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I .  The Homogeneous Nuc lea t i on  o f  C o l l  o i  da l  Amorphous S i  1 i ca 

The voluminous gel  -1 i ke depos i t s  encountered a t  Cerro P r i e t o ,  Wai r ake i ,  
anti N i  1 and c o n s i s t  o f  f l  occul  a t ed  c o l  1 o i  da l  amorphous s i  1 i ca .  The crumbly 
grey and w h i t e  sca les  assoc ia ted  w i t h  t h e  g e l - l i k e  m a t e r i a l s  a re  cemented 
co ' l l  o i d a l  aagregates Th i  s c o l  1 o i d a l  s i  1 i c a  i s produced by homogeneous 
nuc lea t i on  i n  t h e  l i q u i d  phase; i.e., nuc l ea t i on  by growth o f  polymers t o  
c r i t i c a l  nucleus s i z e  w i t h o u t  t h e  p a r t i c i p a t i o n  o f  some p r e e x i s t i n g  s o l i d  
p a r t i c l e .  

Wi th  most substances heterogeneous n u c l e a t i o n  i s  dominant, and homogene- 
ous n u c l e a t i o n  i s  very  slow, r a r e  i n  nature,  and d i f f i c u l t  t o  s tudy i n  t h e  
l abo ra to r y .  The p r e c i p i t a t i o n  o f  amorphous s i  1 i c a  i s  a,n apparent excep t ion  
t o  t h i s  because o f  t h e  very  l ow  sur face  t ens ion  of t h e  s i l i c a - w a t e r  i n t e r -  
face  - between 35 and 50 e rgs  cm-2 over  t h e  range o f  major  p r a c t i c a l  
i n t e r e s t .  (By comparison, t h e  su r f ace  t e n s i o n  o f  t h e  w a t e r - a i r  i n t e r f a c e  
i s  about 70-80 e rgs  cm-2.) Th i s  means t h a t  enormous numbers o f  p a r t i c l e s  
can be produced by  homogeneous nuc leat io ln  (on t h e  o rde r  1017 t o  1 0 l 8  pe r  
1 i t e r ) ,  and t h i s  complete ly  swamps t h e  e f f e c t s  o f  heterogeneous nuc lea t ion .  

A p r a c t i c a l  consequence o f  t h e  dominance o f  homogeneous nuc e a t i o n  
i s  t h a t  t h e  p r e c i p i t a t i o n  o f  amorphous s i l i c a  i s  expe r imen ta l l y  repro-  
d u c i b l e  and p red i c t ab le .  
i s  determined by  bas i c  thermodynamic and chemical v a r i a b l e s  (concen t ra t ion ,  
su r face  tens ion ,  e tc . )  and not by o f t e n  unknown t r a c e  contaminants as i s  
t h e  case w i t h  heterogeneous nuc lea t ion .  

T h i s  i s  because t h e  r a t e  o f  homogeneo s n u c l e a t i o n  

F i gu re  1 shows some t y p i c a l  exper imenta l  r e s u l t s  which d e p i c t  t h e  
d e c l i n e  o f  d i s so l ved  s i l i c a  w i t h  t i m e  v i a  t h e  homogeneous nuc lea t i on  
mechanism. These exper iments were performed a t  va r ious  pH's i n  a l ow  
sa;l i n i t y  b u f f e r e d  medium i n  which t h e  sodium i o n  a c t i v i t y  was approx imate ly  
0.069M, and t h e  t i m e  sca les  were s h i f t e d  t o  conver t  a l l  da ta  t o  a nominal 
pH o f  7.0. These c o n d i t i o n s  a re  approx imate ly  equ i va l en t  t o  a .088M (=5200 
ppm) NaCl s o l u t i o n  a t  pH 7. 
l oga r i t hm ic .  
r e a c t i o n  runs most o f  t h e  way t o  complet ion i n  l e s s  than  10 minutes.* Wi th  
an i n i t i a l  concen t ra t i on  o f  0 . 5 g / l i t e r ,  i t  takes about 5,000 minutes. I n  

Note t h a t  t,he t i m e  sca le  i n  F i gu re  1 i s  
Wi th  an i n i t i a l  concen t ra t i on  o f  l . l g / l i t e r  o f  Si02, t h e  

*Here and elsewhere i n  t h i s  paper, concen t ra t ions  a re  expressed i n  terms 
o f  grams o r  m o l e s / l i t e r  r e f e r r e d  t o  roorri temperature. 
mean t h a t  t h i s  s o l u t i o n  would c o n t a i n  1.1g/1 S i02 if cooled t o  room 
temperature,  b u t  no t  necessa r i l y  a t  75OC:. 

