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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 supersatura- 

tion, pH, temperature and salinity. The residence time was varied by adjust- 

ments of 

effluent 

The 

1) 

The 

flow rate and column length. 

solutions were determined colorimetrically by a molybdate method. 

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 contents of the input and 

The silica deposits from a solution containing only monomeric Si(OH)4. 

The deposition on all surfaces examined was spontaneously nucleated. 

The dependence on the supersaturation concentration, hydroxide ion 

concentration and temperature were determined. 

empirical rate law which describes our data in l m  NaCl in the pH 

range 5-7 and temperatures from 60-100°C is: 

d [Si(OH) ,,,I 
dt - = 0.12 A ([Si 

where A is the surface area in cm 

in minutes, and the concentration 

tion was derived from the measure 

In the expression given above the rate c 

temperature over the range 60-100OC. Alternatively the rate of linear growth 
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of an amorphous s i l i c a  surface i n  cm/min is given by 

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

These r e s u l t s  allow one t o  make estimates of deposit ion rates when informa- 

t i o n  about t h e  ava i lab le  area of amorphous Si02, t he  supersaturation, t h e  

pH and temperature are known. These s tudies  w i l l  be extended and applied 

i n  in t e rp re t ing  si l ica scal ing r e s u l t s  i n  a dynamic system a t  ORNL, 

1. Introduction 

1.1 General (Behavior of S i l i ca )  

The mode of occurrence of s i l i c a  i n  d i l u t e  aqueous solut ions is general ly  

accepted t o  be as the  species  Si(OH)4 i n  the  acidic-to-neutral pH range. 

bas ic  so lu t ions  the  anionic species SiO(OH)3 , SiO2(0H):-, and Si4(OH)18 

have been observed” 2. i n  potentiometric s tudies .  

amongst these anions and t h e  neu t r a l  s i l i c i c  acid have been studied i n  d e t a i l  

i n  sodium chlor ide solut ions t o  300OC. Also, the  f luor ide  ion i n t e r a c t s  w i t h  
2- s i l ic ic  acid i n  r e l a t i v e l y  ac id ic  solut ions,  producing pr inc ipa l ly  t h e  Sipd 

complex. 

I n  

- 2- 

The equilibrium react ions 

The s t a b i l i t y  of the  complex decreases as the  temperature increases. 

The s o l u b i l i t y  i n  water of the  most r a t ing  s o l i d  form, 

~ o ’ c . ~  The s o l u b i l i t y  

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

amorphous s i l ica ,  has been invest igated b 

t o  25OOC a t  the  sa tura t ion  vapor pressur 

expression 

r a l l y  accepted t h a t  i n  equ i l ib  

re insoluble  c r y s t a l l i n e  phas 

ous s i l i c a  (and a l s o  

etc.) the  pr inc ipa l  s i l ica  present i n  ac id i c  solut ions is monomeric s i l i c ic  
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acid (possibly with some dimeric). 

ment i n  t h e  molybdate method of analysis  and a l s o  on analysis  of potentio- 

metric da t a  i n  near ly  saturated solutions.  '** 

phase is supersaturated with respect t o  amorphous silica, polymerization pro- 

ceeds with formation of co l lo ida l  p a r t i c l e s  and.ult imately amorphous si l ica 

prec ip i ta tes .  

This is based on the  rapid color  develop- 

However, when the  solut ion 

The most regular ly  formed amorphous si l ica is  na tura l  opal 

5 
consis t ing of a l a t t i c e - l i k e  s t ruc tu re  of primary and secondary spheres. 

____.I__^_I ,..-__- - . 
The polymerization process has been studied extensively, and most 

recent ly  by Makrides et al. 6*11 who have a l so  reviewed the previous work. 

The r e s u l t s  of t h e i r  work w i l l  be summarized b r i e f l y  i n  a later section. 

