02 (kg H20)'l a t  the  start  

of t he  problem. 

p a r t i c u l a t e  matter t h a t  is  always present i n  na tu ra l  brines.  

nature  these  heteronuclei  would not cons i s t  of pure amorphous silica.) 

The p a r t i c l e  r a d i i  are 3.5 and 7.0 nanometers (=3.5B-7 and 

These p a r t i c l e s  are meant t o  represent  the small amount of 

(Of course,  i n  

In  f a c t ,  the  carbon dioxide t h a t  is i n i t i a l l y  present i n  the  br ine  i n  a 

concentrat ion of near ly  1% by weight has a major e f f e c t  on the  pH while it is 

s t i l l  i n  solut ion.  

s t r ipp ing  r e l a t i v e l y  early i n  the  f lash ing  process. 

b r ine  temperature has f a l l e n  t o  the  point  that s i l ica  polymerization begins,  

most of the carbon dioxide and other  gases are gone, and MSA is the  dominant 

buf fer  . 

However, most of i t  is removed from the  br ine  by steam 
By the  t i m e  t h a t  the  

The sample ou tpu t . fo r  t h i s  problem was generated with IPR set t o  i ts  

d e f a u l t  value 3. 
The output begins with a pr in tout  of t he  input values and the  var ious 

con t ro l  parameters t h a t  were i n d i r e c t l y  spec i f i ed  by the  input and de fau l t  

values. 

or zeros i n  the  input ,  the  d e f a u l t  values are pr in ted  out r a t h e r  than what 

was a c t u a l l y  input. 

The f i r s t  p a r t  of the  output is  t h a t  from the  main program SILNUC. 
The fou r  l i n e s  that begin with "KNlJC=58" are from SETUP* ' ANNUC is the  number 

of monomer u n i t s  i n  a p a r t i c l e  of c r i t i c a l  nucleus s ize .  
rounded off  t o  the  nearest in t ege r  value. 

i n  t h e  p a r t i c l e  ac tua l ly  "nucleated by t h e  code" a t  the  beginning of the 

I n  cases  where d e f a u l t  values have been subs t i t u t ed  f o r  blank f i e l d s  

KNUC is ANNUC 

AN is t he  number of monomer u n i t s  

ca lcu la t ion .  ZLD is the  Zeldovich fac tor .  

AN=ANNUC+O. 5/ZLD 

R L I M  i s  the  rad ius  of a p a r t i c l e  of s i z e  AN i n  centimeters.  (Throughout 

the  pr in ted  output ,  a l l  lengths  are i n  pentimet 

RTAU are as discussed Se 

), TAUN, TAUD, TAU and 

The values  i n  the  fou r th  l i n e  may be used t o  estimate the  e 

varying the  value of t h e  sur face  tens ion  (GAMMA) on the induction t i m e  f o r  

homogeneous nucleat ion (TAW). (See Sect ion 3.10.) A l l  t he  output t o  t h i s  

point is always generated,  regard less  of the  value of IPR. 
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The block of output between the  two l i n e s  of # s igns  is that generated I; 

by subroutine OUTPUT. 

TSPEC i s  the  t i m e  of the  last ca l l  t o  SILKIN. I n  t h i s  pa r t i cu la r  case, 

i t  is the  t i m e  a t  which the ca l cu la t ion  w a s  s t a r t ed .  TEMP i s  the  temperature - 
i n  O C .  FLASH i s  the  f r a c t i o n  of the  water t h a t  has been f lashed t o  steam. 
FLC i s  the  f a c t o r  by which the  dissolved compounds and preexis t ing  c o l l o i d a l  

p a r t i c l e s  have been concentrated by f lashing.  
- 

FLC=~.  / ( 1 .-FLASH) 

GLASH i s  the  product of FLC and the  t i m e  de r iva t ive  of FLASH. 

CSIL i s ' t h e  concentrat ion of monomeric s i l ica  (both ion ic  s i l ica  and 

MSA) present i n  g kg-1. 

are given i n  terms of grams o r  moles per kilogram of water.) 
(Throughout the  pr inted output,  a l l  concentrat ions 

"SOL.CORR.FACTOR" is  the f a c t o r  by which the  s o l u b i l i t y  of AS is decreas- 

ed by the  presence of t he  sodium chlor ide.  

PHN i s  pHnome FPH i s  F(pH,pHnom). FINT i s  I(pH,pHnom)* 

GAMZ i s  Hy-TSy; ,i.e., it is w h a t  the  value of Y would be at  the  

DQS i s  no, the  number of ion izable  sites per square centimeter on the  

AKIN is St (see'Eqns. 3.4.7). 

given temperature i n  the  l i m i t  of neg l ig ib l e  sur face  d issoc ia t ion .  

sur face  of AS. 
DKIN is an a r b i t r a r y  "rate constant"  

assumed f o r  the  p a r t i c l e  d'issolution process. It i s  prese t  t o  uni ty .  

"T0T.F" i s  the t o t a l  amount of f l uo r ide  present  i n  molal un i t s .  . 
ALPF i s  the  f r a c t i o n  of t he  t o t a l  f l ou r ide  t h a t  is present as F' ( r a t h e r  

than HF). 

RKFl and RKF2 are kHF and kF-, respec t ive ly  (see Eqns. 3.6.6 and 7). 

RATEKF=TOTF*(RKFl*(l.-ALPF)+RKFZ*ALPF) 

RATEKT i s  kOH(T) (see Eqns. 3.4.7e and f ) .  

P K W ,  PKSIL and PKF are the  values  of pKa f o r  water, MSA, and HF, 

. 
j 
I 
I 
I , respect ively.  

GSIL,GF and GNA are the s i n g l e  ion  a c t i v i t y  c o e f f i c i e n t s - f o r  H3Si04-, 

F', and Na', respect ively.  bi' 
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LJ EPSD i s  the  d i e l e c t r i c  constant of pure water. 

DENS is  the  s p e c i f i c  g rav i ty  of pure water. 

ADH and BDH are the  two Debye-Hsckel coe f f i c i en t s ,  

CSILS i s  the  s o l u b i l i t y  of AS i n  pure water a t  the  given temperature. 

ALPSIL i s  the  f r a c t i o n  of the  monomeric s i l ica  i n  ion ic  form. 
. 

CSI is the  concentrat ion of si l ica i n  ion ic  form i n  g kg'l. * 
SRA is Sa. 

SRR i s  S. 
RATEK=RATEKP(FPH+RATEKF) 

EPF is i n  g cm-2 min-1. 

FKINL is r*lnS. 

RNUC i s  the  radius  of  the  c r i t i ca l  nucleus under the  given condi t ions,  

and ANNUC i s  the  number of monomer u n i t s  t h a t  i t  contains.  

CN is the  forward rate of monomer depos i t ion  on the surface of a par- 

t i c le  of cr i t ical  nucleus s i z e  i n  s i02 u n i t s  min-1. 

QT is the  t o t a l  p a r t i t i o n  funct ion f o r  the  c r i t i c a l  nucleus i n  u n i t s  of 

(kg HzO)'~. 

nucle€ t h a t  would exist  "a t  equilibrium" a t  the  given value of S. 
T t  is  equal  t o  the  hypotheti.ia1 concentration of c r i t i c a l  

RAMJC is  t h e  nucleat ion rate corrected f o r  shor t  time e f f e c t s  i n  u n i t s  

kg minl'l. (Note: i n  the-code  RANUC i s  used t o  represent  the steady 

s t a t e  nucleat ion rate, and RANUCC t o  represent  the  nucleat ion rate cor rec ted  

f o r  t r a n s i e n t  e f f ec t s . )  

TAUC is the  "time constant*' f o r  the  buildup of the  nucleat ion rate t o  
i t s  s teady state value. 

vi 
c o l l o i d  classes a t  the  time OUTPUT is ca l led ;  

TAUC i s  ca lcu la ted  using (3.8.5). The va lue ,of  TAUC 

out here  is t h a t  ca lcu la ted  f o r  time TSPEC. NCLC is the  number of 

Even though the ca l cu la t ion  
i 

4 has j u s t  s t a r t e d ,  NCLC has a l ready been increased t o  three  because a new 

c o l l o i d  c l a s s  tha o n s i s t s  of just one particle is  crea ted  a t  the  beginning 
s 
t of t h e  c 'alculation. 