Therefore,  we 
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o t h e r  words, w i t h  a l a r g e  i n i t i a l  s a t u r a t i o n  r a t i o ,  amorphous s i l i c a  g e l s  
may for in w i t h i n  t h e  process equipment and assoc ia ted  p ip ing .  Th i s  i s  
observed a t  Cerro P r i e t o  and Ni land.  Wi th  small  s a t u r a t i o n  r a t i o s  (0.5g/1 
corresponds t o  S=1.9 a t  t h i s  temperature) ,  massive p r e c i p i t a t i o n  w i l l  n o t  
occur  w i t h i n  t h e  process equipment, b u t  j u s t  as c e r t a i n l y  w i l l  occur  
somewhere f u r t h e r  downstream. A lso  no te  t h a t  0.5 and 0.7g/1 curves show an 
i n d u c t i o n  p e r i o d  d u r i n g  which t h e  concen t ra t i on  does n o t  change no t i ceab ly .  

We have generated a l a r g e  q u a n t i t y  o f  such n u c l e a t i o n  data  f rom 
room temperature t o  100°C and have w r i t t e n  a computer program which 
can numer i ca l l y  (and r i g o r o u s l y )  model t h e  homogeneous n u c l e a t i o n  process; 
i.e., i t  can reproduce t h e  curves i n  Fig. 1. A f t e r  we have f i t t e d  t h e  
necessary parameters u s i n g  ou r  exper imental  data, we w i l l  be ab le  t o  
q u a n t i t a t i v e l y  model and p r e d i c t  t h e  process, even under t h e  exper imen ta l l y  
i n a c c e s s i b l e  c o n d i t i o n s  c h a r a c t e r i s t i c  o f  f i e l d  p r a c t i c e .  
w i l l  be documented and made a v a i l a b l e  t o  i n t e r e s t e d  o u t s i d e  users. 

T h i s  program 

I I. Molecu lar  D e p o s i t i o n  on Sol i d  Surfaces 

By mo lecu la r  d e p o s i t i o n  we mean t h e  fo rma t ion  o f  compact, nonporous 
amorphous s i 1  i c a  by chemical bonding o f  d i s s o l v e d  s i l i c a  molecules d i r e c t l y  
on to  s o l i d  sur faces.  

Bel  ow about 1 O O O C ,  homogeneous n u c l e a t i o n  i s usual l y  t h e  dominant 
p r e c i p i t a t i o n  mechanism. 
here i s  t h a t  i t  i s  t h e  molecu lar  mechanism o f  t h e  growth o f  c o l l o i d a l  
p a r t i c l e s  and o f  t h e  convers ion  o f  g e l - l i k e  depos i t s  t o  s o l i d  scale. 
However, a t  h i g h e r  temperatures molecu lar  d e p o s i t i o n  f rom s o l u t i o n  may by  
i t s e l f  produce sca le  a t  a s i g n i f i c a n t  r a t e .  Al though t h e  d e p o s i t i o n  r a t e  
i s  very small  (about  1 mm/year i n  t h e  f l a s h e d  b r i n e  p ipes  c l o s e  t o  t h e  
steam separa tors  a t  Cerro P r i e t o ) ,  t h i s  s c a l e  i s  almost i n d e s t r u c t i b l e  once 
formed. 

The major  s i g n i f i c a n c e  o f  molecu lar  d e p o s i t i o n  

We s t u d i e d  t h e  molecu lar  d e p o s i t i o n  process by adding known amounts 
o f  c o l l o i d a l  s i l i c a  o f  known s p e c i f i c  su r face  area t o  our  s o l u t i o n s .  
Depos i t i on  r a t e s  a t  pH 7, [Na'] = 0.069 and va r ious  temperatures and 
d i sso l ved  s i 1  i c a  concen t ra t i ons  were c a l c u l a t e d  (and e x t r a p o l a t e d )  f rom 
ou r  exper imental  da ta  and a r e  presented i n  F igu re  2 .  
represents  t h e  approximate concen t ra t i on  1 i m i t  above which homogeneous 
n u c l e a t i o n  supersedes d e p o s i t i o n  on added p a r t i c l e s  as t h e  dominant 
mechanism. 
and below t h e  dashed l i n e .  
t o  be good enough f o r  p r a c t i c a l  a p p l i c a t i o n .  

