
CONTROL OF SILICA SCALING 

H. L. Barnes and J. D. Rimstidt 
Department of Geosciences 

Pennsylvania State University 
University Park, PA 16802 

Both the equilibrium chemistry of silica solubility and kinetics 
o f  the dominant reactions suggest methods of preventing scale formation 
in the development of hot water-dominated geothermal resources. 

At equilibrium, the dominant solubility-fixing reaction i s  

Si02(s) + 2H20 .+ 4H4Si04(aq.) 

for pH's less than 9 ,  - the usual condition. 
solution of a specific silica concentration, precipitation may be initiated 
by decreasing temperature (Fig. 1) or water purity (Fig. 2 ) .  
stoichiometry of this reaction shows that the solubility i s  a function of 
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Fig. 1 .  Solubility o f  silica phases in water. (Data from 
references 1, 2 ,  3 ,  4, 5 ,  6, 8, 9, and 11.) 
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F ig .  2. Quartz s o l u b i l i t y  a t  va r ious  temperatures and 
a c t i v i t i e s  o f  water.  
v a r i e s  w i t h  s a l t  concen t ra t ions  t y p i c a l l y  as 
f o l  lows: 

The a c t i v i t y  o f  water 

Concentrat ions 

a NaC 1 
- H2° m % 

CaC12 

m % 

0.90 2.8 14 1.6 15 
0.75 6.2 27 (sa t .  a t  2 5 O C )  - 
0.70 3 . 4  22 - 
0.50 - 5.0 36 

- 0.30 (sa t .  a t  25OC) 7.2 44 
0 

These values a r e  exact f o r  temperatures near 25 C 
and approx imate ly  c o r r e c t  t o  350°C. 

water a c t i v i t y ,  a2 

F ig .  3, so t h a t  an increase i n  i o n i c  s t reng th ,  due t o  evaporat ion ( f l ash ing )  
o r  t o  d i s s o l v i n g  o f  s a l t s ,  g r e a t l y  reduces s o l u b i l i t y .  
e q u i l i b r i u m  r e l a t i o n s  show t h a t  p r e c i p i t a t i o n  can be delayed by: 
t a i n i n g  the  temperature o f  t he  s o l u t i o n  c l ose  t o  t h a t  o f  the  geothermal 
r e s e r v o i r  f o r  as long as poss ib l e  p r i o r  t o  heat e x t r a c t i o n ,  and (2) by 
d i l u t i o n .  

as demonstrated by t h e  l i n e a r i t y  o f  the  curve on 

Consequently, 

"20 

(1) main- 

I n  app rop r i a te  circumstances, f avo rab le  d i l u t i o n  can be 



t- 

4.0 1 I I 1 I I t 
-7.5 -7.0 b S  -60 -5.5 -5 0 -8 0 

log Kc 

Fig .  3 .  The complete e q u i l i b r i u m  constant  f o r  quar tz  

s o l u b i l i t y  where K = 
a H4S i 04 

C a  Si02 (H20,g/CC) ' 

( S o l u b i l i t y  data from references 1 ,  4, 5, 6, 
8, 9, and 1 1 . )  

r e a l i z e d  by mix ing  t he  ou tpu t  from one w e l l  w i t h  t h a t  from a second w i t h  
e i t h e r  lower s a l i n i t y  o r  s i l i c a  content .  
i s  t o  use a steam-driven, downhole pump. 
r e l a t i v e l y  pure compared t o  the res idua l  s o l u t i o n ,  i f  t h i s  steam i s  i n -  
j e c t e d  t o  power t h e  pump, the  e f f l u e n t  a l s o  e f f e c t i v e l y  d i l u t e s  both the  
i n i t i a l  s i l i c a  content  and t he  s a l i n i t y ,  a dual  bonus. 

s i l i c a  depos i t ion .  

