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SUMMARY 

In our experiments supersaturated brines were passed through 
columns packed with several forms of silica (crystalline a quartz, 
polycrystalline a quartz, and porous Vycor). Also, silica deposition 
on Tho2 microspheres and titanium powder was studied under controlled 
conditions of supersaturation, pH, temperature, and salinity. The 
residence time was varied by adjustments of flow rate and column length. 
The silica contents of the input and effluent solutions were determined 
colorimetrically by a molybdate method which does not include polymers 
without special pretreatment. 

following observations have been made: 
Essentially identical deposition behavior was observed 
once the substrate was thoroughly coated with amorphous 
silica and the BET surface area of the coated particles 
was taken into account. 
The reaction rate is not diffusion limited in the columns. 
The silica deposition is a function of the monomeric 
(Si(OH)4) concentration in the brine. 
The deposition on all surfaces examined was spontaneously 
nucleated. 
The dependence on the supersaturation concentration, 
hydroxide ion concentration, surface area, temperature 
and salinity were examined. 
no effect at pH 5.94 and low salinity. 

Fluoride was shown to have 

The empirical rate law which describes our data in 1 m NaCl in the 
pH range 5-7 and temperatures from 60-120°C is: 

Oo7 (1) 
d [ si (OH) 4 1 2 - = 0.12 A ([Si(OH)4] - [Si(OH)4]eq) [OH-] dt 

2 where A is the surface area in cm 
column voids, t is in minutes, and the concentrations are in molal units. 
Hydroxide concentration was derived from the measured pH and the ioniza- 
tion quotient for water. 

amorphous Si02 per kg of water in 

In the expression given above the rate constant 

V 



. 
i s  e s s e n t i a l l y  independent of temperature over t h e  range 60-120°C. 

cursory study of t he  e f f e c t  of s a l i n i t y  showed l i t t l e  d i f f e rence  f o r  0.09 

and 1.0 m N a C 1  so lu t ions ;  however, increas ing  t h e  concentrat ion-to 4.0 m 

increased t h e  depos i t ion  rate by more than an order  of magnitude. 

rate of l i n e a r  growth of an  amorphous s i l i ca  su r face  i n  cm/min i n  51 m 

N a C l  is  given by 

A 

The 

2 - -  dh - 3.1 ([Si(OH)4] - [Si(OHI4leq) 
d t  

These equat ions can be used t o  estimate t h e  rate a t  which r e in j ec t ion  

formations w i l l  plug given da ta  on the  poros i ty ,  area, and b r i n e  pH and 

monomeric s i l ica  concentrat ion.  

i nd ica t e s  they a l l  become coated with amorphous s i l ica  i n  r e l a t i v e l y  

Experience with var ious  s u b s t r a t e s  

s h o r t  t imes even i n  the  absence of amorphous s i l i c a - l i k e  materials. 
Deposit ion then proceeds according t o  t h e  rate equat ions given. 

V i  



1. INTRODUCTION 

1.1 General (Behavior of S i l i c a )  

The p r inc ipa l  materials” deposited from geothermal b r ines  as the  

hea t  i s  ex t rac ted  are CaC03, metal s u l f i d e s ,  and amorphous s i l i c a  o r  

mixed phases i n  an amorphous matrix. The deposi t ion of calcium carbo- 

na t e  is  rap id  when supersa tura t ion  condi t ions e x i s t  as a r e s u l t  of t he  

removal of C02.  

the  s i l i ca  content corresponds t o  the  s o l u b i l i t y  of a quartz  i n  the  

b r ine  a t  t h e  r e se rvo i r  t e m p e r a t ~ r e . ~  

of c r y s t a l l i z a t i o n  of quartz  below 3OO0C, s i l ica  is  deposited during 

the  heat  ex t r ac t ion  process as t h e  more so luble  amorphous form. Deposi- 

t i o n  may occur i n  w e l l  casings,  piping, valves ,  f l a s h  tanks - where con- 

cen t r a t ions  and the  degree of supersa tura t ion  are increased - i n  hea t  

exchangers, on turb ine  blades,  i n  holdup s torage  ponds o r  i n  subsurface 

When the  br ines  are ext rac ted  from deep ho t  r e se rvo i r s ,  

Because of the  very slow k i n e t i c s  

formations where f l u i d s  are r e in j ec t ed  f o r  d i sposa l .  

s e r ious  t h r e a t  t o  the  l i f e t i m e  of the  r e i n j e c t i o n  w e l l  s i nce  maintenance 

of t h e  poros i ty  and permeabi l i ty  of t h e  formation i n  the  v i c i n i t y  of the  

w e l l  bore are c r i t i c a l  f ac to r s .  

The la t te r  is a 

The mode of occurrence of s i l i c a  i n  d i l u t e  aqueous so lu t ions  is 

genera l ly  accepted t o  be as t h e  spec ies  Si(OH)4 i n  the  acidic- to-neutral  
- 2- pH range. I n  bas i c  so lu t ions  t h e  an ionic  spec ies  SiO(0H) Si02(OH)2 , 

and Siq (OH)18 have been i n  potent iometr ic  s tud ie s .  The 
3 ’  2- 

equi l ibr ium reac t ions  amongst these  anions and the  n e u t r a l  s i l i c i c  ac id  

have been s tudied  i n  d e t a i l  i n  sodium chlor ide  so lu t ions  t o  300°C. 

t h e  f l u o r i d e  i o n  i n t e r a c t s  with s i l i c i c  ac id  i n  r e l a t i v e l y  a c i d i c  

so lu t ions ,  producing p r i n c i p a l l y  t h e  SiF6 

t h e  complex decreases  as t h e  temperature increases .  

Also, 

2- complex.6 The s t a b i l i t y  of 

The s o l u b i l i t y  i n  water of t he  most rap id ly  p r e c i p i t a t i n g  s o l i d  
7 form, amorphous s i l i ca ,  has been inves t iga ted  by Fournier t o  350°C. 

w The s o l u b i l i t y  t o  250°C.at t he  s a t u r a t i o n  vapor pressure  is represented 

i n  molal u n i t s  by t h e  expression 
L 

log  [Si(OH)4] = -0.26 - 731/T (1 1 

1 
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It is general ly  accepted t h a t  i n  equilibrium with amorphous s i l i c a  (and 

a l s o  f o r  t he  more inso luble  c r y s t a l l i n e  phases of s i l ica  - quart.2, 

c r y s t o b a l i t e ,  e t c . )  the  p r inc ipa l  s i l i c a  present  i n  a c i d i c  so lu t ions  i s  

monomeric s i l i c i c  acid;  

i n  the  molybdate method of ana lys i s  and a l s o  on ana lys i s  of potent iometr ic  

da t a  i n  near ly  sa tura ted  so lu t ions .  4 ' 5  

is supersaturated wi th  respec t  t o  anorphous s i l ica ,  polymerization pro- 

ceeds wi th  formation of c o l l o i d a l  p a r t i c l e s  and u l t imate ly  amorphous 

s i l ica  p rec ip i t a t e s .  

n a t u r a l  opa l  cons is t ing  of a l a t t i c e - l i k e  s t r u c t u r e  of primary and 

secondary spheres.  