There is now considerable information on the nucleation process and initial 

s tages  of grawth, but i n su f f i c i en t  information exists t o  permit an ana ly t ica l  

descr ipt ion of the growth process either from homogeneous solut ion or onto 

preformed and w e l l  characterized surfaces. 

present work t o  conduct laboratory s tudies  

information. 

t o  examine s i l ica  deposit ion behavior i n  dynamic geothermal systems from hydro- 

thermal br ines  which are found i n  t h e  western United States. 

s the  object ive of this 

uld provide t h i s  k i n e t i c  

The work is par t  of a program a t  Oak Ridge National Laboratory 

. 1.2 Geothermal Scaling 

The p r inc ipa l  mater ia lsfs8 depo rom geothermal b 

is extracted are CaC03, metal s u l  

i n  an amorphous m a t r i x .  

supersaturation conditions exis 

k i n e t i c  behavior of s i l i ca  is much less predictab 

behavior. When the  br ines  reservoirs ,  the  s i l i ca  

content corresponds t o  the  so lub i l i t y  of a-quartz i n  the  br ine  a t  the  
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reservoi r  temperature.’ Because of the  very slow k ine t ics  of c rys ta l l iza-  

t i o n  of quartz below 3OO0C, s i l i c a  is deposited during the heat extract ion 

process as the  more soluble amorphous form. 

(often several  t i m e s  the  equilibrium so lub i l i t y )  occurs and the  fac tors  

Considerable supersaturation 

which a f f e c t  the  k ine t ics  of deposition are the subject of t h i s  paper. 

I n  our view, control l ing conditions t o  prevent nucleation is  generally - 
impractical  i n  t h e  complex na tu ra l  br ines  with t h e i r  var iab le  composition and 

suspended s o l i d s  and high supersaturation values. 

chosen t o  def ine the  k ine t ics  of t he  deposition of s i l ica  onto amorphous silica 

surfaces whose areas are known. 

process ra ther  than the nucleation pro 

t ion,  t h e  design of the  extract ion process can be chosen t o  minimize the  impact 

of deposit ion of such scales. 

For t h i s  reason we have 

.In other  words, w e  are examining the growth 

With su f f i c i en t  k ine t i c  informa- 

. -  

1.3 Polymerization of S i l i c a  

The disappearance of monomeric s i l ica  from solution as evidenced by 

analyses by the  molybdate method has been 

polymerization process. The m o s  arefulzy conducted and au i tative work 

on si l ica  polymerization is that  Makrides e t  al. 

shown tha t  the  polymerization proceeds t h  

which are influenced pr incipal ly  by the  supe 

concentration. Qual i ta t iv  , the  disappear 

t i m e  exhib i t s  a plateau o r  

t h i s  is followed by a period o 

approach t o  the  si l ica concentration correspond 

gh nucleation and growth s tages  

duction t i m e  du r i  

apid react ion 

s o l u b i l i t y  of amorphous s i l i ca  a t  the conditions of the experiment. 

I 
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* 
Quanti ta t ively the  induction o r  nucleation time T (min) is expressed as 

independent of temperat (75-105OC) within the  experimental error.  T h e  

e f f e c t  of s a l i n i t y  of t h e  so lu t ion  on the  nucleation rate was  viewed by the 

authors as or ig ina t ing  p r inc ipa l ly  through the  salt  e f f e c t  on me, the equi- 

l ibrium s o l u b i l i t y  of t h e  silica. 

- 

Other e f f e c t s  can a l so  be anticipated such 

as t he  s a l t  e f f e c t  on the  a c t i v i t y  coef f ic ien ts  of Si(OH)4 and the  hydroxide 

ion. Obviously, t he  nucleation rate or  induction t i m e  is a very strong function of 

the  supersaturat ion r a t i o  and at  high pH values  the rate is f a s t  enough t o  

occur during the  hold-up i n  process equipment. The k ine t i c s  of nucleation 

and i n i t i a l  growth have been discussed" i n  terms of a model which we  f e e l  

is oversimplified.  Although the  growth is considered t o  be interface- 

control led,  t h e  assumed f i r s t  order react ion is not  consis tent  with our 

observations t o  be reported he 

1.4 Kinet ics  of Crystal  Growth 

The theory on crystal  growth is not y stage where the  mechanism of 
i 

growth or t h e  form o f . k i n e t i c  rate l a w  are predictable  13'14 unless the  

rocess is under d i f fus ion  control .  The growth rate f o r  some s 

indeed l imited by d i f fus ion  i n  solut ion,  but 

face react ions.  Since i n  the  case of s i l i ca  

panied by dehyd t ion ,  one might expect i n t e r  

*This expression w a s  derived from the  da t a  given by Makrides et  al. i n  Fig. 17. 