"TOTAL NO. *' is  the  t o t a l "  number of c o l l o i d a l  particles present per 

kilogram of water, and "TOTAL AREA" i s  t h e i r  t o t a l  sur face  area i n  cm2. 

"AVER.RAD." is t h  

The average sur face  area and mass are i n  crn2 and grams, respect ively.  

*'COLL.MASS" is the  amount of c o l l o i d a l  si l ica present  i n  g kg'l. 

verage radius  of the  c o l l o i d a l  p a r t i c l e s  i n  cm. 

Lid 
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"DIS.SIL." is  the  concentrat ion of monomeric s i l i c a  i n  g kg'l. The 

t o t a l  number and mass of the  c o l l o i d a l  particles i n  each class a r e  given i n  
I; 

u n i t s  of kg-I and g kg-l, respect ively.  

Most of the  output on the  following two pages c o n s i s t s  of messages - 
announcing t h a t  one of the  time s t eps  has been changed. In  t h i s  p a r t  of the  

ca l cu la t ion ,  DELTH decreases a t  every s t e p  because the  temperature is s t i l l  * 
dropping and the  sa tu ra t ion  r a t i o  i s  increasing. 

problem, DELTH would not  change. 

If t h i s  were an  isothermal 
- 

TAUCS i s  the  value of the  "Collins t i m e  constant" ca lcu la ted  using 

Eqn. (3.8.5) a t  the  same t i m e  that the  value of DELTH was last  changed. 

value is s tored  and used t o  evaluate  the "cor rec t ion  f ac to r "  i n  Eqn. (3.8.4) 

u n t i l  i t  is next changed. TAUC i n  the  output generated by OUTPUT i s  not  the  

same as TAUCS; TAUC i s  ca lcu la ted  by evaluat ing Eqn. (3.8.5) whenever OUTPUT 

i s  ca l led .  

This 

THN i s  the  t i m e  of t he  l a s t  N s t e p ,  and TCV(1) i s  the  t i m e  of the las t  

tlD s t ep .  

The t i m e  s t e p  change messages may be suppressed without e f f e c t i n g  

the  rest of the  output by spec i fy ing  IPR=2. 

S ta r t ing  with KSTEP=22, t he  t i m e  s t e p s  cease t o  change, and the  next 

35 l i n e s  of output are from DEPOSIT. 

DELTH change message l a b e l  t he  l i n e  output from DEPOSIT. 

The column headings below the  l a s t  

"NUC.RATE" is  the  value of  the  nuc lea t ion  rate, corrected f o r  t r a n s i e n t  

e f f e c t s ,  ca lcu la ted  a t  the  t i m e  of the  l a s t  N s tep .  CAREA i s  the t o t a l  

sur face  area of the  c o l l o i d a l  s i l ica  present  i n  cm2. "NUC.FLUX" i s  the  

rate of conversion of dissolved s i l ica  t o  c o l l o i d a l  s i l ica  by nuc lea t ion  of 

new c o l l o i d a l  p a r t i c l e s  i n  u n i t s  of g (kg min)'l. 

"DEP.RATE" i s  the  rate at  which dissolved s i l ica  is converted t o  col- 

l o i d a l  s i l ica  by molecular depos i t ion  on c o l l o i d a l  p a r t i c l e s  t h a t  a l ready 

e x i s t .  

because not a l l  particles present  are necessar i ly  l a r g e r  than the  c r i t i ca l  

It is not  necessa r i ly  equal t o  the  product of RDEPF and CAREA, 

nucleus s ize .  

OUTPUT is c a l l e d  aga in  when nuclea t ion  is  ended. 

ed only 0.32 minutes a f t e r  t h e  temperature reached 100°C. 

p a r t i c l e s  i n  each of the  f i r s t  t h ree  c o l l o i d  classes and the  sum of c o l l o i d a l  

Note t h a t  t h i s  happen- 

The number of 

plus dissolved s i l i c a  are s l i g h t l y  l a r g e r  than a t  the  f i r s t  ca l l  of OUTPUT L,' 
because of s l i g h t  fu r the r  water l o s s  by f lash ing .  
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ii 

i 

8 

b 

1 

In l i n e  output from DEPOSIT t h a t  was generated a f t e r  nucleat ion ceased 

"NUC.RATE" and "NUC.FLUX" were set  equal t o  zero because SILKIN c a l c u l a t e s  

t he  nucleat ion rate only when ca l l ed  during a N s t e p  o r  by OUTPUT. DEPOSIT 

p r i n t s  out a newly ca l cu la t ed  nucleat ion rate only once and then p r i n t s  out  

zeros u n t i l  a new value of  t he  nucleat ion rate i s  calculated.  Zeros can a l s o  

occur i n  the  DEPOSIT output  before  nucleat ion is terminated i f  the generat ion 

of l i n e  output is  e frequent  than are the N s teps .  

the  l as t  four  minutes a t  100°C the  dissolved s i l i ca  concentrat ion (CSIL) 

drops by only 0.012 g kg'l. This i nd ica t e s  t h a t  the ca l cu la t ion  has almost 

reached a s teady state even though S>1.3. This is  caused by the  def ic iency  

i n  t h e  model t h a t  is i l l u s t r a t e d  i n  Fig. 3.20 and discussed i n  Sect ions 3.12 
and 6.8: t he re  are very few p a r t i c l e s  t h a t  are l a r g e  enough t o  keep growing by 

molecular depos i t ion  a t  t h i s  r e l a t i v e l y  low s a t u r a t i o n  r a t i o ,  and p a r t i c l e  

growth by p a r t i c l e  fus ion  is not  permitted. 

t h a t  the  area of the  p a r t i c l e s  l a r g e  enough t o  keep growing as estimated by 

d iv id ing  "DEP.RATE" by RDEPF i s  less than a t en th  of CAREA a t  t h i s  point.  

The temperature s t a y s  a t  100°C u n t i l  t i m e  = 12.75 minutes. During 

This is demonstrated by the  f a c t  

The ca l cu la t ion  continues u n t i l  t he  dissolved s i l ica  concentrat ion 

drops below 0.225 g kg'l a t  41OC. 

below about 70 o r  8OoC because of the  rap id  increase i n  pH and pHnom with 

decreasing temperature. 

va lues  of F(pH,pQo,) and I(pH,pHnom) are extrapolated when the value of 

e i t h e r  argument is > 8 .  More importantly,  t he  value of the sur face  tension 

decreases  r ap id ly  and, i n  na ture ,  t h i s  would cause nucleat ion t o  resume, but 

SILNUC i s  not  capable of modeling t h i s .  

r e s t a r f ed  a t  lower temperature is obvious from the  values  of GAMMA, QT, and 

M N U C  t h a t  are given i n  the  output  from the  th i rd  and last  ca l l  t o  OUTPUT. 

The r e s u l t s  are only semiquant i ta t ive 

One reason t o  d i s t r u s t  these r e s u l t s  is because the  

That nuc lea t ion  should have been 
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1 
13 

0,597 
O b  

0.25 
0.50 
0.75 
1.00 
1. 50 
1. 75 
2.25 
2.75 
12.75 
17.75 
27.75 
77.75 
3.5 
7.0 

Table 6 .1  

L i s t i n g  o f  I n p u t  Deck 

2 L 
0.25 
0 .  
3 a G 3 5  
3*151. 
J.206 
3.254 
5.297 
5.337 
3.387 
0.413 
0.41li 
0.413 
i l a u l 3  
J.+lJ 
ObG05 
d .  0 0 5  

3 0 0  
215 
250 b 

225 
200.  
175 
150 
125 
100  
100 
75 
50. 
35  

for SILNUC Sample Problem 

d b i e  0.0006 0.0075 

. 
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Appendix 6.1 

u Full L i s t i n g  of Program SILNUC 

PROCIAH SILNUC (INPUT, OUTPUT J 
LOGICAL L lHSLTOtLhSC 
COflflON /CALCSIL/ C S I L V ~ 3 J ~ C F I H ~ 3 r 3 ~ ~ f C V ~ 3 ~ ~ ~ S F V o  
COHMON /CLVAR/ CLOV C1200J r C L M V (  3 3 0 )  rCLNV ( 3 0 8  1 rCLSV(600)  rKCLCtOCSIL  * 