This is based on the  rap id  co lo r  development 

However, when the  so lu t ion  phase 

The most r egu la r ly  formed amorphous s i l i c a  is  

8 

The polymerization process has been s tudied  ex tens ive ly  and the re  

is now considerable  information on the  nuc lea t ion  process and the  i n i t i a l  

s t ages  of polymer growth, bu t  i n s u f f i c i e n t  information e x i s t s  t o  permit 

an a n a l y t i c a l  desc r ip t ion  of the  growth process from homogeneous 

so lu t ion  onto preformed surfaces .  It w a s  t h e  ob jec t ive  of t h i s  present  

work t o  conduct laboratory s tud ie s  which would provide such k i n e t i c  

information appl icable  t o  depos i t ion  i n  formations used f o r  waste b r i n e  

d isposa l  by r e i n j e c t i o n  and on in-plant  equipment during hea t  ex t rac t ion .  

Previous workers '-17 have extensively inves t iga ted  s i l ica  polymerization 

from supersaturated so lu t ions  with widely d i spa ra t e  r e s u l t s  depending 

on t h e  p a r t i c u l a r  experimental condi t ions.  Reaction orders  vary from 

0 t o  8, with induction periods of varying dura t ion  observed. Widely 

varying co l lo ids ,  p r e c i p i t a t e s  and depos i t s  are formed. The l ack  of 

reproducib i l i ty ,  of course,  s t e m s  from the  l a r g e  number of f a c t o r s  

a f f e c t i n g  the  polymerization process,  as has been demonstrated by these  

s tud ie s :  method used t o  prepare supersaturated so lu t ions ,  pH, s o l u t i o n  

concentrat ion - and composition (Cl-, F-) , temperature, hydrodynamics, 

impur i t ies  which a c t  as a c t i v e  nuc le i ,  a n a l y t i c a l  procedures, and 

combinations of these.  

i n i t i a t e s  polymeric growth are a s u b s t a n t i a l  complication t o  t h e  pre- 

d i c t i o n  of s i l i ca  depos i t ion  i n  geothermal appl ica t ions .  On the  premise 

t h a t  geothermal b r ines  would be w e l l  supplied with nuc lea t ion  promoters 

and t h a t  r e i n j e c t i o n  formations would provide sites f o r  i n i t i a t i n g  

The vagar ies  of t he  nuc lea t ion  process which 



3 

s i l i c a  depos i t ion ,  w e  undertook t o  study t h e  growth k i n e t i c s  of s i l i ca  

depos i t ion  on seeded o r  coated s u b s t r a t e s .  

program a t  Oak Ridge National Laboratory t o  examine s i l i c a  depos i t ion  

behavior i n  dynamic geothermal systems from hydrotherpal b r ines  which 

are found i n  t h e  western United States. 

The work w a s  p a r t  of a 

1 . 2  Kine t ics  of Crys ta l  Growth 

The theory of c r y s t a l  growth i s  not y e t  a t  a s t age  where t h e  

mechanism of growth o r  t h e  form of k i n e t i c  rate l a w  are p red ic t ab le  

unless  t he  process i s  under d i f f u s i o n  con t ro l .  The growth fa te  f o r  some , 

substances is  indeed l imi t ed  by d i f f u s i o n  i n  so lu t ion ,  but f o r  o the r s  i t  

is l imi t ed  by h t e r f a c e  r eac t ions .  Since i n  the  case of s i l i c a  deposi- 

t i o n  the  process is accompanied by dehydration, one might expect i n t e r -  

f ace  r e a c t i o n  l i m i t a t i o n .  

18,19,20 

Fick ' s  f i r s t  l a w  of d i f f u s i o n  descr ibes  t h e  heterogeneous processes 

which are d i f f u s i o n  l i m i t e d ,  i .e.,  

Am 

AX 
- 

J = - D - A  

-1 -2 where J is  t h e  f l u x  of depos i t ion  (moles kg-' sec  cm ), AIJ i s  t h e  

change i n  concent ra t ion  across  t h e  f i l m  of th ickness  AX and A is t h e  

su r face  area pe r  kilogram of water. 

Where i n t e r f a c e  r e a c t i o n s  are l i m i t i n g  the  form commonly observed 

is 

where k is a s p e c i f i c  rate cons tan t ,  A is  t h e  area of t h e  s o l i d  per  kg 
of s o l u t i o n  and 

The order  of t h e  r e a c t i o n  depends on t h e  number of i ons  involved i n  t h e  

formula of t h e  salt.  

r ep resen t s  t h e  molal s o l u b i l i t y  of t h e  substance. 

There is not y e t  a very s a t i s f a c t o r y  explanat ion 

f o r  t h i s  mathematical form wi th  respec t  t o  t h e  concent ra t ions ,  bu t  t h e  

most o f t e n  quoted one w a s  pu t  f o r t h  by Doremus. 21 

sal ts ,  n took va lues  of 3 and 4 depending on the number of ions i n  t h e  

c r y s t a l .  

rate l i m i t i n g  s t e p  involves adsorp t ion  of t h e  r e a c t i n g  spec ie s  on t h e  

I n  h i s  work on i o n i c  

The e s s e n t i a l  p a r t  of h i s  d e t a i l e d  i n t e r p r e t a t i o n  is t h a t  t h e  
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su r face  and t h a t  t h i s  adsorpt ion i s  propor t iona l  t o  t h e  d i f f e rence  

m - m .  -e - 

2. EXPERIMENTAL 

2.1 Apparatus 

The b r i n e  prepara t ion  and packed column setup are shown i n  Fig. 1. 