Fick's first l a w  of diffusion describes the heterogeneous processes which 

are diffusion l imited,  i.e., 

-1 -2 where J is the  f lux  of deposition (moles kg-' sec c m  

gradient across the  film of thickness AX and A is the  surface area per 

kilogram of water. 

), Llm is the  concentration - 

* Where interface react ions are l imit ing the  form commonly observed is 

(4) - -  E = u ( m - m ) n  
--e - 

where k is a spec i f i c  rate constant, A is the area of the  s o l i d  per kg of 

solut ion and m represents t h e  molal s o l u b i l i t y  of the  substance. The order -e 

of the  react ion depends on the number of ions involved i n  the  formula of t h e  

salt .  There is not yet  a very sa t i s fac tory  explanation for t h i s  mathematical 

form with respect t o  the  concentrations, but t he  most of ten quoted one w a s  

put f o r t h  by Doremus.15 

depending on the number of ions i n  the  c rys ta l .  

de ta i led  in te rpre ta t ion  is t h a t  the  rate l i m i t i  

of t he  react ing species on the surface and t h a t  t h  

t o  the  difference m - %. 

1.5 The Packed Column Approach 

In  h i s  work on ionic  salts, n took values of 3 and 4 

- 

I n  t h i s  program we have packed small 

known BET surface areas and 

t o  coat t he  subs t ra tes  with 

of deposit ion on the  coated surfaces and measured t h e  BET surface areas when 

the  experiment was  completed. 



1) The high surface area-to-volume ratio which allows the deposition 

on the bed to occur to the exclusion of homogeneous nucleation and 

polymerization in solution; 

The ease of sampling and quenching which are essential when the 

residence times are short (minutes); 

The elimination of agitation and possible attrition caused by 

stirring as in a batch equilibration. 

2) 

3) 

2. Experimental 

2.1 Apparatus 

The brine preparation and packed column setup are shown in F i g .  1. 

Brine of appropriate composition was pumped through a preheater and satu- 

rator column with the saturator column held at the temperature required to 

give the desired silica concentration. The silica saturated brine thus 

prepared then passed through a manifold held at the same or a slightly 

higher temperature to prevent premature polymerization; a sampling station 

provided for monitoring the silica concentration in the brine. 

from the manifold t o  the packed columns and their individual effluent samplers 

Connections 
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2.2 Substrates  

Several  subs t ra tes  have been used i n  these s tud ies ,  including: 

Polycrys ta l l ine  a quartz  - aggregates of small angular gra ins  individu- 

a l l y  less than 9 um i n  diameter; aggregates average 70 um and range t o  350 pm. 

Fines w e r e  separated from the  material used i n  the columns by Stokes column 

f l o t a t i o n  with flow rates designed t o  remove p a r t i c l e s  smaller than 25-50 pm. 

Several percent of s ing le  c r y s t a l  p a r t i c l e s  i n  the  s a m e  s i z e  range (50-350 um) 

. were a l s o  present,  as were some magnetic i ron  oxide pa r t i c l e s .  

A semiquantitative analysis  of t h i s  material showed t h e  following in 

addi t ion t o  S i  ( i n  ppm): A1-400, Ca-20, Cr-5, Cu-10, Fe-1000, I(-50, Mg-10, 

Mn-100, Na-30, P-25, U-5, 211-5, The material was  obtained from a mine i n  

southern I l l i n o i s  and w a s  reported t o  be amorphous, but X-ray d i f f r ac t ion  

showed it w a s  a quartz,  as was  a l s o  indicated by s o l u b i l i t i e s  encountered 

i n  attempting t o  use it as a charge f o r  our s a tu ra to r  column. Some other  1 

cha rac t e r i s t i c s  f o r  t h i s ,  and t h e  other  subs t ra tes  used i n  the  k ine t i c  s tud ies ,  

are given i n  Table 1. 