COMMON / G A M M A /  G4 HC r G & M T  (GAMZ r G A Y t I A t  CARE& 
COMNON 
C OMM3N /NUC L / FNC AP SZ L C s C N, QC APs 7 1 t RNU C t  A ISNUCS 1 A J C  t RA hU C tQ f 0 

COMHON /PH/ 
COHHON /PRI  NOUT/ NO P, O l e ,  TPN, KPN, I P R t  I P R 2  r TCPt CLPt  KLP rCOPtKOP 
COHMON /RKCS / R K 2 l r  RK 22 tRK3 l rRK32  r R K 4 l t R U  42 
COMM3N /SAL T / 
C Ofl fl0 N /S ET PAR / 
COflH3N /SILBUF/  C S I t C S I I  
COflHDN /SILKC/ A L P H t K ~ L K t A Y ~ A U I N 2 ~ A K I N T t O K X N C t  DqINf  
C OflflON /S I LKF/ 
COMMON /SILUFC/ C K F l t f K F  l rCKFZvTKF2 
COhH3N / S I L K  IN/RA TCKS RCF. RCEPF t Fl( I N L t  C S I L S t  S R4 t SRRt CL AS 1 S A K I  N t  O K 1  N 
COHHON /SPECIN/ TSPEC, TEHP,fEPPL, FLASH ,GlASH ~ ~ L C B  FLCL 
CONMDN /SPECPAR/ NREF t I C A L L t I i r I Z r f l r f Z  
COMMON /SPECS/ T R E F V ( 5 0 J ~ F L A S H R Y ( S O ) r T E M P R ~ ( 5 0 ) t P ~ R V ( S O )  
COflM3N /START/ SI L I  NS S ILOLtr  I C X  ,I NX r l S T A R T t  f A J C S  
COflM3N /STEPS/ K S T P S T H L S O ~ L T C I O E L T H S L T ~ ~  LTOt LNSC 
COMMON /WATER/ OE hStEPSDpADh*BOHt FKWt fK t  ALNf rTKa  

COMMON /CVALS/ PI tPIb s OENSNtDENS!ltUMASS*CK6t A,NIOtAVNtS ILflW 

/KINCON/ H CMA. H CHI (TCMA 9 E P S I L t E  PRt KR; C t  I M P  XI RLffl t I C C L  9 RRHN 
5 

Q H t  PHLt PH N t  PHNLiAhr FPHt FINTI O U S I  O S k U t  F F 

PH 115 Mi. 9 SML It GN A t  ALV A v AU S I L  9 &LPSf L t SCR t GSI  L t GH , 
OHC MA 9 Oh C M I 9 ODH 9 1 MA XH 9 OT P )5 

TO 1 F.1, TOT F 9 PKF 8 RKF 1 9  RKF 29 A LPF 9 R 4 1  EKF v RAT EK T s G F 

THE FOLLOHING ARE PHYSICAL AN0 w4 THEMATICkL CONSTANTS; 
LEAVE THEM ALONE. 

DATA PIrCKB.AVNtSILHd /3.141592653 5 9 t 1 . 3 8 0 5 4 Z ~ 1 6 ~ L  022 f2E239  60. 0851 
DATA U f l O L E / Z t . Z /  
OATA RU21 S R K ~ ~ ~ R K ~ ~ S R K ~ ~ ~ R K ~ L ~ R K ~ ~ / O O  10.5.0. t f .  t2. t2./ 
OATA C A M C S G A M T , D Q S ~ F F ~ Q L P / ~ O ~ ~ O *  -0m049t 6.34E141 0.45s 3.34€25/ 
OAT A ALPHA K t EK t AK/ 5 t 4 296 6 93 117 11 
DATA A K I N C t A K I k T t  CKINCSOUINT /O . D 9 7 l r 7 5 ~ 6 4 r O . r  O./ 
OAT! C K F ~ S T K F ~ S C K F Z S T K F Z  / - 1 L f 2 3 t  4039.. -2.6479 1183. / 

THE fOLLOHINC ARE PltESET CONTROL bARIABlES. 
CHANSE THEM I F  YOU.DASC:. 

DATA EPSIL~EPR~RRHN 0 . 0 2 ~  0 . 0 ~ ~  o . o o i /  
THE FOLLOhlINC ARE DirFAULT VALUES COR INPUT VA3IABLESo 

DATA IPRt IPR2rKOPtNDPtI t !AX / 39 3 1  101 50. 1 0 0 0  / ’ 

DATA Ph1,SMLItTCPtCOP 1 0.429 0.3889 1 E l O e  O * O O l /  
OATA OMCHAtOHCMIrOOhtTHAXM / 40, 2048.9 6 4 . r  640 / 

JI 

UHASSZS ILMW/AVN 
OENSN=AJN/V MOLE 
OENSM= OENSNWMASS 
PI4=!, .+PI 
ALNlJ=ALOG(l t . )  I 

REAO 1rNRl iN 
00 5 KRUN=lrNHUN I 

REAO 1 t NREFt NCCCt I N X t  I P R I ’ i  fQRI2.K O P I t N O P I  9 1 1  PHI I M A X  It IHCMAi IHCMI t 

I CXZl  
IF(IPRI.NE.0) I P R = I P R I  
IF(IPRI2mNE.OJ I P R 2 = I P R I 2  
I F  (KOPf .GT 0 1 KOP=KOPI 
IF (N3PIoGT*O)  NOP=NOPI 

1 f O r ( r I f l & X M  .. 

b 
I 

. 
* 
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, 

SCiBR3CIT INk HASTE R 
LOGICAL LTHI L T O g  LlrtSC 
COMMJN 
COMHON /CLVAR/ CLDW(1200) ,CLMV( 3 0 0 )  r C L N V ( 3 0 0 ) r C L R V ( 6 0 0 )  9kCLCsOCSfL  
COMMON 
COMMON 
COMMON /NUCL/ FNCAPtZLO,CNtQCAP,QT,RNUC, AhNUCs TAUC, RAHUCvQLP 
COMMON /P2IFIOUT/ NDP, OTPt  TPN, KPN, IPRrIPRZrTCPtCLPrKLP,CDP,KDP 
COMMON /BCTPAR/ OHCMA v CHCMI,DDH~TMAXHsOTPt! 
COMMON / S I L K I N / R A T E K , R C F ~ R C E P f ~ ~ ~ ~ ~ l ~ C S I L S ~ ~ R A ~ S ~ ~ ~ C L A S T ~ A ~ I N ~ O K I ~  
COMYON /SPECIN/  TSPECt f E M P , T E M P L , f L A S H t G L A ~ ~ , F l C ~  fLCL 
COMMJN /START/ SI LI Ei,  SILOUT ,IC&, I NXr TSTART, CAJCS 
COMMON /STEPS/ KSTP,ThLtOELTCpDEL ThsCTti,lTD,LNSC 
CSF ( G T  1 =CSF V (I 1 +CSF V (  2 ) *OT+CSF V ( 3  1 *OT*OT 
P R I N l  1 0 2  . 

I 

L' /CALCSIL /  

/CJALS/  P f r  P I 4  9 OENSN,OENSMIUMASS,CKa, ALNlO 9AVN.S ILHW 
/K I N  C 0 N/ H CM A , h C H I  9 TCMA 9 EP I IL E PR 9 KRG C, I MA X 

CS-Xt V ( 3 )  r C f I M ( 3 ~ 3 )  r T C V ( 3  I t  CSFV ( 3  1 

RL I H  9 ICCL v RR HN 

c 

- 

KNMX=Oo 
LNSC: .TRtiL. 
IF(IPR*GirZ) CALL ObTPUT 
PRINT 1 
DO q KSTtP t1 , IMAX 
K STP=KS TEP 
CALL DEPOSIT (XLOSS) 
I f ( I LOSS.LT .0 )  GO TO 5 
IF(ILOSSehE.0)' LNSC=.TR~JE. 
IF(ILOSS*GT.O) GO T O  39 
I F ( I V X o E P . 0 )  BO TO 39 
T AU=i  d8t -6  /RDEPF'c ( Z L  0 +UT+RNUC* RNUC )**  (00  ~ 2 5  1 
OHN=TAC;/ DOH 

THN=lHLtCJELTH 
21 COkTiNUE 

IF(D4NoGEoOELTt ! )  G O  T O  15 
THN=lHL+Q.5i(Ot LTHtIrHN) 
I f ( T i N . G T * T C V ( I ) )  G C  T O  39 
DEL TH= DHN 
1 AUCStT k U  C 
If(13R.GC.3) PRINT i S r O E L f h r T A U C S s T C V ( 1 )  ,THN 
IF(I3R.GE.3) P R I h T  I 

XF(T IN .GTrTCV(L ) )  G O ' T O  39 

IF(NCLC.kQ.300) GO TO 38 

1 5  CONTlNUE 

T HL = l H  N 

TSPEZ=THt 
CALL SPECIFY 

D l = T t l L - T C V ( i )  
C S i L = C S F ( 3 f )  
KRGC=O . 
CALL S I L K  I N  (CSIL) 

LNSC+ TRUE. 