Brine of appropr ia te  composition w a s  pumped through a prehea ter  and 

s a t u r a t o r  column with t h e  column held a t  t h e  temperature required t o  

g ive  t h e  des i red  s i l i c a  concentrat ion.  The s i l i ca  sa tu ra t ed  b r i n e  thus 

prepared then passed through a manifold held a t  t h e  same o r  a s l i g h t l y  

higher  temperature t o  prevent premature polymerization; a sampling 

s t a t i o n  provided f o r  monitoring t h e  s i l ica  concent ra t ion  i n  t h e  br ine .  

Connections from t h e  manifold t o  t h e  packed columns and t h e i r  ind iv idua l  

e f f l u e n t  samplers w e r e  made wi th  t i t an ium c a p i l l a r y  tubing and minimum 

holdup valves t o  minimize extraneous volumes. 

t u r e  adjustment c o i l  were immersed i n  thermostatted ba ths  as shown. 

I n i t i a l l y  t h e  columns were 9.5 mm I . D .  Pyrex pipe,  bu t  later 8.4 mm I . D .  

t i t an ium pipe w a s  used. The e f f l u e n t  w a s  quenched i n  a c a p i l l a r y  c o i l  

i n  an ice  bath; our  experience has shown t h i s  t o  b e  a n  e f f e c t i v e  way t o  

prevent c a p i l l a r y  and valve plugging. The samples were taken i n  volu- 

metric f l a s k s  containing an a l i q u o t  of hydrochlor ic  ac id  s o l u t i o n  such 

t h a t  t h e  pH of t h e  mixture w a s  between 2 and 3; supersaturated s i l i c a  

b r ines  such as w e  have d e a l t  w i th  are s t a b l e  f o r  hours i n  t h i s  pH range. 

The columns and a tempera- 

2.2 The Packed Column Approach 

I n  t h i s  program we  have packed small  columns with var ious subs t r a t e s  

of known BET su r face  areas and then passed so lu t ions  supersa tura ted  wi th  

s i l ica  t o  coa t  t h e  s u b s t r a t e s  w i th  amorphous s i l ica .  Then w e  examined 

t h e  k i n e t i c s  of depos i t ion  on t h e  coated sur faces  and measured t h e  BET 

su r face  areas when the  experiment w a s  completed. 

The use of a packed column has several advantages i n  s t u d i e s  of 

t h i s  type. The p r i n c i p a l  advantages are: 

(1) The high su r face  area-to-volume r a t i o  which allows 

t h e  depos i t ion  on t h e  bed t o  occur t o  the  exclusion 

. 
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PREHEATER SILICA SATURATOR COLUMN 

L 

ORNL-DWG 78-21496 

POROUS VYCOR CHARGE 
140-200 MESH A C D 

140 -200 MESH 

POLYCRY STALL1 NE 
MONOCRYSTALLINE 

AMORPHOUS SILICA 
WDERED TITANIUM 

TEST COLUMN 

Fig. 1. Apparatus for studies of.the kinetics of silica deposition 
on packed columns. 
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of homogeneous nucleation and polymerization in 
solution; 
The ease of sampling and quenching which are 
essential when the residence times are short 
(minutes); and 
The elimination of agitation and possible attrition 
caused by stirring as in a batch equilibration. 

(2) 

(3) 

In addition, some exploratory column studies carried out previously 
clearly showed that the silica monomer deposits rapidly on an amorphous 
silica substrate (porous Vycor) but polymeric silica quite uniformly 
passed through the column unaffected. This is shown in Figs. 2 and 3 

which are cross plots of the feed and effluent concentrations for 
solutions containing varying amounts of monomer and polymer in the 
range 100-1000 mg silica/kilogram of solution. 
tions the effluent concentration was always less than that of the feed, 
indicating deposition; whereas for the polymer solutions the data group 
around a 45" line indicating no interaction. These results gave perti- 
nence to column studies in that they were consistent with field obser- 

With the monomer solu- 

vations 22'23 which demonstrated as much as a thirty-fold reduction in 
silica deposition after waste brine ponding for a period long enough to 
substantially reduce the concentration of silica monomer by polymerization. 

Two procedures were used to show that the column results were not 
influenced by simultaneous homogeneous polymerization of the silica. 
The first of these involved analysis of column effluent samples for 
total silica. Little or no polymeric material was found. A s  an 
additional check, the polymerization rates for various conditions were 
checked and the amount of polymerization was shown to be negligible for 
most conditions and retention times of interest. 
dashed curves in Fig. 4 ,  the column reaction was 90% complete without 
significant polymerization having occurred in the same time period. 
These polymerization data were obtained by sampling column feed solution 
in a beaker in a constant temperature bath. 
similar comparison under conditions favoring homogeneous polymerization - 
high pH, salinity, temperature, and with a low surface area substrate 

Thus as shown by the 

The solid lines show a 

t 
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, 

(coated Tho microspheres). The polymerization da ta  w e r e  obtained 

using a n  empty column se tup  and flow rates which gave re t en t ion  times 

comparable t o  those of t h e  packed column s tud ie s .  Under t h e s e  extreme 

condi t ions polymerization w a s  apprec iab le  i n  t i m e s  of i n t e r e s t  and 

could introduce appreciable  e r r o r .  

2 

2.3 Subs t ra tes  

Several  subs t r a t e s  have been used i n  these  s t u d i e s ,  including: 

Po lyc rys t a l l i ne  a quar tz  - aggregates of s m a l l  angular  g ra ins  

ind iv idua l ly  less than 9 p m  i n  diameter;  aggregates average 70 pm and 

range t o  350 p m .  Fines w e r e  separated from the  material used i n  t h e  

columns by Stokes column f l o t a t i o n  wi th  flow rates designed t o  remove 

p a r t i c l e s  smaller than 25-50 p m .  Several  percent  of s i n g l e  c r y s t a l  

p a r t i c l e s  i n  t h e  same s i z e  range (50-350 pm) were a l s o  present ,  as 

w e r e  s m a l l  amounts of magnetic i r o n  oxide p a r t i c l e s .  

A semiquant i ta t ive  ana lys i s  of t h i s  material showed t h e  following 

i n  add i t ion  t o  S i  ( i n  mg/kg): A1-400, Ca-20, Cr-5, Cu-10, Fe-1000, 

K-50, Mg-10, Mn-100, Na-30, P-25, U-5, Zn-5. The material w a s  obtained 

from a mine i n  southern I l l i n o i s  and w a s  reported t o  b e  amorphous, bu t  

X-ray d i f f r a c t i o n  showed i t  w a s  a quar tz ,  as w a s  a l s o  ind ica ted  by 

s o l u b i l i t i e s  measured i n  a t tempting t o  use it as a charge f o r  our sat- 

u ra to r  column. Some o the r  c h a r a c t e r i s t i c s  f o r  t h i s ,  and t h e  o the r  

s u b s t r a t e s  used i n  t h e  k i n e t i c  s t u d i e s ,  are given i n  Table 1. 