Another process causing d i l u t i o n  
Because f lashed  steam i s  always 

K i n e t i c  e f f ec t s  a re  a t  l e a s t  e q u a l l y  promis ing f o r  c o n t r o l l i n g  
The r a t e  o f  p r e c i p i t a t i o n  a t  temperature, T, i s  

[ ":lo2]T = Kp(H4SiO4)  ( S / V )  

where Kp i s  t he  r a t e  constant and ( S / V )  i s  t he  sur face  area on which 
depos i t i on  i s  t a k i n g  p lace  per  u n i t  volume of s o l u t i o n l o .  
surface area (and roughness) i n  geothermal systems should be minimized 
t o  slow ra tes  of depos i t ion .  
i n e v i t a b l e ,  s i l i c a  can be scrubbed from the  s o l u t i o n  by coun te rcur ren t  

C lea r l y ,  the 

A l t e r n a t i v e l y  where supersa tu ra t ion  i s  
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f l o w  o f  f i ne- gra ined ,  i n e r t  s o l i d s  ( w i t h  h i g h  sur face  area) t o  nuc lea te  
and remove the  excess s i l i c a .  

Because K i s  exponen t i a l l y  dependent on temperature, t he  s o l u t i o n  
should no t  be aylowed t o  cool  s l o w l y  from h i g h  temperatures (Fig,  4 ) .  I f  
s a t u r a t i o n  i s  reached a t  h i g h  temperatures, p r e c i p i t a t i o n  i s  f a s t  due t o  
t h e  h i g h  r a t e  o f  r eac t i on .  However, i f  t he  s o l u t i o n  i s  cooled ab rup t l y ,  
t he  s i l i c a  i s  quenched i n t o  s o l u t i o n  and can o n l y  p r e c i p i t a t e  very  s l ow l y  
a t  low temperature. Consequently, s ing le- s tage  heat  e x t r a c t i o n  minimizes 
sca le  format ion.  
t o  q u a n t i f y  t h i s  method, un fo r t una te l y .  

S u f f i c i e n t  r a t e  data have no t  as y e t  been accumulated 

S i l i c a  po l ymer i za t i on  seems no t  t o  be impor tant  t o  t he  k i n e t i c s  o f  
geothermal systems. Rates a r e  probably  s i g n i f i c a n t  on1 a t  h i g h  a l k a l i n i t i e s  

analyses o f  geothermal f l u i d s  by t h e  monomer-detecting molybdate technique 
a t  h i g h  temperatures and a t  pH 8-10 a t  low temperatures J . Furthermore, 

g i v e  r e l i a b l e  values f o r  t he  t o t a l  s i l i c a  con a 1 so appears t o  
present .  

The sever 
s a l i n i t y .  High 
r e a d i l y  depos i t  
P r i e t o ,  may not  

t y  o f  sca le  format ion apparen t l y  a l s o  depends 
y s a l i n e  so lu t i ons ,  such as those f rom the  Sa 
massive sca le  w h i l e  less  s a l i n e  so lu t i ons ,  as 
p r e c i p i t a t e  more than minor amounts be fo re  r e  

en t  r a t  i on 

i n  p a r t  on 
ton Sea KGRA, 
a t  Cerro 
e c t  i on 

Sal t on  Sea 320 3 . 1  155,000 400 

Cerro P r i e t o  350 0.2 10,000 500 

As suggested by severa l  authors ,  t h i s  e f f e c t  may be caused by c a t a l y s i s  
o f  p r e c i p i t a t i o n  reac t i ons  by c h l o r i d e  concent ra t ions  above roughly 
0.01 m l o .  A t  h igher  C1’  concen t ra t ions ,  t h e r e  i s  a l s o  t h e  untested POS- 
s i b i  1 
espec 
lower 
sol ub 

creas 

t y  t h a t  s i 1  i c a - c h l o r i d e  complexes-form. 
a l l y  e f f e c t i v e  i n  r e t a r d i n g  sca le  depos i t i on .  I n  a d d i t i o n  t o  
ng t h e  i n i t i a l  s i l i c a  concent ra t ion  and r a i s i n g  t he  u l t i m a t e  
l i t y  by inc reas ing  a 

ng t h e  concent ra t ion  of  t h i s  c a t a l y s t .  Again, cons iderable data 