Monocrystalline a quartz - s ing le  crystal  material consis t ing of rounded 

gra ins  ranging from 120 to 800 vm a oss. 

appeared appreciably cleaner and purer t h  

Porous Vycor - t h i s  is the  same mate 

Under the  microscope the  material 

It w a s  ground and sieved (-140, +200 mesh) and is amorph 

about 3% B203 a f t e r  leaching t o  give high 

l ica containing 

Powdered t i tanium metal 

% T i  by the  supplier.  

Thoria microspheres - 210 t o  240 um 

thorium oxide prepared by the  sol-gel process. 

I 
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2.3 Column Preparation 

Initial silica deposition on the columns is very much a function of the 

characteristics of the substrate, particularly the original surface area. 

Thus, the porous Vycor with very high (164 m /g) surface area quickly reduced 

the silica concentration in the column effluent to the equilibrium solubility 

at the temperature of operation; the materials with low area (0.03 m /g) 

monocrystalline a quartz and.the thoria microspheres, on the other hand, re- 

moved very little silica during early column operation. 

with intermediate areas, polycrystalline,a quartz and titanium powder, showed 

2 

2 

The substrates 

intermediate removal. 

when these occurred,may have played a part. 

Homogeneous polymerization during overnight shutdowns, 

During the first few tens of hours of column operation, the removal of 

silica by a column was quite erratic. 

conditions, all substrates were "coated" with amorphotls silica and gave quite 

reproducible results. 

polycrystalline a quartz c in Fig. 2. During the first three 

days of operation the results were erratic. 

was fully coated with amorpho silica, reproduc re obtained 

as a function of residence t . At that stage, 
relation between the silica removed by the column and residence time became 

quite reproducible. 

ble even though duplicate runs 

with different length columns, 

After a time, however, depending on 

The effluent Si02 concentration during "coating" of a 

How 

The data at each of the th e pH's are quite reproduci- 

re carried out on different days and 
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2.4 Measurements and Calculations 

The pH (minus the  logarithm of 

were based on a standard containing 

the  hydrogen ion molali ty) measurements 

0.01 m HC1 i n  1.0 m NaCl and the hydroxide 

16 concentration w a s  calculated using the known ion product of water in 1 m NaC1. 

Individual measurements are accurate t o  about 0.05 log uni t s .  

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

Grasshoff. l7 Three s tock  solut ions are used: 

a) 2 M ("412 SO4, PH 3.0 

b) 

c) 

35.6 g (NH4)6 M o ~ O ~ ~ * ~ H ~ O  per l i t e r  

1.5 M C 1  CH3 COOH, pH 3 with NH40H 

These so lu t ions  are mixed i n  the  volume proportions 5:2:2 f o r  a, b, and c and 

3 3 The mixture is  added t o  1 cm of the  unknown i n  a 50 cm p l a s t i c  f i l t e r e d .  - 

volumetric f l a s k  and the  color  development measured at  390 nm a f t e r  10 

minutes. The s i l ica  concentration was calculated from standards with 250 and 

500 mg/kg H20 which were checked dai ly .  

e ight  hour day but  may ge t  hazy standing overnight. 

t u r e  should be between 3.0 and 3.2. 

t i o n  had taken place,  total si l ica  was determined by digest ing the  1 cm 

sample a l iquot  with an equal volume of 30% NaOH f o r  severa l  hours or overnight, 

and neut ra l iz ing  the NaOH with 1 cm 

f l a s k  i n  an ice bath) j u s t  before adding the 

an ove ra l l  ana ly t i ca l  e r r o r  

The mixture can be used during an 

The of the  f i n a l  m i x -  

I n  those samp 

3 

3 of concentrated HC1 (with the volumetric 

f k 10 mg/kg H20. 

he residence t i m e  i n  lumns was  es tab 

void volume by the  measured f 

The weighting f a c t o r s  used i n  least squares analyses were obtained by 

assigning e r r o r s  of (_+lo mg/kg H20) t o  each s i l i c a  determination i n  the term 



Surface areas w e r e  determined with a Digisorb 2500 Multigas Surface 

Area Analyzer by the  Micromeritics Laboratory of t h e  Y-12 Plant.  