Monocrystall ine a quar tz  - s i n g l e  c r y s t a l  material cons i s t ing  of 

rounded g ra ins  ranging from 120 t o  800 pm across .  Under t h e  micro- 

scope t h e  material appeared appreciably c leaner  and purer  than t h e  poly- 

c r y s t a l l i n e  a quar tz .  

Porous Vycor - t h i s  is t h e  same material as used i n  our  s a t u r a t o r  

column. 

s i l ica  containing about 3% B203 a f t e r  leaching t o  g ive  high porosi ty .  

It w a s  ground and s ieved (-140, +200 mesh) and is  amorphous 

Powdered t i tanium metal powder - (-50, +lo0 mesh) and reported t o  

b e  99.7% T i  by t h e  supp l i e r .  

Thoria microspheres - 210 t o  240 p m  spheres  of very pure poly- 

c r y s t a l l i n e  thorium oxide prepared by t h e  sol-gel process.  
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Table 1. Some Charac te r i s t i c s  of Subs t ra tes  Used 
i n  Column Kinet ic  Studies  

Surf ace 
Area Void Vol. 

Subs t ra te  Morphology (m2/g) (cm3/g) 

Po lyc rys t a l l i ne  Aggregates 3.0 0.47 
a quar tz  

Monocrystalline S ingle  c r y s t a l  0.03 0.20 
a quartz  particles 

Porous Vycor Amorphous, porous 164. 0.70 
particles 

Powdered Aggregates and 2.4 0.48 
T i  m e t a l  s i n g l e  p a r t i c l e s  

Thoria Small spheres 0.006 0.067 
microspheres 

2 ..4 Column Prepara t ion  

I n i t i a l  s i l ica  depos i t ion  on the  columns is very much a funct ion of 

t h e  c h a r a c t e r i s t i c s  of t h e  subs t r a t e ,  p a r t i c u l a r l y  the  o r i g i n a l  su r f ace  

area. Thus, t he  porous Vycor with very high (164 m /g) amorphous si l ica 

sur face  area quickly reduced the  s i l i c a  concentrat ion i n  the  column 

e f f l u e n t  t o  the equi l ibr ium s o l u b i l i t y  a t  the temperature.of operation; 
2 t he  materials wi th  low area (0.03 m /g) monocrystall ine ct quartz  and t h e  

t h o r i a  microspheres, on t h e  o the r  hand, removed very l i t t l e  s i l i ca  during . .  

e a r l y  column operat ion.  The subs t r a t e s  w i t h  intermediate  areas, poly- 

c r y s t a l l i n e  a quar tz  and t i tanium powder, showed intermediate  removal. 

Homogeneous polymerization during overnight shutdowns, when these 

occurred, may have played a p a r t b u t  did not  a f f e c t  the results. 
During the  f i r s t  few tens of hours of column operat ion,  t he  removal 

2 

of s i l i ca  by a column w a s  q u i t e  erratic. 
ing on condi t ions,  a l l  s u b s t r a t e s  were "coated" with amorphous s i l ica  

and gave q u i t e  reproducible  r e s u l t s  which were comparable f o r  t he  

After  a t i m e ,  however, depend- 
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po lyc rys t a l l i ne  quartz ,  t i t an ium metal powder and t h o r i a  microspheres. 

The e f f l u e n t  Si02 concentration during “coating” of a po lyc rys t a l l i ne  

a quar tz  column i s  shown i n  Fig. 5. 

opera t ion  the  r e s u l t s  were erratic. However, a f t e r  t h e  s u b s t r a t e  w a s  

During t h e  f i r s t  t h r e e  days of 

f u l l y  coated wi th  amorphous s i l ica ,  reproducible r e s u l t s  w e r e  obtained 

as a func t ion  of residence t i m e .  A t  t h a t  s t age ,  as shown i n  Fig. 6, t h e  

r e l a t i o n  between t h e  s i l i c a  removed by t h e  column and res idence  t i m e  

became q u i t e  reproducible.  Thus, on 3 /21  (X) t h e  r e s u l t s  s t i l l  s c a t t e r e d  

considerably, b u t  on 3/22 (0, A )  t h e  r e s u l t s  check s a t i s f a c t o r i l y .  The 

d a t a  a t  each of t h e  th ree  pHs are q u i t e  reproducible even though dupli-  

cate runs w e r e  c a r r i e d  out  on d i f f e r e n t  days o r  w i t h  d i f f e r e n t  length  

columns. 

2.5 Measurements and Calculations 

The pH (negative logarithm of t h e  hydrogen ion  mola l i ty )  measure- 

ments were based on s tandards  containing 0.01 m HC1 i n  1.1 and 4 . 1  m 

N a C l  and t h e  hydroxide concentration w a s  ca l cu la t ed  using t h e  known ion  

product of water i n  N a C l  so lu t ions .  24 

accura te  t o  about 0.05 log  u n i t s  f o r  t h e  1.1 m s o l u t i o n s  and ‘L 0.1 l o g  

Indiv idua l  measurements are 

u n i t s  f o r  t h e  4.1 m. 

S i l i c a  w a s  determined by a procedure developed from t h a t  described 

by G r a ~ s h o f f . ’ ~  Three s tock  s o l u t i o n s  were used: 

(a )  

(b) 

(c)  

2 M (m4)2S04, PH 3.0 

35.6 g (NH4>6M07024-4H20 per l i t e r  

1.5 m C1CH2COOH, pH 3 with NH40H 
These s o l u t i o n s  were mixed i n  t h e  volume proportions 5:2:2 f o r  a,  b ,  and 

c and f i l t e r e d .  The mixture w a s  added t o  1 c m  of t h e  unknown i n  a 50 

cm3 plastic volumetric f l a s k  and t h e  co lo r  development measured a t  390 nm 

a f t e r  10  minutes. 

bu t  sometimes became hazy a f t e r  s tanding  overnight.  

mixture w a s  kept between 3.0 and 3.2. 

cu la ted  from s tandards  wi th  250 and 500 mg/kg H20 which were checked 

d a i l y .  

t o t a l  s i l ica  w a s  determined by d iges t ing  the  1 cm3 sample a l i q u o t  wi th  

an equal volume of 30% NaOH f o r  s e v e r a l  hours o r  overnight,  and 

3 

The mixture could be used during an e i g h t  hour day 

The pH of t h e  f i n a l  

The s i l ica  concent ra t ion  w a s  cal- 

I n  those samples where some polymerization had taken place,  
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Fig. 6 .  S i l ica  removal after column was "coated" with amorphous 
s i l i c a  a t  6OoC in  1 m NaC1.  
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neutralizing the NaOH with 1 cm3 of concentrated HC1 (with the volumetric 
flask in an ice bath) just before adding the molybdate mixture. 
estimate an overall analytical error of +lo mg/kg H 2 0  as Si02. 

column void volume by the pleasured flow rate in cm /min. 