AN=ANNUC+O 5 / f L D  
ARGt3.1 ( P I 4 * O i N S N )  *AN 
CLR=EXP (&LOG (ARG) /3 0 )  

CF=l.- iXP(- (THL-TSTditT 1 /TAUCS) 
RANUCC*RANUC*CF 
CL N = 3  ANUCC* D EL TH 
I F ( R 9  NUCC. GT RNMX 1 HNMX=RkNUCC 

. IF(RQNUCC.Lf.RRMN*RNMX) G O  TO 37  
NCLC=NCLC+l 
CCRJ(NCLC )=CLR 
CLNV(NCLC)=CLN 

C LM= 2 LM+C LN 
CLM=pI4 /3  .*DEhSM* CL R++3 
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C C M J ( N C L C ) = C L H  
C S l L V  (1 ) = C S I L V ( l )  -CLH 
I f ( I P R o L f o 5 )  GO T O  27 
PRINT 2 
P R I  Nf  
PRINT 

27 COkTINUE 
C S l t 2 S I L I I  (1) 
C S 2 = C S I L Y  ( 2 )  
CS3=2SILV(3)  
C SFV ( 1) = C F I  Y t 1.11 "C S i  t C f  I M  4 19 2 1 *C S Z + C F i M  4 1 9  3 ) C S  3 
C S F V t  2 ) = C f I M  (2.1 1 + C S I + C F I M ( 2 , 2 )  '2SZ+CFIM ( 2 9  3 ) +  CS3  

' C S F  V ( 3 1 = C f  IM (3  9 11 + C S I + C F I M  ( 3 9  2) *: S Z + C F J M  ( 3 1  3 ) * C S 3  

I f $  KSTEP 9 CCR9,CL N 9 CLM, THLI NC CC 
183 CS I L V ( 1 )  ~ A N N U C ~ A N V  QT 9RANlJC r R A N U C C 9 C F  44 

. 
I - G O  f 3  21 

39 C O N T I N U E  

I DELTC=O S+i)€LTC ' 

I F ~ o N O T o l T H )  GO T O  12 

I F (  IPRoGE 0 3  1 P R I N T  13 9 OELTCSKSTEP 
I f  ( I a R o G E  0 3 )  P R I N T  1 
I C C L t K S T F P  ' i 

G O  TO 16 
12 CONTINUE 

1 

I F ( . N O T . ( L T O O P , N D O ~ O ~ ~ * D ~ L T C . L E ~ ~ C H B ) )  GO TO 15  
I F (  I H X  GT 0 ANDIDEL TC 6 T  e O 654 DELTH) 
DELTC=E ' D E L T C  
X f  ( I ' R a  Gi: 3 1 
IF( fPR;'GCO3 1 
I &CC= KStE P 

I F ( C S I L V ( 1 )  eLTrSILOUT)  GO T O  9 
I F ( K S T E P o G E o 1 M A X )  G O  T O  6 
I F ( T C V ( 1 )  ~ O E L T C , G T O  TCMA) GO 2 
I F  ( I L O S S  
G O  T O  42 

7 C O N T I N U E  
I F ( f Y X o E Q o O )  GO TO 42 
PRINT 3 

GO TO 16 

PRINT DE LTC, KSTE 

16 C O f f T I N U E  

R I N f  4' irG!ANUCCtRRYN9R&HA 
F ( f P R o G E 0 2 )  CACC OCITPC'f 

- * P R I N r  3 
c PRINr 40 

I F ( I P R o G E o 2 )  C A L L  OUTPUT 
I N X t O  . 

c 

mmr ii 
2ff(lPR;Gf.2) C 

G O  T3 28  
9 CONTINUE 

P R I N r  20 
P R I N T  I O ~ S I L O L T  
I f ( I P K o G L m 2 )  CALL OUTPUT 
I C X = 0  
G O  T 3  28 

32 CONTINUE 
PRINr  25 

b, 
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' *  

, -  
PRINT 33 
If ( IPRo C; 2 1 CALL ObT PUT 
I C X t O  
G O  T3 2d 

PRINT 2 6  

I F ( I P R o G E o 2 )  CALL OUTPUT 
I CX=J 
GO T3 26 

5 CONTINUE 
PRINT 7 
P R I N r  1 4  

6 CONTINUE . .  

m x N r  35 

Icx=n 
I f ( I ? R o G E 0 2 )  CALL OCllPUT 

28 CONTINUL 
* f F ( I ' R o L T . 2 )  PRINT 36rKSTEP1TCV(1)9CSICV(t) 

I F ( I 2 X o G T o O )  PRINT 1 

IF (1SXoEQoO)  C C  T O  0 
I F ( T Z V ( 1 )  oGToTCP) I P R z I P R 2  
I F ( I P C . L T o 4 )  G O  T O  4 
I f  (KS l iPoGEoKPN)  CALL OUTPUT 
I F ( f S V ( 1 ) o G E o T P t t )  -CALL OUTPUT 

42 CONTINUE 

4 CONTINUt 
8 CONTINUE 
1 FORMAT (* KS T EP*r 5 X 9 + T I  ME+ t 3X t *CSI L* 14X t + S R S +  9 4 X 9 *FLC* 1 3 X  g #TE PIP* t 
I 
2 

4X r *PH"r  3X 9 *PhN* 9 4 Xq +FPH+, 6 X  r * R D  EPF* 9 3X 9 *NUCo 34 f E* 96x9 *CAREA* 9 3 X  m 
*NU: rFlI ;A* 9 3X t*DEP .RAT€* q 6 X t + A L P S I L * /  ) 

2 FORM4T(26(+ NUC @ ) / I  
3 FORHQT( / /S6(*  ENONUC * I / )  
7 FORMAT W 1 3  ( +  ALL .CONE +) / I  
10 FORH4T(* S I L I C A  CONCtNTRATION H A S  DROPPED B I L 3 H  SILOUT = * r F d * 4 / )  
11 FORMPT ( *  DENUCLEATION STARTED AND NUCLEATION E N D E D * / )  
13 FORM4T(*ONfi4 OELTC = + t I P E 1 2 0 4 t *  A T  KSTEP =*,E/) 
14 FORMPT(+ ALL C O L L O I D  CLASSES HAVE OISSOLVEO A H A Y o  PROBLEM ENDED. 