3. Results 

3.1 S i l i c a  Concentration 

Earlier s tud ie s  of si l ica polymerization, wherein the  molybdate reactive 

si l ica w a s  followed and where the  number of reac t ive  sites of t he  polymerized 

si l ica w a s  unknown, have found widely varying dependence on the  si l ica concentra- 

t ion .  The most of ten c i t e d  react ion order has been t h i r d  with respect  t o  the 

supersaturat ion concentration, i.e., t he  concentration of monomeric s i l i k i c  

acid i n  t h e  so lu t ion  of iriterest minus t h e  equilibrium s o l u b i l i t y  of amorphous 

s i l ica  i n  t h a t  solut ion;  however, orders  ranging from 0 t o  3 have been re- 

ported by var ious invest igators .  l8 Thus, t h e  determination of the react ion 

order  f o r  t h e  deposit ion of s i l i c a  from supersaturated b r ines  w a s  the f i r s t  

subjec t  invest igated.  

F i r s t  order  behavior i n  s 

t h e  semi-log p l o t s  shown i n  Fig. 4 

b i l i t y  measurements by Marshall” 

these temperatures. 

equation described below. 

following general  rate expression (at constan 

(E - $ ) Y  5s not  i d i c a t e d  by 

Righer orders  (2 and 3) w e r e  examined using the  general  . 

Data w e r e  f i t  wi th  the  in tegra ted  form of t h e  

( 5 )  

which gives  

( 6 )  

where n is the  order with respect t o  the  supersaturat ion f o r  n > 1, is t h e  
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molal concentration of dissolved silica (Si(OH)4) in the column effluent, 

m 

solution at temperature, and t is the residence time in the column. Second- 

order plots for three different pH values at 60°C are shown in Fig. 5 .  

agreement factors for a number of column runs are tabulated in Table 2. 

While not uniquely so, the second order reaction is strongly favored by 

these data, Data for column studies carried out are summarized in Table 3. ' 

The rate constants.were calculated using the second order rate law in terms 

of silica concentration. 

is the equilibrium solubility of amorphous silica in the salt medium --e 

The 

Dependence on the other parameters investigated 

is discussed below. 

Hydroxide Concentration. The rapid acceleration of silica polymeriza- 
20,21,22 tion with increasing pH has been reported by a number of investigators. 

Silica deposition has also shown similar behavior. 

for polycrystalline quartz and several pH values the specific rate constant 

From the data of Table 3 

water in the voids of the column bed. 

magnitude per pH unit and is consistent with th 

Makrides .et al. 6s11 

of the specific rate constant in last column 

from the measured pH and the ion product of wate 

ature of the experiment. 

he varfation approaches an order of 

polymerization data of 

The hydroxide ion concentrat 

The exponent or order 

expression was obtained from a least squar 

columns at pH values of 5.25, 6.00 and 6.76. 

order for the hydroxide were allowed to vary in obtaining the value of 

0.70 ?I 0.16 for P* / .  
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Surface Area. The surface area of the substrate is, of course, a signi- 

ficant factor in the reaction rate. The area to be considered, however, is 

that which was present after the original substrate was coated as described 

previously. 

krypton adsorption after drying the column material at 125OC. 

for polycrystalline quartz, titanium powder and thoria microspheres are re- 

markably consistent when the surface area is taken into account. 

constants computed for porous Vycor are much too low compared to these 

materials and suggest that large amounts of the internal area is unavailable 

We have used the BET surface areas determined by nitrogen or 

The results 

The rate 

for silica deposition. We have no ready explanation for the somewhat higher 

rate constants shown in Table 3 for the monocrystalline quartz. 

Temperature. The data in Table 3 show no effect of temperature 

(60 to 100OC) when resultant changes in hydroxide ion concentration are 

taken into account. 