We 

The residence time in the columns was established by dividing the 
3 

The weighting factors used in least squares analyses were obtained 
by assigning errors of (+lo mg/kg H20) to 
the term (m - - q)-'. 

Surface areas were determined with a 
face Area Analyzer. 

' 3. RESULTS 

each silica determination in 

Digisorb 2500 Multigas Sur- 

3.1 Silica Concentration 
Earlier studies of silica polymerization, wherein the molybdate 

reactive silica was followed and where the number of reactive sites of 
the polymerized silica was unknown, have found widely varying dependence 
on the silica concentration. The most often cited observation has been 
third order with respect t o  the'supersaturation concentration, i.e., 
the concentration of monomeric silicic acid in the solution of interest 
minus the equilibrium solubility of"amorphous silica in that solution; 
however, orders ranging from 0 to 3 have been reported by various 
investigators 9-17y26. Thus, the determination of the reaction order for 
the deposition of silica from supersaturated brines was the first sub- 
ject investigated. 

First order dependence on supersaturation, (E - %), is not indica- 
ted by the semi-log plots shown in Fig. 7. The values for m were taken 
from solubility measurements by Marshall" for amorphous silica in 
sodium nitrate solutions at these temperatures. 

-e - 
Higher orders (2 and 3) 

were examined using the general 
with the integrated form of the 
constant pH) 

equation described below. Data were fit 

following general rate expression (at 

. .  
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which g ives  

where n is t h e  order  wi th  r e spec t  t o  the  supersa tura t ion  f o r  n > 1, 

is t h e  molal concent ra t ion  of dissolved s i l ica  [Si(OH)4] i n  t h e  column 

e f f l u e n t ,  % is  t h e  equi l ibr ium s o l u b i l i t y  of amorphous s i l ica  i n  t h e  

s a l t  s o l u t i o n  a t  temperature, and t is t h e  res idence  t i m e  i n  t h e  column. 

Second-order p l o t s  f o r  t h r e e  d i f f e r e n t  pH values a t  6OoC are shown i n  

Fig. 8 .  

Table 2. 

by these  data .  

i n  Table 3. 

second order  rate l a w  i n  terms of s i l ica  concentration. 

t h e  o the r  parameters inves t iga ted  is discussed below. 

The agreement f a c t o r s  f o r  a number of runs are tabula ted  i n  

While not uniquely so, t h e  second order  r e a c t i o n  is favored 

Data f o r  most column s t u d i e s  c a r r i e d  ou t  are summarized 

The apparent rate cons tan ts ,  k', were ca l cu la t ed  using t h e  

Dependence on 

3.2 Hydroxide Concentration 

The r ap id  a c c e l e r a t i o n  of s i l ica  polymerization wi th  increas ing  pH 

has  been reported by a number of i n v e s t i g a t o r s  10,11,28,29* S i l i c a  

depos i t ion  has  a l s o  shown similar behavior. From t h e  da t a  of Table 3 
f o r  p o l y c r y s t a l l i n e  quar tz  and seve ra l  pH values t h e  s p e c i f i c  rate 

cons tan t ,  k, w a s  evaluated from t h e  r e l a t i o n s h i p  

k' = kA [OH-]' (6) 

2 -  where A i s  t h e  BET s u r f a c e  area of t h e  coated material i n  c m  
water i n  t h e  voids of t h e  column bed. The v a r i a t i o n  of k' approaches an  

order  of magnitude per  pH u n i t  and is  cons i s t en t  wi th  t h e  polymerization 

d a t a  of Makrides e t  a l .  '"O The hydroxide ion  a n c e n t r a t i o n  used i n  t h e  

c a l c u l a t i o n  of t h e  s p e c i f i c  rate cons tan t  i n  the  last  column of Table 3 

w a s  derived from t h e  measured pH and t h e  ion  product of water i n  t h e  

per kg of 

-- b r i n e  a t  t h e  temperature of t h e  e riment. The exponent o r  order  of 

t h e  [OH-] term i n  t h e  rate expression w a s  ned from a least squares 

r f i t  of d a t a  obtained wi th  two columns a t  pH va lues  of 5.25, 6.00, and 

6.76. Both t h e  rate cons tan t  and t h e  order  f o r  t h e  hydroxide w e r e  
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as a function of brine pH. 
second-order dependence on the Supersaturation. 

The linearity indicates 
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Table 2. Comparison of Least Square F i t s  f o r  Second and Third 
Order Reactions 

Agreement 
Fac tors  

Colunn Temp. 2nd Order 3rd Order 
Run No. No. Subs t r a t e  pH O C  (n = 2) (n = 3) 

10 OT 1 

1 

1 

I1 

11 

12  OT 1 

1 

1 

11 

I1 

1 2  or  2 

1 

4 

( 1  

11 

12 OT . 3 

3 11 

Polycrys t .  6.02 60 
Qtz. 

6.76 11 

5.25 " 
11 

5.25 'I 

5.32 80 

5.35 100 

11 

11 

11 

5.33 100 

5.35 60 

T i  Powder 5.34 100 

11 

11 

1.038 0.951* 

0.919 0.901* 

0.975 0.903* 

1.382* 1.481 

0.732* 1.161 

0.290* 0.893 

0.512* 0.957 

0.561* 0.636 

1 .oo 0.773* 

Polycrys t .  5.96 60 0.845* 1.588 
Qtz. 