17  FORMAT(+ A NEW C O L L O I O  CLASS HAS kUCLEATEC A 1  K S T f P  =*tI5/ /  
1 + / I  

1 * RADI t i 5  t N U M B E R t  T O T  0 M.ASS =* t  i P 3 E  12 039 5X t *r SHE =* t V E L 2  e3t3K 9 

2 +NCLC =+tI5/) 
18 t rF 8 q 412F 8.1 9 3 X 3 N UZ P F t S S e R A TE.9 C ORRo R A 

19 F ORMBT (*ONE W OELThr TALiCS =* r l P 2 E l Z o  4 ~ 3 x 9  * A T  f Z V  (1 )9fH)( ;  =* q l P 2 E  1204  

F GRM 4 1 ( 1 X * C S I L 9 A NNUC r A N  
1TE =* )  1P3El3obr3X,*CORRo FACT CR =*9OPFSo ' t l )  

1 / )  
20  FORMQT( / /16(*  SILOUT * ) / I  
25 f O R M A T ( / / l & ( *  TIHEX * ) / I  
26 F C R M 9 T ( / / l B ( *  CONLX * ) / I  
33 FORP19T(* MAXIHUM TIME REACkEDC/) 
35 FORMAT ( *  MAXIMUM NUMBER OF CONOENZATXON STEPS C 3 H P L € f E D * / )  
36 FORf l4T(*  KSTEP = * t I 5 * 3 A , * T C V ( l )  t + ~ i P E l 2 0 3 r 3 X 1 * C S f L  =+. OPF8.4/) 

. 40 FORM4T(* MAXIMUM NUMBER OF COLLOIO CLASSES IEACtlEDo NUCLEATION EN0 
l E O o * / )  

1 W E l Z . 4 r * I  OF RECOROED MAXIMUM RATE ( * t l P E l L 4 r * )  e NUCLEATION EN0 
2E 0*/ 1 

41 FORMAT(+ PRECfEOIhG PdUCLEATXOh RPTE ( * r l P E 1 2 o k r 4 )  LESS THAN ( * 9  

1 0 2  FORMPT ( / I  
R f T U i N  
E NO 
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. 
SUdR3UTINE SETUP( 16041 1 
LOG I C A  L LTN 9 LTO, L N5C 
COHMON 

CLVUR/ CLOV ( 1 2 0 0 )  rCLMV( 3001 gCLNV(300)gCLRV(600)  g t C L C I O C S I L  

GAHHA/ G4 MC rG A MTr GAM2 r G A H M A s  CAREA 
/ Y  INCON/ H C M A r  h C M E ~ l C M E g f P S I L ~ E  PR,KQSC, I M A  X I  RCfMg XCCC g RRHN 

id 
/CALCSIL /  CS IL V(3) rCFIM(3t  3 )  r f C V ( 3 ) , 2 S F  V (3 1 

C V A L W  PI , P I 4  ;DEN~.~tDENSY,UMASSgCKBt 4 L N l O  
i 

CGMMON 
COMMON /NUCL/ FNCAP rZLOrCN,QCAPgQt~ RNUCr AhNUCg TAUC (R4hUCrOLP 

COMfl3N /SETPAR/ OHCflA 9 OhCHI~OOH~TMAXMrOTPM 
COMMON / S I L K  IN/RATEKg RCF 9 R CEPF9 FY IN19 C S I L S  rS GA 9 SRRg CCAS T I  A K f  Nr O K I h  

COMM3N /S PE C PP R/ 
COMMON /SPECS/ TREF V (  5 0 )  r FLAS HRV( 50 1 gTEMPRJ( 50 8 9 PHRV (SO 1 
COMM3N /START/  S I L I N r  S I L O L T  r I C K r  I N X g  TSTARf, TAJCS 
COMMON / S T E  PS/ KS 1 P ,T HL 9 Ok L TC 9 DEL TH ,LfH, LTO, LNSC 

LNSC=r TRUE. 

- 5 COtlMON /QRINOUT/ NDP, DTP,  TPNgKPNr I P R r I P ~ 2 r T C P r C L f r K l P I C O P I K O P s ~ O ~  

a COMMON /SPEC I N /  TSPkC 9 TEHP, TE MPL, f LASH rGLASr( rFLCg  FLCL 
NRLF 9 ICA  LL r I l r  1 2  g f 11 T 2 

IF( NCLC OLE r 0 .AND* INkr fQ* 0 1 

I B O R T = O  
I C A L L = O  
i C C L = O  
#PN=O 

' CCP=1Olr0. 
KLP =-lGO 
KRGC=O 
TSPEC=TSTART 

TAUD=iEGli 
T AbN= 1 E8 0 
CALL SPECiFY 
C S l L =  S X L I N *  FLC 
c ALL s ILK IN ( CSIL) 

T O  9 
. a '  

PRERr 3 r / ( 4 r * P I  *DE )US N 1 
1 COIUTINUE 

\ 

TEST= ZLD *QT +R&UC* &NUC 
fF(TESTr6T*Or) GO f O  2. 
I f ( I H X e E Q e 0  eAND.SRR.6T.l. 1 GO T O  2 
f F ( N I E F r C E e 1 )  GO TO 7 

5 CONTINUE 
T S T A i T r T 2  
TSPLC=TSTART 

GO T3 1 

2 
c 

I F (  TSPEC. GE r TREFV NREF) )  GO T O  

m 2 CObiTINU€ 
f 

I F (  INK. NE.0) 
I F ( N C L C r L F . 0 )  GO T O  11 
CAH€4=Or 
DO iZ K = l r N C L C  
CRtCLRIl  (K  1 
I F ( C 2 r G T r G N U C )  CAREA=CAREA+CR*CR'CLNV(K) 

TAUN= i  rOBE-6/ROEPF*fEST*+ ( 1 O . 2 5 )  

12 COIvTINUE 

LJ U O t  t C S I t * C S I L S  I /  (CAREA+RDEPF 1 

F(TAUD *LT TAUN) iAU= T A 
F(TAL~jGl .3 .9E79) '  EU T O  

OELTr l tT AU / DOH 
I F t N I E F r L E r L )  * G O  10'b 



I 
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If (OTLTh.CT. (12.1 1) 1 G O  T O  5 

iWL=ALOG(TAU)/ALOG(2.)  t o o 5  
RTkU=Z . + + I H L  

, 4 CONTINUE 

HCMA=RT AU/OHCMA 
ti C M I =  RT  AL /OH CM I 

TCHA=TAU*TMAXM 

I 
I OTP=DTPH+ CAU 

~ 

I 

I F  ( N i E F  .GT 1 AND. TCMA GT. TREFV (NREF) ) 
K NU C= A N NU C + 0 e 5 
AN=ANNLC&JIS/ZLD 
RL IM= EX P 4 AL OG ( PRE R 
T PNcT START 

f C M A = l  EF'V (NREF ) 

I 

I THL=TSTART 
, PRINT 141 KNUCt ANNLC * A  N ~ Z L O I  RL I M  

NCLC= N C L C + l  
CLNlt ( NCLC 1'1 
CLRV(NCLS)=RLIM 
C SILV I I = C S  IC 
TAbCS=T AL C 

PRIIvT 6 rrlCrlA r H C M 1 9  O t L  THITCMA 9 OT P t  h i ?  
PRINT 15tTAUN,fAUO, TkC'tRTAU 

PREC=P14/3r"CENSM 
CAREAzG. 
00 -3 K t i r N C L C  ' 

CR=CLRV ( K  1 

C L M  t i  ( K )  =PREC*CR*+ 3+ CL N V ( K  ) 
C A R E ~ m C A R ~ A + P I 4 * C R * C ~ ~ C L N ~ ( K )  
IF(K.LT.NCLC) S I L I N = S I L i N + C L M J ( K )  /FLC 

3 CONTINUE 
FLCl=FA.C 
C f  I M (  ltl) =l 
CFIM( i 9 2) = O  
C F I M ( i t 3 ) = O  
OELTCrHCYI  

TCV(Z)=TSTART-DELTC . 
I F ( I N A * f i Q e O I  %TURN 
TKa=CKE*(TEMP+273. I5)  
DEK=l . / (OENSN~TKB*ALOG (SRR) 1 
DER=+ * P i  / ( 3  +TKB 1 * O t  R*OEG/ACNlO 
OERI=ir/DER 

P k I N r  I ~ * D E R I O E R I  tCJHHAtGAMCUB 

CLNV(K 1 =CtNV (K ) *FLC 
If ( K .  kQ* NCLC) CLNV(K(I  = 1. 

TCV ( l ) = T S T A R T  

GAMCtJd=GAMMA**3 

RETU3N 
7 CONTINUE 

If3ORC = 1 
PRINT II 
RETUiN 

9 COhTINUE; 

PRINT 10 
IeoRr=i 

ii 

E 

a 

? 