Many investigators have found that the polymerization of silica from 

supersaturated brines is substantially enhanced as the supersaturation, pH, 

alinity are increased. The Same parameters are general1 

having similar significanceinthe deposition of amorp 
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supersaturated brines.  Additional const i tuents  which have been discussed 

are f luoride12,  sulfides23, and other  mineral species found i n  s i l i c a  

24 sca l e s  . Our s tudies ,  consis tent  with other  observations, have shown t h a t  

hydrodynamics a l s o  plays a s ign i f i can t  ro le ,  e.g., valves are more prone t o  

20 scale than pipe runs . 
Early concerns of these column s tudies  addressed the  questions: 

Which species are involved in  the deposit ion reac t ion?  

Is the  process under d i f fus ion  o r  i n t e r f ace  react ion control?  

4.1 Iden t i ty  of the  Depositing Species 

The f i r s t  of these questions was  addressed by conducting experiments 

i n  which only monomeric s i l i c ic  acid (rapid molybdate react ion species) w a s  

present i n  the  input so lu t ion  under conditions where no s ign i f i can t  poly- 

merization occurred during the  residence time on the column. 

under var ious  conditions more than half  of the  s i l i c a  w a s  deposited d i r e c t l y  

from the  monomer solution. 

deposit ion of monomeric s i l ica  and 

Again, t he  monomeric species was shown t o  be 

l i t t l e  o r . n o  tendency for deposit ion of the  iously polymerized silica. 

In te res t ing ly ,  t he  deposited material of ten occurs s in te r laced  spheroids 

which are w e l l  cemented by a f 

W e  found that 

In other  experiments we exam d the  relative 

olymerized s i l i c a  from the  same so lu t ion .  

posi t ing while t he re  w a s  

4.2 Deposition Rate Control 

There are three kinds of evidence t h a t  the  dep n process is no t  

d i f fus ion  ( i n  the  li 

i n  a packed bed, 2) 

packed bed, and 3) the dependence of the  rate on hydroxide concentration. 



In  applying the  f i r s t  of these c r i t e r i a  t he  equi l ibra t ion  time expected 

i n  a s t a t iona ry  l i qu id  phase i n  

method of Kraus e t  al. 25 

Assuming R % 0.005 cm, D % 

a packed column w a s  estimated using the 

[-0.05 - 0.233 log A] ( 8 )  

2 c m  /sec and A ( the complement of the frac-  

t i o n a l  attainment of equilibrium, e.g., 0.01 f o r  99% of equ i l ib r i a ) ,  the  value 

of T is less than 1 sec f o r  A of 0.01 or  0.05 sec  f o r  A of 0.5. 

i n  a flowing system one would expect lower equi l ibra t ion  times because of 

t he  th inner  d i f fus ion  layer. 

much g rea t e r  (>lo times) than the  values  estimated above. 

Of course, 

I n  a l l  our experiments equi l ibra t ion  times were  
4 

In a flowing system the  d i f fus ion  f i lm  thickness is re l a t ed  t o  the flow 

rate, y e t  we  observed no dependence of the equi l ibra t ion  time o r  silica re- 

moval on flow rate when the  residence time was kept constant by changing the 

column length . 
The dependence of the  k i n e t i c s  on hydroxide concentration, t o  be discussed 

later,  a l s o  shows t h a t  the  process is react ion limited. 

4.3 Mechanism of Deposition 

Although it has been demonstrated by t h i s  work t h a t  

w i l l  deposi t  d i r e c t l y  without necessar i ly  prbvious 

can be deduced from the  observed k i n e t i c  

explanation f o r  the  commonly observed c 

than f i r s t -o rde r  dependence on the supe . Since the  

da ta  were bes t  f i t  with an 

t i on ,  t he  predominant process can reaso 

catalyzed. I n  the  case where - m approac 

has been no sa t i s f ac to ry  

t ion  k ine t i c s  showing g rea t e r  

the hydroxide concentra- 

erved k ine t i c s  is con- 

. s i s t e n t  with t h e  following simple processes: 



4 

. 

where the  f i r s t  i s  the simple ionizat ion equilibrium and the second is a bi- 

molecular s t ep  i n  which the ca ta lys t ,  hydroxide ion, is  regenerated, 

process leads t o  a rate law of the  form 

This 

which approaches. the  observed dependence on supersaturation a s m  approaches s. - 
The pH or  hydroxide dependence suggests the par t ic ipa t ion  of the silicate 

species as w a s  a l so  suggested by Makrides e t  al. f o r  the  polymerization studies.  