5.98 60-  0.719* 1.654 11 

*. 
The b e t t e r  f i t  of t h e  two cases t e s t e d .  The agreement f a c t o r  is 

where w 
observe& and ca l cu la t ed  values.  No is t h e  number of observations and 
N is t h e  number of v a r i a b l e s .  

is t h e  weighting f a c t o r  and yo-y, is t h e  d i f f e rence  in t h e  

V 
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Table 3. Column Studies of Deposition of Silica From Brines 

Run 
Column 
No. 

Polycrystalline Quartz 

[ OH-]a 
mol/kg 

Ab 
crn2/kg 
of H20 

Temp. 
OC 

k" 
kg/mol/min kd 

7 

10 

12 

13 

8 

10 

12 
13 

13 

1 
3 

1 
2 
1 

1 
2 
3 

1 
2 

1 
2 
3 

3 
4 

4 
4 

3 

6.07 
6.07 

5.25 
6.00 
6.76 

5.35 
5.33 
5.98 

6.00 
6.00 

6.38 
6.69 
6.00 

6.77 
6.00 

5.34 
6.00 

6.00 

2.24E-7 .0085 2.223-7 60 119. f 7.8 0.24 
2.24E-7 .0087 2.803-7 60 195. 2 8.1 0.31 

3.393-8 -0088 3.4OE-7 60 28.5 f 2.4 0.14. 
1.91E-7 -0088 4.693-7 60 112. 2 3.7 0.12 
1.046E-6 .0094 3.40E-7e 60 300. k19.1 0.14 

4.27B-8 .0127 0.64E-7 60 7.2 f 0.2 0.16 
3.633-7 .0127 1.80E-7 100 94.1 f 3.5 0.17 
1.82E-7 .0127 0.793-7 60 42.9 2 1.0 0.28 

1.9lE-7 .0090 0.95E-7 60 37.2 2 2.5 0.15 
1.91E-7 .0090 1.18E-7 60 21.1 k 1.2 0.09 

Porous Vycor 

4.6E-7 .0085 94.2E-7 60 51.9 f 3.7 0.0015 
9.3E-7 .0104 62.5E-7 60 46.5 ? 2.8 0.0012 
1.91E-7 .0126 54.9E-7 60 6.44? 0.28 0.0006 

Nonocrystalline Quartz 

1.12E-6 .0096 O.llE-7 60 35.1 f 2.0 0.47 
1.91E-7 .0088 0.074E-7 60 15.6 -+ 0.84 1.06 

Titanium Powder 

3.72E-7 .0127 l.llE-7 100 40.4 f 2.8 0.11 
1.91E-7 -0090 8.193-6 60 18.9 k 1.42 0.12 

Thoria Microspheres 

1.91E-7 .0090 5.68E-5 60 2.212 0.47 0.10 

=[OH-] calculated from pH measurement and ow. 
per kg of water in void volume. 

CApparent rate constant - area and [OH'] included. 
dSpecif ic rate constant (units omitted because of fractional power of hydroxide 

ernis column was subsequently run at pH 5.25, but so little Si02 was added it 
concentration). 

was deemed appropriate to use the final area for this run too. 
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allowed t o  vary i n  obta in ing  t h e  value of 0.70 & 0.16 f o r  p. 
s 

i 

3.3 Surface Area 

The su r face  area of t h e  s u b s t r a t e  is ,  of course, a s i g n i f i c a n t  

f a c t o r  i n  t h e  r e a c t i o n  rate. The area t o  be  considered, however, is 

t h a t  which w a s  p resent  a f t e r  t h e  o r i g i n a l  s u b s t r a t e  w a s  coated as 
described previously. 

by n i t rogen  o r  krypton adsorp t ion  a f t e r  drying t h e  column material a t  

125OC under vacuum. 

independent of t h e  drying temperature from 25' t o  5OOOC. 

d i f f e rences  i n  dens i ty  of s u b s t r a t e s  do not  e n t e r  t h e  rate cons idera t ions  

s i n c e  t h e  t o t a l  area of t h e  column is used. 

W e  have used t h e  BET su r face  areas determined 

It w a s  determined by experiment t h a t  t h e  area was  

Note t h a t  t h e  

The r e s u l t s  f o r  p 

t h o r i a  microspheres w e  

taken i n t o  account. 

much too  low compared t o  these  materials and suggest t h a t  l a r g e  amounts 

of t h e  i n t e r n a l  area is unavai lab le  f o r  s i l ica  depos i t ion .  

ready explana t ion  f o r  t h e  somewhat h igher  rate cons tan ts  shown i n  Table 3 

f o r  t h e  monocrystal l ine quar tz .  

y c r y s t a l l i n e  quar tz ,  'titanium powder and i n i t i a l l y  

remarkably cons i s t en t  when t h e  su r face  area w a s  

The rate cons tan ts  computed f o r  porous Vycor w e r e  

W e  have no 

During t h e  temperature s t u d i e s  (see below), which used Tho2 micro- 

t h e  i n i t i a l  s u b s t r a t e ,  it became evident  t h a t  t h e  su r face  

spheres were below t h e  range f o r  measurement wi th  t h e  

owever, scanning e l e c t r o n  microscope examination of 

showed t h e  coa t ing  approximated covering t h e  o r i g i n a l  t h e  coated sph 

11 hemispheres (Fig. 9 )  which would double t h e  

2 
o r i g i n a l  area. The o r i g  ospheres (225 k 15 I.tm d i a )  had a cal- 

cu la t ed  area of 27 c m  /g, 

A c a l i b r a t i o n  run i n  1 m NaC 

of 0.13 i n  agreement wi th  previous d a t a  f o r  those  condi t ions ,  thereby 

g iv ing  support  f o r  t h e  choice. 
2 s c a t t e r e d  randomly about t h e  50 c m  /g value.  

2 -  c m  /g  w a s  chosen f o r  t h e  coated area. 
produced a s p e c i f i c  rate cons tan t  

BET areas which were measured a l s o  

An i n t e r e s t i n g  s i d e l i g h t  w a s  a run conducted wi th  coated Tho2 which 

had been d r i e d  a t  125'C under vacuum and c a r r i e d  through t h e  s u r f a c e  area 
a n a l y s i s  procedure. 

i n  s p i t e  of t h i s  treatment and wi th  no p r i o r  re-conditioning. 

A k value  of 0.18 was obtained f o r  t h i s  material 
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Fig. 9. Thoria microspheres before and after co'ating with amorphous 
silica. 
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3.4  Temperature 
The data in Table 4 show no effect of temperature (60" to 100°C) when 

resultant changes in hydroxide ion concentration are taken into account. 
However, it was noted that when the temperature was changed it took 
several hours of operation to "condition" the column before the second 
order dependence on silica concentration was again observed. 