The dashed l i n e  

Our data a c t u a l l y  covers o n l y  t h e  range between 50 and 100°C 
However, we b e l i e v e  t h e  e x t r a p o l a t e d  values 

A t  any g i ven  concen t ra t i on ,  t h e r e  i s  a temperature a t  which t h e  
d e p o s i t i o n  r a t e  has a maximum value. 
increases w i t h  temperature i n  t h e  usual way. Above t h i s  temperature,  
t h e  r a t e  o f  d e p o s i t i o n  decreases because t h e  i ncreas i  ng so l  ub i  1 i t y  
o f  s i l i c a  causes t h e  r a t e  o f  t h e  back r e a c t i o n  ( i .e.,  d i s s o l u t i o n )  t o  
i nc rease  even more r a p i d l y .  
concen t ra t i on ,  t h e  d e p o s i t i o n  r a t e  goes t o  zero. The p r a c t i c a l  consequence 
of t h i s  i s  t h a t  t h e  mo lecu la r  d e p o s i t i o n  r a t e  i s  a weak f u n c t i o n  of temper- 
a t u r e  a t  temperatures l ower  than  about 15OC below t h e  s a t u r a t i o n  temperature. 
However, t h e  r a t e  v a r i e s  s t r o n g l y  w i t h  s i l i c a  concent ra t ion .  
bes t  f i t t e d  by an apparent f o u r t h  o r d e r  r a t e  law.) 

Below t h i s  temperature, t h e  r a t e  

A t  t h e  s a t u r a t i o n  temperature f o r  any g i ven  

(Our da ta  i s  
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111. E f f e c t s  o f  pH and S a l i n i t y  

I t  has l o n g  been b e l i e v e d  t h a t  t h e  r a t e  o f  amorphous s i l i c a  d e p o s i t i o n  
i s  p r o p o r t i o n a l  t o  t h e  su r f ace  d e n s i t y  o f  i o n i z e d  s i l a n o l  groups on t h e  
s i l i c a  surface. 
t h i s  hypothes is  conc lus i ve l y .  
c a l c u l a t e d  f rom ou r  da ta  matched su r f ace  charge E. pH da ta  i n  t h e  l i t e r a t u r e  
t o  w i t h i n  exper imenta l  e r r o r .  

Our exper iments on t h e  pti dependence o f  t h e  r a t e  proved 
We found t h a t  t h e  r a t e  as a f u n c t i o n  o f  pH 

The r a t e  as a f u n c t i o n  o f  pH f o r  [Na'] 
3. The f u n c t i o n  p l o t t e d  i n  F i gu re  3 i s  t h e  r a t e  a t  any g iven  pH r e l a t i v e  
t o  t h e  r a t e  a t  pH 7. 
t h e  r a t e s  o f  mo lecu la r  d e p o s i t i o n  and homogeneous nuc lea t i on  by t h e  same 
f a c t o r .  
f orrner. 

= 0.069 i s  presented i n  F i gu re  

I nc reas ing  t h e  pH a t  cons tan t  s a l i n i t y  increases 

The e f f e c t  upon t h e  l a t t e r  i s  a consequence o f  t h e  e f f e c t  upon t h e  

We found t h a t  t h e  r e a c t i o n  r a t e  ceases t o  inc rease  i n  p r o p o r t i o n  t o  

Our data suggest 
su r face  change a t  about pH 8. Th i s  i s  due t o  t h e  o f f s e t t i n g  e f f e c t  o f  
t h e  inc rease  o f  s i l i c a  s o l u b i l i t y  w i t h  i n c r e a s i n g  pH. 
t h a t  a constant  pH c o r r e c t i o n  f a c t o r  o f  about 2.7 i s  adequate between about 
pH 8 and 9. The r e s u l t s  presented here should  no t  be used above pH 9. 

D i  sso l  ved s a l t s  have two impor tan t  e f f e c t s  upon these processes: 

1) They decrease t h e  s o l u b i l i t y  o f  amorphous s i l i c a  and, thereby,  
inc rease  t h e  r a t e  o f  homogeneous nuc lea t ion .  

2 )  I nc reas ing  t h e  s a l t  concen t ra t i on  a t  constant  pH increases t h e  
sur face  charge d e n s i t y  and, thereby, t h e  r a t e  o f  mo lecu la r  
depos i t  i on. 

The second e f f e c t  increases t h e  r a t e s  o f  mo lecu la r  depos i t i on  and 
hornoyeneous nuc lea t i on  by t h e  same f a c t o r .  
o n l y  t h e  r a t e  o f  homogeneous nuc lea t ion .  
e l  sewhere. 