1 
* 

RETUiN - 
' Lf 6 FORM41 ( *  HCMAqHCNI =* t i P 2 E i Z r  493X ,*CELTH 9 7 C M A  =* 

6 F O R M A T ( *  XhJ IT IAT ION CONDITICNS N I  l.ER REACHFD. PROBLEM EEING ABORT 

LQ *E12 r4r3K 9 

1 *OTP,NOP = + , l P E l 2 . 4 * 1 5 / )  



. 

i 

bd 

S b U R O U T I N E  OEPOSIT ( I L O S S )  - 
L O G I C A L  L T H r l T O t L h S C  
COMM3N / C A L C S I L /  C S I L U ( 3 )  , C F X M ( 3 , 3 ) r T C V ( 3 ) , ~ S F V ( 3 )  
COMMON / C L V A R /  CLDU (1200) ,CLMV( 3 0 0 )  , C l N d ( 3 0 0 ) , C L 3 V ( 6 0 0 )  r N C L C r D C S I L  
COMMON 
COMMJN 
COMMON 
COMH3N / N U C L /  FNCAP , Z L ~ , ~ K ~ Q C A P I Q T I R N U C , A ~ N ~ C ,  TAUCIKANUCWQLP 
COMMON /PH/ 

/ C J A L S /  PI ,PIC 9 DENSN,DENSMrUMASSrCK9, ALN 10, A V h t S  XLMH 
/GA MM A /  GAMC *G AHT, GAM2 9 GA'lHA, CAREA 
/ K I N C O W  PCMAI h C H I  9 TCMA, EPS I L  ,EPR 9 KS; C, I H P  X, RL IM t I C C L  t RRMN 

P b  t P H L  9 Ph N , PY NL, AH, FPH, F I N T c  DQS, 0; 4MP 9 f F 
COMMON / P R I N O U T /  N D P I  DTP, 5PNg KON, IPR,  I P S ~ , T C P I C L P , K C P &  DPvI(OP 

COMMON / S A L T /  P h I , S M L , S M C I , G N A , A N A c A K S I L t A L P S i t t S C R ~ G S l L r G ~  
COMMON 

COMMJN 
COMMON / S P € C I N /  T S P E C ~ T C M P , T E M P L ~ F L A S ~ ~ G L A S H ~ F L C ~ F L C L  
COMMdN / S T A R T /  ~ I C I N ~ S I L O ~ ~ ~ I C ~ ~ I ~ X I ~ S ~ A R T I T A J C S  
COMMON /.irZPS/ KSTP,ThL,3ECTC,DEL THICTH,LTOILNSC 
OIHENSIOI I ;  .DCSV (41 
N CND=K ST p 
C S I L t C S I L V ( 1 )  
C S I l N r C S I C  
TSPLG=TCV (1) 
DO 7 K = l r 4  
K R G C t K  I 

/ H K C S /  ,RK2 1, hKZ2tRK3 l r R K 3 2  93 K 4 1 9 R K 4 2  

/ S I L K I N / R A  TLK, kCFr RCEPF, FK I N L ,  C S I L S r  SR4 S R R t  CLAST r A C 1  N g  O K I N  

I f ( K I G C . ; Q . I . O R . K R G C . t Q . 3 )  GO T O  38 
T S P E C = l S  fEC+O r5*0EL 7 C  

I -  

C A L L  SPECIFY 

D C S I L = C S C L N + G L A S H * 0 ~ L  TC 
D CSt3  c s Ir 
C A L L  S I L K I N ( C S 1 L N )  
DCS U ( K ) =3 CS 1 L 

I F (  K3GC. i Q. 2 ) CS3 l N = C  S I L + R K  21 *DCS V f I) +RY 22* i )CS I L  

38 C O N T C N U i  

I 

I F ( K 3 C C o S Q o  1) CSX CN=CSTLtG.S*OCSIL  

IF( K3GC r EQ r 3 1 CSI L3=C S I L t  RK 
? C O N T I N U F  

C S I L N = O C S J ( l ~  t R K 4 1 + 0 C S V ( 2  ) t  
C S I L N = C S I ' L + C S I L N / 6 r  
TCV ( 3  1 =TCV ( 2  1 
TCV ( 2  1 P T C J  ( I ) 
T C V ( i l = T S P E C  
I F ( N C N O r G T . 1 )  GO T O  11 
C S I L J  ( I ) = C S I L  
D E L S I L = C S I L N - C S I L  
C S I L V ( Z ) = C S I L - O E L S I L  
c s I L J  ( 3 ) = cs I LV ( 2  1 -DLL s 1L 

C S I L J 1 3 ) - C S I L V ( E )  
C S i L d  ( 2 ) = C S I L V ( l )  
C SI L= CS I LE( 

11 C O N T I N U E  
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C S I L P = C S I L V  ( 2 )  
T f i S T i = ( C S I L - C S f L P l  / C S I L P  

3 

43 

1 4  

2 

T E S T  t i =  A 6 3 ( T E S T  H 1 
C S I L V  ( 1) = cs 1L 
L T H Z T E  STH G T L P S I  I. 
L TO=? 4 Tt: S T H  L T  0 E PS I L  
P RE C= P I  4/ 3 
SUMCd=Oo 
S T E S f = O  
IlOSS=O 
00 1% K=l ,NCLC 
CR=CLRV (K 1 
I F ( C 3 o E Q o O o )  G O  TO l+ 
CLM=?RtCeCR**3*CL hV (K 1 
C L M J ( K ) = C L M  
I F ( C I ~ G T I O ~ ~ * R L I M )  GO T O  43 
c SIL :  c s  I L + C L  M 
C S I L J ( 1 ) = C S I L  
ILOSj=ILOSS t i  
I F ( I P R o L T . 5 )  G O  T O  3 
P R I N r  1 
P R I d f  +4,K,CRgCLNV ( K )  9 CLM 
P R I N T  3 6 r K S T P , T C V ( l ) , C S I L  
P R I r J r  1 
COhiTINUE 
CR=Oo 
C L N J ( K ) = O o  
CLRV(K)=r3. 
CLMV(K)=O L 

GO T3  1 4  
C O N T I h U f  ' 

KK=K* 3 0 0 
CRP=:lR V ( KK 1 
TcST.I= (CH-CRP) /CRP 
T E S T d = A e 3 ( T E S T H )  
SbM Cd= SUHC W t CL M 
S TE S l = S  T:, ST +CL M* f E S TH 
C O N T I  NUE 
IF(SJi ICW.GTo0.)  G O  TO .2 
I L O S S = - 1  
RETUiN 
C O N T I N U E  
TESTr l=S T t  ST/SUt lCH 

DE NS M 

L T ~ = L T H ~ O R O T € S T Y I G T . E P R  
L T D= i T r )  A NO e 2 w TE S T H L T E PR 
I F ( I P R o L T . 1 )  GO T O  5 
I f ( C S I l J ( 1 )  o G T o ( C L f ~ C D P J  oAkDoNCE(DoLTo(KLP+I(JP) 1 S O  T O  5 

R ANUCCs R k  NU C *  ( 10 -E XP I ERG 1 1 
F MN=P I4* DENS P/ 3 0 RNUC *; *3 * RA NU CC 

ARG=- ( TCJ ( 1 ) -TSTA R f  1 / i A W S  

F MC=-(OCSV ( 4 ) - D C S ) / D E L T C  

1 1RAVU CC 9 CA REA 9 FMN 9 FM C *ALPS I L  
RANU:=O 
C L P t C S I L V  (1 1 
K CP= NCN D 

5 C O N T I N U E  
I f ( I N X o E Q o 0 )  RETURN 
I f  I ( N C N D - I C C L )  rGE 03 1 G O  T O  L7 
T2=TCV ( 2  1 -TSPEC 
T 3= TC V ( 3 4 - T S  Pi C 
O = T 2 * 1 3 * ( f 3 - T 2 )  

i 
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I *  

~ U S I ~ = 2 0 3 6 6 6 9 E 3 / T K + 2 0  5 7 9 7 9 * A L N T - l 8 0 4 0 1 4  
PKS IL=-PUS f l+PKW 
AKSILzALG10  ( -PKSI  L)  
PKF=- l *892+40306 /TK- *O 0 12465*TK 
A K F r 4 L G l R  ( -PKF) 
CSILL=07310 /TK+ l .  52 
C S I L S = A L G l @  ( C S I L L )  
R A T t < T = A L G I O  (AK-EKITK I 
AKIN=A L G i O  ( A K I N C t  AK I N T / T K  1 
OK1 h= A L G i  0 ( OK1 NC+ OK I N  T / f K  I 
RKF1:ALGiO ( C K F l * T K f i / T K )  
RKFE=ALGLO ( C K F 2 + f K F 2 / T K )  
AKINP=AKIN*+ALPHAK 