A second series was run which gave similar results. Initial column 
operation at the higher temperature gave scattered results; however, sub- 
sequent operations resulted in reasonable second order dependence on 
silica supersaturation. 
vious studies with corrections for temperature effects on the ionization 
constant for water are consistent with those obtained previously. 
Within our limits of error, no temperature effect is indicated (at 
constant hydroxide concentration). However, the polymerization reaction 
has been reported" to show little or no dependence on temperature at 

The rate constants calculated as for the pre- 

constant pH. 
detailed deposition mechanism is changing with temperature. 

The necessity for reconditioning the column suggests the 
On one 

occasion a column which had been run at increasing temperatures 60+80+ 

100°C was subsequently run again at 6OOC. 
centration dependence was maintained and the rate constant fell within 
the range of previous values obtained at 60°C (0.16). 

3.5 Sodium Chloride Concentration 

The second order silica con- 

Results of a brief survey of the effect of sodium chloride concen- 
tration are summarized in Table 5 .  The runs were made with the coated 
polycrystalline quartz so that surface areas could be precisely mea- 

sured. 
by only a factor of two compared to 1 m, but raising the salt concentration 
to 4 m increased the rate by a factor of 20. 
the coated thoria microspheres gave a value of 6.2 for the rate constant 
but a subsequent run at 1 m NaCl suggested the area in this case may 
have been sufficiently higher than the assumed 50 cm /g. 
permit further investigations of salinity and temperature effects as the 
program had been terminated as of the end of FY 1978. 

Decreasing the salt concentration to 0.086 m reduces the rate 

Another run at 4 m with 

1 

2 Time did not 

- 



Table 4. Ef fec t  of Temperature on Second Order Rate  Constant f o r  
S i l ica  Deposit ion from 1 m NaC1, 0.1 m NaAc, 0.01 m NaHC03; 

Tho Microsphere Subs t ra te  2 

Temperature PH Area/kg 
k k' H20 i n  Voids [0H-loo7 

HC1 std.a 23OC, NBS kgLqgl/ cm2b ("C) 

60 7.85 8.04 50.8 7.473 + 5 5.213 - 4 0.13 

80 7.65 7.87 62.1 7.473 + 5 6.733 - 4 0.095 

100 7.70 7.94 69.4 7.473 + 5 1.89E - 3 0.049 

120 7.71 7.96 80.8 7.473 + 5 2.08E - 3 0.031 

%sing 1.1 m N a C l  + 0.02 m H C 1  as reference.  

b50 c m  / g ,  see t e x t .  2 

. 
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Table 5. E f f e c t  of Sodium Chloride Concentration on Spec i f i c  
Rate Constant f o r  Si l ica  Deposition a t  600C 

0.086 0.1 - 6.00 5.98 48.3 3.25 E + 7 1.80E - 5 0.083 

0.086 0.1 5.92 5.90 43.5 4.05 E + 7 1.58E - 5 0-067 

0.086 0.1 25 5.94 5.92 46.6 4.05 E + 7 1.63E - 5 0.071 

N cn 

1.0 0.1 6.00 5.98 112 4.693 + 7 5.51E - 5 0.12 

4 .O 0.1 - 4.70 6.05 86 3.253 + 7 1.08E - 6 2.45 

apH a t  temperature wi th  0.01 m HC1 i n  t h e  presence of t h e  medium salt  as t h e  re ference .  
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3.6 Fluoride Ion Catalysis 
Makrides et a1 .lo observed substantial increases in silica polymeri- 

zation rates with the addition of small amounts of (20 to 100 mg/kg) 
fluoride ion at pH 4.5. 
25 mg/kg of fluoride ion was added to the brine but no change in the 
deposition rate was observed - see Table 5. 
were reported by Weres et al.30 above pH 5. 

At the end of the low salinity runs (pH 5.94), 

Similar negative results 

4. EMPIRICAL RATE EQUATION 

The empirical rate equation which describes our data in 1 m NaCl 
in the pH range 5-8 and temperatures from 60-120°C is 

where A is the surface area in cm2 Si02 per kg of water in column voids, 
t is in minutes, and the concentrations are in molal units. Hydroxide 
concentration was derived from the measured pH and the ionization quo- 
tient for water. In the expression given above the rate constant is 
essentially independent of temperature over the range 60-120°C. 
natively the rate of linear growth of an amorphous silica surface in 
cm/min is given by 

Alter- 

- =  dh 3.1 ([Si(OH)4] - [Si(OH) ] ) 2  [OH-]o.7 
dt 4 eq 

The effect of salinity on the rate was not included because of the 
limited data and the apparent complexity of the dependence. 

5. DISCUSSION 

Many investigators have found that the polymerization of silica 
from supersaturated brines is substantially enhanced as the supersatura- 
tion, pH, and salinity are increased. The same parameters might be 
expected to have importance in the deposition of amorphous silica 
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s c a l e s  from supersaturated br ines .  Additional cons t i t uen t s  which have 

been discussed are f luo r ide ,  lo s u l f i d e s  , 31 and o the r  mineral  species  

found i n  s i l i ca  scales. 32 Our s t u d i e s ,  cons is ten t  with o ther  observa- 

t i o n s ,  have shown t h a t  hydrodynamics a l s o  plays a s i g n i f i c a n t  r o l e ,  

e .g . ,  valves  are more prone t o  s c a l e  than p ipe  runs. 28 

Early concerns of these  column s t u d i e s  addressed the  questions:  

Which species are involved i n  the  depos i t ion  reac t ion?  

Is t h e  process under d i f fus ion  o r  i n t e r f a c e  r eac t ion  cont ro l?  

5.1 I d e n t i t y  of t he  Depositing Species 

The f i r s t  of these  quest ions w a s  addressed by conducting the  experi-  

ments described above i n  which only monomeric s i l i c i c  ac id  (rapid molyb- 

d a t e  r eac t ion  s p e  

where no s i g n i f i c a n t  polymerization occurred during t h e  residence t i m e  

on the  column. We found t h a t  under var ious condi t ions more than ha l f  

of the  s i l ica  w a s  deposited d i r e c t l y  from the  monomer so lu t ion .  

o ther  experiments w e  examined t h e  r e l a t i v e  depos i t ion  of monomeric 

s i l i ca  and polymerized s i l ica  from the  same so lu t ion  (see F igs .2  a n d 3 ) .  