The f i r s t  e f f e c t  i nc reases  
It w i l l  be d iscussed i n  d e t a i l  

Except a t  very  low s a l i n i t y ,  most o f  t h e  d i ssoc ia ted  s i l a n o l s  on t h e  
s i l i c a  su r face  have c a t i o n s  bound t o  them - i n  t h e  case of ou r  exper iments,  
sodium. Th i s  means t h a t  sodium and hydrogen i o n  a c t i v i t y  do 
independent e f f e c t s  upon t h e  r a t e ;  r a t he r ,  i t  i s  t h e  r a t i o  of sodium t o  
hydrogen a c t i v i t y  t h a t  i s  impor tant .  
c a l c u l a t e  t h e  e f f e c t  o f  s a l i n i t y  upon t h e  mo lecu la r  d e p o s i t i o n  r a t e  as 
w e l l .  

have 

Therefore,  F i gu re  3 may be used t o  

To do t h i s ,  c a l c u l a t e  a "nominal pH va lue"  de f i ned  by 

pH nom = pH + ' log - [Na+l 
0.069 

and then  read o f f  t h e  pH c o r r e c t i o n  f a c t o r  f rom F igu re  3 us i ng  t h e  nominal 
pH va lue i n s t e a d  o f  t h e  r e a l  one. 

For  example, t o  c a l c u l a t e  t h e  mo lecu la r  depos i t i on  r a t e  a t  100°C, 
pH 6.5, [Na+j = 0.69M and 0.7g/l d i s so l ved  s i l i c a :  

F i r s t ,  read t h e  d e p o s i t i o n  r a t e  a t  pH7.0 and [Nat] = 0.069M f rom F igu re  2. 
Th i s  va lue i s  0.22 pm/day. 
above. Th i rd ,  read t h e  pH c o r r e c t i o n  f a c t o r  f o r  pH 7.5 f rom 

Second, c a l c u l a t e  pH nom us ing  t h e  equa t ion  
Th i s  i s  7.5. 

-296- 



F i g u r e  3; t h i s  i s  1.8. F i n a l l y ,  m u l t i p l y  t h e  two numbers t o g e t h e r  t o  
o b t a i n  t h e  d e p o s i t i o n  r a t e  which i s  0.40 pm/day. 

Our data suggest t h a t  t h i s  procedure i s  adequate f o r  s o l u t i o n s  which 
c o n t a i n  up t o  a t  l e a s t  1M NaC1, and i t  may be (Idequate a t  even h i g h e r  
s a l i n i t i e s .  However, i t  cannot be recommended f o r  use a t  s a l i n i t i e s  
much below 5200 ppm. A t  very l o w  s a l i n i t i e s  d i s s o c i a t i o n  w i t h o u t  i o n  
p a i r i n g  becomes impor tan t  , and t h e  bas i c  assumption o f  t h e  equ iva len t  
and oppos i te  e f f e c t s  o f  hydrogen and sodium a c t i v i t y  co l lapses.  We 
hope t o  remedy t h i s  shortcoming by d e t a i l e d  r e d n a l y s i s  o f  t h e  low s a l i n i t y  
sur face charge data i n  t h e  l i t e r a t u r e .  

The d i s s o l  ved so l  i d s  i n  r e a l  geothermal b r l  nes a re  u s u a l l y  p redominant ly  
sodium c h l o r i d e ,  b u t  o t h e r  s a l t s  a re  a l s o  present .  We have found t h a t ,  i n  
most cases, i t  i s  s u f f i c i e n t  t o  use an " e f f e c t i v e  sodium i o n  a c t i v i t y "  
c a l c u l a t e d  as 0.77 t imes t h e  (molar )  concen t ra t i on  o f  c h l o r i d e .  
a t e  i s  present  as a major  ion ,  use t h e  sum o f  %he c h l o r i d e  and b i ca rbona te  
concen t ra t i ons  i n  p lace  o f  c h l o r i d e  alone. The r a t i o n a l e  f o r  t h i s  procedure 
i s  t h a t  t h e  va r i ous  o t h e r  major  c a t i o n s  t h a t  may be present  have e s s e n t i a l l y  
t h e  same e f f e c t s  as sodium, and t h e  a c t i v i t y  l ower ing  e f f e c t s  o f  d i v a l e n t  
anions approx imate ly  compensate f o r  t h e  concen t ra t i on  o f  t h e  c a t i o n s  t h a t  
accompany them. 