I F ( F L C o E 4  .FLCL *AND. TEMPoEQ eTEMPL) G C  TO 1 4  
1 3  CONTINLlE 

SI=SML 
SRSkSQRT (SI) 
G S I L F A L G ~ ~ ( ~ A D H + S ~ S I / ~ ~ ~ ~ ~ O ~ ~ O ~ ~ ~ ~ S I )  1 
GNA=r\LGiG ( 0 0 75*S I1 *G S I L  
GFr -4 OH+SRSI 1 ( 1. +30 *a OWSRSI) t o o  2 *SI 

ANA=; NAi SML 

IF (CS I Ct 0 1 
IF(CSIoLEoOo1 'GO TO I 
ALPS1 L= CSX/CSIL  
A h = A <  S I L/ GS I L* ( i 0 I A LP S I L- 1 1 
Pb=-ACOGla (AH) 

G f = A L G i O ( G F  1 

1 4  CONTINUE 
A L P S I L z  i o /  ( 1 +A H * G S I  L / A K S I L  ) 

1 C O h l I N U t  
A L P F = 1  1 ( 1 tAH*GF/A KF ) 
PhN=PH t AL OG i 0 ( ANA / O  00  69 1 

RATEKF=TOTF* ( R K F i * (  l . -ALPF)+RKF2*ALPF) 
CALL PHF 

R A T E K = R A T E K T * ( F P k + R A l € K f I  
9 COhTfNUL 

SRAZ3S I L/CS ILS+ (1 o -ALPS1 L) 
G A f l  Z= G A ?IC t G A MT* TC 
O G A M U t  -ALN lO *DQS* T K W  F I N 1  
GAMM4=CAN Z+ OGAMQ 
S CR=E X P ( 3  0 3 63 3 I+ PH I* S HC ) 
SRRtSRA+SCR 
SRRLZALOG (SRRJ 
SRAt=ALCG(SRA) 
f K I N L =  20 + G A M M A / ( D E  NSN*TKt3) 
I F  ( SRA LT OAK I N  1 
I F ( S 3 A o L T o A K I N )  GO TO 7 

R CF=RATEK*EXP ( A  LPHA K*SRAL 

RCFA=RATEK*AKINP 

0 I F r S R A - I K I  N 
RCF= ORCFA * O  I F+RCF A 

. ORCF4=~CFA*ALPHAK/AKI  N 

7 CONTINUE 
ROEPF=KCF+ ( 10 - lo /SRR)  
I F ( S 2 R o L T o l e )  RCF=Oo 
I F ( S R R o L T o L o )  R D E ~ F = R A T E K + O K f N + ( S R R ~ ~ o )  

IF(KQGC.GTo0) GO TO 1 5  
fF(S3RoGT.I.) GO TO 2 
RNUC=O 
ANUC=Oo 
ANNUC=Oo 
Z L D = J  

R CFN=RCf / b  M A SS 

Q T = O o  

I 

4 
s 

. 
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RANUZSO o 
TAUC=C. 
RETU;ZN 

2 CONTINUE 
RNUC=FKINC/SRRL ,. 
ANUC=Io *PI+RNUC*2NUC 

5 

Bd 
F NC A P= A Nb C 6 G AM MA/  3 

ANNUC= P I 4 / 3 0  *OtNSN+RNU C**3 

fLD=Eo /3* *EXP(ALOG(ZLD ) / 3 . j  

. 

QCAb=EXP(-FNCAP/T YB 1 

ZLD=3o/(PI4+DENSN*ANNUC*kNNUCJ 

ZLO=ZLD+SQRT (GAMMA/TKB) 
i Ck=RCFN+ANUC 

* QT= QL P+'QC AP I 

RANUZ=ZLO*QT*CN 

R E f U i N  
15 C O t v T I N U E  

K@ASE=30OC(KRCC-L) 
f CR=FCC/f LCL 
OLLOF N S t  DE LTC/OENSM 
CARE4zOo 
00 4 K = l r N C L C  
CRtCLRV (K 1 
I F ( C 3 r E Q o O o )  G'O T O  Y 
K l =K+  3 0 G 
K 2 = K t  6 0 0 
F OR l= f K I r J  L / C  R 
CCO=IDEPF 

CLD=CCD*OELOENS 

1( I *  

TAUC= 10 /(  40 * CN*ZLD+ ZLD 1 
6 

. ,  

IF (F3RLoCToSRRL)  CLD=RITEK*OKIN*(  SRR-EXP(FOIL))  



-242- 

PhtzPH 
PHN L t  PHN 
Y tPt i  
00 3 K r l r E  
X=Y-706 
I F ( X o G T o l o 1 2 9 1 5 )  X=2. 2563-X 
IF(X.GTo-1.63) GO 10 1 
F Ph=ALGlQ 4x1 
F I N f = A L 0 6 1 0  ( 1.+6.2+FPH ) /6 .2 

G O  T3 4 
1 CONTINUE 

F f H t F P H / ( l .  +6.2*FPH 8 

ARG=to+ACGlO ( X / 2 o  113) 
F P h = - X f ( 9  o 6538+X* ( 1 0 7 9 0 1 + 4 0  I B I I * X  1 1 
F PH=X -2  113 AL OGLO ( AR G 1 +f PH 
FPHt4CGlU (FPH) 

F I N T = A L G l C  (F  I N T I  
C I N T ~ ~ D ~ f 5 9 2 4 ~ 0 0 5 8 4 9 3 * ~ ~ 0 0 1 1 2 9 2 ~ ~ * X  

4 CONTINUE 
IF(Y.LTod.729L5)  GO 10 2 
FPH=lo-FPH 
F I N T t  f I N T  + Y  -8  7 29 1 5  

2 CONTINUE 
F PH=F Pn / 3  I I 8 9  1 32 1 

F I N T F  =F I N T  
FPHFtFPH 
YrPHN 

3 CONTINUE 

fF(K.GT.1) G O  TO 3 

F PH =F F + F Pt lF t ( 1 OFF 1 *F PH 
F I N T t F f * f  I N f f + c ( I o  -FF)+FINT 
RETU2N 
E ND 

Slh3RJUTXNE HATER 
COMflON 

P K W ~ 3 4 . 9 7 3 4 + A L N T ~ B o 0 9 7 6 1 1 ~ ~ K ~ 6 0  6.522 r 

PKW= PKW + ( 3 1286EC-2 17 067E6/TK)  /TK 
PKW=-PKW 0 

TC=TIC-273 1 5  & 

TCM=Oo O l + T C  
I f ( T 2 o G T o I S O )  GO T O  I1 
A O V  (1 1 =Om9998396 
A OV ( 2  1 = I d  224944: -1 
A D V  ( 3  ) t o 7  092221OE02 
A O V ( + ) = - 5 5 0 1 4 8 4 6 E - 3  
AOV(3 )=1490  7562E-4  
A DV ( 6  4 '-39 3 29526 -5  
8 O= 1 5  i 59 72 5 € 0  1 
G O  T3 13 

/ W  A TE R/ DE NS 95 PSO. A OH9 BDH 9 FK W 9 TK. A 4. Nf 9 r K a  
D I M E N S I O N  A O V ( 6 I  c 

7 L. 
11 CONTINUE'.  ' 

A D V ~ l ) ~ l o Q G 7 7 C 8  
A DV ( 2  1 5 2729E-2 
A DV ( 3  8 =-.Y 3 3 2 8  1E-2 
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c 
i 

ADV(CI=I .22917€-2 

AOJ ( 6  I = 2  6E-11 
60=0* 

13 COtUTINUE 

A OV ( 3 =-2 3 4 3755-3 

SUM=90V(6 I 
00 14 K = I r S  
K K t 6 - K  
StlM=ADJ(UK) +SUM*TCA 

14 CONTINUE 
0 ENS= SU M /  ( 1 a +8C*T CA I 
I F ( T $ . G T . l O C )  GO T O  1 5  
SUMt3r 398E-4-10 4 1  OE -6s TC 
SUM=-Oo40OOB+SUM*TC 
EPSDz87 0740  +SUM*TC 
G O  T3 16 