Again, t he  monomeric spec ies  w a s  shown t o ' b e  deposi t ing while t he re  w a s  

l i t t l e  o r  no tendency f o r  depos i t ion  of t he  previous1 

s i l i c a .  I n t e r e s t i n g l y ,  t h e  deposited material o f t e n  occurs as i n t e r -  

laced spheroids which are w e l l  cemented by a f i n e  matr ix  as shown i n  

s)  was present  i n  the  input  so lu t ion  under condi t ions 

I n  

32 Fig. 10.  

5.2 Deposition Rate Control 

There are t h r e e  kinds of evidence t h a t  t h e  depos i t ion  process is 
not  d i f fus ion  ( i n  t h e  l i q u i d  phase) cont ro l led :  (1) t he  slow equ i l i -  

b r a t i o n  rate i n  a packed bed, (2) t h e  independence of s i l i c a  depos i t ion  

on flow rate i n  a packed bed, and (3) t h e  dependence of t he  rate on 

hydroxide concentrat ion.  . 

I n  applying the  f i r s t  of these  cri teria t h e  e q u i l i b r a t i o n  t i m e  

expected i n  a s t a t i o n a r y  l i q u i d  phase i n  a packed column w a s  estimated 

using the  method of Kraus e t  a l .  33 

( 9 )  
2 

'I < (R /D) [-0.05 - 0.233 log A ]  . 
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Y -144515 

Silica Scale Formed on Pyrex Pipe in Once-Through System 
Run No. 1 

Conditions: 0.1 M NaAc, 1 M NaCI, pH 6, 725 ppm, S i 0 2  (seedec 

Deposition Temperature, 146OC - 10,OOOX 

Deposition Temperature, 56OC - 28,OOOX 

Fig.  10. Spheroidal cluster morphology of amorphous s i l i c a  deposits 
from supersaturated brine. 
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t 

2 Assuming R % 0.005 cm, D % 

fractional attainment of equilibrium, e.g., 0.01 for 99% of equilibria), 
cm /sec and A (the complement of the 

the value of T is less than 1 sec for A of 0.01 or 0.05 sec forA of 
0.5. 
tion times than estimated by equation (9) because of the thinner diffu- 
sion layer. 

4 (> 10 times) than the values estimated above. 

Of course, in a flowing system one would expect lower equilibra- 

In all our experiments equilibration times were much greater 

ystem the diffusion film thickness is related to the 
erved no dependence of the equilibration time or 
rate when the residence time was kept constant 

flow rate, yet 
silica removal 
by changing the 

etics on hydroxide concentration, to be 
discussed later, also shows that the process is reaction limited. 

5.3 Mechanism of Deposition 
Although it has been demonstrated by this work that monomeric 

silica will deposit directly without previous polymerization, little 
mechanistic detail can be deduced from the observed crystal-growth 
kinetics showing greater than first-order dependence on the super- 
saturation concentration. Since our data were best fit with an order 
of 0.7 f 0.16 for the hydroxide concentration, the predominant process 
can reasonably be thought of as hydroxide catalyzed. In the case where 

served kinetics is consistent with the following 

+ - 
+ Si(OH)3 + H20 (10) 

(11) 
- +  

O(OH)3 5 .  Si02(am) f 3H20 + OH- 

where the first i e simple ionization uilibrium and the second is 
a bimolecular step in which the catalyst, hydroxide ion, is regenerated. 
This process leads40 a rate law of the form 

(12) 2 dm 

dt 
- - - -  - k(m - s2) [OH] 
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which approaches t h e  observed dependence on supersa tura t ion  as 

approaches m . 
s i l i c a t e  spec ies  as w a s  a l s o  suggested by Makrides e t  a1.l' f o r  t h e  

polymerization s tud ie s .  

-e 
The pH o r  hydroxide dependence suggests t h e  p a r t i c i p a t i o n  of t he  

5 . 4  Applications 

With equations (7-8) one can estimate s i l i c a  depos i t ion  rates on 

previously coated sur faces .  Figure 11 i l l u s t r a t e s  t h a t  a maximum rate 

is  observed a t  constant pH (6) as the  temperature increases;  t h i s  

r e s u l t s  from the  opposing e f f e c t s  of rap id  increase  i n  hydroxide con- 

cen t r a t ion  (from the  changing ion  product f o r  water) and t h e  decreasing 

supersa tura t ion .  

and s h i f t s  toward higher temperatures as t h e  s i l i c a  concentrat ion in- 

creases. The model represents  t he  condi t ion where s h o r t  res idence 

t i m e s  are considered and homogeneous nuc lea t ion  is not  a competing 

The pos i t i on  of t he  maximum a l s o  increases  sharply 

process.  By incorporat ion of t he  model f o r  homogeneous nuc lea t ion  and 

k i n e t i c  behavior a t  the  e a r l y  s tages  of polymerization presented by 

Makrides e t  al . ,  lo one could possibly model mors complex real systems. 

However, many d e t a i l s  such as heterogeneous nuc lea t ion  behavior,  and the  

s p e c i f i c  e f f e c t s  of p a r t i a l l y  covered s u b s t r a t e s  and hydrodynamics on 

growth rates are not  known. The rate of change of s p e c i f i c  area of 

t h e  coated deposi t  with depos i t ion  and t h e  r e l a t ionsh ip  between the  

su r face  area of t h e  deposi t  and the  sur face  area of t h e  s u b s t r a t e  are 

a l s o  unknown a t  t h i s  t i m e .  

With the  p o s s i b i l i t y  of prolonged contac t  with n a t u r a l  s i l i c a t e s  

and si l ica,  one would p red ic t  rapid plugging of underground formations; 

a p r inc ipa l  concern regarding t h e  r e i n j e c t i o n  of waste geothermal b r ines .  

From the  k i n e t i c s  reported here  w e  c a l c u l a t e  t h a t  t h e  l i n e a r  growth 

rate of a sur face  a t  pH of 7 a t  100°C and supersa tura t ion  of 0.006 

(360  mg/kg) is 0 . 6  pm per  day. Such rates w i l l  reduce poros i ty  i n  

t h e  v i c i n i t y  of t he  r e i n j e c t i o n  and l i k e l y  l ead  t o  plugging i n  s h o r t  

times. 34 This r e s u l t  is cons is ten t  with t h e  recent f i e l d  experience. 
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