I f  b icarbon-  

I V .  Some P r a c t i c a l  Examples; o r ,  How Not t o  Re.inject 

Case 1): 

Consider a h y p o t h e t i c a l  geothermal devel opment a t  which t h e  spent 
b r i n e  con ta ins  5200 ppm NaCl , 0.5g/1 d i sso l ved  SiO2, and i s  d e l i v e r e d  
t o  t h e  r e i n j e c t i o n  w e l l  a t  7 5 O C  and pH 7. The b r i n e  d e l i v e r e d  t o  t h e  
r e i n j e c t i o n  w e l l  i s  comple te ly  c l e a r  and goes r i g h t  th rough a membrane 
f i l t e r .  The d e c i s i o n  i s  made t o  r e i n j e c t .  R e i n j e c t i o n  commences a t  
4OOt/hr i n t o  an a q u i f e r  o f  200°C i n i t i a l  temperatu e, 8=O.l, h=20 m 

12 days t h e  thermal  f r o n t  i s  about 60 meters i n t o  t h e  fo rmat ion ,  and 
t h e  f l u i d  t r a v e l  t i m e  f rom we l l bo re  t o  thenrial  f r o n t  i s  about 50 hour 
= 3,000 minutes. R e f e r r i n g  t o  F igu re  1, we see t h a t  t h e r e  i s  now ample 
t i m e  f o r  homogeneous n u c l e a t i o n  t o  occur be fo re  t h e  f l u i d  reaches t h e  
thernial f r o n t .  The r e s u l t  i s  t h a t  t h e  i n j e c t a b i l i t y  o f  t h a t  ho r i zon  i s  
damaged by s i l i c a  p r e c i p i t a t i o n .  Furthermore, w e l l  t rea tments  w i t h  c a u s t i c  o r  HF are  
n o t  e f f e c t i v e  because t h e  damage i s  30 t o  60 meters away f rom t h e  we l lbore .  

and vo lumet r i c  s o l i d  rock heat  c a p a c i t y  = 2460kj/m 5 C. A f t e r  about 

Case 2 ) :  

Can one r e i n j e c t  s t r a i g h t  f rom t h e  f i r s t  s tage steam separa tors  a t  
Cer ro  P r i e t o ?  Assume t h e  f o l l o w i n g  t y p i c a l  br -ine c o n d i t i o n s  a t  t h e  
i n j e c t i o n  w e l l :  160°C, 0.95 g/1 d i sso l ved  SiO2, e f f e c t i v e  [Na'l = 0.25, 
and n e y l i y i b l e  suspended s o l i d s .  
i s  no t  known, bu t  i s  approx imate ly  7.8 a t  room temperature. 
a nominal pH o f  about 8.3 (which i s  w i t h i n  t h e  range o f  weak pH dependence) 
and a pH f a c t o r  o f  2.7 ( f r om F ig .  3) .  
read f rom F ig .  2 as about 1 .3p /day .  
ac tua l  d e p o s i t i o n  r a t e  o f  3 .5w lday  = 1.3 mm/year. 
w i t h  t h e  observed r a t e  o f  v i t r e o u s  s i l i c a  d e p o s i t i o n  near t h e  separa tors  a t  
Cerro P r i e t o .  Because pore p e r m e a b i l i t y  i s  dominant a t  Cerro P r i e t o ,  i t  i s  
c l e a r  t h a t  i n j e c t i n g  t h i s  b r i n e  would r a p i d l y  p l u g  t h e  i n j e c t i o n  w e l l .  

The b r i n e  pH a t  i n j e c t i o n  temperature 
T h i s  g i ves  

The pH nom = 7.0 d e p o s i t i o n  r a t e  i s  
C o r r e c t i n g  f o r  pH, we o b t a i n  t h e  

T h i s  i s  c o n s i s t e n t  
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We hope t h a t  such mistakes w i l l  be avoided. However, we emphasize 
t h a t  b o t h  of these brine streams would be deemed injectible under the 
c r i t e r i a  presently i n  vogue: 
a micron-sized membrane f i l t e r  and would n o t  cause visible fouling of 
metal surfaces during f ie ld  t e s t s  of a few days duration. I t  i s  precisely 
the refinement o f  such c r i t e r i a  t h a t  we hope t o  have accomplished with the 
work surnmarized here. 

they would be able t o  pass freely t h r o u g h  
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Figure 1 .  
time under conditions o f  homogeneous nucleation a t  7 5 O C ,  
pH 7.0 and sodium act iv i ty  = 0.069M. 
indicate in i t i a l  dissolved s i l i e a  concentrations. 
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