4.4 Applications 

With Eq. (5-7) one can estimate si l ica deposit ion rates on previously 

coated surfaces. Fig. 6 i l l u s t r a t e s  that a maximum rate is  observed at constant 

pH as t h e  temperature increases;  t h i s  results from the  opposing effects of 

rapid increase i n  hydroxide concentra on (from the changing ion product f o r  

water) and the  decreasing supersaturation. The posi t ion of the  maximum a l s o  

increases sharply and s h i f t s  toward higher temperatures a s ' t h e  s i l ica  concen- 

t r a t i o n  increases.  The model represents the  condition where sho r t  residence 

t i m e s  are considered and homogeneous nucleation is  n 

By incorporation of the model fo r  homogeneous nucleation 

a t  the ea r ly  s tages  

model more complex r 

nucleation behavior c i f i c  e f f e c t s  of p a r t i a l  

on growth rates are not kn e of change of s 

coated deposit  w i t h  deposition and the  relat ionship be t  

.a competingcprocess. 

i za t ion  present 

of t he  deposit  and the  surface area of the subs t ra te  are also unknown a t  th i s  

t i m e .  
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With the  poss ib i l i t y  of prolonged contact with na tura l  silicates and 

si l ica,  one would predict  rapid plugging of underground formations; t h i s  is a 

pr inc ipa l  concern regarding the re in jec t ion  of waste geothermal brines. 

k ine t i c s  reported here we ca lcu la te  t h a t  the  l i n e a r  growth rate of a surface 

a t  pH of 7 a t  100°C and supersaturation of 0.006 m (360 ppm) is 0.6 vrn pe r  

day. 

and l i k e l y  lead to plugging in  shor t  times. 

the  recent  f i e l d  experience. 

From t h e  

Such rates w i l l  reduce porosity i n  the v i c i n i t y  of the  re inject ion 

This r e s u l t  is consistent with 

26 
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TABLE 2 
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COLUMN STUDIES OF DEPOSITION OF SILICA FROM BRINES 

Eo Ab 
Column [Si021 cm2/kg Temp. k" 

Run No. pH mol/kg mol/kg of H20 OC kglmollmin Icd 

Polycrystalline Quartz 
. _ _ _  

7 1 6.07 2.243-7 .0085 2.223+7 60 119. 2 7.8 0.24 
3 6.07 2.243-7 .0087 2.803+7 60 195. f 8.1 0.31 

10 1 5.25 3.393-8 -0088 3.40E+7 60 28.5 i 2.4 0.14 
2 6.00 1.91E-7 .0088 4.69E+7 60 12. 5 3.7 0.12 
1 6.76 5.053-6 .0094 3.40E+7e 60 300. 219.1 0.14 

12 1 5.35 4.273-8 .0127 0.643+7 60 7.2 f 0.2 0.16 
2 5.33 3.633-7 .0127 1.80E+7 100 94.1 2 3.5 0.17 
3 5.98 1.823-7 -0127 0.79E.t.7 60 42.9 rt 1.0 0.28 

13 1 6.00 1.913-7 .0090 0.9534-7 37.2 f 2.5 0.15 
2 6.00 1.91E-7 -0090 1.1833.7 21.1 f 1.2 0.09 

Porous Vycor 
I 8 1 6.38 4.63-7 .0085 94.2E+7 51.9 f 3.7 0.0015 

2 6.69 9.33-7 46.5 f 2.8 0.0012 
3 6.00 1.91E-7 6,44+ 0.28 0.0006 

Monocrystalline Quartz 

, 
, 2.8 0.11 

Thoria Microspheres 

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

eThis 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. 