D i l u t i o n  o f  such b r i nes  i s  

the  r a t e  o f  depos i t i on  i s  lowered by de- 
H20 ’ 

a r e  needed t o  determine t h e  exact  concen t ra t ion  ranges where cata 
and complexing become impor tant .  These values a r e  be ing obta ined 
func t ions  o f  t ime, temperature, and c h l o r i d e  concent ra t ions  us ing  
exper imental  system shown on F ig .  5 .  

y s i s  
as 
t he  

- 188- 



u) 

3 
0 
I 

L 

1 

\\ 1 I 
1 I 

- 

QUARTZ + SOLUTION 

,100 years 

.IOyean 

-1 yeor 

- 1 m o n t h  

- 1  day 

- f  hour 

P R EClP I TAT I NG 
(200- 110% supersaturated) 

/I (O-* 90 96 sa turotedl \\ 

I I I 1 I I \  
. 

0 (00 200 Mo 
Temperature, OC 

Fig. 4.  Pre l iminary  curves  showi.ng t h e  ra tes  of d i s s o l v i n g  and p r e c i p i t a t i n g  

of q u a r t z  a s  a f u n c t i o n  of temperature .  Disso lv ing  - Amount of t i m e  

necessa ry  f o r  water i n  a geothermal r e s e r v o i r  t o  become 90% s a t u r a t e d  

w i t h  H S i 0  

s o l u t i o n  is 14 .9  c m  / m l  ( e q u i v a l e n t  i n  t h e  r e s e r v o i r  t o  1 m l  of 

i f  t h e  r a t i o  of t h e  s i l i c a  s u r f a c e  area t o  t h e  volume of 
2 4 4  

s o l u t i o n  w i t h i n  a f r a c t u r e  of 1. i n  2 a r e a ) .  P r e c i p i t a t i n g  - Amount of 

time n e c e s s a r y  f o r  water  i n  a p i p e  which c o n t a i n s  t w i c e  t h e  s a t u r a t i o n  

c o n c e n t r a t i o n  o f  H S i 0  

s a t u r a t i o n  i f  t h e  p ipe  has  a r a t i o  o f  s u r f a c e  area t o  volume of 

t o  p r e c i p i t a t e  enough q u a r t z  t o  reach  110% o f  4 4  

s o l u t i o n  of 6 . 6  cm 2 /ml (%800 f t  2 / g a l ) .  

These rates w i l l  b e  f a s t e r  f o r  c r i s t o b a l i t e  and amorphous s i l i c a  

and a l s o  h i g h e r  due t o  any i n  d i r e c t  p ropor t ion  t o  t h e i r  h i g h e r  a 

c a t a l y s i s ,  f o r  example by F- of C1-. 
SiOz 
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Fig .  5. Experimental  sys tem f o r  de te rmin ing  r e a c t i o n  rates. I n  

t h e  1 l i t e r  p r e s s u r e  vessel, e i t h e r  w e l l  c h a r a c t e r i z e d  rock 

o r  minera l  samples are h e l d  i n  c i r c u l a t i n g  s o l u t i o n s  a t  

temperatures  up t o  450°C and p r e s s u r e s  t o  3500 p . s . i .  

Analyses of  p e r i o d i c  samples of s o l u t i o n  and of d e p o s i t s  

i n  t h e  h e a t  exchanger,  p l u s  e v a l u a t i o n  of a l t e r a t i o n  of t h e  

rock samples,  pe rmi t s  d e t e r m i n a t i o n  of  t h e  p r i n c i p a l  

r e a c t i o n s  and t h e  d e r i v a t i o n  of t h e i r  ra te  c o n s t a n t s .  
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