15 CONTINUE 
SUMZOO 1 4 1 7 E - 2 - 0 1 8 2 9 2 f - 6 + T K  

P 

., 

SUMr.0 9297+SUM*T K 
€PSO=53210 /TK+Z33  e76+SCLM*TY 

16 CONTINUE 
TEPSD=TK*EPSD 
SQRTE= SQRT 4 TEPSD) 
S QR OE N= SQRT ( 05, NS ) 

6 OH=60 2.3166 SQRDEN/SQR TE 
RETUiN 
E NO 

A O h = i o  82483 E6".SQROEN/ ( TEPSO* SURTE I 

SUGRJUTINE SPECIFY 
C O H M 3 N  /CLVAR/  C ~ O I I ( 1 2 0 l i )  rCLMV(300)  rCLNV(300  IrCLIJ(60OI ~ ~ C L C I D C S I L  
COMMON /CVCLS/ P I  1 PI4 r.OLNSNrDENSHgUHASSr CK3r ALN 1OrAVNrS ILMW 
CGMMON /PH/ 
COMMON /SAL T / P H I  9 S ML SML 1, CN A, ANA 9 AKS It 9 ALPS1 L 9 SCR r CSI L rG)I 
COMMON / S I L B U F /  C S X s C S I I  
COMMON / S I L K F /  TOTF I, f O T f  rPKFeRKF 1,RKFZ 
CONH3N /SPECIN/  T S P E C r  TEMP,TEHPLIFLASHICLA 
COMMON /SPECPAR/ NRLF 9 I C A L l ~ I i r f Z ~ T l ~ T E  

' COMMON /SPECS/ T R E f  V (  50) ,FLASkRV( 53 1 (TEMP R 
COMMON /START/ S I C I N ,  S I L O U T ~ I C K I X N X ~  TSTARTr f  AJCS 
A LG 10 ( X I =EX F ( A L N l  0 6 X I  
ICALLt  I CA LL + 1 

S M l  I: - S M L I  

DO 8 K = I r 3  
PHI VL= ( 16 a 4 0 t2.15 3+SQRT ( S  ML 11 1' 0 0  0 0 1 
C R f  = l  0 Os/ ( 

PB g PH Lc PH N PH NL ,A Y t  FPH9 f I N 1 9  O Q S r  05 A M Q  VC F 

A f  E K F *  RATEKT, GF 

IF(SHLi.GT.0.) GO T O  7 

S M t W  S MLX 

r o P h I  VL+S MLk) 
SMLI tSMLS*CRF 

B CONTINUE 
S I L I N = S I L I N * C R F  
S I F  OJT=SiLOUT*CRF 
C S I l : C S l i * C R F  
T OTFX=TOT F I *  CRF 
IF(N~LC.EQ.0) G & ' T 3  7 ' 
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00 2 K t l r N C L C  e 

C LNV ( K ) =CLNV (K 8 W R f  
2 CONTINUE 
7 CONTINUE 

L, I F ( N 2 E f * G T a l )  GO T O  6 
IF(ICALL.GT.2) RETURN 
fF(I2ALLmCQml) GO T O  4 
TEMPL=TEPIP 
RETUiN 

4 CONTINUE 
TEHP=TEMPRV (1) I 

PHrPARV (1 1 
FLASl=FLASWRV( 1) 

TEMPL=-lJOO 

1 

G L A S I = O o  
FLC=I m /  ( 1 e . f  LASH) 
c LCL-'FLC a 
S M l r S M t I + F  LC 
TOTf=  TOTFI+FLC 

AH=A, G t 0  4 -PH 
RETUiN 

6 CO1UTINUE 

C S I = Z S I I * F L C  

I F t I 2 A L L . G T . l )  GO T O  9 
TEMPS- 1 0  0 0 * 
I l = D  
IZ=f 
T Z= -1t 1 0 
f L C L = l o  

9 COEtTINCiE 
1 CONTINUE 

IF(TSPECoLT.T2)  G O  TO 3 
I l = I t + l  
I 2 =  I2 t 1 
T i = T R E F V 4 I i )  
T Z t T R E F V ( I 2 I  
G O  13 1 

3 CONTINUE 
TEMPL=TENP 
T FA C t  ( T S Pr C - T I  1 / ( T 2 -T I ) 
TEHP=TEHPRV (11) t ( T E M P R U ( I 2 )  -TEMPS V (  11) ) * T F A C  
PH=PlRJ (11) t (PHRV (121 -PHRV (I1 ) )  EIFAC 
FLM Sdz FLA SHRV ( 11) t ( FLA SHRV( I2 1 -FLASHRV ( I  1 ) ) * TFAC 
G L A S l =  ( F L A S h R V ( I 2  )-FLASXRV ( I t  1 I / (  T2-11) 

GLASi=GLkSH+FLC 
SML=SMLI * f  L C  
T O T f  t 1 OTF I* f LC 
C S I = 2 S I I + F C C  

R E T U i N  
E NO 

F LC=1 f ( L OF L ASH) 

Ak=A,GiD(-PHl 

St 'bR3Uf I N C  OUTPUT - 
L GC I C A L L T H 9 LTD 9 L NS C 

c 
e 





i 

-246- 
2 FORM4T (*  K S f E P  O* ,159 3X,*TSP€Cr TE MPIPH =*. l P E l . 2 0  49 OPF8029F7.2r 2 X  9 

1 

1 OPZF7*3/1 

1 *RAlEKrRDEPF t * r  l P Z E 1 2 0 4 r 3 X 1  *FKINL = * t l P E i 2 0 4 / )  

1 *QLPrQT =* 9 if'2EIOr 39 2Xr*RA NJC =* 9 I P E I O o  3 r2K r fTAUC =* t IPE10 .3 / )  

*FL4 SH .G LA SH =*r FB 44 9 I P E I 2 o  49 3x9 *CSI L =+, OP F8 49 3 kr * F  LC t C 9  F8 04 / J 
3 FORMAT(+ GAMZrGAIQHA = * q Z F 6 o Z , Z K g e O Q S  e*r lPEIOo3,2X,*AKINrOKIN = * s  

4 FORM9 T (+. CS I L S 9  ALPS I L r  C S I  ='9  3F f r  49 2X 9 *SRA 9 S RR 1 9 2F8 04 9 2x9 

5 FORMAT(? RNUCrANNLIC = ~ ~ l P Z ~ l O o 3 ~ ~ X ~ * Z L O , C ~  =*,IPZE10.3,2X1 

12 fORMPT( / )  
14 F OeM4T ( +  NCLC t*, I5 9' TOTAL NO. 9 AREA 1 P L E l I r  49 Q 

16 FORMAT(+ NUMeER Of PARTICLES I N  EACH C L A S S 4 / / 3 0 ~ t K ~ l P 1 0 E l j . 5 / )  J 
1 7  FORM4T(+ PARTICLE R A D I I * / / 3 0 ~ l X ~ l ~ l O E l 3 ~ 5 / ~ ~  1 

i B  FORMAT(* TOTAL MASS I N  EACH CLASS*/ /30  ( ~ X . l P l O E 1 3 0 5 / ) )  
2 1  FORMAT ( *  COLLr MASS, OIS.SILr  =*,2F8r493X9 +Sun =*rF8.493Xs 

I* AJERrRADrsARfArMASS =*9tP3E12ob/ )  

a 

I*SHOJLO BE =*,F6r4r3%9*PERCENT . O f f .  = * s F 8 0 4 / )  

I *SOD* ACT. t * r l P t l 3 * I r t 3 X r + P H ~ J r F P H r F I N T  =*,OP3F8.4/J 
22 FORM4Tt* SALT M O L A L I T Y  rSOLrCORR4FACTOR =*9 lPELZr490PF60  4 9 3 x 9  

23 FORM4T(* TOTkFsALPF = * r i P E I O r  3 r O P F 8 r 4 ( 2 X r * R K F L ( ~ Y F 2  =+rlP2ELOo3r 

24 FORMAT ( *  PKWIPKSILI PKF =+q3F7*39ZXr *GSIL,CFIGNA =* 93F7.49 2x9 
I 2XqeRATEKF 9 RATEKT =* l P 2 E l U o  3/ 1 

1 *EPSO, DENS =* 9F6.2 tF7o!+ri?X,*ADkrBDh =*, E F 7 r  41) 
1 0  0 FORM4T ( / f i x  9 26 ( * # f # f & *  1 // 8 

REfU3N 
END 

* 
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